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Preface

For a long time, mass spectrometry in organic chemistry was just used for the
“fingerprint” identification of different compounds. Initiated by F.W. McLafferty
and K. Biemann, and largely extended by C. Djerassi, H. Budzikiewicz and D.H.
Williams, sets of structure-specific fragmentation rules were established, which
enabled organic chemists to interpret the chemical structures of their com-
pounds, even highly complex natural products and drugs. Within a few years, be-
tween 1962 and 1964, five books on mass spectrometry of organic compounds
were published, three of them by the Djerassi group. In this manner, Carl Djer-
assi made another significant contribution to medicinal chemistry, besides his re-
search results on optical rotation dispersion and his role in the development of
the “pill”. Nowdays, mass spectrometry is well established in drug research, for
the characterization of new compounds, their structure elucidation and structural
confirmation, the identification of drugs and their metabolites in body fluids, and
in anti-doping campaigns.

Largely unperceived by medicinal chemists, in the past two decades mass spec-
trometry developed into a powerful tool in drug discovery, by the detection and
analysis of ligand—protein interactions. One of the major breakthroughs to enable
such applications was the development of new desorption — ionisation techniques
for large-sized, non-volatile molecules, i.e. proteins, RNA, and DNA fragments.
The importance of these new tools was honored in 2002, by the Nobel prize in
Chemistry for John B. Fenn, Professor at the Virginia Commonwealth University,
for his contributions to electrospray ionisation (ESI), and to Koichi Tanaka, an
engineer at Shimadzu Corp., Japan, for the development of matrix-assisted laser
desorption ionisation (MALDI), sharing the prize with Kurt Wiithrich at ETH
Zurich, Switzerland, for his contributions to protein 3D structure elucidation by
NMR. In parallel, progress in instrumentation, for better mass (more correctly,
mass/charge: m/z) separation and ion detection, and coupling with HPLC sepa-
ration broadened the field of potential applications.

Whereas mass spectrometry in proteomics was discussed in an earlier volume
of this series (Volume 28, M. Hamacher et al. 2006, Proteomics in Drug Research,
Wiley—VCH, Weinheim), the current monograph focuses on mass spectrometry
applications in lead discovery and optimization. As discussed in more detail in
the foreword of the volume editors, the chapters provide a comprehensive over-
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Preface

view on all current and potential, “non-classic” applications of mass spectrometry
in various areas of drug research, especially small molecule screening, fragment-
based drug discovery, ligand—protein interactions, protein 3D structure character-
ization, and the study of pharmacokinetics.

The series editors would like to thank Klaus T. Wanner and Georg Héfner, as well
as all chapter authors, for compiling and structuring this comprehensive mono-
graph on mass spectrometry techniques. In addition, we want to thank the pub-
lisher Wiley—~VCH, especially Dr. Frank Weinreich and Renate Détzer, for their
ongoing support of our series ‘“Methods and Principles in Medicinal Chemistry”.

Raimund Mannhold, Diisseldorf
Hugo Kubinyi, Weisenheim am Sand
Gerd Folkers, Ziirich November 2006



A Personal Foreword

Mass spectrometry has been a well established technique in analytical chemistry
for more than five decades, but its use to characterize target-ligand interactions
is comparatively new. Only the availability of modern mass spectrometers achiev-
ing sufficient accuracy and sensitivity as well as the advent of soft ionization tech-
niques such as ESI or MALDI has paved the way for successful studies in this
field. From the first investigations in the early 1990s until now a great variety of
mass spectrometry-based approaches covering target-ligand interactions have
been implemented in the drug discovery process, so that drug-ligand interactions
can be explored from almost every perspective: it is possible to focus on the li-
gand, the target-ligand complex or the target (i.e. its binding site). Among the
numerous advantages that qualify mass spectrometry for this purpose are two
that should be emphasized: First, mass spectrometry offers the possibility to
monitor the interacting partners without labelling either the ligand or the target.
Second, mass spectrometry has the capability to identify structurally unknown
hits, i.e. compounds binding to the target, from huge combinatorial compound
libraries. Conversely, mass spectrometry can also provide an insight into the mo-
lecular structure of the binding domains on macromolecular targets.

It is the intention of this book to give an overview of the opportunities that
mass spectrometry provides in medicinal chemistry, focusing primarily on the
early drug discovery process. Therefore, particular emphasis is put on screening
procedures for low relative molecular mass drug candidates supplemented by
other approaches suitable to elucidate target-ligand interactions and the field of
pharmacokinetic investigations. Instead of giving a complete summary of this
topic, which would be clearly beyond the scope of a single book, selected ap-
proaches are presented reflecting the diversity of possible strategies.

For those readers who are not yet familiar with mass spectrometry, the intro-
duction provides an explanation of the basics of mass spectrometry and its instru-
mentation as well as practical aspects and applications in bioanalysis. Next, a
block of three chapters shows different affinity selection procedures suitable to
identify hits from combinatorial compound libraries. This subject, being meta-
phorically speaking a search for a needle in a haystack, is of outstanding rele-
vance for “big pharma”. The techniques described here offer real high through-
put capabilities and are implemented already in the routine industrial screening
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A Personal Foreword

process. The next three chapters present more techniques also dealing with small
molecule screening. One approach combines the biological assay directly with the
analytical method using microcoil reactors integrated in a HPLC system to study
target-ligand interactions. Another is based on the unique features of frontal af-
finity chromatography and has already proved its potential in several screening
projects. The last one is a very simple but also very effective approach that enables
binding assays with native, i.e. nonlabelled markers in analogy to conventional
radioligand binding assays. Although ESI clearly dominates mass spectrometric
screening procedures, MALDI and other ionization techniques based on laser de-
sorption can also be utilized for this purpose. This is documented in the follow-
ing chapter summing up recent advances in this field. In a further chapter the
challenging concept of fragment-based drug discovery is presented which makes
use of dynamic equilibrium processes in order to accumulate fragments with
rather moderate affinity to a target binding site by forming a covalent bond to a
linker. Even though this concept is basically a synthetic approach, its success is
unambiguously connected to the use of mass spectrometry. The topic of target—
ligand interactions presented in the preceding chapters is rounded off by two
chapters showing mass spectrometric strategies benefiting from hydrogen deute-
rium exchange at the target. In one approach the deuterium uptake by the target
as a function of the test compound is quantified in order to deduce binding affin-
ity or stoichiometry. The other approach describes the possibility to characterize
protein structure and conformational changes of proteins as well as how to local-
ize the physical interactions between target and ligand, based on the exact assign-
ment of target incorporated deuterium atoms in proteolytically generated peptide
fragments. The last chapter touches on the issue of pharmacokinetics where
mass spectrometry traditionally plays a prominent role. The fact that these mass
spectrometric investigations can help to avoid failures in later clinical trials fur-
ther illustrates the immense value of mass spectrometry for the drug discovery
process.

As editors we would also like to take the opportunity to cordially thank all au-
thors for their contributions. We hope that the applications collected in this book
will give the reader an idea of the capabilities of mass spectrometry when used in
the early stages of drug discovery. Considering that mass spectrometry only began
to have an impact on early drug discovery in the past decade, we can expect that
this process will be further accelerated in the near future by the rapidly proceed-
ing evolution of mass spectrometry as an analytical tool to screen bioactivity.

Munich, November 2006
Klaus T. Wanner
Georg Hofner
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Mass Spectrometry in Bioanalysis —
Methods, Principles and Instrumentation

Gérard Hopfgartner

1.1
Introduction

Mass spectrometry started about 100 years ago with the work of Sir J.J. Thomson.
His interest was the quantitative measurement of the mass and charge of
the cathode rays (electrons). For that purpose he constructed the first mass spec-
trometer (parabola mass spectrograph) and he received in 1906 the Nobel Prize
for Physics in recognition of his work [1]. In the next decades the major focus
in the development and application of mass spectrometry was dedicated to the
studies of isotopes [2]. In 1918 Dempster [3] developed an instrument in which
a strong magnetic field was produced, between two semicircular iron plates, to
separate positive ion rays with great resolving power. He also described the bom-
bardment of chemical compounds with electrons forming positive ions. This
technique is known today as electron impact ionization and is still widely used
in modern mass spectrometry. In the early 1940s the first commercial instru-
ments based on magnetic deflection and electron impact ionization became avail-
able. These instruments were mostly applied for the analysis of hydrocarbons in
petroleum products. Beyond instrumental development the end of the 1950s saw
the application of mass spectrometry for structure elucidation of natural products
and the studies of fragmentation patterns. At the same time the concept of
several mass analyzers was described, such as time of flight or ion cyclotron
resonance.

While the first coupling of gas chromatography and mass spectrometry had
been reported in the late fifties [4] one had to wait for almost another 20 years
before the direct interfacing of liquid chromatography with mass spectrometry
(LC-MS) was described by Arpino et al. [5]. With the direct liquid interface (DLI)
the effluent of the chromatographic column was directly introduced in the elec-
tron impact source. Contrarily to gas chromatography coupled to mass spectrom-
etry (GC-MS), LC-MS did do not catch on as rapidly. One of the reasons was that
the MS interface could only handle LC flow rates of a few microliters per minute.
Another limitation was that electron impact or chemical ionization was not suit-
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able for very thermolabile and high molecular weight compounds. It took almost
ten years before the LC-MS analysis of larger molecules, using continuous flow
fast atom bombardment (FAB), was first reported [6, 7]. For small molecules it
was thermospray (TSP) [8] and particle beam (PB) [9] which allowed the routine
use of LC-MS. Thermospray formed in most cases ammonium adducts, while
particle beam vyielded electron impact spectra. Within a few years thermospray
was rapidly replaced by atmospheric pressure ionization techniques.

Quadrupole mass spectrometers [10] or quadrupole ion traps are today the
most widely used mass spectrometers. The physical bases were described in the
early 1950s by Paul and Steinwedel. For his work Paul received the Nobel Prize
in 1989 [11]. Triple quadrupole mass spectrometers have become very popular
instruments for qualitative and quantitative analysis. Yost et al. [12] built in 1978
the first instrument and it took four years before this type of instrument was
commercialized. The coupling with liquid chromatography or gas chromatogra-
phy is well established and benchtop ion traps or quadrupoles are nowadays part
of the standard equipment of many analytical laboratories.

For the analysis of macromolecules and in particular for proteins a major mile-
stone was achieved with the development in 1987 of matrix assisted laser desorp-
tion ionization by Karas and Hillenkamp [13] and in 1988 of electrospray ioniza-
tion by J. Fenn (Nobel Prize in 2002) [14].

Over the past decade progress in mass spectrometry and its hyphenation with
separation techniques has made these tools essential in life sciences. The present
chapter will describe current ionization techniques as well as mass analyzers.

1.2
Fundamentals

Mass spectrometry is a sensitive analytical technique which is able to quantify
known analytes and to identify unknown molecules at the picomoles or femto-
moles level. A fundamental requirement is that atoms or molecules are ionized
and analyzed as gas phase ions which are characterized by their mass (m) and
charge (z). A mass spectrometer is an instrument which measures precisely the
abundance of molecules which have been converted to ions. In a mass spectrum
m/z is used as the dimensionless quantity that is an independent variable. There
is still some ambiguity how the x-axis of the mass spectrum should be defined.
Mass to charge ratio should not lo longer be used because the quantity measured
is not the quotient of the ion’s mass to its electric charge. Also, the use of the
Thomson unit (Th) is considered obsolete [15, 16]. Typically, a mass spectrometer
is formed by the following components: (i) a sample introduction device (direct
probe inlet, liquid interface), (ii) a source to produce ions, (iii) one or several
mass analyzers, (iv) a detector to measure the abundance of ions, (v) a computer-
ized system for data treatment (Fig. 1.1).

Most mass analyzers operate under high vacuum or at low pressure, so that the
charged particles do not deviate from their trajectories due to collision with resid-
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Fig. 1.1 Principle of a mass spectrometer, the outcome of an analysis is
a mass spectrum with m/z in the x-axis and ion intensities in the y-axis.
The ion intensities can be given in percentages (relative intensity) or

in counts or in counts per second (absolute intensity). The most
abundant peak at m/z 578.6 is called the base peak.

ual gas and thus never reach the detector. Mass spectrometers can be grouped
into different types of operation mode: continuous mode (magnetic sector, quad-
rupole), pulsed mode (time of flight), and ion trapping mode (quadrupole traps,
Fourier transform ion cyclotron, orbitrap). In the source, positive or negative ions
are produced either under vacuum or at atmospheric pressure. Depending on the
ionization technique either molecular ions (M™") with an odd electron number or
protonated ions ([M+H]") with an even electron number are formed. In the
mass spectrum when no fragmentation occurs, in general the most intense peak
represents the molecular ion, the protonated molecule or a molecule with an ad-
duct ion followed by ions containing the heavier isotopes. M, is the mass of one
molecule of a compound, with a specified isotopic composition, relative to one-
twelfth of the mass of one atom of ?C. An important aspect is that many atoms
have naturally occurring isotopes which can be differentiated by mass spectrome-
try. Molecules analyzed by organic mass spectrometry contain in general carbon,
hydrogen, nitrogen, oxygen and sulfur. These elements have stable isotopes
(Table 1.1) which have different atomic mass. Therefore, under certain conditions
and for a given molecule, the isotopic contribution can be measured by mass
spectrometry.

For example, carbon is composed of two naturally occurring isotopes: 2C for
98.9% and *C for 1.1% abundance, respectively. For cyclohexane (C¢Hiy) the
M ion composed exclusively of 2C and 'H atoms is observed at a nominal
mass of m/z 84. The nominal mass is the integer of the sum of the masses calcu-
lated from the most abundant naturally occurring isotopes. The monoisotopic
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Table 1.1 Isotopic abundance of common elements. Interesting to note
is that chlorine and bromine have two naturally intense isotopes.

Element Atomic mass Symbol Isotopic mass Abundance (%)
Carbon 12.0110 2¢ 12.000000 98.9
BC 13.003354 1.1
Hydrogen 1.0080 H 1.007825 99.985
D 2.013999 0.015
Oxygen 15.993 %0 15.994915 99.76
70 16.999133 0.04
180 17.999160 0.20
Nitrogen 14.0067 4N 14.0030698 99.64
BN 15.00010 0.36
Chlorine 35.4610 el 34.968849 75.77
7l 36.999988 24.23
Bromine 79.9035 79Br 78.918348 50.5
81Br 80.916344 495
Sulfur 32.066 32g 31.97207 95.02
3g 32.971456 0.75
34g 33.96787 421
36g 35.96708 0.02

peak represents the exact mass of an ion or a molecule calculated from the most
abundant isope of each element. The relative intensity of this ion compared to the
others ions is 100%. A weaker isotopic peak (M*" 4 1) is observed at m/z 85 with
an abundance of 6.5% corresponding to one 13C, five 12C and 12 'H atoms. An
even weaker peak (0.2% abundance) is visible at m/z 86 (M + 2) corresponding
to two 13C, four 2C and 12 'H atoms. In this example, the contribution of deute-
rium can be neglected. For large molecules with increasing the number of carbon
atoms, a shift of the maximum of the isotopic distribution towards higher masses
can be observed, as depicted in Fig. 1.2. Above several hundred atoms of carbons,
mostly a Gaussian distribution is observed. The consequence is that, in particular
for protein analysis, only the relative molecular mass and not the monoisotopic
mass is observed since either the monoisotopic masses can no longer be resolved
or the intensity of the peak is too weak. The average mass is the calculated mass
of an ion based on the relative atomic mass of each atom.

The isotopic contribution of various atoms is additive. For low molecular
weight compounds, the isotopic contribution originates mainly from the carbon
atom as long as no other element with a second isotope of significant abundance
is present. For a molecule of M, 192 the intensity of the m/z 194 ion represents
12% of the [M+H]|" peak (m/z 193; Fig. 1.3A). Chlorine (Cl) has two intense
isotopes: 3°Cl and ¥/Cl (76% and 24% abundance, respectively). Replacing one H
by a Cl atom results in a change of the isotopic distribution of the molecule
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Fig. 1.2 Isotopic distribution as function of the number of carbon
atoms. It can be observed that with increasing numbers of carbon
atoms the maximum of the isotopic distribution shifts towards higher
masses. M represents the molecular ion with only '2C isotope; M+1
represents the molecular ion with only one 13C isotope; M-+2
represents the molecular ion with only two "*C isotope; and so on.

(Fig. 1.3B). The [M+H]" + 1 peak is not affected, while the [M+H]" + 2 is in-
creased to about 25%. The replacement of the F by a second Cl results in an in-
crease of the [M+H]" 4 2 and [M+H]" + 4 peaks (Fig. 1.3c). Chlorine and bro-
mine have typical isotopic patterns therefore their presence in a molecule can be
easily confirmed.

Mass analyzers are characterized by their mass range in m/z and their resolv-
ing power. The mass range is the m/z range where ions can be detected. The
mass resolving power (R) is the ability of a mass analyzer to separate ions of dif-
ferent m/z with similar intensities. It is basically the m/z (m) at which the mea-
surement was made divided by the difference (Am,) between the two peaks over-
lapping at a defined height (2 x%,; Fig. 1.4). Because it is difficult to find two ions
of equal intensities, the measure of the resolving power is often performed on a
single peak. In general, the peak width is measured at 50% of its height. It is
often referred to as full width at half maximum (FWHM). There is often confu-
sion with the terms mass resolving power and mass resolution. Basically mass
resolution is the smallest difference (Am) between two equal magnitude peaks
such as the valley between them is a specified fraction of the peak height. M1
and M2 are considered resolved when the valley between the two peaks repre-
sents 10% (2 x%) of their heights. In practice the definition of the resolution is
often determined upon Am of the a single peak at its full width at half maximum
(Fig. 1.4, Amy,).

For example for an ion measured at m/z 552 with a peak width of 0.5 m/z units
(FWHM) the mass resolution would be 0.5, while the mass resolving power
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would be 1104. With quadrupole and ion trap instruments the mass resolution is
tuned to be constant over a defined mass range. With these instruments the term
unit mass resolution is often employed to mention that the mass spectrometer is
able to differentiate two ions distant by one m/z unit bearing a single charge.

While the relative molecular mass is calculated using the relative atomic mass
considering all isotopes, the observed mass in mass spectrometry depends on the
mass resolving power of the instrument; and various definitions are used. The ex-
act mass represents the calculated mass of an ion or a molecule containing a sin-
gle isotope of each atom. In general the lightest isotope of each atom is consid-
ered. The monoisotopic mass represents the calculated exact mass of an ion or
molecule considering the most abundant naturally occurring isotopes. The accu-
rate mass of an ion is the experimentally measured mass that is used to deter-
mine an elemental formula. The accurate mass is generally measured with at
least three significant figures. The accuracy of the measure, corresponding to the
difference between the measured mass and the calculated mass divided by the
mass of the molecule, is indicated in parts per million (ppm).

Figure 5A, B shows the isotopic distribution, of protonated bosentan
(C27H30N506S, M, 552.6) with a mass resolution of 0.5 and 0.1 at FWHM, respec-
tively. It is worthwhile to observe the mass shift of the most abundant ion from
m/z 552.2006 to m/z 552.1911. This value does not change with a mass resolving
power of 15000 (Fig. 1.5C) or even 500000 (Fig. 1.5D). Accurate mass measure-
ments are essential to obtain the elemental composition of unknown compounds
or for confirmatory analysis. An important aspect in the calculation of the exact
mass of a charged ion is to count for the loss of the electron for the protonated
molecule [M+H]*. The mass of the electron is about 2000 times lower than of
the proton and corresponds to 9.10956 x 107! kg. The exact mass of protonated
bosentan without counting the electron loss is 552.1917 units, while it is 552.1911
units with counting the loss of the electron. This represents an error of about
1 ppm.

With time of flight instruments, a mass accuracy better than 5 ppm can
be achieved, while with Fourier transform ion cyclotron resonance or orbitrap
mass spectrometers mass accuracies better than 1 ppm have been reported. It is
obvious that, for good mass accuracies, the peaks must be baseline resolved and
resolution plays an essential role. For the present example, a mass resolving
power of 5000 seems to be quite acceptable. In the case of the [M+H]' + 1 iso-
tope peak, the situation becomes somewhat more complex for molecules contain-
ing nitrogen, sulfur or carbon. Figure 1.5D illustrates at a mass resolving power
of 500000 the contribution of >N, 33S.

In qualitative analysis, the isotopic distribution remains an important informa-
tion. For example in the case the parent drug contains Br or Cl, metabolites or
decomposition products can be easily identified by considering the isotopic distri-
bution. With accurate mass measurements a list of elemental compositions can be
proposed for a compound for a given accuracy range. Because the intensity of the
isotopic distribution is also dependent on the elemental composition of the mole-
cule it can be used to reduce the list of possible elemental formulas [17].
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Fig. 1.5 Simulated isotopic distribution of the protonated bosentan
(C27H30N506S) at mass resolving power: (A) R = 1104, with a peak
full width at half maximum (FWHM) of 0.5 u. (B) R = 5520, FWHM =
0.1 u. (C) R =15000. (D) R = 500000 with isotopic contribution of
N (peak 1), 33S (peak 2) and "*C (peak 3).

13
lonization Techniques

1.3.1
Electron Impact and Chemical lonization

Electron impact (EI) ionization is one of the most classic ionization techniques
used in mass spectrometry. A glowing filament produces electrons, which are
then accelerated to an energy of 70 eV. The sample is vaporized into the vacuum
where gas phase molecules are bombarded with electrons. One or more electrons
are removed from the molecules to form odd electron ions (M) or multiply
charged ions. Solids, liquids and gases can be analyzed by EI, if they endure
vaporization without decomposition. Therefore the range of compounds which
can be analyzed by EI is somewhat limited to thermally stable and volatile com-
pounds. The coupling with gas chromatography has been well established for
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decades. The ionization energy of most organic compounds to form a radical cat-
ion is below 15-20 eV. The excess of energy transferred to the molecules causes
reproducible fragmentation. Fragmentation of odd electron ions has been exten-
sively studied but remains still a challenging task for non-experts. Under stan-
dard conditions at 70 eV, EI spectra are reproducible and instrument indepen-
dent. Large commercial libraries are available to rapidly identify compounds
present in a sample [18]. A limitation of the use of EI is that similar spectra can
be obtained for isomers. Most analytical applications use EI in the positive mode
but negative mode operation is also possible. EI is mostly combined with single
quadrupole mass analyzers because often in the same spectrum, the molecular
ions as well as fragment ions are present. Figure 1.6A shows the electron impact
spectrum of a compound with a relative molecular mass of 355. The radical cat-
ion ion at m/z 355 as well as many fragments can be observed. Chemical ioniza-
tion would generate the protonated molecule ion at m/z 356 (see Fig. 1.6B). To
obtain structural information requires tandem mass spectrometry. Interestingly,
odd and even electron ions undergo different fragmentation pathways, as ob-
served in Fig. 1.6. This information is complementary, underlining that electron
ionization remains an important technique for structural elucidation.

202 NH, o~
1 121
07 A NP0
N\H\\ |
[ ~ N o]
@N H
% 50 106 280 o
[M]*
311,
.hy“ .“l. L ,‘nll |
100 123 12
B 3
95
% 50 204
” [M+H]*
356
IR
0 100 200 300 400 500 600
m/z

Fig. 1.6 (A) Electron impact spectrum obtained on a single quadrupole
mass spectrometer of a compound with M, = 355. (B) Product ion
spectrum after atmospheric pressure ionization obtained on a triple
quadrupole instrument. Chemical ionization and atmospheric pressure
ionization give in both cases protonated precursor ions, which is ideal
for tandem mass spectrometry.

11
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Protonated or deprotonated molecules can be generated by chemical ionization
(CI) sources with similar design to the classic EI sources [19]. The principal dif-
ference between CI and EI mode is the presence of a reagent gas which is typi-
cally methane, isobutane or ammonia. The electrons ionize the gas to form the
radical cations (in the case of methane, CHy + e~ — CH4™ + 2e7). In positive
chemical ionization (PCI) the radical cations undergo various ion—-molecule reac-
tions to form “CHs"” and finally lead to the formation, after proton transfer
(CHs* + M — [M+H]™"), of protonated molecules. Negative chemical ionization
(NCI), after proton abstraction, leads to deprotonated molecules [M—H]~. Nega-
tive ions can be produced by different processes, such as by capture of low energy
electrons present in the chemical ionization plasma. The major advantages of
negative CI over positive EI or CI are higher sensitivity, the occurrence of the mo-
lecular ion and less fragmentation. Due to its high sensitivity NCI is mainly used
in quantitative analysis after derivatization of the analyte [20].

1.3.2
Atmospheric Pressure lonization

In atmospheric pressure ionization sources (API) the ions are first formed at at-
mospheric pressure and then transferred into the vacuum. In addition, some API
sources are capable of ionizing neutral molecules in solution or in the gas phase
prior to ion transfer to the mass spectrometer. Because no liquid is introduced
into the mass spectrometer these sources are particularly attractive for the cou-
pling of liquid chromatography with mass spectrometry. Pneumatically assisted
electrospray (ESI), atmospheric pressure chemical ionization (APCI) or atmo-
spheric pressure photoionization (APPI) are the most widely used techniques.

API offers unique opportunities for the implementation of new sources or to
develop new applications. Atmospheric pressure matrix assisted laser desorption
(AP-MALDI) [21] can be mounted on instruments such as ion traps which were
originally designed only for electrospray and LC-MS. New API desorption tech-
niques such as desorption electrospray (DESI) [22] or direct analysis in real time
(DART) [23] have been described and offer unique opportunities for the analysis
of surfaces or of solid samples.

The sampling of ions from atmospheric pressure into to the high vacuum re-
gion of the mass analyzer region requires significant pressure reduction. A gas
stream introduced into a vacuum system expands and cools down. When this gas
stream contains ions and solvent vapors the formation of ion—solvent clusters is
observed. To obtain good sensitivities and high quality spectra one of the key roles
of the interface is to prevent cluster formation. Different instrument designs have
been proposed, including single stage pumping or differential stage pumping.
Figure 1.7 depicts a typical single stage interface with curtain gas. The space be-
tween the orifice and the curtain plate is flushed with heated pure nitrogen. Ions
are moved through the curtain gas into the mass analyzer with the help of an
electric field formed between the curtain plate and the orifice. In this way, neutral
solvent molecules cannot penetrate into the high vacuum region, which prevents
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Fig. 1.7 Single stage pumping atmospheric pressure ionization
interface with curtain gas. The size of the orifice is ca. 100 um, q0 acts
as a focusing quadrupole and the nitrogen curtain gas prevents neutral
molecules being introduced into the mass spectrometer. T =
Temperature of the cryoshells (in Kelvin); p = pressure.

the formation of cluster ions. In a single-stage pumping interface, as described in
Fig. 1.7, the size of the orifice is ca. 100 pm and to maintain a high vacuum cryo-
genic pumps are mandatory. Declustering can also be performed by applying a
potential difference between the orifice and quadrupole q0 [24]. If the value of
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Fig. 1.8 Differential pumping design with heated capillary. This
configuration requires a dual stage pumping system before the ions are
introduced into the quadrupole mass analyzer which needs to be
operated at high vacuum. The role of the lenses is to focus ions. In
some systems the lenses are replaced by hexapoles or octapoles.
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the declustering potential is set too high “in source” or “up front” collision-in-
duced dissociation can be observed. Cryogenic pumps have high pumping capac-
ity (10000 L s~! and more) but they need to be recycled every 48 h, which jeop-
ardizes automated use of the instrument. Turbomolecular or diffusion pumps
have much lower pumping capacities (50-800 L s~1). To achieve the desired vac-
uum in the mass analyzer, differential pumping designs were developed. An in-
strument design using differential pumping with a heated capillary interface is
illustrated in Fig. 1.8. In a first step ions flow through a heated capillary
(T = 150-300 °C) which helps desolvatation. The internal diameter of the capil-
lary is typically 0.5 mm. A reduced vacuum is achieved in the first pumping re-
gion with the help of a rotary pump. Ions are then pushed through a skimmer or
an orifice into a second vacuum chamber where the vacuum is produced by a tur-
bo molecular pump and then analyzed in the mass analyzer. Most modern instru-
ments use differential pumping either with capillary skimmer or with an orifice
skimmer setup with or without curtain gas.

1.3.2.1 Electrospray

A spray of small droplets at atmospheric pressure can be generated by: (i) a neb-
ulizing gas, (ii) the application of heat, (iii) the application of ultrasounds iv) the
application of an electric field. Electrospray ionization (ESI) is a process were
charged droplets result from the nebulization of a solution in an electric field.
The liquid flows through a stainless steel or a fused silica capillary while the po-
tential (typically 3—6 kV in positive mode) is applied directly on the capillary or on
a counter electrode. In negative mode to avoid discharge, the range is somewhat
lower (typically 3—4 kV). After nebulization the charged droplets reduce their size
and subdivide, up to a point where gas phase ions escape from the droplets. A
stable spray can be obtained at flow rates of 1-10 ul min~!. When performing
LC-MS with standard bore LC columns (4.6 mm i.d.) the LC effluent must be
split. To overcome this limitation, the spray process can be assisted by a nebuliz-
ing gas such as nitrogen or air [25] (Fig. 1.9). This way of operation was originally
named ionspray but the term is less and less used. With liquid chromatography
most sources use air or nitrogen to assist the electrospray process (pneumatically
assisted electrospray). Stable sprays can be observed with flow rates above 1 ml
min~!, allowing direct interfacing of LC with MS. Most modern commercial in-
struments operate with pneumatically assisted electrospray placed orthogonally
to the entrance of the MS. The nebulizing process can be further assisted with
the use of heat, where either the sprayer is heated or a hot stream of nitrogen is
directed orthogonally towards the formed droplets.

Very low flow electrospray is called nanoelectrospray [26] where the samples
are infused into the mass spectrometer at the nanoliter flow rate range. The infu-
sion of a few microliters will result in a stable signal for more then 30 min, using
pulled capillaries or chip-based emitters [27]. With infusion, signal averaging al-
lows to improve the limit of detection in tandem mass spectrometry. Nanoelec-
trospray is particularly important in combination with nanoflow liquid chroma-
tography or chip-based infusion for the analysis of peptides and proteins.
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Fig. 1.9 Pneumatically assisted electrospray. The coaxial nitrogen gas
assists the electrospray process allowing to operate at flow rates of
several hundred microliters.

ESI is a condensed phase ionization process and the ions have to be already
present in solution. To generate ions, the pH has to be adjusted in such a way
that ionizable groups are either protonated or deprotonated. In some cases neu-
tral molecules can be analyzed by the formation of adducts with ions such as am-
monium, sodium, potassium, acetate or silver.

Peptides and proteins have several ionizable sites, resulting in the formation
of multiply charged ions [14]. Figure 1.10 shows the ESI spectrum of human
gamma interferon (M, = 16908.50). The mass spectrum of the protein corre-
sponds to a distribution of multiply charged ions obtained through protonation
([M+zH]#"). The ion at (m/z); 846.4 corresponds to human gamma interferon
protonated 20 times [z;-(m/z); = M; + z1 - m,], M; being the relative molecular
mass of the protein, z; the number of charges and m, the mass of the proton.
Because each pair of ions differs by one proton [(m/z), 806.1 bears 21 protons]
the charge state (z;) of any ion and therefore the relative molecular mass of an
unknown protein can be determined with the following equations:

- (m/z); —my
* = (mf2), - (m/2), g
M, = z; - [(m/z), — my) (2)

where z is charge, m is mass and m,, is proton mass.

The relative molecular mass determination of an unknown protein is generally
performed automatically using various deconvolution algorithms, but the proce-
dure is limited to relatively simple mixtures.

Electrospray ionization can be considered as an electrolysis cell (Fig. 1.11)
where, in the positive mode, cations are enriched at the surface of the solution
and negative ions move inside the capillary. Oxidation of the analyte has been ob-
served at certain occasions, in particular at very low flow rates. Also in the case of
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Fig. 1.10 (A) Positive mode electrospray spectrum of human gamma
interferon on a quadrupole mass analyzer. (B) Deconvoluted spectrum
of human gamma interferon. The molecular mass was measured at
16908 + 2 Da.

stainless steel sprayers nickel or iron ions can be released and form positively
charged complexes with certain types of analytes.

The mechanisms for the formation of gas phase ions from droplets are not
fully understood and two therories have been proposed: the ion evaporation
model (IEV) and the charge residue model (CR) [28]. The IEV model proposes
that the ions are directly emitted into the gas phase when, after evaporation and
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Fig. 1.11 Electrospray as an electrophoretic cell. Adapted with permission from reference [28].
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coulomb droplet fission, the droplets reach a certain radius. In the case of the CR
model it is assumed that gas phase ions are produced when no further solvent
evaporation is possible. In the case of small molecules it is believed that the IEV
model predominates while for the proteins the CR model is assumed to occur.

A very interesting characteristic of electrospray MS is that it behaves, under
controlled settings, like a concentration-sensitive detector [29]. This means that
the MS response is directly proportional to the concentration of the analyte. A di-
rect consequence is that LC post-column splitting does not affect the intensity of
the MS signal. Another important point is that the reduction of the internal diam-
eter of the column results in an increase in the MS response proportional to the
squared ratio between the internal diameters of the greater i.d. column to the
smaller i.d. column. Assuming that the same amount of analyte is injected onto
a 0.3 mm i.d. column instead of a 2.0 mm i.d. column, a 44-fold increase in re-
sponse is observed. Or the same response is obtained using a 44 times smaller
sample volume. The use of smaller sample volumes is attractive for qualitative
analysis where sample consumption can be critical. Because the injection vol-
umes have also to be much lower with smaller i.d. columns, column-switching
approaches become mandatory to really benefit from the gain of sensitivity in
quantitative analysis [30]. Generally the trapping column is of a larger i.d. than
the analytical column, allowing the rapid injection of 50-100 pL of sample.

1.3.2.2 Atmospheric Pressure Chemical lonization

Atmospheric pressure chemical ionization (APCI) is a gas phase ionization pro-
cess based on ion-molecule reactions between a neutral molecule and reactant
ions [31]. The method is very similar to chemical ionization with the difference
that ionization occurs at atmospheric pressure. APCI requires that the liquid
sample is completely evaporated (Fig. 1.12). Typical flow rates are in the range
200-1000 pL min~', but low flow APCI has also been described. First, an aerosol
is formed with the help of a pneumatic nebulizer using nitrogen. The aerosol is
directly formed in a heated quartz or ceramic tube (typical temperatures 200-500
°C) where the mobile phase and the analytes are evaporated. The temperature of
the nebulized mobile phase itself remains in the range 120-150 °C due to evapo-

T=250-500 °C
H,O" H.0
[A + HJ*
T L HO [A+H]*
ot / N2 H,O
Nebulizing / o
Gas (N,) /
Mobile
phase

Fig. 1.12 Atmospheric pressure chemical ionization source. A Analyte.
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ration enthalpy. In a second step, the evaporated liquid is bombarded with elec-
trons formed by corona discharge. In positive mode primary ions such as N, ™
are formed by electron impact. These ions react further with water in several
steps by charge transfer to form H;O". Ionization of the analyte A occurs then
by proton transfer. In negative mode ions are formed either by: (i) resonance cap-
ture (AB — AB™), (ii) dissociative capture (AB — B™) or (iii) ion—molecule reac-
tion (BH — B™). Generally APCI is limited to compounds with M, < 2000 which
do not undergo thermal decomposition. Singly charged ions [M+H]|* or [M—H]|~
are predominantly observed. While electrospray is a condensed phase ionization
process, APCI is a gas phase ionization process where the analyte ionization effi-
ciency depends on its gas phase proton affinity. APCI ionization has become very
popular for liquid chromatography coupled with mass spectrometry because it
can handle very easily liquid flow rates from 200 pL min~! to 1 mL min~!. In
contrast to electrospray, the application of heat may generate thermal decomposi-
tion of the analyte. At atmospheric pressure, ionization occurs with the high col-
lision frequency of the ambient gas and rapid desolvation and vaporization limits
the thermal decomposition of the analyte. Figure 1.13A shows the electrospray
full-scan spectrum of the sulfuric acid monoester of 3-hydroxy retinoic acid,
which is a phase II metabolite of 3-hydroxy retinoic acid without any degradation.
In the APCI spectrum of the same analyte (Fig. 1.13B) several intense ions at
m/z 315 and m/z 297 can be observed. These ions are not generated by collision-
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Fig. 1.13 Negative mode single quadrupole MS spectra of sulfuric acid
monoester of 3-hydroxy retinoic acid: (A) electrospray, (B) atmospheric
pressure chemical ionization.



1.3 lonization Techniques

induced dissociation but by thermal degradation. The product ion spectrum of
the precursor ion at m/z 395 shows only a strong ion at m/z 97, corresponding
to the HSO,~ ion (data not shown). The ion at m/z 315 corresponds to 3-hydroxy
retinoic acid generated in the source by the loss of SO;. The second ion at m/z
297 corresponds to the loss of an additional 18 units (H,O). At a first glance ther-
mal degradation in APCI sounds detrimental, but because it is quite reproducible
it can provide further structural information in qualitative analysis.

1.3.2.3 Photoionization

The setup for atmospheric pressure photoionization (APPI) [32-34] is very simi-
lar to that for APCI. Only the corona discharge is replaced by a gas discharge
lamp (krypton, 10.0 eV) that generates vacuum ultraviolet photons. The liquid
phase is also vaporized by a pneumatic nebulizer. Most analytes have ionization
potentials below 10 eV while HPLC solvents have higher ionization potentials
(water 12.6 eV, methanol 10.8 eV, acetonitrile 12.2 eV). The absorption of a pho-
ton by the molecule and the ejection of an electron forms a radical cation. Better
sensitivities have been reported with the addition of dopants such as toluene or
acetone. The mechanism of ionization is not fully understood but two different
mechanisms can occur: (i) dopant radical cations react with the analyte by charge
transfer or (ii) the dopant radical cation ionize the solvent molecules by proton
transfer which can then ionize the analyte. APPI can also be performed in the
negative mode. Like APCI, APPI can handle a large range of analytes. The perfor-
mance of APPI is flow rate-dependent; and better sensitivities, compared to
APCI, have been reported at lower flow rates. It appears also that APPI is less
sensitive to matrix suppression and source contamination. Atmospheric pressure
photoionization proves to be particularly attractive for the analysis of steroids and
quinones.

1.3.2.4 Multiple lonization Source

With atmospheric pressure ionization the signal response is strongly analyte-
dependent. To combine more than one ionization source (ESI, APCI, APPI) is
particularly attractive to extend the range of compounds that can be analyzed si-
multaneously. Most pharmaceutical compounds can be analyzed automatically
with positive or negative ESI mode using standard conditions [35]. Those com-
pounds which give no signal require special attention, such as optimized solvent
conditions or a change in ionization method resulting in a significant loss in
time. Gallagher et al. [35] have developed a combined ESI-APCI (ESCi) source
for high speed online LC-MS analysis. The combined source allows alternate on-
line ESI and APCI scans with polarity switching within a single analysis. During
the LC-MS run the high voltage power supply can be switched within 100 ms
from the electrospray capillary to the APCI discharge needle. Figure 1.14 shows
the LC-MS analysis of a mixture of daidzein and acetophenone with the ESCi
source. In this case daidzein shows the best response with ESI while acetophe-
none gives a strong signal with APCI.
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Fig. 1.14 LC-MS analysis of a mixture of daidzein and acetophenone
with a ESCi source: (A) ESI, (B) APCI, (C) photo diode array detection.
Adapted with permission from reference [35].

An other approach has been described by Syage et al. [36], who investigated
the potential of various ionization sources (ESI, APCI, APPI) either in simultane-
ous or in switching mode. They suggest that ESI/APPI is the best combination
because APPI covers a broad range of analytes while ESI covers the larger
molecules.

1.3.2.5 Desorption Electrospray and Direct Analysis in Real Time

Direct analysis of solid samples or analytes present on solid surfaces without any
sample preparation has always been a topic of interest. Desorption electrospray
ionization (DESI) is an atmospheric pressure desorption ionization method intro-
duced by Cooks et al., producing ions directly from the surface to be analyzed,
which are then sampled with the mass spectrometer [22, 37]. DESI is based on
charged liquid droplets that are directed by a high velocity gas jet (in the order of
300 m s71) to the surface to be analyzed. Analytes are desorbed from the surface
and analyzed by mass spectrometer (Fig. 1.15).

Compared to atmospheric pressure MALDI (see Section 1.3.3.), no matrix is
needed to perform the experiment. Direct analysis in real time (DART), a method
related to DESI, has been reported by Cody et al. [23]. This technique is based
on the reactions of metastable helium atoms generated by corona discharge with
oxygen/water (negative mode) or water clusters (positive mode). The formed reac-
tant ions ionize the analytes either by cluster assisted desorption or proton ex-
change. Both methods generate mostly protonated or deprotonated molecular
ions. Various applications of both techniques for the analysis of the mass spectro-
metric profiling of intact biological tissue nicely demonstrated the characteriza-
tion of the active ingredients in pharmaceutical samples formulated as tablets,
ointments, or the sampling of plant material [38].
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Fig. 1.15 Desorption electrospray ionization interface. The sample, in
this case a pharmaceutical pill, is placed in front of the orifice and is hit
by nebulized droplets. Desorbed ions are then sampled into the mass
spectrometer.

133
Matrix Assisted Laser Desorption lonization

Matrix assisted laser desorption ionization (MALDI) has grown from the efforts to
analyze macromolecules by mass spectrometry. Two groups were able, in the late
1980s, to obtain mass spectra of proteins. The first group was led by T. Tanaka [39]
(Nobel Prize 2002) and developed MALDI where the analyte is mixed in a matrix
of glycerol and cobalt and ionized with a laser. The second group formed by M.
Karas and F. Hillenkamp [13] developed MALDI where the analyte is mixed with
a matrix solution containing UV-absorbing molecules (Table 1.2). A few micro-
liters of solution are spotted onto a MALDI target where the sample crystallizes.
After introduction of the target into the vacuum, an UV laser pulse is used
to desorb and ionize the sample. Nitrogen laser emitting at 337 nm and Nd:YAG
laser emitting at 355 nm are the most widely used. MALDI is a very powerful
technique for the analysis of synthetics and natural biopolymers. It has com-
pletely replaced former techniques such as fast atom bombardment (FAB). In

Table 1.2 Commonly used matrices for matrix assisted laser desorption ionization.

Sinapinic acid a-Cyano-4-hydroxycinnamic acid ~ 2,5-Dihydroxybenzoic acid
Proteins, imaging Peptides, small molecules Proteins
CH,0
CN
o HO OH
HO g cooH HOO&:‘—COOH Q
COOH

CH,0
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Fig. 1.16 Mass spectra of a recombinant protein obtained by: (A)
matrix assisted laser desorption ionization—time of flight, (B)
electrospray—quadrupole time of flight. cps Counts per second.

most cases singly charged ions are predominantly detected while very little frag-
mentation or multiply charged ions are observed. MALDI is commonly used for
the analysis of high molecular weight compounds such as peptides and proteins
[40], synthetic polymers [41], DNA [42] and lipids [43].

MALDI has the intrinsic advantage over ESI-LC-MS in that it can achieve a high
sample throughput. Sample preparation and separation can also be decoupled
from the mass spectrometric analysis. The MALDI target plate can be easily ar-
chived, which allows simple reanalysis of selected samples. MALDI or ESI are
suitable for the analysis of proteins, as depicted in Fig. 1.16. One of the key ad-
vantages of ESI over MALDI is the formation of multiply charged ions which al-
lows the analysis of proteins on almost any type of mass analyzer while MALDI
requires a time of flight mass analyzer in the linear mode to cover the high mass
range.

The high throughput capability of MALDI and the different ionization mecha-
nisms make this technique also an attractive alternative to electrospray ioniza-
tion for the analysis of low relative molecular mass compounds (LRMM) [44].
However, interferences of matrix ions and the ionization of the low relative
molecular mass compounds are the challenges of this technique [45, 46].
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Desorption/ionization on porous silicon (DIOS) without any matrix has been de-
scribed for the analysis of LRMM compounds with no chemical background [47,
48]. The use of MALDI for the analysis of small molecules was recently reported.
Particularly attractive is the coupling of a MALDI source with a triple quadrupole
mass analyzer for quantitative analysis in the selected reaction monitoring (SRM)
mode due to very high analysis speed.

Surface enhanced laser desorption/ionization (SELDI) is a distinctive form of
laser desorption ionization where the target plays an active role in the sample
preparation procedure and ionization process [49]. Depending on the chemical
or biochemical treatment, the SELDI surface acts as solid phase extraction or
an affinity probe. Chromatographic surface is used for sample fractionation and
purification of biological samples prior to direct analysis by laser desorption/
ionization. SELDI is mainly applied for protein profiling and in biomarker discov-
ery by comparing protein profiles from control and patient groups.

Because MALDI is a desorption technique, it is particularly suited for the anal-
ysis of surfaces such as biological tissues [50]. In this application, the matrix is
applied on the complete surface of the tissue. The laser resolution is about 100
pm and complete analyte distribution images (low molecular weight compounds,
peptides, proteins) can be recorded [51, 52].

1.4
Mass Analyzers

1.4.1
Quadrupole Analyzers

A quadrupole mass analyzer is made of four hyperbolic or circular rods placed in
parallel with identical diagonal distances from each other. The rods are electri-
cally connected in diagonal. In addition to an alternating radiofrequency (RF) po-
tential (V), a positive direct current (DC) potential (U) is applied on one pair of
rods while a negative potential is applied to the other pair (Fig. 1.17). The ion tra-
jectory is affected in x and y directions by the total electric field composed by a
quadrupolar alternating field and a constant field. Because there is only a two-
dimensional quadrupole field the ions, accelerated after ionization, maintain their
velocity along the z axis.

The motion of ions in the quadrupole (x, y) is quite complex and can be de-
scribed by the Matthieu equations. The solution of the Matthieu equations gener-
ate two terms, a and q, which are proportional to the RF and DC potentials, re-
spectively. For a detailed description of Matthieu equations, please see reference
[53]. The trajectories of ions are stable when the ions never reach the rods of the
quadrupole. To reach the detector an ion must have a stable trajectory in the x
and y directions. With a quadrupole mass analyzer a mass spectrum is obtained
by increasing the magnitude of U (DC) and V (RF) at a constant ratio. In a quad-
rupole mass analyzer when the DC voltage of a quadrupole is set to zero and
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Fig. 1.17 The quadrupole mass analyzer is formed by four circular or
hyperbolic rods placed in parallel. ® Quadrupolar potential.

the RF voltage is maintained, the ions remain focused with no mass selectivity.
Therefore, RF quadrupoles are ideal as ion guides or as a collision cell. Typically,
quadrupole mass analyzers operate at unit mass resolution (FWHM 0.6-0.7 m/z
units). There is a strong relation between resolution and transmission. In general
higher mass resolution results in a decrease of transmission, but mass resolution
corresponding to peak width of 0.1 m/z units without significant loss in sensitiv-
ity have also been reported. The mass range of quadrupoles is typically between
m/z 5 and m/z 4000. Most common ionization sources are available on quadru-
pole instruments, including EI, ESI, APCI, APPI and MALDI.

1.4.2
Triple Quadrupole Mass Analyzer

A triple quadrupole instrument (QqQ) is a combination of two mass quadrupole
mass filters (tandem mass spectrometry) separated by a collision cell which is
also a quadrupole operating in RF-only mode (Fig. 1.18). A common nomencla-

collision gas
Al
ﬂﬂ: _ .’_;B'TE'C\SB ‘_
q0 Q1 q2 Q3
Mass Collision Mass
analyser cell analyser

Fig. 1.18 Schematic of a triple quadrupole instrument. Stage qO:
focusing quadrupole; Q1, Q3: mass analyzing quadrupoles; g2: collision
cell. In the present configuration the collision energy (CE) is determined
by the potential difference between q0 and q2.
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ture is to use (Q) to describe a quadrupole which is operated in RF/DC mode and
(q) for a quadrupole which is operated in RF only mode. Tandem mass spectrom-
etry is particularly attractive to obtain additional mass spectral information. In a
first step, a specific m/z ion (precursor ion) is selected in the first mass analyzer
(Q1). Collision induced dissociation (CID) occurs in the collision cell (q2) which
is filled with a neutral gas such as argon or nitrogen. The fragment ions (product
ions) are then sorted according to their mass to charge ratio in the second mass
analyzer (Q3) and recorded by the detector. This way to obtain MS/MS data is
called MS/MS in space, contrasting with quadrupole ion traps where MS/MS ex-
periments are performed in time. On triple quadrupole mass spectrometers the
potentials used to carry out collision induced dissociation are in the range 0-250
V. The collision energy is defined in electrons volts (eV) and is therefore depen-
dent on the charge of the ions. For a potential difference of 30 volts the collision
energy for a singly charge precursor ion would be 30 eV, and 60 eV for a doubly
charged precursor ion. The nature of the collision gas (N, or Ar) does not affect
the product ion spectrum. The gas pressure in the collision cell mainly influences
the sensitivity while collision energy influences the nature of the spectrum.

Depending on how the mass analyzers are operated, various types of MS and
MS/MS experiments can be performed on a QqQ and these are summarized in
Table 1.3. To normalize the description of various MS/MS or multi-stage MS" ex-
periments a symbolism has also been described [54, 55].

A product ion scan can obtain structural information of a given precursor ion
while a precursor ion scan is more suited to find structural homologues in a com-
plex mixture. Bosentan (M, = 551, Fig. 1.19) has two metabolites corresponding
to the tert-butyl hydroxylation product (M, = 567) and the dealkylation of the me-
thoxy group to form the phenol (M, = 537). Bosentan (Tracleer, Actelion Phrama-
ceuticals) is an oral duel endothelin receptor antagonist approved for the use
in arterial hypertension [56]. Selection of the fragment at m/z 280 can fish out
precursor ions corresponding only to bosentan and these two metabolites (Fig.
1.19C). A similar result is obtained with the constant-neutral loss scan mode
(Fig. 1.19D) which is based on neutral loss of 44 units.

Table 1.3 Settings of the Q1 and Q3 quadrupoles for the various scan
modes of a triple quadrupole mass spectrometer.

Mode Q1 quadrupole Q3 quadrupole

Full scan Q1/single ion monitoring (SIM) Q1 Scan/fixed Rf mode

Full scan Q3/single ion monitoring (SIM) Q3 Rf mode Scan/fixed

Product ion scan (PIS) Fixed Scan

Precursor ion scan (PC) Scan Fixed

Neutral loss (NL) Scan Scan: neutral loss offset

Selected reaction monitoring (SRM) Fixed Fixed
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Fig. 1.19 (A) Q1 full-scan spectrum of bosentan [(M+H)™", m/z 552],
its demethylated metabolite [(M-+H)*, m/z 538] and its hydroxylated
metabolite [(M+H)*, m/z 568], (B) product ion spectrum of bosentan,
(C) precursor ion spectrum, (D) neutral loss spectrum. Electrospray
jonization is in positive ion mode.

Precursor ion and neutral loss scans are efficient on QqQ to identify structur-
ally related compounds in a mixture, using either a common fragment with the
parent compound or the specific neutral loss such as glucuronid or sulfate for
phase II metabolites. These selective scan modes do not require any knowledge
of the molecular weight or the structure of the compounds. In the selected reac-
tion monitoring (SRM) mode, Q1 is set at the mass of the precursor [M+H]|*
(m/z 552) and Q3 at m/z 202, which is the most important fragment of bosentan.
Because in SRM mode both quadrupoles are not scanning, better detection limits
can be achieved compared to full-scan acquisition. Therefore, this mode has be-
come the working horse for quantitative analysis. Typical dwell times are in the
range 5-250 ms. Because with quadrupole mass analyzers transmission is depen-
dent on the mass resolution, it is always mandatory, in SRM mode, to indicate the
mass resolution of quadrupole Q1 and Q3. In general, full width of the peak at
half maximum (FWHM) is indicated. Analysis in single ion monitoring mode
can also be performed on a QqQ either using Q1 and Q3. Generally when per-
forming a SIM analysis in Q3 mode, the collision cell is filled with collision gas
and serves as a further declustering device to improve signal-to-noise.
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Fig. 1.20 The quadrupole ion trap. A fundamental RF potential is
applied onto the ring electrode to trap ions. The gray circles represent
helium gas.

1.4.3
lon Trap Mass Spectrometry

The ion trap is a device that utilizes ion path stability of ions for separating them
by their m/z [53]. The quadrupole ion trap and the related quadrupole mass filter
were invented by Paul and Steinwedel [57]. A quadrupole ion trap (QIT or 3D-IT)
mass spectrometer operates with a three-dimensional quadrupole field. The QIT
is formed by three electrodes: a ring electrode with a donut shape placed symmet-
rically between two end cap electrodes (Fig. 1.20).

By applying a fundamental RF potential, the QIT can be described as a small
ion storage device where ions are focused toward the center of the trap by colli-
sion with helium gas. In the QIT, because of the cylindrical symmetry of the
trap, the x and y components of the field are combined to a single radial r compo-
nent, where r2 = x? + y2. The motion of ions in the trap is characterized by one
radial and one axial frequency (secular frequencies). Like quadrupoles, the mo-
tion of ions can be described by the solutions of Matthieu’s equations (4, q). Ions
with various m/z can be stored in the trap with the condition that trajectories
are stable in r— and z— directions. Each ion of a certain m/z will be trapped at a
certain g, value. The higher m/z ions will be located at lower g values while the
lower m/z will be located at the higher g, values. The quadrupole ion trap can
store only a limited number of ions before space charging occurs. To circumvent
this effect, most instruments have an automatic gain control procedure (AGC).
This procedure exactly determines the adequate fill time of the trap to maximize
sensitivity and minimize resolution losses due to space charge. A mass spectrum
can be obtained by mass-selective ejection where the amplitude of the RF poten-
tial is continuously increased at a certain rate. Ions with the lowest m/z are
ejected first. The mass-selective axial instability mode requires that the ions are
confined at the center of the trap and at a limited mass range. Resonant mass
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ejection is another procedure which can generate a mass spectrum with a higher
mass range. lon motion can be modified either by exciting the radial or the axial
frequencies by applying a small oscillating potential at the end cap electrodes dur-
ing the RF ramp. In both mass-analyzing modes, the resolution of the spectrum
is strongly dependent on the speed at which the RF amplitude is increased.
Higher resolution can be obtained with slower scan speed. Compared to quadru-
pole instruments with the quadrupole ion trap, high sensitivity can be obtained in
full-scan mode due to the ability of ion accumulation in the trap before mass
analysis. Rapid mass analysis with the mass instability scan allows scanning at a
speed of several thousand m/z units per second. There are several important
components which affect the time necessary to obtain a mass spectrum (duty cy-
cle): (i) the injection time (within 0.5-500.0 ms), (ii) the scan speed (in the range
5000—20 000 m/z units s 1), (iii) isolation of the precursor ion and fragmentation
in tandem MS or MS". Contrarily to the triple quadrupole, MS/MS is not per-
formed in space but in time. Another significant difference is the use of helium
as collision gas. Because the trap is permanently filled with gas, the instrument
can switch very rapidly from single MS to MS/MS mode. High sensitivity can be
achieved in the QIT because of ion selective accumulation of the precursor. An-
other advantage compared to the triple quadrupole is the short duty cycle for an
MS/MS experiment. A typical MS" (MS3) sequence is illustrated in Fig. 1.21. To
obtain a MS? spectrum the precursor ion is isolated and then excited while frag-
ments are trapped. The next step to obtain an MS? spectrum is to isolate a frag-
ment ion again and to perform CID fragmentation. Because MS/MS is performed
in time in the same physical device, the operation can be repeated several times.
Most commercial instruments can perform MS” to the tenth or 11th level. A dif-
ficulty is to excite the precursor ions efficiently and trap the product ions in the
same device. Generally, solely the precursor is excited in a specific window corre-
sponding to 1-4 m/z units. The consequence is that fragment ions are not fur-
ther excited and cannot produce second generation fragments. In many cases,

lons Isolation Isolation Spectrum

- -: : CID p— i CID -/
m/z 552 m/z 202

Ms? Ms? Ms3

Fig. 1.21 Typical MS?® scheme m/z 552 — m/z 202 —. In a first step
the protonated bosentan molecule at m/z 552 is isolated and
fragmented (MS?). The fragments are trapped. In a second step the
fragment at m/z 202 is isolated and fragmented and the spectrum is
recorded.
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Fig. 1.22 Various MS? and MS? spectra of bosentan: (A) MS?, (B)
MS?3, (C) MS3, (D) MS2. F1 to F4 correspond to the main fragments of
bosentan obtained also on the QqQ.

MS? trap CID generates similar spectra than quadrupole CID, but there are cases
where the spectra differ significantly.

For molecules which can easily lose water or ammonia, the most abundant
fragment observed in MS? is M-18 or M-17, which is not very informative. To
overcome this limitation, wide band excitation (range 20 m/z units) can be ap-
plied. Another difference compared to QqQ is that QIT have a low mass cutoff
of about one-third of the mass of the precursor ion. However QIT is particularly
attractive to follow fragmentation cascades as illustrated for bosentan in Fig. 1.22.
It can clearly be concluded that the fragment at m/z 175 originated from the pre-
cursor at 202 and not from the precursor at m/z 311.

Due to the high sensitivity in MS" mode, ion traps are particular attractive
for qualitative analysis in drug metabolism and proteomics studies. Compared to
QqQ, similar sensitivities can be achieved for quantitative analysis but at the cost
of precision and accuracy. A major difference is the number of transitions which
can be monitored at the same time. While more than 100 SRM transitions can
be recorded within one second on a QqQ, this number is much lower with the
QIT (generally four to eight transitions). Ion traps have larger mass ranges (up
to 50000) than quadrupole instruments but smaller ranges than time of flight
mass analyzers. Most commercial instruments use two mass ranges: (i) from
m/z 50 to m/z 2000-3000 with a mass resolution of 0.7 m/z units or better and
(ii) from m/z 200 to m/z 4000—6000 with a mass resolution of 2—4 m/z units.
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Fig. 1.23 Standalone linear ion trap. Because the ions are ejected
radially two detectors are required for best sensitivity. Adapted with
permission from reference [59].

Very recently linear ion traps (LIT) or two-dimensional ion traps (2D IT) have
gained interest for various applications, either as standalone mass analyzers or
coupled with Fourier transform ion cyclotron, three-dimensional ion trap (3D
IT), TOF or orbitrap mass analyzers [58]. Physically, a linear ion trap is like a
quadrupole formed by four hyperbolic or circular rods placed symmetrically. In
a linear ion trap the ions are confined radially by a two-dimensional radio
frequency field. To prevent ions from escaping axially, a DC potential is applied
to the end electrodes. The same type of experiments which can be performed on
2D or 3D ion traps are basically the same but there are several advantages to trap
ions in a 2D trap compared to 3D traps: (i) no quadrupole field along the z-axis,
(ii) enhanced trapping efficiencies, (iii) more ions can be stored before observing
space charging effects and (iv) strong focusing along the center line instead of fo-
cusing ions to a point.

Schwartz et al. [59] described a standalone linear ion trap where mass analysis
is performed by ejecting the ions radially through slits of the rods using the mass
instability mode. To maximize sensitivity the detection is performed by two detec-
tors placed axially on either side of the rods (see Fig. 1.23).

1.4.4
Triple Quadrupole Linear lon Trap

In a linear ion trap one of the most efficient ways to perform mass analysis is to
eject ions radially. Hager [60] demonstrated that, by using fringe field effects, ions
can also be mass-selectively ejected in the axial direction. There are several bene-
fits for axial ejection: (i) it does not require open slits in the quadrupole, (ii) the
device can be operated either as a regular quadrupole or a LIT using one detector.
A commercial hybrid mass spectrometer was developed based on a triple quadru-
pole platform where Q3 can be operated either in normal RF/DC mode or in the
LIT ion trap mode (Fig. 1.24).
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Fig. 1.24 Schematic of the triple quadrupole linear ion trap (AB/MDS
Sciex). Q3 can be operated in quadrupole or trap mode. In both modes
ions are detected in the axial direction.

In the triple quadrupole linear ion trap, tandem MS? is performed in space
where the LIT serves only as a trapping and mass-analyzing device. Figure 1.25
illustrates the difference between quadrupole CID spectra and trap CID spectra
for trocade.

With quadrupole CID all fragments are recorded in one experiment, while in
the case of the 3D ion trap MS?, MS3 and MS* experiments are required to ob-
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tain the low mass fragments. In the triple quadrupole linear ion trap MS? is per-
formed in the following manner. The first stage of fragmentation is accomplished
by accelerating the precursor ions chosen by Q1 into the pressurized collision
cell, q2. The fragments and residual precursor ions are transmitted into the Q3
linear ion trap mass spectrometer and are cooled for approximately 10 ms. The
next generation precursor ion is isolated within the linear ion trap by application
of resolving DC near the apex of the stability diagram. The ions are then excited
by a single frequency of 85 kHz auxiliary signal and fragmented. The particular-
ity of the QqQur is that the instrument can be operated in various ways, as de-
scribed in Table 1.4 [61, 62]. MS? spectra are obtained in the quadrupole CID
mode while MS? spectra are obtained in the trap CID mode.

The major advantage of this instrument is that qualitative and quantitative
analysis can be performed in the same LC-MS run. As an example in a data-
dependent experiment, the selected reaction monitoring mode can be used as a
survey scan and the enhanced product ion mode (EPI) as a dependent scan. The
consequence is that for each quantified analyte a confirmatory MS/MS spectrum
can be obtained.

Table 1.4 Mode of operation of the triple quadrupole linear ion trap (QqQuit).

Mode of operation Q1 q2 Q3

Q1 scan Resolving (scan) RF only RF only

Q3 scan RF only RF only Resolving (scan)
Product ion scan (PIS) Resolving (fixed) Fragment Resolving (scan)
Precursor ion scan (PC) Resolving (scan) Fragment Resolving (fixed)
Neutral loss scan (NL) Resolving (scan) Fragment Resolving (scan offset)
Selected reaction Resolving (fixed) Fragment Resolving (fixed)

monitoring mode (SRM)

Enhanced Q3 single MS RF only No fragment Trap/scan

(EMS)

Enhanced product ion (EPI) Resolving (fixed) Fragment Trap/scan

MS3 Resolving (fixed) Fragment Isolation/fragment trap/scan
Time delayed Resolving (fixed) Trap/no fragment Fragment/trap/scan

fragmentation (TDF)

Enhanced resolution Q3 RF only No fragment Trap/scan
single MS (ER)

Enhanced multiply charged RF only No fragment Trap/scan
(EMC)
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Fig. 1.26 Schematic of the simplest form of a time of flight mass
spectrometer. After ionization the ions are accelerated with a strong
electric field.

1.4.5
Time of Flight Mass Spectrometry

From the physical principle time of flight (TOF) may be the simplest way to per-
form mass spectrometric analysis (Fig. 1.26). TOF is the measure of the time that
ions need to cross in a field free tube of about 1 m length [63, 64]. It is a pulsed
technique and requires a starting point. The motion of an ion is characterized by
its kinetic energy E. = 0.5m x v? (m = mass, v = speed). Therefore, the speed of
ions or the time to fly through the tube is proportional to their y/m/z value. The
velocity of the ions formed is generally low and they are accelerated by strong
electric fields (2-30 kV) in the direction of the detector. Low mass ions reach the
detector more rapidly than high mass ions. Due to the short flight time (50-100
psec) and the good transmission, a spectrum can be generated within 100 ms over
an almost unlimited mass range. Detection of the ions is performed with a multi-
channel plate detector (MCP, see Section 1.5) which has a relatively small dy-
namic range (generally two to three orders of magnitude).

With soft ionization techniques such as MALDI, ions of m/z 200000 can be
routinely detected. The mass range is mainly limited by the fact that with the de-
tector the response decreases with increasing m/z of the ions. The mass resolu-
tion of a TOF mass analyzer is relatively poor (unit mass resolution and less)
and is affected by factors that create a distribution in the flight time of ions with
the same m/z. The simplest way to increase the mass resolution is to increase the
length of flight tube or to reduce the kinetic energy spread of the ions leaving the
source.

One way to reduce the kinetic energy spread is to introduce a time delay be-
tween ion formation and acceleration, referred to as delayed pulsed extraction.
After a certain time delay ranging from nanoseconds to microseconds a voltage
pulse is applied to accelerate the ions out of the source.

The second way to improve the mass resolution significantly is to use an elec-
trostatic mirror (mass reflectron) placed in the drift region of ions (Fig. 1.27).
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Fig. 1.27 Schematic of a time of flight mass spectrometer equipped
with a reflectron. The instrument can be operated in the linear mode
(reflectron off) or in the reflectron mode (reflectron on).

Briefly, the ions with high energy penetrate deeper into the ion mirror region
than those with the same m/z at a lower energy. Because of the different trajecto-
ries, all ions of the same mj/z reach the detector at the same time. Thus, all ions of
the same m/z have then a much lower energy dispersion. With the reflectron the
flight path is increased without changing the physical size of the instrument. In
reflectron mode a mass resolving power of 15000 is standard but the mass range
is limited to several thousand m/z units. TOF instruments are non-scanning
mass spectrometers resulting in an increased sensitivity compared to quadrupole
mass spectrometers.

In general the commercial TOF instruments have two detectors; one for the lin-
ear mode and one for the reflectron mode. The combination of MALDI with TOF
is ideal because both techniques are pulsed techniques. However, it is also possi-
ble to arrange a continuous beam as generated by electrospray ionization. For
that purpose orthogonal acceleration was developed [65]. The ion beam is intro-
duced perpendicularly to the TOF and packets are accelerated orthogonally (oa-
TOF) at similar frequencies improving the sensitivity. While a packet of ions is
analyzed, a new beam is formed in the orthogonal acceleration.

Time of flight instruments are mainly used for qualitative analysis with MALDI
or atmospheric pressure ionization. With MALDI ionization one of the main ap-
plications is the identification of proteins by analyzing their peptides after trypsin
digestion (peptide mass finger print; PMF). Further structural information of the
peptides can be obtained from metastable transitions or collision-induced dissoci-
ations generated in the drift tube prior to entering the reflectron. This technique
is called post-source decay (PSD). A metastable ion is an ion which dissociates in
the free field region of the mass spectrometer. For TOF instruments the acquisi-
tion rate is in the range 10-20 Hz, making these mass analyzers best suited for
the interfacing of fast liquid chromatographic separations or capillary electropho-
resis using electrospray ionization.

Due to their fast acquisition rate and high resolution capabilities TOF mass an-
alyzers are often used as the last mass analyzing stage in hybrid tandem mass
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Fig. 1.28 Schematic of a quadrupole-time of flight instrument.
Quadrupole q0 is used for collisional cooling and ion focusing.
Nitrogen or argon is generally used as collision gas. The ion modulator
pushes the ions orthogonally to their initial direction into the TOF
analyzer.

spectrometers such as quadrupole—time of flight instruments. A quadrupole—
time of flight instrument (QqTOF) is the result of the replacement of the last
quadrupole section (Q3) of a triple quadrupole instrument by a time of flight an-
alyzer (Fig. 1.28), a powerful combination in regards of mass range (m/z 5 to m/z
40000), mass resolving power of 10000 and sensitivity [66, 67]. In single MS
mode the quadrupoles (q0, Q1, q2) serve as RF ion guides and the mass analysis
is performed in the TOF. To accommodate ion injection a pulsed field is applied
in the ion modulator to push the ions orthogonally to their initial direction into
the TOF analyzer.

In tandem MS mode, because the product ions are recorded with the same
TOF mass analyzers as in full scan mode, the same high resolution and mass ac-
curacy is obtained. Isolation of the precursor ion can be performed either at unit
mass resolution or at 2-3 m/z units for multiply charged ions. Accurate mass
measurements of the elemental composition of product ions greatly facilitate
spectra interpretation and the main applications are peptide analysis and metab-
olite identification using electrospray ionization [68]. In TOF mass analyzers ac-
curate mass determination can be affected by various parameters such as: (i) ion
intensities, (ii) room temperature or (iii) detector dead time. Interestingly, the
mass spectrum can be recalibrated post-acquisition using the mass of a known
ion (lock mass). The lock mass can be a cluster ion in full scan mode or the resid-
ual precursor ion in the product ion mode. For LC-MS analysis a dual spray
(LockSpray) source has been described, which allows the continuous introduction
of a reference analyte into the mass spectrometer for improved accurate mass
measurements [69]. The versatile precursor ion scan, another specific feature of
the triple quadrupole, is maintained in the QqTOF instrument. However, in pre-
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cursor scan mode the sensitivity is lower in QqTOF than in QqQ instruments.
The lack of good quality product ion spectra on conventional MALDI-TOF instru-
ments made the use of MALDI on QqTOF instruments an interesting alternative
for the sequencing of peptides. As in electrospray TOF, in the case of QqTOF
the MALDI ion production needs to be decoupled from mass measurements.
The technique to interface MALDI with QqTOF is named orthogonal MALDI
(0-MALDI) TOF with collisional cooling. With o-MALDI the pulse is almost
converted in a continuous beam equivalent to that originated from an electro-
spray source.

The TOF mass analyzer has a low duty cycle, and the combination with an ion
accumulation device such as an ion trap is therefore very advantageous. It offers
also MS" capabilities with accurate mass measurement. In all acquisition modes,
the ions are accelerated into the time of flight for mass analysis. Various other hy-
brid mass spectrometers with TOF have been described, including quadrupole
ion trap [70] and linear ion trap [58]. High energy tandem mass spectrometry
can be performed on TOF-TOF mass spectrometers [71, 72].

1.4.6
Fourier Transform Mass Spectrometry

1.4.6.1 Fourier Transform—lon Cyclotron Resonance Mass Spectrometry

The main components of a Fourier transform ion cyclotron resonance mass spec-
trometer are a superconducting magnet and a cubic or cylindrical cell (Fig. 1.29).
Typically, the magnet field strengths (B) are in the range 3.0-9.4 Tesla. Ions are
stored in the cell according their cyclotronic motion arising from the interaction
of an ion with the unidirectional constant homogenous magnetic field. A static
magnetic field applied on the z direction confines ions in the x— and —y direc-
tions according the cyclotronic motion. To avoid the escape of ions along the z
axis, a low electrostatic potential is applied to the end cap electrodes [73].
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Fig. 1.29 Diagram of an ion cyclotron resonance instrument. The
magnetic field is oriented along the z-axis and ions () are trapped
according the same axis. Due to the cyclotronic motion the ions rotate
around the z-axis in the x—y plane.
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Cyclotron motion is characterized by its cyclotron frequency (f; from 5 kHz to
5 MHz) which depends on: (i) the magnetic field (B), (ii) the charge on the ion (z)
and (iii) the mass of the ion (m). In contrast to other types of mass spectrometers,
detection is performed in a non-destructive way. The ions are detected by excita-
tion applying a coherent broadband excitation. The ions undergo cyclotron
motion as a packet with a larger radius. When the ion packet approaches the de-
tection plates it generates an alternating current named image current. The re-
sulting signal is generally called the transient free induction decay (FID). Ions of
any mass can be detected simultaneously with Fourier transform mass spectrom-
etry (FTMS). The image current is composed of different frequencies and ampli-
tudes which are converted by applying a Fourier transformation to frequency
components and further to a mass spectrum. Mass resolution is best with high
field strength, decreases when the mass increases and is dependent on acquisi-
tion time. The mass resolution is strongly dependent on the length of the
transient time. Typical transient times are in the range 0.1-2.0 s. With commer-
cial instruments a mass resolving power of 100000 or more can be routinely
achieved. Collision induced dissociation can also be performed in the FT-ICR
cell. The transient signal decreases with collision of ions and neutral gas mole-
cules. It is therefore essential to work at very high vacuum (1.3 x 1078 Pa). The
dynamic range of a FT-ICR mass spectrometer is relatively poor because the in-
strument suffers from the fact that the number of ions in the trap must be in a
specified range. Over- and underfilling of the trap results in mass shifts towards
high and low values, respectively. To have a better control of the ion population in
the cell, a commercial hybrid instrument (LTQ-FTMS, Thermo) was developed by
combining a linear ion trap (LIT) with a FT-ICR mass spectrometer [74]. Because
the LIT is equipped with two detectors data can be recorded simultaneously in the
ion trap and in the FT-ICR mass spectrometer. In this way the FT-ICR operates
only as a high resolution detector for MS or MS" experiments performed in the
linear ion trap.

1.4.6.2 Orbitrap Mass Spectrometer

Makarov [75] invented a novel type of mass spectrometer based on the orbital
trapping of ions around a central electrode using electrostatic fields named orbi-
trap. Kingdon had already described the orbiting of ions around a central elec-
trode using electrostatic fields in 1923, but the device had been only used for ion
capturing and not as a mass analyzing device. The orbitrap (Fig. 1.30) is formed
by a central spindle-like electrode surrounded by an electrode with a barrel-like
shape to create an electrostatic potential. The m/z is a reciprocal proportionate to
the frequency (w) of the ions oscillating along the z-axis. There is no collisional
cooling inside the orbitrap, which operates at very high vacuum (2 x 108 Pa).
Detection is performed by measuring the current image of the axial motion of
the ions around the inner electrode. The mass spectrum is obtained after Fourier
transformation of the image current. The mass resolving power depends on the
time constant of the decay transient. The orbitrap provides a mass resolving
power exceeding 100000 (FWHM) and a mass accuracy < 3 ppm. To be opera-
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Fig. 1.30 Schematic of the linear ion trap (LIT)—orbitrap (LTQ orbitrap,
Thermo). One of the specificities of the system is that the LIT has two
detectors. Therefore the LIT can perform various experiments at the
same time. Adapted with permission from reference [76].

tional as a mass spectrometer the orbitrap requires external ion accumulation,
cooling and fragmentation. The setup of the LIT-orbitrap from Thermo is de-
picted in Fig. 1.30. The instrument consists of a linear ion trap with two detectors
connected to the orbitrap via a C-trap. With the LIT various MS or MS" experi-
ments can be performed. When the orbitrap is used as a detector the ions are
transferred into the C-trap where they are collisionally damped by nitrogen at
low pressure. The C-trap acts as a trapping and focusing device. Injection from
the C-Trap into the orbitrap is then performed with short pulses of high voltages.

The particularity of the LIT-orbitrap instrument is the independent operation
of the orbitrap and the LIT. Because high resolution requires longer transient
time, further data can already be collected in the LIT at the same time. As an ex-
ample accurate mass measurements of the precursor ion can be performed in the
orbitrap while MS? and MS? spectra are recorded with the linear ion trap. The
LIT-orbitrap has less resolution than a FT-ICR instrument with similar duty cy-
cle, but its maintenance costs are far lower than for the FT-ICR. Both instruments
will have a major impact in mainly qualitative analysis of low molecular weight
compounds and macromolecules.

1.5
lon Detectors

To obtain a mass spectrum, ions need to be converted into a usable signal by a
detector. The simplest form of ion detection is a photographic plate or a Faraday
cup for the direct measurement of the charge. In a Faraday cup the induced
current is generated by an ion which hits the surface of a dynode and emits
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Fig. 1.31 Discrete-dynode electron multiplier. When the ions hit the
surface of the detector electrons are emitted to form an avalanche of
electrons which generates the signal.

electrons. This type of detector is generally insensitive and mounted in isotopic
ratio mass spectrometers. The first electron multipliers mounted in mass spec-
trometers were discrete-dynode multipliers fabricated from beryllium copper al-
loy. When a positively or a negatively charged ion reaches the detector electrons
are produced (Fig. 1.31).

In this type of detector the electrons are accelerated down the channel produc-
ing additional electrons to the output signal. The created cascade of electrons re-
sults in a measurable current at the end of the detector [77].

Channel electron multipliers (CEM) are fabricated from lead-silica glass (Fig.
1.32) and can have curved or straight forms. In a channel electron multiplier,
when the charged particles (positive or negative) hit the surface of the electrode,
electrons are produced from the surface which then generate the current.

Channel electron multipliers can be operated either in analog or pulse count-
ing mode. The difference between the two modes of operation is that pulse count-
ing produces output pulses with a certain amplitude while analog detectors pro-
duce a wide distribution of output pulses. Therefore, the pulse counting mode is
more suitable for high sensitivity mode while analog mode is best suited for in-
tense signals. In modern mass spectrometers, autotune procedures optimize the
analog multipliers based on signal-to-noise. The tuning of pulse counting detec-
tors is somewhat different because they operate in a different mode. The sensitiv-
ity of a detector decreases almost exponentially with the mass of the ions. One
way to improve the signal in the channel electron multiplier detector sensitivity
at higher mass is to use a conversion dynode (Fig. 1.33). A conversion dynode is
a metal surface which is held at high potential (>3 kV). The role of the dynode
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Fig. 1.32 Straight channel electron multipliers (CEM) are typically used
in quadrupole-type mass spectrometers.



40

1 Mass Spectrometry in Bioanalysis — Methods, Principles and Instrumentation
lons

lons
Electrons

Conversion
dynode

Fig. 1.33 Curved channel electron multiplier with conversion dynode.
The conversion dynode acts as a post acceleration device of the ions
before they hit the surface of the channel electron multiplier.

potential is to accelerate ions to a point where good conversion in secondary ions
or electrons occurs.

The lifetime of channel electron multipliers is ca. 1-2 years. Neutrals or pho-
tons hitting the detector also increase the noise of the detection.

A further widely used multiplier is the photon multiplier. In this case the ions
(positive or negative) elicit secondary ions formed by a conversion dynode, which
are further accelerated towards a phosphorescent screen where they undergo con-
version into photons detected by a photomultiplier (Fig. 1.34).

The advantage of the photomultiplier compared to the electron multiplier is the
longer lifetime (several years). Channel electron multiplier and photomultiplier
are mostly used in quadrupole instruments or ion traps.

Array detectors, such as the multichannel plate (MCP) detector are best suited
for mass analyzers where ions are spatially dispersed like in time of flight instru-
ments. Array detectors are detectors [78] which allow simultaneous multichannel
detection. The advantages of such detectors are high sensitivity and the possibility
to eliminate the accompanying noise. Array detectors are largely used with TOF
mass analyzers. Generally, the array consists generally of 10° microscopic glass
channels, ca. 5-50 pM in diameter, bound together and electrically connected
with each other. Each channel operates as a continuous dynode electron multi-
plier (Fig. 1.35).

Conversion
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Fig. 1.34 In the photon multiplier detector ions are transformed into
photons which are detected by a photomultiplier.
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Channels

Fig. 1.35 Multi-channel plate multiplier. Each hole corresponds to a single channel detector.

1.6
Practical Aspects and Applications in Bioanalysis

1.6.1
Introduction

Mass spectrometry plays currently a major role in the qualitative and quantita-
tive analysis of low molecular weight compounds and macromolecules in life
sciences. Quantitation of pharmaceutical compounds, their metabolites and en-
dogenous metabolites in biological matrices, such as plasma and urine, is nowa-
days mostly done with liquid chromatography coupled with atmospheric pressure
tandem mass spectrometry (LC-MS/MS) [79]. Gas chromatography coupled with
electron impact ionization mass spectrometry (GC-MS) remains an important an-
alytical tool in forensic sciences, doping control and toxicology. For this purpose
quadrupole or ion trap mass analyzers are typically used. In contrast, triple quad-
rupole instruments have become more the working horse for quantitative phar-
maceutical bioanalysis. While quantitative analysis is already well established,
many of the new developments in the field of mass spectrometry will contribute
to improve metabolites identification, metabolomics and proteomics analysis. Au-
tomated computerized data handling (bioinformatics) has become mandatory to
cope with the large amount of data generated by the various systems. Mass spec-
trometers are, from a software point of view, becoming more user friendly while
the expanding analysis capabilities of hybrid systems may require more funda-
mental user training. Due to the enhanced scan possibilities of MS, data depen-
dent acquisition (DDA) has become state of the art for qualitative analysis. A
DDA experiment includes a survey scan, a dependent scan and a selection crite-
rion. Typically a survey scan is a full-scan MS and the dependent scan is a MS/
MS scan. The selection criterion requires to record a MS/MS spectrum of the
most abundant ion in the survey scan which is above a certain threshold and tak-
ing into account the inclusion of ions of interest and exclusion of background
ions.

One critical feature of mass spectrometry when combined with chromato-
graphic or electrophoretic separation techniques remains the duty cycle of the
mass analyzer. A conventional LC chromatographic peak lasts about 10 s, which
is sufficient to perform various MS and MS/MS experiments on various types of
instruments. In the case of fast LC, the peak width can be in the range 1-2 s
which is too fast for most mass analyzers except for TOF mass spectrometers.
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1.6.2
Quantitative Analysis in Biological Matrices

Due to its high selectivity and sensitivity LC-MS with quadrupole mass analyzers
has almost completely replaced traditional UV detection in many bioanalytical
laboratories. ESI, APCI and APPI have become the ionization techniques of
choice, covering a large variety of analytes. One limitation with API techniques
is that the ionization response factor is compound-dependent and thus requires
the use of an internal standard. Isotopically labeled (?H or *C) internal standards
have become very popular because they are capable of compensating for losses
during sample preparation, HPLC and ion evaporation due to co-elution with
the analyte. In the early days of LC-MS, analysis was mostly performed on QqQ
instruments. Quantitative LC-MS analysis can also be performed on single quad-
rupole instruments, in particular when the M, of the analyte is higher than 400
and when the limit of quantification is not below the ng ml~! level. Figure 1.36
shows the total ion current (TIC) chromatogram of the LC-MS analysis of a cyclo-
hexanediol derivative analyzed in human plasma after liquid-liquid extraction. It
demonstrates clearly the selectivity of triple quadrupole compared to single quad-
rupole MS. Because this analyte does not have an appropriate chromophore, UV
detection would not have been suitable. In contrast to GC, LC is not a high reso-
lution separation technique and co-elution with endogenous compounds may re-
quire longer analysis time or improved sample preparation.
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Fig. 1.36 Comparison of the LC-MS and LC-MS/MS analysis of a
cyclohexanediol derivative in human plasma. (A) Selected ion
monitoring mode m/z 443. (B) Selected reaction monitoring m/z
443 — m(z 373. lons were detected in the negative mode.
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An important issue with quantitative LC-MS analysis concerns the matrix ef-
fects which need to be addressed during method development and validation. Ma-
trix effects are caused by the co-elution of endogenous analytes which either en-
hance or suppress the analyte signal [80]. The major concern is that matrix effects
are sample-dependent and may vary from one sample to another. It is also be-
lieved that ESI is more prone to matrix effects than APCI. Various approaches
were devised and applied to investigate matrix effects. However, adequate sample
preparation and selection of an appropriate internal standard generally provide
the key to success. For multicomponent assays it is also important to use the in-
ternal standards most appropriate for the respective analyte. Offline and online
solid phase extraction, column switching and automated liquid-liquid extractions
are the most used sample preparation techniques. Online SPE combined with
column switching are particularly attractive because they allow direct analysis of
plasma in an automated and high throughput setup. With the high sensitivity of
modern triple quadrupole instruments, protein precipitation of plasma in 96-well
plate format followed by dilution and direct injection of the eluent has also be-
come a viable approach. Shortterm matrix effects due to different samples may
be relatively simple to monitor while longterm matrix effects are very difficult to
monitor. Table 1.5 shows the calibration and quality control (QC) results obtained
in human plasma of a cyclohexanediol derivative analyzed by LC-MS/MS. At a
first glance the calibration seems to be very good. However, when the 10 ng
mL~! calibration sample is reanalyzed (n = 35) and declared as a quality control
sample the accuracy becomes disastrous.

The explanation of this result is illustrated in Fig. 1.37, which shows selected
reaction-monitoring traces of the sample at 10 ng mL~!. It becomes obvious that
the response ratio between the analyte and the IS has dramatically changed. On
one side there is enhancement of the analyte’s response and on the other side
suppression of the internal standard (IS) signal. These effects are mainly caused

Table 1.5 Calibration and QC data for a cyclohexanediol derivative in human plasma.

Sample n spiked ng/ml found ng/ml Accuracy %
00 Plasma 5 0 0 -

Co1 6 1 0.994 99.4

Co2 7 2 1.991 99.6

Co3 8 4 4.124 103.1

Co4 9 10 10.19 101.9

Co05 10 20 19.93 99.7

Co06 11 50 46.44 92.9

Co7 12 100 102.1 102.1

Co08 13 200 203 101.5

QCo04 35 10 5.925 59.3
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Fig. 1.37 Selected reaction monitoring mode LC-MS/MS analysis of the
same human plasma sample standard at 10 ng mL~" placed at
different positions in the analytical sequence: (A) at position 9, (B) at
position 35. The peak at RT = 2.7 min corresponds to the analyte and
the peak at RT = 3.5 min to the internal standard. Detection was
performed in the negative mode.

by the accumulation of endogenous compounds on the HPLC column after each
run, and therefore an increasing bleed of these endogenous sample components
to the effluent of the column directed to the API interface. In this case the gradi-
ent elution was obviously not effective enough to remove efficiently endogenous
compounds after each analysis. The IS, a structural analogue, was not capable of
compensating the matrix effect. The solution to the problem was to replace the IS
by an isotopically labeled structural analogue which co-eluted with the analyte.
This example exemplifies how critical appropriate method development and vali-
dation is before running real study samples.

LC-MS/MS has dramatically changed the way bionalysis is conducted. Accurate
and precise quantitation in the pg ml~! scale is nowadays possible; however one
has to be aware of certain issues which are specific to mass spectrometric detec-
tion such as matrix effects and metabolite crosstalk. With the current growing in-
terest in the analysis of endogenous biomarkers in biological matrices, quantita-
tive bioanalysis with MS has certainly the potential to contribute further in this
field with the development of multicomponent assays. Modern triple quadrupole
instruments have the feature to use very short dwell times (5-10 ms), allowing
the simultaneous determination of more than 100 analytes within the timescale
of an HPLC peak. Due to the selectivity of the MS detection the various analytes
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do not need to be chromatographically baseline resolved. This is only true for an-
alytes with different precursor and product ions.

1.6.3
Drug Metabolism

During drug discovery and drug development, it is important to establish how the
body metabolizes a drug; therefore rapid identification of metabolites from in
vitro or in vivo samples becomes essential [81]. The classic way to perform meta-
bolic studies is to use “C or *H radiolabeled drugs. Liquid chromatography with
online radioactivity detection is applied to collect the metabolites, which after fur-
ther purification are identified by mass spectrometry and nuclear magnetic reso-
nance spectroscopy (Fig. 1.38). One of the advantages of the radiolabeled parent
drug is that the response of the radioactivity detector is directly proportional to
the amount of metabolite. Also due to the high specificity of the radioactivity de-
tector urine or plasma can be directly injected onto the LC system.

Metabolic stability of drugs has become an important parameter in drug discov-
ery and hundreds of samples can be rapidly generated using in vitro systems such
as hepatocytes and microsomes. For structural elucidation, nuclear magnetic
resonance spectroscopy is the technique of choice, but it does not allow high
throughput analysis and sensitivity is still in the microgram range. LC-MS has
therefore become the technique of choice. Ideally one would require a mass spec-
trometer with fast acquisition capabilities in positive and negative mode, selective
scan modes, multiple stage MS and accurate mass measurements. Such an ideal
instrument is currently not available and therefore drug metabolism studies re-
quire multi-instrument strategies.

14C Trace
5000 HU3
Parent Drug
cpm HU2
2500 HUTS. S
20 25 30 35 40 45 50 55 60
MS Chemical — Bioactivity
I 7 T NMR Synthesis Toxicology
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Fig. 1.38 LC separation with radioactivity detection of an urine sample.
The response of the various peaks is directly proportional to the
amount of metabolites present in the sample. Peaks HUT-HU3: human
urine metabolites.
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When working with non-radiolabeled drugs the major challenge is to find me-
tabolites in the biological matrices. Because the enzymes responsible for metabo-
lism are quite well characterized metabolic changes can partially be predicted. For
example hydroxylation of the parent drug is in many cases the principal meta-
bolic pathway. From a mass spectrometric point of view it results in an increase
of 16 units in the mass spectrum. In the full-scan mode an extracted ion current
profile can be used to screen for potential metabolites. In a second step a product
ion spectrum is recorded for structural interpretation. Ideally, one would like to
obtain relative molecular mass information and the corresponding product ion
spectrum in the same LC-MS run. This information can be obtained by data de-
pendant acquisition (DDA), as illustrated in Fig. 1.39.

In this case the survey scan was set as a full scan and the dependent scan as a
product ion scan. The problem with data dependent acquisition is to determine
the selection criteria. In most cases the system picks up the most abundant ion
in the full scan spectrum. An inclusion list with masses of potential metabolites
or exclusion list of known interferences significantly improves the procedure. In
the example shown in Fig. 1.39, a procedure called dynamic background subtrac-
tion (DBS) was applied. This procedure considers chromatographic peak shapes
and monitors not the most abundant signal in the spectrum but the largest in-
crease of an ion in a spectrum. The advantage is that once a signal of a peak has
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1.0x10% \ DBS
Enhanced Product lon (EPI)
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Fig. 1.39 LC-MS data dependent analysis of vinpocetin in rat urine
using dynamic background substraction (DBS) on a triple quadrupole
linear ion trap. (A) Full scan MS (survey scan) trace. (B) Enhanced
product ion scan (dependent scan). The major peak at 3.9 min
corresponds to apovinpocetin, the minor one at 2.9 min to the
hydroxylation product of apovinpocetin (m/z 339).
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Fig. 1.40 Schematic of online LC-MS analysis combined with fraction
collection into 96-well plate. Depending on the online MS data,
further MS experiments are performed with chip-based infusion at
200 nL min~".

reached its maximum it switches automatically to the next mass. This is particu-
larly important with co-eluting peaks of different intensities, as illustrated in Fig.
1.39B. It is then possible to obtain a good product ion spectrum of the small peak
eluting at 4.0 min (m/z 339). In drug metabolism not only is the sensitivity of the
mass spectrometer important but the selectivity is also crucial, particularly when
working with plasma samples.

Most methods of metabolite identification are done with online LC-MS.
As mentioned earlier there is no ideal mass spectrometer for this type of work
and the sample has to be reanalyzed several times on different types of mass
spectrometer. The consequence is that metabolic investigation is often time-
consuming. A concept has been described by Staack et al. [82] (Fig. 1.40) where,
during the LC-MS run, fractions are collected onto a 96-well plate.

Either the information obtained during the data-dependent acquisition is suffi-
cient or a fraction of interest can be re-analyzed by chip-based infusion at a flow
rate ca. 200 nl min~'. Due to the miniaturization sample consumption is very low
(typically 1-3 pl) and acquisition time is no longer critical. Therefore various MS
experiments can be performed on various instruments, including MS" and accu-
rate mass measurements. An additional advantage is that the eluent can be re-
moved and the infusion solvent can be optimized for positive or negative ion de-
tection or for deuterium exchange measurements.

Advances in high resolution mass analyzers (TOF, FT-ICR, orbitrap) have
greatly improved the detection and identification of metabolites based on accurate
mass measurements. In single MS mode accurate mass determination is mainly
used to differentiate between isobaric ions. Combined with LC-MS, it allows the
detection of predicted metabolites by performing extracted ion current profiles
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Fig. 1.41 (A) Product ion spectrum of remikiren obtained on a QqTOF.
(B) Software-predicted fragments (Mass Frontier, HighChem) for the

ion at m/z 282.

with much smaller mass windows than for unit mass resolution mass analyzers
eliminating therefore background interferences. In MS/MS mode on hybrid sys-
tems (LIT-orbitrap, QqTOF, IT-TOF, FT-ICR) high resolution improves the inter-
pretation of product ion spectra. As an example, in the product ion spectrum re-
corded at unit mass resolution spectra of bosentan and its phenol metabolites

display an ion at m/z 280. When performing the accurate mass measurements
of this ion on a QqTOF it was found that bosentan generates an ion at m/z
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280.0835 and its phenol metabolite at m/z 280.0628 [68]. It was shown that both
ions were formed through a different cyclisation mechanism involving either the
phenol or the amine substituant. The mass difference of 20.7 milliunits corre-
sponds to the mass difference betwenn NH; and O.

The understanding of the fragmentation mechanism of the parent drug is very
important for the metabolite assignment. The product ion spectrum of remikiren
is illustrated in Fig. 1.41. Conventional spectra interpretation is time-consuming
and the use of predictive fragmentation software such as Mass Frontier (High-
Chem) can help to rationalize spectra interpretation [83]. In the case of the frag-
ment at m/z 282, three different fragments are proposed by the software. Only
accurate mass measurement with an accuracy better than 10 ppm allowed selec-
tion of the right fragment (Fig. 1.41B, middle structure).

A similar approach using accurate mass measurements and predictive frag-
mentation software was also applied for the examination of the human microso-
mal metabolism of nefazodone using a linear ion trap—orbitrap hybrid mass spec-
trometer. Based on a single LC-MS run, using data-dependant acquisition, 15
metabolites of nefazodone could be identified in MS and MS/MS with a mass ac-
curacy better than 3 ppm.

Zhang et al. [84] reported a strategy using a software mass defect filter to im-
prove the detection of expected and unexpected metabolites in accurate mass LC-
MS. Metabolic structural changes in the parent drug have an effect on the mass
defect of the metabolites compared to the parent drug. As an example hydroxla-
tion changes the mass defect by -5 milliunits, demethylation by —23 milliunits
and glucuronation by +32 milliunits. In fact most phase I and phase II metabo-
lites have a mass defect window within 50 milliunits. It is therefore possible to
apply a software filter which includes ions within a mass defect window relatively
close to the parent drug and exclude ions, generally matrix interferences, which
are outside the specified window. The application of the mass defect filter to a
plasma sample spiked with omeprazole metabolites is illustrated in Fig. 1.42 [85].

For spectra interpretation and metabolite characterization accurate mass mea-
surements become a must while it remains complementary to MS", precursor
and neutral loss for identifying metabolites in complex biological matrices.

1.6.4
Analysis of Proteins

The analysis for proteins present in plasma or a cell extract is a challenging task
due to their complexity and the great difference between protein concentrations
present in the sample. Simple mixtures of intact proteins can be analyzed by in-
fusion with electrospray ionization and more complex ones by matrix assisted la-
ser desorption ionization. MALDI is more suited for complex mixtures because
for each protein an [M+H]" signal is observed while for ESI multiply charged
ions are observed. Surface enhanced laser desorption (SELDI) is a technique
for the screening of protein biomarkers based on the mass spectrometric analysis
of intact proteins [49]. However in most cases for sensitivity reasons mass spec-
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Fig. 1.42 LC-MS profile of omeprazole metabolites spiked in plasma:
(A) without mass defect filter, (B) with mass defect filter. Peaks: M1
mono-oxidation metabolite [+16 u, Mass defect (MD) +5 milliunits],
M2 reduction and demethylation (—30 u, MD +10 milliunits), M3
mono-oxidation metabolite (+16 u, MD —5 milliunits), M4 reduction
(=16 u, +5 milliunits), M5 mono-oxidation metabolite (+16 u, +5
milliunits). Adapted with permission from reference [85].

trometric analysis is performed at the peptide level after enzymatic digestion.
Basically there are two approaches for the identification of complex mixtures of
proteins (Fig. 1.43). The first is based on two-dimensional electrophoretic separa-
tion of intact proteins followed by trypsin digestion and matrix assisted laser
desorption-time of flight (MALDI-TOF) detection. The second approach digests
first the protein mixture and the resulting peptides are then separated by a
two-dimensional chromatographic procedure using nanoliquid chromatography
coupled to nanoelectrospray ionization.

Two-dimensional electrophoresis [86] is a well established technique for the
separation of intact proteins. In the first dimension the proteins are separated
based on their isolectric point while the second dimension separates them based
on their size. The presence on the gel of the proteins is revealed by Coomassie
blue or silver staining. Under favorable conditions several thousand spots can be
differentiated. The gel is digitized and computer-assisted analysis of the protein
spot is performed. The spots of interest are excised either manually or automati-
cally and then digested with trypsin. Trypsin cleaves proteins at the C-terminal
side of lysine and arginine. In general one spot represents one protein and
the peptides are analyzed by MALDI-TOF to obtain a peptide mass fingerprint.
A peptide mass fingerprint involves the determination of the masses of all pep-
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Fig. 1.43 Strategies for protein identification. (A) 2D gel electrophoresis
approach. (B) 2D liquid chromatography approach. IEF Isoelectric
focusing, SCX strong cation exchange column, RP reverse phase
column, SDS-PAGE sodium dodecyl sulfate polyacrylamide gel
electrophoresis.
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tides present in the digest. The list of peptides is then submitted to a database
search to identify the protein. This approach does not work if several proteins
are present in the same spot or if the sample is contaminated for example with
keratin. The identification of the protein can be improved by sequencing selected
peptides either by post source decay (PSD-MALDI) or tandem mass spectrometry
(MALDI-TOF/TOF).

High-performance liquid chromatography (HPLC) represents an attractive al-
ternative to two-dimensional electrophoresis for the separation of both proteins
and peptides because of its chromatographic resolving power, reproducibility and
its compatibility with MS detection. The use of multidimensional chromatogra-
phy for the separation of complex protein and peptide mixtures has consequently
seen increased use in proteomics studies [87, 88]. A typical approach involves the
digestion with trypsin of an extract. Furthermore the preparation and handling of
peptides is less tedious than with intact proteins and the whole process can be
easily automated. A typical two-dimensional LC experiment (2D-LC) involves
the initial separation (first dimension) of the resulting peptide mixture by their
electrostatic charge using strong cation exchange (SCX) chromatography. In the
second dimension peptides are then separated by their hydrophobicity using re-
versed phase (RP) chromatography coupled directly to ESI-MS. In a typical analy-
sis of a complex protein mixture from a single sample the procedure is repeated
about ten times with increasing salt concentration, resulting in a total analysis
time of about 12 h.

As electrospray ionization is concentration-sensitive the last LC dimension uses
a nano LC column with an internal diameter of 75 pm to achieve maximum sen-
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Fig. 1.44 2D-LC setup. The first ion exchange dimension is performed
with a column with an i.d. of 1 mm, at a flow rate of 50 pL min~" while
the second dimension uses a nanocolumn with an i.d. of 0.75 mm and
a flow rate of 300 nL min~". First dimension ion exchange has ten salt
steps: 0, 5, 10, 15, 20, 25, 50, 75, 100, 200 mM KCI. Second dimension
is typically an organic gradient: 5% to 80% acetonitrile with 0.1%
formic acid in 30 min.

sitivity while larger diameters are preferred for the first ion exchange dimension
to be able to inject large sample amounts and volumes. A 2D-LC system is de-
picted in Fig. 1.44. Ion exchange elution can be performed with ammonium ace-
tate buffers which are MS-compatible. More efficient is potassium chloride elu-
tion, but the drawback is that it affects the detection of peptides. Therefore it is
necessary to implement trapping columns for desalting the fraction before trans-
ferring it in the second reversed phase LC dimension. At the end of the analysis
all the data are processed together to generate a list of several hundred proteins.
For this task efficient bioinformatics tools are essential.

Figure 1.45 illustrates a typical 2D nano LC-MS/MS analysis of a Caenorhabditis
elegans extract. For each timepoint a single MS and a product ion spectrum are
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Fig. 1.45 Example of a 2D nano LC-MS/MS analysis of a C. elegans
extract. (A) Fraction 2, 4 mM KCl salt elution on the strong cation
exchange column. (B) Full scan MS spectrum of the peak eluting at RT
26.3 min in (A). (C) product ion spectrum of the doubly charged
precursor of (B) at m/z 784.8. Y fragments are typical for C-terminal
fragments while b ions are typical for N-terminal fragments.

recorded (Fig. 1.45B, C). With the help of bioinformatic tools the product ion
spectrum can be automatically interpreted. The y fragments are typical for C ter-
minal fragments, while the b ions are typical for N-terminal fragments.
Two-dimensional-liquid chromatography (2D-LC) approaches are much easier
to automate than 2D-electrophoresis. However 2D electrophoresis has the advan-
tage that separation is performed at the protein and not at the peptide level and
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that the proteins can be visualized by staining. With 2D-LC one has to wait for
bioinformatics treatment to see if the experiment was successful.

1.7
Perspectives

Mass spectrometry originated from quantitative measurements of the mass and
charge of electrons [1]. Since that time the application of mass spectrometry has
moved from the analysis of inorganic elements to organic molecules and finally
to macromolecules. Over the past decade spectacular improvements were made
in instrumental development regarding performance and new mode of opera-
tions in particular with hybrid instruments. Orbitrap, Fourier transform or triple
quadrupole linear ion trap mass spectrometers could be used routinely only for
the past few years and their potential is certainly not fully exploited yet. The
strength of mass spectrometry lies in its sensitivity (femtomoles, atomoles); and
in many applications the analyte of interest can be detected in its intact form. The
challenge in life sciences bioanalysis is the diversity and the number of the mole-
cules to analyze as well as the concentration range.

Analysis of pharmaceutical compounds in biological matrices with liquid chro-
matography coupled to mass spectrometry (LC-MS) has become a routine tech-
nique in many laboratories. However, certain issues such as non-standardized
ionization response and matrix effects still need further investigation and im-
provement. The application of LC-MS for metabolomics studies [89] is gaining in-
terest. Therefore, it is expected that accurate and high throughput quantitation of
low molecular weight biomarkers will be one of the major challenges in the near
future. Identification and quantification of proteins has progressed significantly;
however in many cases the numbers of proteins which can be analyzed still re-
mains limited. Electrospray ionization has been shown to be very powerful for
single protein analysis but the technique is also well suited for the characteriza-
tion of very large non-covalent complexes of proteins, which may lead to an in-
creasing understanding of protein assemblies [90].

Single nucleotide polymorphism (SNP) genotyping has become a key technol-
ogy in gaining a partial understanding of complex diseases or why patients react
differently to drug treatment. Matrix assisted laser desorption especially with high
speed laser allows real high throughput and is well suited for the analysis of oli-
gonucleotides. MALDI is therefore an interesting approach for SNP discovery and
genotyping, molecular haplotyping, methylation analysis, and RNA and allele-
specific expression but needs further optimization before routine application [42,
91].

Significant progress has been realized in the miniaturization of separation
sciences and mass spectrometric detection. Presently, the samples are transferred
to highly specialized laboratories for analysis. But in the future it may become
feasible to bring mass spectrometry as a portable technique to the bed for diag-
nostic or therapeutic monitoring.
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Table 1.6 Common definitions and abbreviations.

General

m/z

M+

(M+H)*

u

Accurate mass

Atomic mass

Average mass

Exact mass

Mass defect

Mass defect filter (MDF)

Mass range

Monoisotopic mass

M

Symbol used to denote the dimensionless quantity formed by
dividing the mass of an ion in unified atomic mass units by its
charge number (regardless of sign). m/z should be written in
italic and lower case. The Thomson (Th) is sometimes used as
unit but it is not recommended.

Molecular ion, the ion results from the loss of one electron
from the neutral molecule

Protonated molecule formed by the addition of a proton to a
neutral molecule (teh terms pseudo-molecular ion or quasi-
molecular ion should not be used)

Symbol for atomic mass unit

Experimentally determined mass of an ion that is used to
determine an elemental formula. The precision of the measure
is indicated in parts per millions (ppm).

The average of the atomic masses of all the chemical
element’s isotopes (also known as atomic weight and average
atomic mass)

Mass of an ion or molecule calculated using the average mass
of each element weighted for its natural isotopic abundance

Calculated mass of an ion or molecule containing a single
isotope of each atom, most frequently the lightest isotope of
each element, calculated from the masses of these isotopes
using an appropriate degree of accuracy

The difference between the exact mass of an atom molecule,
ion and its integer mass in MS. In physics, the mass defect
represents the difference between the mass of an atom and the
sum of the masses of its unbound constituents.

A software filter which allows the removal of interference ions
from drug metabolites in accurate mass liquid
chromatography—mass spectrometry

Operating m/z range of a mass analyzer

Exact mass of an ion or molecule calculated using the mass of
the most abundant isotope of each element

Relative molecular mass: mass of one molecule of a
compound, with specified isotopic composition, relative to one-
twelfth of the mass of one atom of >C
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Table 1.6 (continued)

Nominal mass

Ton

Metastable ion

Isotope

Base peak (BP)

Total ion current (TIC)

Extracted ion current (XIC)

Mass resolving power

Unit mass resolution

Mass resolution

Tonization

Even-electron ion

Odd-electron ion
EI

PCI

NCI

API

ESI

Mass of an ion or molecule calculated using the mass of the
most abundant isotope of each element rounded to the nearest
integer value and equivalent to the sum of the mass numbers
of all constituent atoms

An atomic or molecular species having a net positive or
negative electric charge

An ion formed with an internal energy higher than the
dissociation threshold but with a sufficient lifetime that it can
exit the source and enter the mass spectrometer where it
dissociates

One of several forms of an element having the same atomic
number but differing atomic masses

The most intense peak in the spectrum

The sum of all the separate ion currents contributing to the
spectrum

The current of a specified m/z ion current

In a mass spectrum, the observed mass divided by the
difference between two masses that can be separated: m/Am.
The procedure by which Am was obtained and the mass at
which the measurement was made should be reported.

Means that a mass spectrometer is able to differentiate two
peaks (generally the isotopes) distant of 1 m/z unit

Smallest mass difference (Am) between two equal magnitude
peaks so that the valley between them is a specified fraction of
the peak height

An jon containing no unpaired electrons in its ground
electronic state

An ion containing unpaired electrons in its ground state
Electron impact ionization

Positive chemical ionization

Negative chemical ionization

Atmospheric pressure ionization: generic term for ionization
techniques occurring at atmospheric pressure

Electrospray ionization: most commercial systems operate with
pneumatically assisted electrospray (originally defined as ion

spray)
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Table 1.6 (continued)

Nano-ESI Nanoelectrospray ionization: flow rates range from a few
nanoliters per minutes to a few hundred nanoliters per
minutes; nanoelectrospray is performed with pulled capillaries
or on chips which serve as emitter

APCI Atmospheric pressure chemical ionization
APPI Atmospheric pressure photoionization
MALDI Matrix assisted laser desorption ionization

Mass analyzer

QqQ Triple quadrupole: Q1 and Q3 are the mass resolving
quadrupoles, q2 is the collision cell

QIT Quadrupole ion trap: refers in general to a 3D ion trap
instrument

LIT Linear ion trap: refers in general to 2D ion trap; ion ejection is

either axial or radial

QqQur Triple quadrupole linear ion trap instrument. In this
instrument the quadrupole Q3 is operated either in RF/DC
mode or in RF mode

QqTOF Quadrupole—time of flight instrument

TOF-TOF Tandem time of flight instrument

FT-ICR Fourier transform ion cyclotron resonance instrument

Ms* Multistage mass spectrometry: applies generally for ion trap

mass spectrometers

CID Collision induced dissociation: the dissociation of ions after
collisional excitation

PSD A technique specific to reflectron time-of-flight mass
spectrometers where product ions of metastable transitions or
collision-induced dissociations generated in the drift tube prior
to entering the reflectron are m/z separated to yield product
ion spectra

NL Neutral loss spectrum
PIS Product ion spectrum
PC Precursor ion spectrum

SRM Selected reaction monitoring mode
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1.8

Common Definitions and Abbreviations

The intention of this section is to provide to the reader a rapid and comprehen-

sive reference for the most common definitions and acronyms used in mass

spectrometry. Currently IUPAC has initiated a project to update and extend the
definitions of terms related to the field of mass spectrometry. The definitions pre-
sented here (Table 1.6) are from the third draft document [16]. For more details
and the latest updates, please consult www.msterms.com.
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Drug Screening Using Gel Permeation
Chromatography Spin Columns Coupled with
ESI-MS

Marshall M. Siegel

2.1
Introduction

2.1.1
Preface

The pharmaceutical industry has invested heavily in high throughput screening
(HTS) technologies to find potential drug candidates present in large compound
libraries that interact with a biological system of a potential therapeutic interest.
Very often these screening techniques mimic the cellular function of the target
protein. The HTS methods generally take considerable time to develop and are
unique for each biological system of interest, but once developed they analyze
single compounds in large arrays at high sensitivity, accounting for the high
throughput capability of the methodology. The HTS methodology has been the
technique of choice of pharmaceutical companies to initially screen corporate
libraries for exploratory drug leads. Recently, however, a number of structurally
based methods have been developed to screen corporate libraries based on the
ability to observe non-covalent bonding between a protein of therapeutic interest
and members of a compound library [1]. We will describe in this chapter the use
of gel permeation chromatography (GPC) in the spin column mode with mass
spectral detection as a reliable structural screening methodology that can be per-
formed at high speed with large numbers of compounds, especially when ana-
lyzed as mixtures, requiring nearly no development time. This technology can
be used as a primary screening technique as well as a secondary screening
method to complement and verify results obtained with HTS methods.

2.1.2
Direct and Indirect ESI-MS Analysis of Non-covalent Drug—Protein Complexes

Electrospray ionization mass spectrometry (ESI-MS) is a powerful technique for
analyzing non-covalent complexes formed between small molecules and proteins.
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Two ESI-MS approaches can be taken, namely, direct and indirect analysis of
the complexes. Direct methods utilize exclusively ESI-MS to analyze the nature
of the non-covalent complexes formed under native conditions in the condensed
phase while analyzing the products in the gas phase. Indirect methods utilize bio-
chemical and chromatographic methods for preparing and separating the com-
plexes and ESI-MS as the ancillary detector for the individual products of the
non-covalent complex, namely, the small molecules and the protein.

Direct analyses of non-covalent complexes between drug candidates and
biopolymers have been studied extensively by ESI-MS. This subject has been re-
viewed comprehensively [2-10] and is also discussed in Chapter 10. The underly-
ing principle of these ESI-MS studies is that the mass spectrometer directly ana-
lyzes, in the gas phase and in the absence of solvent, the complexes prepared in
the condensed phase under native conditions, generally at a pH of ~7 in water
with a volatile buffer, most often ammonium acetate. Under these native condi-
tions, the sensitivity of the ESI mass spectrometer is not optimum and there is
no guarantee that the desolvated complex formed in the gas phase is not an arti-
fact of the ion formation mechanism. In addition, the study of these complexes
under native conditions is time-consuming because of the low sensitivity and dif-
ficulty in maintaining a stable instrument at the higher pressures needed to form
and stabilize these protein complexes for mass spectral studies. Higher sensitivity
is achieved under lower pH conditions and with more volatile solvents such as
acetonitrile or methanol, however, these conditions denature the protein—drug
complex.

A number of indirect methods have been developed with mass spectrometric
detection to rapidly study non-covalent complexes for drug screening purposes
[2]. Among the most promising and simple indirect methods that overcome the
limitations described above for directly studying non-covalent complexes by mass
spectrometry is the application of size exclusion techniques in the spin column
format for the screening and analysis of drug—protein complexes under optimum
mass spectral sensitivity conditions [11-13].

213
Advantages of GPC Spin Columns

A spin column is a short column packed with GPC media that is centrifuged (see
Fig. 2.1A, B). The media used for GPC are also referred to as size exclusion chro-
matography and gel filtration chromatography media. The gel and sample are
prepared with buffers compatible with processing the protein—drug complex in
its native state. Upon loading the sample at the top of the column and centrifuga-
tion of the column, the lower molecular weight (MW) free ligands are separated
rapidly from the higher MW protein and protein-ligand complexes. The free li-
gands are unfractionated and retained by the gel while the eluate, corresponding
to the solvent front, passes unrestricted through the gel containing the protein
and protein-ligand complexes. The GPC spin column eluate is then denatured
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Fig. 2.1 GPC spin column used for isolating protein/RNA—drug non-
covalent complexes in the eluate upon centrifugation and the ESI-MS
steps to detect the ligands upon denaturing of the protein/RNA—drug
non-covalent complexes. (A) Spin column cartoon, (B) Photo of a
miniature GPC spin column, (C) Schematic of GPC spin column/ESI-
MS procedures.

and the free ligand is analyzed by flow-injection analysis or HPLC using ESI-MS
under denaturing conditions (see Fig. 2.1C.) This procedure decouples the prepa-
ration (incubation), separation and analysis steps so that each step can be individ-
ually optimized in a flexible fashion. The methodology is simple to apply and
rapid to implement and utilizes standard size exclusion and ESI mass spectrom-
etry techniques under optimum conditions for sample preparation, isolation, de-
tection, quantitation and automation.

An example of the GPC spin column/ESI-MS methodology for drug screening
is illustrated in Fig. 2.2 for identifying a non-covalently bound inhibitor to a pro-
tein target. Figure 2.2A displays the ESI mass spectrum of an impure peptidic di-
fluoromethyl ketone inhibitor (DFMK) before passing through the GPC spin col-
umn. Figure 2.2B displays the ESI mass spectrum after passage through the GPC
spin column of the incubated mixture of impure DFMK with cytomegalovirus
protease (CMVP). The impure inhibitor, upon passing through the GPC spin col-
umn, emerged as a purified major component together with the protease with
which it formed a non-covalent complex. The gel retained all other impurity com-
ponents. In this way, large numbers of drug candidates can be routinely screened
with a protein target because the non-covalently bound drug candidates pass
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Fig. 2.2 ESI mass spectra obtained from the molar ratio of 1: ~10. (C) ESI mass spectrum
GPC spin column/ESI-MS screening assay of  of the microconcentrator filtrate (3 kDa cutoff
non-covalently bound protease—inhibitor centrifugal ultrafiltration membrane) obtained
complexes. Enzymatically active CMVP under denaturing conditions (3% acetic acid
A144D/C87A/C138A/C161A was used in this in 1:1 water:acetonitrile, v:v) from the non-
experiment. (A) Reference ESI mass covalently bound complex of CMVP A144D/
spectrum of impure inhibitor DFMK (MW C87A/C138A/C161A and DFMK generated
988.5 Da). (B) ESI mass spectrum of the spin ~ from the GPC spin column eluate. Reprinted
column eluate of CMVP A144D/C87A/ from reference [13] with permission from
C138A/C161A and DFMK, incubated at a John Wiley & Son.

through the GPC spin column and are detected by ESI-MS while all the other
drug candidates are retained by the GPC spin column and are not detected.

2.1.4
Application of Equilibrium and Non-equilibrium Theory for the Analysis of GPC Spin
Column Eluates

An excellent reference discussing the theory and applications of receptor binding
is the text edited by E.C. Hulme entitled ““Receptor-ligand interactions: a practical
approach” [14].
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2.1.4.1 Sample Prepared Under Equilibrium Conditions Prior to Spin Column
Treatment

The binding of a small molecule ligand to a protein receptor follows a bimolecu-
lar association reaction with second-order kinetics. For the reversible reaction of a
ligand L and a protein P to form a non-covalently bound complex C at equilib-
rium, Eq. (1) applies where ko, and kg represent the forward and reverse mass
transfer rate constants.

on
P+La3C (1)

kot

The equilibrium dissociation constant Ky is then given by:

K = [PI(LI/[C] = kot /kon )
If [P], and [L], are the initial total protein and ligand concentrations, respectively,
where:

[P], = [P] + [C] 3)
and:

(L, = [L]+[C] (4)

the equilibrium in Eq. (2) can be transformed into a quadratic equation and
solved, giving:

(€] = 3K+ [Pl, + (L)) —{1/4(Ka + [Pl + [L)* ~ L,PLY” (5)

where [C] is the equilibrium concentration of the protein-ligand complex, re-
ferred to also as [C|, . Equation (5) can be used to calculate the concentration of
complex present at equilibrium for initial protein and ligand concentrations and
Kq4 during the incubation step in the GPC spin column screening experiment.

Typically, in most GPC spin column screening experiments, concentrations of
the target protein and small molecule compounds are >5 uM. Figure 2.3 illus-
trates the relationship between the concentration of the protein-ligand complex
[C] present at equilibrium as a function of the binding constant for a variety of
initial protein and ligand concentrations, [P], and [L],, respectively, >5 uM. These
initial concentrations are used so that sufficient complex is formed so that even
weakly binding drugs with Ky values <20 uM form complexes of sufficient con-
centration so that they are easily detectable using ESI-Time-of-Flight (Tof) mass
spectrometry.

2.1.4.2 Calculation for Predicting the Concentration of Sample Complex Eluted
From the Spin Column

The GPC spin column fractionation step is a non-equilibrium process. During
the gel permeation chromatography step, the unbound small molecules in solu-

69



70

2 Drug Screening Using Gel Permeation Chromatography Spin Columns Coupled with ESI-MS

20—t tiumidl vl il il i i
I \
] ~ I
- H\ .
15 N -
s N i
=2 1 | —e—[Plo 20 uM, [L]o 100 M "
g b —=— [Plo 20 uM, [L]o 20 puM \}s I
5) 10— —-©—[Plo 5uM,[L]o 25uM N
= 1 |--%--[Plo 5uM.[Llo 10pM \ -
1 --+--[Plo 5puM,[L]lo 5puM \\ r
4 B . L
TR N\
il THL T N H L
i T-x AN i
TH - N
4 SUTsoe O~ F
B e i
0.001 0.01 0.1 1 10 100 1000
Ky (UM)
Fig. 2.3 Plots of the concentration of the column experiment. When initial concentra-
protein—ligand complex present at tions of ligand and protein are >5 pM, the
equilibrium [C],; (1M, shown as pM) as a concentration of complex produced for Ky
function of the binding constant Ky (uM), values <20 pM is >1 pM of complex, a
with various initial concentrations of protein concentration considerably greater than the
[P], and ligand [L],. Note that the [C],, detection limit of modern ESI-Tof mass
values are the concentrations of the protein—  spectrometers.

ligand complex just prior to the GPC spin

tion are rapidly separated from the protein using centrifugation. At the start of
GPC spin column centrifugation step (time = 0), the concentration of the pro-
tein-ligand complex is equal to the equilibrium concentration, [C],,. As the com-
plex migrates through the column during centrifugation, it dissociates. If we as-
sume that the protein-ligand complex dissociates in the column at a rate much
faster than the association rate, then the concentration of the protein—ligand com-
plex can be expressed by the first-order rate equation:

d[C]/dt = —kogt[C] (6)

where k.g is the kinetic off-rate constant and t is the elution time. Note the use of
underscores to designate concentrations not based on the law of mass action but
rather based on non-equilibrium phenomena. Solving this equation, we obtain:

[C] = [CJq exp!ort (7)

Ultimately in the GPC spin column screening experiment, the complex present
in the eluate is dissociated and the ligand molecules liberated from the protein
are detected by mass spectrometry. The amount of ligand detected is essentially
equivalent to the concentration of the protein-ligand complex that eluted from
the GPC spin column. Equation (7) indicates that the amount of protein—ligand
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Fig. 2.4 Plots of the fraction of complex ([C]/[C],,) eluted from the spin
column from the initial equilibrium state as a function of time for a
variety of off-rate constants. Assuming a GPC spin column elution time
of 15 s, greater than 20% of the initial equilibrium complex concentra-

tion is recovered in the GPC spin column eluate for off-rate constants

less than 0.1 s7'.

complex that survives the GPC spin column decreases exponentially as a function
of the product of the off-rate constant and the elution time. Since the off-rate
is controlled by the nature of the complex, the only GPC spin column parameter
experimentally controllable is the spin time (t). The shorter the spin time the
greater the concentration of complex eluted from the spin column. Figure 2.4
plots the fraction of complex ([C]/[C],,) eluted from the spin column from the
initial equilibrium state as a function of time for a variety of off-rate constants.
In most experiments, the spin column eluate is collected within about 15 s.
Under these conditions, greater than 20% of the initial equilibrium complex con-
centration is recovered in the GPC spin column eluate for off rate constants less
than 0.1 s71.

Since the limit of detection for small molecule ligands, with modern ESI-
Tof mass spectrometers, is approximately ~0.05 uM, the concentration of the
protein-ligand complex prior to the GPC spin column treatment must be about
0.25 pM. For initial protein and ligand concentrations >5 pM, this corresponds to
K4 values <20 pM, as indicated in Fig. 2.3. This is a desirable region for the GPC
spin column studies, since one wants to be certain to detect ligands from the
stronger as well as the weakest ligand binders.
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Using sub-ambient temperatures for preparing the protein—ligand equilibrium
mixtures and for centrifugation of the GPC spin column, the dissociation rate
constant decreases and the off-rate diminishes, thereby expanding the kinetic
window observable with GPC spin column screening to even weaker binders
with Ky values >20 pM.

2.1.43 Estimation of Relative Binding Affinities from GPC Spin-Column/ESI-MS
Data

For a variety of ligands in a mixture with the same initial concentration [L],, such
that [L], > [C] and where the equilibrium concentration of the remaining protein
is [P], we can relate back to equilibrium conditions, and using Eq. 7 for comput-
ing the ratio of two components subscripted 1 and 2, we obtain:

K [Coleg  [Cy] explthomt) L] exp(Hhomt) -
Ka [Cl}eq [C] eXp(+k°ﬁ‘t) [Ly] exp“’k"f”t)

Note that, in Eq. (8), the concentrations for the complex [C] and related ligand [L]
are equal because the ligand is liberated from the complex by denaturing the
complex. These non-equilibrium ligand concentration values are obtained by
mass spectrometry from the denatured GPC spin column eluate. If the off-rates
for the different compounds are the same, ko1 = kogra, then:

Ka _ [Ly]
Ko L ©)

i.e., the dissociation constants are inversely related to the ligand concentrations
measured by mass spectrometry after elution from the GPC spin column. Equa-
tion (9) can be used to reliably estimate the unknown dissociation constants for
related ligands in a mixture with a protein if the concentrations of the ligands in
the GPC spin column eluate are quantitated and the dissociation constant for one
of the ligands is known. Likewise for ligands, either in a mixture or as singletons,
of initial equal concentrations when incubated with a protein, the relative binding
affinities and relative dissociation constants for the ligands can be ranked based
upon the ligand concentrations in the GPC spin column eluate as quantitated by
mass spectrometry.

2.1.4.4 Experimental Determination of the K4 Value from GPC Spin-Column/
ESI-MS Data

The expression for the equilibrium concentration of the protein-ligand complex
[C], described above using Eq. (5), can also be re-written in terms of the total ini-
tial protein concentration [P], such that:

(Pl
=T+ 1o
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and predicts a hyperbolic, saturable dependence of the concentration of the pro-
tein-ligand complex on the free ligand concentration. Equation (10) is a form of
the simple Langmuir isotherm.

An experimentally most useful relationship occurs using Eq. (10), when the free
ligand concentration [L] is equal to the dissociation constant Ky, namely,

(] = [Pl,/2 when [L] = Kq (1)

i.e., the protein binding sites are half-saturated with ligand. Conversely, the free
ligand concentration at 50% protein saturation is a measure of the K4. The effec-
tive ligand concentration at 50% protein saturation is referred to as the ECsy and
is equivalent to the Ky. Typically, the ECs value is experimentally obtained by ti-
trating various concentrations of ligand with a fixed initial protein concentration
and measuring the concentration of complex formed, obtained in the GPC spin
column/ESI-MS measurement. A plot of [C]/[P], vs log;,[L] produces a sigmoidal
shaped curve symmetrical about log;, K4. The Kq value can be read directly from
the plot as the corresponding value of [L] where [C]/[P], is equal to 50%, the ECs,
value. See the discussion in section 2.3.3.3 for an experimental application of this
methodology.

2.2
Experimental

2.2.1
Spin Columns

Figure 2.1B illustrates a miniature GPC chromatographic column with a frit
on the end used as a spin column. These miniature columns are commercially
available in different sizes (Harvard Apparatus, Holliston, Mass.) and can be for-
matted as a microtiter plate consisting of an array of 96 miniature columns. Like-
wise, similarly sized miniature fritless spin columns are available with holes at
the bottom of the column that are smaller than the diameter of the GPC media
particles, thereby reducing possible sample and protein losses due to adherence
to the frit (Glygen Corp., Columbia, Md.). Larger spin columns are also available
(Pharmacia, BioRad). Miniature 96 GPC spin column arrays can be easily pre-
pared with a Millipore (Danvers, Mass.) multiscreen filtration system containing
a hydrophilic Durapore filter (with a pore diameter of 0.65 um) at the bottom of
each well [15, 16]. The system has a 96-well collection plate for the spin column
eluate and samples can be either directly applied at the top of each column or
preferably loaded simultaneously into all the columns using a 96-well top plate
with pinholes (MDS Protana, Denmark) for transfer to the 96 columns upon cen-
trifugation [16]. Commercially prepared 96-well size exclusion microplates are
also available [AutoSeq96, GE Healthcare (Amersham Biosciences); SigmaSpin,
Sigma—Aldrich].
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Table 2.1 GPC gel types and fractionation ranges.

Polyacrylamide (BioRad) Sephadex (Pharmacia)

Type Fractionation Range Type Fractionation Range
P2 100-1,800 Da G10 <700 Da

P4 800-4,000 Da G15 <1,500 Da

P6 1,000-6,000 Da G25 1,000-5,000 Da
P10 1,500-20,000 Da G50 1,500-30,000 Da
P30 2,500-40,000 Da G75 3,000-80,000 Da
P60 3,000-60,000 Da

P100 5,000-100,000 Da

2.2.2

Spin Column Media: Advantages and Disadvantages, Volatile vs Non-volatile
Buffers

The most popular GPC gel media are polyacrylamides and sephadexes (see Table
2.1). When used in the spin column format, compounds with MWs within the
fractionation range of the gels generally are retained in the pores of the gel beads
and compounds with MWs greater than that of the fractionation range generally
pass through the columns unrestricted. Since most protein and protein—drug
complexes in pharmaceutical screening programs have MWs greater than 15000
Da and the small molecules have MWs less than 1000 Da, the gel media used
most often are the polyacrylamides P2, P4, P6 and the sephadexes G10, G15,
G25. Highest sensitivity for identifying non-covalently bound small molecules to
protein can occur using the GPC spin column/ESI-MS methodology when in
control experiments the maximum amount of protein passes through the spin
column. Likewise, in control experiments, all the small molecules should be re-
tained on the column. In general, as the upper mass limit of the fractionation
range for the gel media decreases, the amount of protein transmitted through
the spin column increases with a greater risk for the transmission of the small
molecule through the column. In screening studies with the insulin-like growth
factor receptor (IGFr) protein (predicted MW 35 065 Da), the transmission of pro-
tein through identical spin column volumes for P6, G25 and P2 were 5%, 17%
and 34%, respectively, relative to the response of the same amount of protein di-
rectly analyzed by ESI-MS. Clearly, P2 was the preferred gel since protein trans-
mission was the highest and in control experiments none of the small molecules
evaluated gave false positive results.

The gel media should be hydrated and washed with a buffer system compatible
with maintaining the protein target in its native state. To thoroughly remove con-
taminants present in the gels, multiple washes are necessary. Sephadex beads
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generally require more numerous washes than polyacrylamide beads. It is prefer-
able to wash the columns with volatile buffers (ammonium acetate, ammonium
bicarbonate systems) rather than non-volatile buffers (phosphate, sulfate systems)
since they are more compatible with the ESI-MS assay and lead to minimal ion
suppression. The gel columns are prepared by loading the washed gel into the
column and centrifuging the column at 775 g for 3 min to gently remove excess
buffer without dehydrating or drying the gel. This whole procedure of gel hydra-
tion, washing and column preparation can also be performed after loading dry gel
into the miniature column and is the preferred method for preparing gel col-
umns with 96-well microtiter plates. A useful spin column feature is the ability
to exchange non-volatile buffers, often present in proteins, with the volatile buf-
fers present in the spin column. If volatile buffers are present in the spin column
eluate, flow injection ESI-MS is possible but if not HPLC ESI-MS is required.

All the GPC spin columns described above are inexpensive, disposable and de-
signed for single use, avoiding all possibilities for cross contamination of sam-
ples. A very desirable feature of the GPC spin column technique is that the eluate
contains principally only positive hits of non-covalently bound ligands and all
other small molecules are absent, unlike other screening techniques, e.g., centrif-
ugal ultrafiltration (see Chapter 4), where the tight binders are enriched while
still retaining chemical noise from unenriched components of the mixture. On
rare occasions, false positive results are obtained when a small molecule passes
through the GPC spin column unfractionated, together with the protein and not
as a non-covalently bound complex. This can be easily verified by assaying the
small molecule alone in the absence of protein via the GPC spin column/ESI-
MS methodology. From screening studies of large libraries, more false positive
results were observed with sephadex beads than with polyacrylamide beads. The
most common false positive results were obtained with organic molecules con-
taining poly-carboxylic acid, poly-cyano, sulfate, poly-sulfate, phosphate and poly-
phosphate moieties. Most of these compounds are not likely drug candidates.

223
Preparing Non-covalent Complexes in Protein Buffer; Protein Concentration, Ligand
Concentration, Incubation Time

Non-covalent protein—drug complexes are prepared by incubating the drug with
the native protein for 30—60 min in a compatible buffer. Volatile bufters are pref-
erable over inorganic non-volatile buffers because mass spectral sensitivity is
greater for samples prepared with volatile buffers. Often the libraries of drug can-
didates are prepared in DMSO solutions and are diluted with buffers similar to
the ones used for the protein. The final DMSO concentration should be less
than 5% so as not to denature the protein but to aid in solubilizing the drug can-
didates. Ideally, the drug candidates should be maintained in solution during the
incubation process despite the fact that they often precipitate out of solution in
the pH range normally utilized (pH 6-8) to maintain the protein in the native
state.
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Fig. 2.5 Concentrations of staurosporine in eluate fractions obtained in
sequential GPC spin column/HPLC ESI-MS experiments. Mixtures of
compounds were spiked with staurosporine and incubated with PKA
(-A-) and without PKA (-0-) as a control. The first eluate fraction shows
the most significant ligand concentration difference between the
protein-ligand and control samples. Reprinted from reference [16] with
permission from Elsevier Science.

The concentrations of the incubated protein and drug candidates used are a
function of the outcome desired. If very strongly bound ligands to protein are
desired (Kgs < 0.1 uM) then lower concentrations of drug—protein mixtures are
used; conversely, for weak binders (Kgs > 10 pM) higher concentrations are used.
For screening campaigns for moderate binders (Kgs 0.1-10 uM) as well as strong
binders using miniature spin columns of 100 pL volume with Tof mass spectrom-
eter detectors, generally, protein concentrations of 5-10 uM with 5-10 times
molar excess of drug candidates is sufficient. The volume of the protein—drug
mixture utilized in the GPC spin column studies should be 10-15% of the min-
iature gel column volume. This small volume ratio is used so that the sample will
not pass through open channels in the gel to the bottom of the column producing
false positive results. Typically, 10 pL volumes of protein—drug mixtures are used
with miniature spin columns of 100 uL volume. Screening studies for strong
binders typically utilize protein concentrations of 0.25-5.0 pM with 1-5 times

>
Fig. 2.6 Titration assay of BSA and methyl views. The bottom panels of (A) and (B)
orange (MO, MW 305 Da, K4 = 450 uM) by illustrate the corresponding full spectra. The
GPC spin column/ESI-MS methodology as a ion count for each spectrum is indicated in
function of [MO]/[BSA] molar ratios in the the upper right hand corner of each
positive ionization mode (A) and the spectrum. A miniature 100 pL P6 GPC spin
negative ionization mode (B). The mass column was used to assay 10 pL samples.

spectra in the top five panels are exploded



77

2.2 Experimental

052z 0002  0SZL 00§k  0S2k 00O  OSL 005 052z
ZW L L e WA 4 0
| 8681181} \4
O %
LPSEE0/L
ShLevLL
Ovee oLl vSd
£600°6202 82YeSY8L
¥O51'vS6L
gegze 98N sgeovog 00
-S3ISWHOL:} (000" xp:1-G5:£) WD 1(00°§%2 “DS) WS (9r¥'0) €F ¥FE0020A
80¢ 208 908 208
Zw - 1 — 1 0
015908
2615'508
% m
gogze 185§ v0e 00k
-SISWHOL:} (000X _.mm”c w9 :(0¢'Sxz ‘OS) WS (9¥¥°0) €1 ¥+E0020a
N h ) f
— — — 0
01207008 _ | sovitoe
2600 mom
F%
9661 185§ v0e 00k
-SISWHOL:} (000Xp: 1-65:2) WO (04 9X2 "OS) WS (96€°0) |1 2¥€0020a
| | h h
- — — —0
— — - — - N
0522808 @m/ / O/mA N\ N/ esieoe
22 L082178°908 1291508 £509°£08 Foe
viz szadvoe Look
-S3SWHOL:L (0007 pXp: 1-6G:2) WO 1(04'SXZ ‘OS) WS (€9¥°0) €1 L¥E0020Q
| | h h 1 0
~ \1(\1/,, \?/,\ s \\\o\m/wﬂmv/m\f
\/ | Y / ”
0522°80€ L g028'908 Y 505808 o
9€22°L0€E
9¢8 6z8(voe 001
-3 SWHOL L (000 pXp: L-6G:2) WD *(0H mxm ‘Ds) Ew (tov0) 9 ovmoomoo
| !
%
€L 508 Look
-S3SWHOL:t (000PXp: b-pGiL) WO so GX2 ‘DS) WS (SE+°0) 21 6€£0020Q

rO< 27w QN 1Sd- ()

| 0002 008, 009L 00Vl 002k 000 008
Zjw I L.
4}5}%, A}
, u ~8Y0L'6201 ]
09K b0/ 1 _ 29992201 Srovey
0928'285 1 822804 b
2682°SPrL” 0659911 \
858.'95€1 G| &
Ly o % Ei 002
£o98'L vergog” OO
+S3SWH0L:2 (000" #x¥:1-G6:£) WO 1(00°§x2 ‘OS) WS (k2£°0) 02 +¥£00200
2k LKE 0LE  60E  80€ S0 YOE  €0E 208
Zw o L) 1 0
6.11°808 Ceraoe
o AT 00T
€908} 7611908 ~00k
+SISWHOLE (000 #xp: 1-55:4) wg 00" e ‘08) us ( KL 0) 02 pe0020a
| g
T T T T T TN ~TT T T
> 9z Goe
) / Yrhev0
611808 811208
- | TN 00T
[
0kL vorfooe Loot
+SISWHOLE (000 #Xp: 1-+5:2) W .ao.mxm os) us ?8.95 2r£0020a
| \ f ) |
_ — — —0
N TN - /Z, —=
122'€08
9282218 wmnm C%SN oLe 8211208 , SOIZS08 Jgszv0e
,, % | M 0S
oLt 761 §90E ~00i
+S3ISWHOLT 88 PXPiL-pGL) Eo (00°gxz ‘D) WS ¢ So ma nw 62 0) 61 _qwcomoo
| |
A 7~ e
/ \
vLyl808 | esez'soe 2261608 (% Ei 14
lgoze0g 0902208
508 00}
(000 Xp:1-GG:2) WD (006X 'YS) ws A 006" @ qs Amwm 08 oqmoomoo
)
WV
A /
A A / v
SOIESOE ocdeoe % | INT S'TT
oy  S9EHE ¥611°90E -00k
+SISIWHOLZ (000 PX¥ih-£G:L) WD 1(00°GXZ ‘DS) WS { 00°6'6) AS (579°0) L} 6¢£00200
N A v SuoneIuddUo))
90€ 2/ut O IST+ (V O 3 VS




Relative Intensity (%)

78 | 2 Drug Screening Using Gel Permeation Chromatography Spin Columns Coupled with ESI-MS

Molar Ratio of MMP-1/WY252 (MW 457) is

or . OH
constant at 1/5 MMP-1 | WY252 ;
(uM) (uM) ™ ...
1003 A 50 0 Yo~}
3: 452.8 458.8 m/\%:.s‘““ﬁ la::,,/
P = e ———————————— T, 28
1007 B 20 1600 | =
:{5 4528 4568 4}1;8\(__%_55'8':459;9 628 o
Hydroxy amide
10::3 C 4578 4589 3 k>0 T WY252
7 458, . . A450.9 ik
eI A MW 457
1C.. 9.9 UM
100 D - 40 200 0 2
%} 4528 sse0 /\asas 200
L s e R s e S S R e
50 250
100 E 457.9
9::1 4527 456.6 259 ases
100:; E 0 250
% 4588 4599 40z
4 3
T S s e T m/z
450  as2 454 456 458 460

Fig. 2.7 ESI mass spectra of ligands present

in GPC spin column eluates have a linear
response with increasing concentration: ESI
(positive ionization mode) mass spectral
analysis of the eluate from the GPC spin
column titration of WY252 (MW 457 Da) with
MMP-1 where the molar ratios of MMP-1/

30 pL. (A) MMP-1 alone at 50 pM and (F)
WY252 alone at 250 pM, respectively. (B—E)
increasing amount of MMP-1: (B) 20 uM, (C)
30 puM, (D) 40 pM and (E) 50 uM; and
increasing amount of WY252: (B) 100 uM,
(C) 150 pM, (D) 200 puM and (E) 250 uM.
Same absolute intensity scale for all panels.

WY252 are constant at 1:5 while their
individual concentrations linearly increase.
The volume injected for each sample was

Reprinted from reference [15] with permis-
sion from the American Chemical Society.

molar excess of drug. Similarly for the study of weak binders, protein concentra-
tions 15-200 uM with 1-100 times molar excess drug can be used.

The unique property of the GPC spin column experiment is that the volume of
sample loaded on to the spin column is the same volume of the eluate obtained
after gentle centrifugation. Furthermore, when two GPC spin column experi-
ments are performed, as described above, initially with an incubated protein—
ligand sample in one column and with a ligand sample without protein as a con-
trol in another column, each followed by repeated elutions with buffer solutions,
the most significant ligand concentration difference between the protein-ligand
sample and the control sample is between the first collected fractions. This is il-
lustrated in Fig. 2.5 for GPC spin column eluate fractions for a protein kinase A
(PKA)-staurosporine sample and a control sample of staurosporine without PKA
[16]. These fractionation experiments verify the fundamental principle of the
GPC spin column methodology that only the first fractions of the protein-ligand
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mixture and the control experiments are needed for non-covalent binding studies
for drug screening.

Dose response titrations were used to demonstrate that the non-covalent bind-
ing in the GPC spin column/ESI-MS assay is a function of the protein and ligand
concentrations. Methyl orange is a very weak binder to bovine serum albumin
(BSA) with a K4 of 450 uM and its passage through the GPC spin column can
be visually monitored. A variety of equimolar concentrations of BSA and methyl
orange were analyzed using the GPC spin column/ESI-MS methodology, as illus-
trated in Fig. 2.6 for both the positive and negative ESI ionization modes. The
chemical noise level in these experiments is about 45 counts (note: the ion counts
are indicated in the upper right hand corner of each spectrum.) Only background
traces of the molecular ions for methyl orange (m/z [M+H]'*: 306; [M-H]'":
304) were observed in the mass spectra for equimolar concentrations 12.5 uM
and 25 pM, i.e., the ion abundances were slightly greater than the chemical noise,
while the methyl orange response grew with increasing equimolar concentrations
from 50 uM to 200 uM. Visual observations of the column confirm these results.
At the two lower concentrations, the orange color of methyl orange was confined
to the top of the GPC spin column and with increasing concentrations the orange
color moved down the column towards the top of the spin column frit, consistent
with the ESI-MS intensity observations. Similar dose response titration studies
have been reported with stronger binders, e.g., matrix metalloproteinase-1
(MMP-1) protein with a substituted hydroxyamide WY252 with an ICsy of 9.9 uM
(see Fig. 2.7) [15].

224
Sample Organization: Single Samples vs Mixtures, Mixture Set-up: Compatibility of
Components, Plate Set-up

Since the numbers of compounds to be assayed in a high throughput drug
screening campaign are high (>25 000 samples) and the expected number of hits
is relatively low (<0.5%), the GPC spin column assays are more efficiently done
with mixtures of compounds. In the earliest reported work using the GPC spin
column ESI-MS screening assay, mixtures of ten chemically compatible com-
pounds were prepared [15]. An important additional criterion used for selecting
the compounds for the mixtures was that the MW of each compound in the mix-
ture differed by at least 3 Da to allow for clear identification of each component by
the mass spectrometer, and thereby, the MW effectively becomes an identification
tag for each compound screened in the assay. Additional considerations in the se-
lection of compounds for the mixtures are solubility, structural diversity and drug-
like characteristics [17]. Also, a reasonable balance of acidic and basic molecules
was selected to avoid potentially drastic pH changes upon addition to the protein.

Schnier and coworkers [18] extended the GPC spin column ESI-MS assay
for the analysis of a target protein with mixtures of 80 components (5 pM protein,
1 uM per compound). The compounds were pooled using two different proce-
dures so that a specific compound is found in two wells with completely different



80

2 Drug Screening Using Gel Permeation Chromatography Spin Columns Coupled with ESI-MS

well-mates. Eighty microtiter plates were prepared where each plate contained
80 compounds and each compound occupied an individual well. One procedure
combined the 80 samples from each of the microtiter plates into different wells of
a new microtiter plate. The second procedure pooled each sample from similar
wells of the 80 microtiter plates into individual wells of a second microtiter plate.
Mixtures of 80 components each were found to be optimum for minimizing false
positive GPC spin column eluates.

Most recently, Filpuzzi and coworkers incubated mixtures of 400 compounds
with a protein and successfully analyzed for non-covalent binders using an array
of GPC spin columns with ESI-MS detection in a very high throughput manner
[16, 19, 20]. Compound mixtures of various sizes were evaluated when incubated
with PKA spiked with staurosporine and in the absence of PKA. Mixtures of 400
compounds each at a concentration of 7 uM and with a protein concentration of
10 uM gave the best results, while mixtures with greater numbers of compounds
gave increased numbers of false positive results.

2.2.5
Pooling Spin Column Eluates for Higher Throughput

Perhaps the most efficient method to achieve higher sample throughput is to pool
the GPC spin column eluates. Since the anticipated number of hits per eluate is
very low, less than 0.05% or one hit per 2000 compounds, the average number of
hits per eluate is less than one hit per large mixture. If the ESI-MS assay is per-
formed using HPLC, sample volume due to pooling many eluates is not a prob-
lem since the sample is concentrated on the column. The main concern will be
the amount of protein and its effect on the mass spectra. Often this is not a prob-
lem due to the low levels of protein used in the assays. However, the protein can
be easily removed as discussed below in Section 2.2.10.

2.2.6
Manual vs Robotic Instrumentation for Sample Preparation and Acquiring Spin
Column Eluates

A considerable number of steps are required for preparing the samples, prepar-
ing the GPC spin columns, obtaining the eluates and operating the HPLC and
mass spectrometer instruments. For secondary screening studies of small num-
bers of samples, these steps can be performed manually. However, for primary
screening of large numbers of mixture samples, these operations are best per-
formed robotically. The required robotic operations include: (i) preparation of
compound mixtures, (ii) preparation of protein—compound mixtures, (iii) incuba-
tion of protein—compound mixtures, (iv) preparation of 96-well plate GPC spin
columns, (v) loading of protein—compound mixtures onto the GPC spin columns,
and (vi) centrifuging the 96-well plates and collecting the spin column eluates.
A home-built robot for these sample preparation steps has been described [15]
and is illustrated in Fig. 2.8. A number of these steps can be performed semi-
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Fig. 2.8 Broad (A) and detailed (B) views of a gel and sample
preparation robot (WARPA7) for the GPC spin column/ESI-MS
methodology. For panel (A) note the centrifuge (right end of table),
shaker, sample reservoirs and robot arm with a 96-well pipettor.
Reprinted from reference [15] with permission from the American
Chemical Society.

automatically with commercially available solvent handling systems and human
intervention. The final sample handling step is to load the 96-well collection
plates, containing the GPC spin column eluates, into an HPLC autosampler for
the injection of each sample into the mass spectrometer for analysis.

2.2.7
ESI Mass Spectrometer: ESI, APCIl, Photodissociation, Positive/Negative lonization

The mass spectrometer best suited for drug screening using the GPC spin col-
umn ESI-MS technique should be the most sensitive with reasonable resolution
so that the low levels of compounds can be detected for the weakest binders.
Modern Tof mass spectrometers are ideal for screening since they integrate the
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ion intensities for maximum sensitivity with reasonable resolution. Scanning in-
struments such as ion traps and quadrupole mass spectrometers have been used
as well but are less sensitive and have lower resolving powers. Despite the fact
that most reported work has utilized electrospray ionization, since most drug like
materials are quite polar, APCI and photodissociation sources can be used as well
for less polar materials. Detection in both the positive and negative ionization
modes is ideal and automatic switching between modes is possible. However,
multiple ionization modes consume more protein and sample throughput is re-
duced versus a single ionization mode. Most reported work to date has been in
the positive electrospray ionization mode.

2.2.8
ESI Multi-sprayer (MUX) Technology; Sample Throughput; Protein Consumption

For high throughput screening, Schnier reported assaying in parallel eight spin
column eluates injected into eight ballistic gradient HPLC systems, which fed
into an ESI mass spectrometer equipped with an eight-channel multisprayer
system [18]. The cycle time for assaying eight wells in parallel, containing 640
compounds was 2 min, with injections in the overlay mode. Using this proce-
dure, a GPC spin column kinase receptor ESI-MS assay was performed on
25000 compounds, pooled twice, in 2.6 h. A total of 320 overlapping hits were
observed between the two sample pools. It should be pointed out that, when us-
ing multisprayer sources, the achieved sensitivity for the mass spectrometer for
each sample is approximately reduced by a factor equivalent to the number of
sprayers. This can impact the number of hits observed because weak binders
may not be detectable due to the sensitivity lost by the use of multiple sprayers.

Table 2.2 lists the number of samples that can be assayed per day using the
multiple sprayer technology, assuming 2 min and 10 min per assay with four
and eight sprayers. The numbers of samples assayed are quite impressive espe-
cially considering the amount of protein consumed per compound. Of course it
should be pointed out that, by pooling four or eight GPC spin column eluates,
the same efficiencies can be achieved as for the multisprayer systems; however,
it is only necessary to use a single sprayer and not suffer the sensitivity losses as
with the multisprayer system. It is also informative to compare sample through-
put and protein consumption between the GPC spin column/ESI-MS technology
with that of high throughput screening (HTS), the standard method used in ex-
ploratory pharmaceutical drug screening. As indicated in Table 2.2, the number
of compounds assayed per day by GPC spin column/ESI-MS as mixtures of 80
or 400 compounds is equal to or exceeds the numbers assayed by HTS of single
compounds, while the amount of protein consumed by GPC spin column meth-
odology greatly exceeds (~15 times) the amount used by HTS. Note, however,
that the tandem chromatographic method GPC reversed-phase (RP) HPLC with
ESI-MS detection with mixtures of 3750 compounds greatly exceeds the numbers
of compounds assayed per day by HTS and is comparable with the amount of
protein consumed per compound by HTS.
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Table 2.2 GPC spin column/ESI-MS drug screening high throughput
aspects: compounds assayed per day and protein consumed per

compound.

# Compounds/Well Analysis # Compounds Analyzed/Day Protein Consumed/
Time/Well Compound

Single  Mixture Mixture pmole/ ng/compound
Sample of 4 Wells/ of 8 Wells/ compound (MW Protein
4-Way 8-Way 25 kDA)
MUX MUX

GPC-Spin Column/ESI-MS

1 Compound/ Well 2 min 720 2,880 5,760 1002 2.53

10 Compounds/ Well (Wyeth) 2 min 7,200 28,800 57,600 10> 0.25>

80 Compounds/ Well (Amgen) 2 min 57,600 230,400 460,800 3.125¢ 0.078¢

400 Compounds/ Well 10 min 57,600 230,400 460,800 0.6254 0.0164

(Novartis)

High Throughput Screening

(HTS)

HTS Binding Assay 1.8 sec 50,000 ~ ~ 0.040 0.0010
[0.03 min]

HTS Enzyme Assay 1.8 sec 50,000 ~ ~ 0.004 0.0001
[0.03 min]

GPC-RP HPLC/ESI-MS

3,750 Compounds/ Well 6 min 900,000 ~ ~ 0.027¢ 0.0007¢

(NeoGenesis/Schering-Plough)

210 pL 10 uM Protein/ Well.
510 uL 10 uM Protein/ Well.
€25 uL 5 pM Protein/ Well.

425 uL 10 uM Protein/ Well.
€10 pL 10 uM Protein/ Well.

229
Reversed Phase (RP) HPLC ESI-MS Considerations

Optimization of the RP HPLC system is critical for maximum sample throughput
compatible with the mass spectrometer data acquisition capabilities. For highest
throughput, the samples should be injected into the HPLC column or directly into
the mass spectrometer using the overlay method, i.e., during the ESI-MS assay of
a sample, the next sample is retrieved and prepared for injection immediately
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upon completion of the previous assay. To further increase throughput, column
switching should be coordinated with each injection, i.e., during the HPLC anal-
ysis of a sample an identical second HPLC column is conditioned for use imme-
diately upon the completion of the prior HPLC ESI-MS assay. For high through-
put primary drug screening, a 2-min ballistic gradient or a 10-min gradient with
high solvent flow rates can be used. For secondary screens, 10- to 15-min gra-
dients are used with lower solvent flow rates to optimize ESI-MS sensitivity.

2.2.10
Protein Removal for Optimum Sensitivity

For small molecule screening, the presence of the multiply charged protein peaks
is desirable since it confirms that the protein passed through the column with
non-covalently bound drug. In most cases, the low mass origin for the dis-
tribution begins at about m/z 700 and is often above the high mass cutoff for a
desirable pharmaceutical. However, there are cases where a desired screening
candidate may be above m/z 700 and the protein peaks interfere with the drug
candidate. In addition, the presence of the protein may cause ion suppression of
the singly charged drug candidates and they may not be observed. Under such
circumstances, it would be desirable to remove the protein before assaying the
screened eluates. A number of methods have been proposed, including protein
precipitation and protein adsorption (Porvair P3 protein precipitation filtration
plate, Porvair Sciences, Shepperton, UK). Perhaps the most efficient method is
to treat the spin column eluate with acid to liberate the drug from the protein
and then apply centrifugal ultrafiltration (Millipore Microconcentrator) to the
sample for separating the protein (retentate) from the drug (eluate). The ultrafil-
tration protein-free eluate is then analyzed by ESI-MS. This is illustrated in Fig.
2.2 for studies of the non-covalent interaction of a CMV protease mutant with
DFMK. DFMK was available as an impure mixture producing a mass spectrum
exhibiting low abundance molecular ions [M+2H]?* and [M+H,0+H]'* (Fig.
2.2A). The mass spectrum for the GPC spin column eluate exhibited the protein
peaks overlapping with the [M+H,0+H]'" ion and a clearly observed [M-+2H]**
ion (Fig. 2.2B). Upon removal of the CMV protein by centrifugal ultrafiltration, a
highly sensitive ESI mass spectrum for the purified DFMK was obtained (Fig.
2.2C) [13].

2.2.11
Data Reduction and Automated Interpretation of GPC Spin Column/ESI-MS Data

The interpretation of the large amounts of data generated in a screening cam-
paign cannot be performed manually. Customized software has been designed to
automatically evaluate the data and search for the compounds that non-covalently
bind to the protein [21, 22]. For flow injection ESI-MS data of GPC spin column
eluates of ten component mixtures, the following steps were taken to automati-
cally interpret the data. The raw data were combined, smoothed, background
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Fig. 2.9 Automation software for data reduction and analysis of GPC
spin column/ESI-MS drug screening data. (A) Screenshot of the data
analyzer program for combining, smoothing, background subtracting
and centering of raw mass spectral data. (B) Algorithm for background
subtraction of the previous spectrum from the foreground spectrum
including the normalization of the chemical noise between the two
spectra.

subtracted and centroided as illustrated in the screenshot of the data analyzer pro-
gram (Fig. 2.9A). To remove the chemical background from the spectrum of inter-
est (foreground spectrum), the prior sample analyzed in the screening campaign
was used as the background spectrum. The background spectrum was subtracted
from the foreground spectrum after applying a multiplication factor to the back-
ground spectrum to normalize the chemical noise, as described in the back-
ground subtraction algorithm (Fig. 2.9B). Figure 2.10 illustrates the application
of the chemical noise background subtraction algorithm to an eluate of a ten-
component mixture. For the components in the mixture, the computed [M+H]!*
values are matched with the observed values, the S/N ratios calculated for the
observed ions and the theoretical isotopic distribution calculated and matched to
the observed distribution. Each of these calculations are scored and weighted for
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eluate of a ten-component mixture incubated
with RGS4 from the well analyzed prior to

Fig. 2.10 Application of the background
subtraction algorithm between two

consecutively acquired ESI mass spectra from
GPC spin column eluates of ten-component
mixtures incubated with RGS4 protein. (A)
Foreground ESI mass spectrum for the GPC
spin column eluate of a ten-component
mixture incubated with RGS4 protein from
well A1. (B) Background ESI mass spectrum
corresponding to the GPC spin column

well A1. (C) The foreground ESI mass
spectrum for well AT after subtraction of the
background spectrum using the background
subtraction algorithm described in Fig. 2.9B.
Note the appearance in the subtracted mass
spectrum of peaks corresponding to small
molecules non-covalently bound to the RGS4
protein, indicated with bold arrows.

each compound in the mixture, and if the total score is greater than a predicted
threshold value, the component is considered a “hit”. Generally, a scored S/N ra-
tio greater than 25 is considered a “hit”. An example of an automatically gener-
ated drug screening report is illustrated in Fig. 2.11.

v

Fig. 2.11 An automatically generated ‘‘drug screening ESI-MS report”’
for the ESI background subtracted mass spectrum, illustrated in

Fig. 2.10C, obtained from the GPC spin column eluate of the ten-
component mixture incubated with RGS4 protein from well A1. Note
that the highlighted components are the three compound hits that non-
covalently bind to the RGS4 protein.
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23
Results

The GPC spin column/ESI-MS technology has been utilized for primary and sec-
ondary screening of drug candidates. For primary screens, large compound li-
braries are assayed in a high throughput mode to find new non-covalent binders
to a target protein. For secondary screens, small subsets of libraries containing
compounds believed to bind to a target protein, generally from data obtained
using any drug screening technology, are evaluated by the GPC spin column/
ESI-MS method to confirm or deny non-covalent binding.

2.3.1
Secondary Screens

2.3.1.1 GPC Spin Column/ESI-MS Drug Screening Demonstration Papers

A number of authors demonstrated the early use of the GPC spin column/ESI-
MS methodology as a valid way to screen for compounds non-covalently bound
to a target protein [11-13, 15]. The behavior of a target protein MMP-1, with a
known binding hydroxyamide compound WY252, was evaluated as a singleton
and in the presence of a mixture of non-binding compounds. In both cases, no
significant difference was observed in the ability to detect the known binder in
the mixture. A dramatic illustration of the ability of the GPC spin column/ESI-
MS assay to analyze a mixture (in the negative ionization mode) has been demon-
strated with MMP-1 protein and ten known hydroxyamide inhibitors with an ICsg
range of 9 nM to 7.1 pM (Fig. 2.12A). Despite the wide range of ICs, values, all
ten compounds were clearly observed in the ESI mass spectrum in the presence
of MMP-1. None of the compounds were observed in the GPC spin column elu-
ate when MMP-1 was not present (Fig. 2.12B).

2.3.1.2 Estrogen Receptor Target

A secondary screen for compounds that bind non-covalently to estrogen receptor
(ER, MW 67 kDa) was evaluated and illustrated for 17f-estradiol (K4 ~ 1 nM,
MW 272 Da), the control compound in the study (Fig. 2.13), and WY234 (K4 5
uM, MW 253 Da; Fig. 2.14). 17p-Estradiol is a relatively less polar material and
was studied in the negative atmospheric pressure chemical ionization (APCI)
mode since it produced a weak APCI spectrum in the positive mode and no spec-

»
Fig. 2.12 ESI (negative ionization mode) The same absolute intensity scale is used for
mass spectral analysis of the GPC spin both panels. The mixture is composed of the
column eluate of a mixture containing ten compounds listed at the right of the figure
known MMP-1 inhibitors (A) with MMP-1 with their corresponding 1Cs values.
and (B) without MMP-1 (background). The Reprinted from reference [15] with
[M-H]'~ ions for the ten compounds are permission from the American Chemical

indicated by solid circles (o) on the spectra. Society.
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Fig. 2.13 Negative ionization APCl mass
spectra of the GPC spin column eluates of 20
uM 17p-estradiol (MW 272 Da, K4 ~ 1 nM)
titrated with a variety of ER concentrations
(1.25, 2.5, 5.0, 10.0, 20.0 pM). A miniature P6
GPC spin column was used with 10-pL
samples, of which 2 pL was injected into the

conditions (15 uL min~"). Note that the high
resolution capability of the TOF instrument
resolves the 17f-estradiol peak from the
lower nominal-mass chemical noise. The
same absolute intensity scale is used for all
panels. The masses and intensities of the
peaks are labeled.

APCI TOF mass spectrometer under low flow

trum in either the positive or negative ESI modes. WY234 is a relatively polar ma-
terial that produced spectra in both the positive and negative ESI modes. Both
compounds were titrated with ER. The stronger binding 17f-estradiol exhibited a
strong response at a molar ratio of 5 pM ER/20 uM 17p-estradiol (on the resolved
shoulder of a chemical background peak at the same nominal m/z of 271 [M-
H]'"), while the weaker binding WY234 exhibited a strong response at the higher
molar ratio of 60 pM ER/300 uM WY234 in both the positive and negative ESI
modes.

2.3.1.3 Non-covalent Binding of Drugs to RNA/DNA Targets

The GPC spin column/ESI-MS method has been applied to a number of RNA
problems of pharmaceutical interest as an expedient and sensitive method in
drug development strategies involving RNA-metabolizing enzymes [23]. These
include: (i) the profiling of drug candidates to identify ones that do not bind to
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Fig. 2.14 Positive and negative ionization ES| mass spectra of the GPC
spin column eluates of WY234 (MW 253 Da, K4 ~ 1 uM), a weak non-
covalent binder, with ER, initially prepared at a variety of [WY234]/[ER]
molar ratios. A miniature P6 GPC spin column was used with 10 pL
samples. The same absolute intensity scale is used for all panels. The
masses and intensities of the peaks are labeled.

RNA, (ii) the screening for antiviral compounds that do not bind to RNA but bind
specifically to target RNA polymerases, (iii) the evaluation of the binding of ami-
noglycosides to RNA, and (iv) the evaluation of the binding of DNA intercalators
and minor groove binders to RNA.

Certain classes of drugs may be detrimental as therapeutic agents if binding
to RNA/DNA is an undesirable secondary side-effect. Such molecules are very
likely to be cytotoxic to cells by interfering with the cellular machinery for DNA
replication, DNA transcription and RNA translation. Often the inhibition of an
enzyme in an in vivo cell-based assay is due to the interaction of the drug candi-
date with the cell's RNA/DNA resulting in false positive results. To eliminate
such results and identify only those drug candidates which react with RNA/
DNA, a high throughput procedure was evaluated using the GPC spin column/
ESI-MS method for screening pharmaceutical candidates by studying their inter-
action with model duplex and single stranded RNAs. Drug candidates that bind
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non-covalently to RNA [23] or DNA can thereby be profiled either as single com-
pounds or more efficiently as mixtures.

Three principal experiments were performed to identify potential drug candi-
dates that bind non-covalently to RNA. The RNA/drug studies were performed
under dilute and concentrated conditions using ethidium bromide, a known
binder (intercalator) to RNA, as a reference RNA binding compound to validate
the experimental strategy. In the first experiment, the formation of molecular
ions of the compounds was ascertained under flow injection analysis in both the
positive and/or negative ESI-MS ionization modes. In the second experiment, the
GPC spin column eluates, recovered after incubation of the drug candidate in
the buffer solution without RNA present, were analyzed by ESI-MS. Under these
conditions the compounds should be fully retained in the GPC columns, which
have a MW cutoff of about 6000 Da. However, any low-level detection of com-
pounds provides a measure of “noise” for gauging false-positive controls. In the
third experiment, the eluates recovered from reactions of the compounds with
RNA were analyzed by ESI-MS. A biochemical control experiment showed that,
under these conditions, the RNA is quantitatively recovered from the GPC spin
column. However, the 125-mer RNA (MW 38641 Da) does not produce an ESI
mass spectrum in either the positive or negative ion modes. Compounds which
passed through the GPC spin column due to non-covalent binding with the
RNA, and which in the absence of RNA were retained by the column, would
be flagged as unsuitable for further drug development. Using this technology,
mixtures of drug candidates were analyzed, demonstrating a high throughput for-
mat for compound analysis. Figure 2.15 illustrates the positive ion ESI mass spec-
tra obtained for a five-component mixture consisting of four drug candidates and
ethidium bromide as a control under dilute conditions. Figure 2.15A illustrates
the mass spectrum obtained under flow injection conditions, exhibiting molecu-
lar ions for ethidium bromide ([M]'*: m/z 314) and drug candidate WY311
(IM]'": m/z 319). The other three components ionize in the negative ion mode
but not in the positive ion mode. Figure 2.15B illustrates the mass spectrum ob-
tained for the GPC spin column eluate of the mixture (in the absence of RNA).
No ions were observed, indicating that the GPC spin column retained all the
compounds. Figure 2.15C illustrates the mass spectrum obtained for the GPC
spin column eluate of the mixture incubated in the presence of RNA. As expected
ethidium bromide, which non-covalently binds to RNA, passed through the GPC
spin column. However WY311, which was incubated with RNA, did not pass
through the GPC spin column. The three negative ion compounds also do not
pass through the GPC spin column in the absence and presence of RNA. There-
fore, all four drug candidates have desirable pharmaceutical profiles in that they
do not form non-covalent RNA:drug complexes.

RNA/drug studies with antiviral agents that target-specific RNA polymerases
were conducted under dilute and concentrated conditions, viz. 0.25 uM RNA/30
puM drug and 10 pM RNA/300 uM drug, respectively, where the model RNA was a
125-mer with a MW of 38 641 Da. Ethidium bromide, a known binder (intercala-
tor) to RNA, was used to validate the experiments under dilute and concentrated
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Fig. 2.15 Positive ion ESI mass spectra ethidum bromide or WY311 passed through
under flow injection conditions for a five- the GPC spin column. (C) Mass spectrum of
component mixture. (A) Mass spectrum for the GPC spin column eluate of the mixture
the direct analysis of the mixture of which incubated with RNA. In the presence of RNA,
only two components ionize in the positive ethidium bromide passed through the GPC
ion mode: ethidium bromide (MW 314 Da) spin column as a non-covalent complex with
and WY311 (MW 319 Da). (B) Mass RNA while WY311 did not pass through the
spectrum of the GPC spin column eluate for GPC spin column and did not form a non-
the mixture without RNA present. Neither covalent complex with RNA.

conditions. In studies of seven antiviral drug candidates, three compounds at
high concentrations exhibited binding to the 125-mer RNA while four com-
pounds exhibited no binding under dilute and concentrated conditions. These re-
sults demonstrate that the latter four compounds, which under the different con-
centration conditions did not bind to the 125-mer RNA, are preferable anti-viral
drug candidates.

Similar RNA-binding studies were performed with a variety of aminoglycosides
and DNA-binding compounds, using ethidium bromide as a control. Table 2.3
summarizes the GPC spin column/ESI-MS results for paromomycin (an amino-
glycoside) and DAPI (a DNA-binding compound), which both bind weakly to the
125-mer RNA. Distamycin (a DNA-binding compound) did not bind to the RNA,
whereas ethidium bromide did. The results obtained in these studies further
demonstrate that the detection of GPC spin column eluates with ESI-MS can be
used successfully to screen, in a high throughput fashion, drug candidates that
non-covalently bind to RNA. Likewise, these same procedures can be used to
screen compounds that non-covalently bind to DNA.
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Table 2.3 GPC spin column/ESI-MS non-covalent binding studies of RNA
with model RNA and DNA binding compounds (intercalators).

(I) No GPC spin column; (IT), (IIT) Through GPC spin column

Name Paromomycin DAPI Distamycin EtBr
i L o
NS [, -
Structure H\j/@H ! L i) W I
sk o
S
MW 615 277 430 314
(I)No fons | M| OMEEDT | MEHTT | M) [M+H]' IM-H]Y | M) /[\M.* F;’“q“.“,
GPC spin (Control) cid-2H?]
Intensity
column. | Conroy 82 24 2,320 1,640 2,600 569 20,800 303
Tons [M+F .
a (without | [M+H]"™ | [M-H]" | [M+H]"™ | [M-H]" [M+H]"™ MeHT | d_;ﬁﬁ‘]‘ﬁ
Through RNA) ¢ )
GPC spin Intensity
column (without — — — _ _ _ _ _
RNA)
Tons 1+ I I+ 1 1+ I - [M+Formic
. h(lll) . (with RNA) [M+H] [M-H] [M+H] [M-H] [M+H] [M-H] ™M] Acid-2H?]"
roug
GPC spin Intensit
column (W'i‘ﬁf‘;;;\&) 32 15 132 76 - - 13,900 134

RNA 125-mer MW 38,641 Da, Intensity =Ton Counts, Bio-Gel P6 Resin (1,000-6,000 Fractionation Range), RNA/Drug
Ratios 10/300 mM/mM, Incubation Buffer 20 mM HEPES, | mM DTT, pH 7.5, Centrifuged 3 min at 775xg

2.3.1.4 Amgen Secondary Screens
Hits obtained in the primary screens of 80 compound mixtures (see Section
2.3.2.2) were rerun in the secondary screens as singletons.

2.3.1.5 Novartis Secondary Screens

Novartis GPC spin column/HPLC ESI-MS secondary screens were run in
conjunction with their primary screens to confirm the hits found in the primary
screen. The method used was identical to that of the GPC spin column/HPLC
ESI-MS primary screen, as described in Section 2.3.2.3, except that the hits were
run as singletons in triplicate.

232
Primary Screens

2.3.2.1 RGS4 Protein Target

The GPC spin column/ESI-MS screening methodology was used to identify non-
covalent inhibitors of regulator of G protein signaling (RGS4) protein. The RGS4
protein accelerates GTPase activity of the subunit of trimeric G protein and is in-
dicated in central nervous system (CNS) disorders. Compounds were sought that
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bind to RGS4, interfere with the binding of RGS4 to the G alpha protein, inhibit
the endogenous GTPase activity of the G alpha protein (Gj,;) and are active in a
luciferace yeast pheromone RGS4 response (functional) assay [24].

About 32000 compounds were screened to identify compounds that bind non-
covalently to RGS4 using the GPC spin column/ESI-MS methodology and 1720
compounds were identified to bind (including very weak binders) to RGS4 [15].
The 50 highest scoring compounds in the ESI-MS analyses were each evaluated
by 2D 'H-N HSQC NMR in the presence of RGS4 protein (see Section
2.3.3.2.2). Two compounds were found to be hits by generating RGS4 protein
chemical shift perturbations; however, the region of the perturbations were not
in the desired RGS4/G alpha interface region. These compounds still exhibited
activity and suggested an allosteric binding site that prevented the necessary con-
formational change in RGS4 to bind G alpha. Nevertheless, using Lipinski’s rules,
the list of 1720 compounds was reduced to 743 compounds from which the top
150 candidates were screened in a RGS4/G alpha/GTPase assay. Two of these
compounds were found to inhibit the RGS4 function in the GTPase assay. Fur-
thermore, 58 compounds that tested positive in the luciferase phermone RGS4
assay were also present in the hit list of 1720 compounds of the GPC spin col-
umn/ESI-MS assay. These results verify the validity of the GPC spin column/
ESI-MS method for drug screening.

As a follow-up to the RGS4 primary screen, the GPC spin column/ESI-MS
methodology was applied to a selected series of seven RGS4 drug candidates to
identify those compounds that bind non-covalently to RGS4 and not to G alpha
[24]. Three ESI-MS experiments were performed with each of the compounds.
The first experiment ascertained the response factor for each of the molecular
ions formed. The second experiment demonstrated that the drug candidates do
not pass through the spin columns in the absence of the proteins. This experi-
ment served as a control to validate the final experiments where the individual
protein and drug candidates, after incubation, were passed through a spin col-
umn and the eluates analyzed by ESI-MS for residual non-covalently bound
drug. Figure 2.16 illustrates the experimental results for compound WY817 (MW
450 Da). Figure 2.16A demonstrates the production of a molecular ion for 250 pg
of WY817. Figure 2.16B demonstrates the absence of a molecular ion when ~100
pg of WY817 passed through the spin column. Figure 2.16C demonstrates the
presence of WY817 when ~100 pg of WY817 were incubated in the presence of
25 pL of 125 pM RGS4. Finally, Fig. 2.16D demonstrates the absence of WY817
when ~100 pg of WY817 were incubated in 25 pL of 37 uM G alpha protein.
These data demonstrate that WY817 satisfies a condition required for a potential
small molecule drug candidate in that it non-covalently binds to RGS4 and does
not bind to G alpha protein. Since high concentrations of compound and protein
were used, WY817 is a weak non-covalent binder to RGS4. The results for all the
seven drug candidates, all analyzed identically using the GPC spin column/ESI-
MS screening methodology, are tabulated in Fig. 2.17. The relative affinities of the
compounds to the proteins were determined from the observed ion abundances
normalized to the response factors for each drug candidate. Four compounds
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RGS4/G alpha GPC/ESI Binding Orders

Ratio of MS Response Thru Spin Column vs Response of ~250 pg of Compound and Normalized Values

Compounds Binding to G alpha

[P —— LT —
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o oMo
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Key: Relative Mass Spec Response
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Fig. 2.17 Relative non-covalent binding affinities of a variety of drug
candidates to RGS4 and G alpha proteins based on the relative S/N
ratios in the GPC spin column/ESI-MS assays to that of ~250 pg of the
respective compound (normal font) and after normalizing all the values

(underlined italics font).

were found to bind to G alpha and three compounds were found to bind to RGS4
but not to G alpha. The later three compounds have the required binding proper-
ties of desirable drug candidates for inhibiting RGS4 (note that compound
WY824 bound to both G alpha and RGS4 proteins).

Fig. 2.16 GPC spin column binding assay of
RGS4 and G alpha proteins with WY817 (MW
450 Da). Positive ion ESI mass spectra for
compound WY817, a weak binder to RGS4
protein and non-binder to G alpha protein. A
miniature P6 GPC spin column was used. (A)
ESI-MS response for ~250 pg of reference
compound WY817 (no GPC spin column
used), (B) ESI-MS response for GPC spin
column (P6 gel, T cm long, 100 puL volume)
eluate when ~100 pg of WY817 were passed

»
»

through the GPC spin column. Only chemical
noise is observed. (C) ESI-MS response from
GPC spin column eluate when ~100 pg of
WY817 were incubated with 125 pM RGS4
protein in 25 uL (70 M WY817/1 M RGS4
protein). A moderate signal is observed. (D)
ESI-MS response from GPC spin column
eluate when ~100 pg of WY817 were
incubated with 37 uM G alpha protein in 25
uL (240 M WY817/1 M G alpha protein). No
signal is observed, only chemical noise.
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2.3.2.2 Amgen Primary Screens

Primary screens were performed in duplicate on mixtures of 80 compounds (1 uM
per compound, 5 pM protein), where samples in each mixture were orthogonally
pooled so that no two compounds that are in one well are also together in another
well. Primary hits were achieved when the same compound in two wells were ob-
served. The GPC spin-column eluates were partially resolved using a reversed-
phase C18 HPLC column (Waters Xterra 2.1 x 20.0 mm) with a ~1-min ballistic
gradient and total cycle time of 2 min. The HPLC eluates were analyzed with a
Micromass eight-way MUX interfaced to an LCT Tof ESI-MS system. Achieved
throughput was ~100 000 compounds per day.

2.3.2.3 Novartis Primary Screens

Typical Novartis screening campaigns utilized GPC spin columns constructed
from 96-well plates where 400 compounds per well are assayed, utilizing 25 pL
of 10 uM protein and 7 pM of each compound, all in 2% DMSO. Primary hits
are detected using microbore HPLC ESI-MS with a gradient run of 10 min with
tandem column switching and ion trap MS detection. Figure 2.18 is an example
of a primary screen model assay for a mixture of 400 compounds with PKA pro-
tein spiked with staurosporine ([M-+H]'*: m/z 467) and olomoucine ([M+H]*:
m/z 299), strong binders to the PKA protein. The automatically acquired ESI

. [M+H]*
TIC . 299
10.7 5
‘ 766 é Olomoucine
: :
17 5
2 | 2"
[0
g I o
2 8.92 ] (M+H]
o Mass chromatogram > 338 | 457
e . -a
o Olomoucine £
= Staurosporine
] - s
10.73 i
Mass chromatogram & [2M+H]*
Staurosporine 933
0 4 8 12 [min] 500 1000 m/z

Fig. 2.18 Raw data from a model GPC spin
column/microbore HPLC ESI-MS primary
screen of 400 compounds with PKA protein
spiked with both staurosporine and
olomoucine, known ligands of PKA. (Left)
TIC, UV trace at 214 nm, and corresponding
mass chromatograms for olomoucine and

staurosporine. (Right) ESI mass spectra for
olomoucine and staurosporine obtained from
the peaks of the mass chromatograms
identifying both ligands. Reprinted from
reference [16] with permission from Elsevier
Science.
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mass spectral and UV raw data illustrate the reliability of the GPC spin column
methodology with HPLC ESI-MS and UV detection. The observed primary hits
are confirmed by repeating the experiments with the single compounds in the
presence and absence (control) of protein, in triplicate. In a screening campaign
for ligands non-covalently bound to a ubiquitin-conjugating enzyme target (MW
25 kDa), the analysis of ~500000 compounds took ~1 month, ~9 days for the
primary screens (unattended operation) and the remainder of the time for data
evaluation and the confirmation and control screens. Of the 151 compounds
which were primary hits (0.03% hit rate), 23 compounds were confirmed hits
(0.005% hit rate). The total amount of protein consumed was ~0.5 pmol (~9 mg
for the 25-kDa protein) and the cost of consumables was <$10000. This method-
ology has also been applied to orphan protein targets, molecular targets with un-
known function, including transcription factors, adapter molecules, regulatory
subunits, heat shock proteins, metal binding proteins, RNA binding proteins,
phosphatases, oxidoreductases and other proteins [16, 19, 20]. ICsy values up to
the 10 pM range were detectable using the GPC spin column/ESI-MS methodol-
ogy. Detection of low-affinity ligands is most likely related to compounds with low
off-rates in the GPC step.

233
Additional Spin Column Methods

2.3.3.1 Competition Experiments of Inhibitor Mixture with Protein Target
Competition studies of ligand mixtures with a protein target can be efficiently
evaluated using the GPC spin column/ESI-MS methodology [13]. The procedure
involves quantitation using ESI-MS of the ligands initially present during incuba-
tion with a protein target under native conditions and after passing through a
GPC spin column. This has been demonstrated for the binding competition be-
tween two ligands, a peptidic trifluormethylene ketone (TFMK) and a dibromo-
quinazalone (DBQ), with CMVP. An equimolar mixture of TFMK (MW 545 Da)
and DBQ (MW 489 Da) was prepared with CMVP A144L. The molar ratios for
CMVP A144L to each of the inhibitors in the mixture were 1:5:5. The CMVP-
inhibitor mixture was incubated for 1 h at 25 °C and the spin column eluate
was analyzed by ESI-MS. The ESI mass spectrum (Fig. 2.19C) exhibited peaks
for both TFMK and DBQ. For quantitation purposes, individual ESI reference
spectra were obtained from mixtures prepared (without GPC spin column analy-
sis) as 1:1 molar ratios of CMVP A144L:TFMK (Fig. 2.19A) and CMVP
A1441:DBQ (Fig. 2.19B). From the integrated areas of the reference compounds
(Fig. 2.19A, B) and eluted compounds (Fig. 2.19C), the molar ratios of recovered
CMVP A144L:TMFK:DBQ were calculated to be 1.0:0.2:2.2. These results sug-
gest that DBQ prevents the binding of TFMK to CMVP. It is possible that
DBQ and TFMK compete for the same site and that DBQ was more strongly
bound to that site than TFMK. Alternatively, the binding of DBQ to more than
one site of CMVP may induce a conformational change that prevents TFMK
from binding.



Relative Intensity (%)

100 | 2 Drug Screening Using Gel Permeation Chromatography Spin Columns Coupled with ESI-MS

(A) A144L:TFMK 1 : 1 Reference Mixture - No Spin Column Used

100- 546.2 (TFMK+H)" 20305
- X 1/2 o u ' —
©/\OJLPII Nrﬁ\’iIJYCF’
H O H o
i X CO,C(CHY), (TAMKHLOHD' (TEMKAH,0+
TFMK-tB 4+
(FMESSZT TEMK (MW 545) 5043 L0
c.‘.ﬁ\,,,..lyl.“ J\“ﬂ“.ﬂv
w0 (B) A144L:DBQ 1 :1 Reference Mixture - No Spin Column Used 20385
Br 5
N\
Br #
] COOH
(OBQHD'
4918 DBQ (MW 489)

100

T T f T T T T T T

T T T f T ? T T T 1

(C) A144L:TFMK:DBQ 1:0.2:2.2 Recovered Mixture - After Spin Column
(1:5.0:5.0 Prepared Mixture - Before Spin Column)

(DBQ+H)

491.9

489.9M&9
o ) ~.

546.2

L

(TFMK-+!

(TFMK+H,0+H)* (TFMK+H,0+Na)*
586.2

564.2

0

480

"Tag0 500 st0 | 520 | 530 540
Fig. 2.19 GPC spin column/ESI-MS non-
covalent binding competition study to
determine the relative binding affinities of
CMVP A144L with TFMK (MW 545 Da) and
DBQ (MW 489 Da). ESI mass spectra
obtained from the GPC spin column
screening assay for a mixture of the
inhibitors TFMK and DBQ, which form non-
covalent complexes with CMVP A144L. (A)
ESI mass spectrum of a reference mixture
(no GPC spin column used) consisting of a
1:1 molar ratio of CMVP A144L:TFMK. (B)
ESI mass spectrum of a reference mixture
(no spin column used) consisting of a 1:1
molar ratio of CMVP A144L:DBQ. (C) ESI
mass spectrum of a spin column eluate of a
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mixture of CMVP A144L:TFMK:DBQ with a
recovered molar ratio of 1.0:0.2:2.2, initially
prepared with molar ratios of 1:5:5,
respectively. The molar ratio of CMVP
AT44L:TFMK:DBQ recovered after passing
through the spin column was computed from
the integrated areas of the peaks in Fig.
2.19A with respect to the corresponding
reference peaks in Fig. 2.19B, C. Note that all
spectra are normalized to the same intensity
scale and were obtained using 10 pL of the
mixture where the protease concentration
was 20 pM in each sample. Reprinted from
reference [13] with permission from John
Wiley & Sons.

Competition binding experiments between mixtures of compounds and the
insulin-like growth factor receptor (IGFr) protein were conducted to determine
the relative binding affinities of the compounds to the IGFr protein. The IGFr
protein is a potential target for inhibition by anti-cancer agents. The underlying
theoretical assumptions for these competition studies are that, when the binding
site and the off-rates for the drug candidates are identical, the relative ESI mass
spectral responses for the drug candidates are inversely related to their Kgs
(ECsps) and ICsps (see Section 2.1.4.3). Two mixtures of three compounds each
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were prepared and incubated with IGFr protein. One compound, WY360, com-
mon to both mixtures, served as a reference/calibration point for comparing the
affinities for all the compounds in both mixtures. Three experiments were per-
formed for each mixture and the ESI mass spectral data for the molecular ion re-
gions for each of the components are illustrated in Fig. 2.20. Figure 2.20A illus-
trates the molecular ions generated from the GPC spin column eluate of the drug
mixtures incubated with IGFr. The S/N ratio for the molecular ion of each com-
ponent was computed and these are listed in Table 2.4. Figure 2.20B illustrates
the molecular ions generated for each component from the GPC spin column el-
uates of the mixtures without IGFr. This control experiment indicates that no
compounds passed through the GPC spin columns, thereby validating the non-
covalent binding results obtained when the IGFr protein was present with the
compounds. Figure 2.20C illustrates the ESI mass spectral responses for each of
the compounds present in the mixtures, each of equal concentration (without us-
ing GPC spin columns). The S/N ratios for each of the individual components in
the mixture were determined and are listed in Table 2.4. The ratio of each ESI-MS
response for the individual components for the spin column eluates when com-
pared to that of the response factor for the pure drugs corresponds to the relative
binding affinity for each of the compounds: the higher the ratio the stronger the
non-covalent binding affinity and the lower the expected Ky and ICsy. The re-
sponse of WY360 was used to normalize the responses from both mixtures. As
indicated in Table 2.4, the order of the binding affinities measured by the GPC
spin column/ESI-MS method correlates with the reported ICsy values. The dy-
namic range of measurable binding affinities using this technique is limited by
the linear dynamic range of the signal detected by the Tof mass spectrometer
used (~10% counts s7!) and the concentrations of the samples used in the experi-
ments. In all these competition experiments, the concentrations of all the com-
pounds are identical and greater than that of the protein.

2.3.3.2 GPC Spin Column/ESI-MS Determination of Binding Sites

An important question that needs to be addressed in any screening study is the
determination of whether or not the ligand is non-covalently bound to the active
site of the target protein. A number of simple GPC spin column ESI-MS screen-
ing methods have been developed to answer this question. These methods in-
clude the use of mutated proteins where the active site has been modified, GPC
spin column/ESI-MS coupled with NMR (GPC spin column/MS/NMR) and dis-
placement of known binders. Titration experiments with molar excesses of ligand
to protein (described below in Section 2.3.3.2.4) can also be used to determine
whether single or multiple binding sites are available in the protein.

2.3.3.2.1 Comparing Non-covalent Binding of Ligand to Mutated Proteins

The GPC spin column/ESI-MS methodology with mutated CMV proteases was
utilized to characterize the non-covalent binding site of ligand inhibitors [13].
The following illustration demonstrates the use of the GPC spin column screen-
ing technique to characterize non-covalent binding of TFMK to specific sites
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Fig. 2.20 Non-covalent binding competition eluates of incubated components of mixtures
experiments between IGFr protein target and 1 and 2 with IGFr protein in a molar ratio
mixtures of compounds assayed using the (uM) of 56:28, respectively, diluted 2x with
GPC spin column/ESI-MS methodology. water and 10 pL injection; (B) the GPC spin
Mixture T compounds are WY360 (MW 633 column eluates of incubated components of
Da), WY869 (MW 441 Da), and WY-741 (MW  mixtures 1 and 2 originally each 56 uM per
552 Da). Mixture 2 compounds are WY360 compound, diluted 2x with water and 10 pL
(MW 633 Da), WY854 (MW 409 Da), and injection; and (C) direct infusion of mixtures
WY272 (MW 452 Da). Note that WY360 is 1 and 2 with each component 2.2 uM, 1 pL
present in both mixtures so that both injection. The signal-to-noise ratios for the
mixtures can be correlated. The molecular ESI-MS molecular ion peaks for each of the

ion region for the ES| mass spectra are components of both mixtures are
illustrated for: (A) the GPC spin column summarized in Table 2.4.
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Table 2.4 Relative competitive binding affinities computed from GPC
spin column/ESI-MS data of IGFr protein for compounds in mixtures.

Mixture Compound mfz MS Signal/ MS Signal/ MS Signal/ Normalized 1Cso
Number Noise Thru  Noise No Noise Ratio  Signal/Noise  (nM)
Spin Column Spin Column of Ratios Ratio of Ratios
(Fig. 2.20 A) (Fig. 2.20 C) (Fig. 2.20 A/C)

1 WY360 317.6 44.1 67.0 0.658 1 5
WY869 442.2 13.4 61.0 0.219 0.332 40
WY741 277.1 4.88 23.8 0.205 0.312 78
2 WY360 317.6 67.0 113.8 0.588 1 5
WY854 410.3  2.06 74.3 0.028 0.047 121
WY272 453.3 Not Detected 23.6 ~ ~ 440

in CMVP by comparing the non-covalent binding affinities of the inhibitor to
CMVP mutants A144L, S132A and E122V/A144G. CMVP A144L represents wild
type CMVP (with respect to enzymatic activity) and is the reference protease for
the binding studies. Serine residue 132 is the active site residue predicted to be
responsible for nucleophilic attack of the DFMK class of inhibitors and is likely
to be essential for the non-covalent binding of these inhibitors to CMVP. Muta-
tion of S132 to an alanine residue in CMVP S132A inactivates the protease and
is likely to prevent binding of the DFMK and TFMK class of inhibitors to the pro-
tease. Mutation of E122 to a valine residue in CMVP E122V/A144L has also been
shown to destroy the enzymatic activity of CMVP [25] but the effect on inhibitor
binding is not known.

The ESI mass spectrum for inhibitor TFMK (MW 545 Da), prior to pas-
sage through a GPC spin column (Fig. 2.21A), exhibits the characteristic mo-
lecular ions (M+H)'*, (M+H,0+H)'*, (M+H;0+Na)'* and (M+H,0+K)'* at
m/z 546.3, 564.3, 586.3 and 602.1, respectively, as well as one fragment ion
[M—C(CH3)3+2H]'" at m/z 490.2. In a control study, the ESI mass spectrum for
the spin column eluate of pure TFMK (not illustrated) shows the absence of
TFMK in the low mass region from m/z 415 to m/z 620. The ESI mass spectra
of the spin column eluates of TFMK incubated with the CMVPs A144L, S132A
and E122V/A144G (each originally prepared at a molar ratio of CMVP:TFMK of
1:40) are illustrated in Fig. 2.21B, C, D, respectively. All the spectra are normal-
ized for the abundance of pure TFMK (in Fig. 2.21A) that corresponds to a ~1:1
molar ratio of CMVP:TFMK. (The ion distributions for the proteases occur over
the m/z range of 750 to 1200 and are not depicted.) In a control study, the ESI
mass spectrum of pure CMVP A144L (not illustrated) shows the presence of
background peaks at m/z 538 and m/z 598, which correspond to solvent com-
plexes of acetic acid (indicated with stars in Fig. 2.21B, C, D). From these data, it
is evident that TFMK coelutes with CMVP A144L (in a CMVP:TFMK molar ratio
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of ~1:1), does not coelute with CMVP S132A and only very slightly coelutes with
CMVP E122V/A144G (in a molar ratio of CMVP:TFMK of 1:<0.05).

The specificity of these coelution results are consistent with S132 as the active
site nucleophile of CMVP and demonstrates that this screening methodology can
detect specific binding of inhibitors to CMVP. From the crystal structure, the
active site residues of CMVP are S132, H157 and H63 [26—29]. Mutation of S132
is therefore predicted to prevent binding to CMVP of active site directed inhibi-
tors such as TFMK. A stabilized (reversible) hemiacetal protease—inhibitor com-
plex is believed to have formed with CMVP A144L, as schematically illustrated
in Fig. 2.21 (bottom). However, when S132 is replaced with a lipophylic amino
acid residue such as alanine, the active site is destroyed and the mutated protease
is incapable of tightly binding to the inhibitor. E122 is quite far from the active
site and is involved in a salt bridge within the protease. Thus, the conformation
of protease mutant E122V may be significantly different from the wild-type
CMVP due to disruption of the salt bridge. CMVP E122V is enzymatically inac-
tive and this study shows (Fig. 2.21D) that this mutant protease cannot bind sig-
nificantly to the TFMK inhibitor.

2.3.3.2.2 GPC Spin Column/ESI-MS/NMR

The coupling of the GPC spin column/ESI-MS screening results with NMR (2D
'H-1>N HSQC) is a powerful method for confirming that the non-covalent bind-
ers identified by the MS experiments truly bind at the predicted active site by ob-
serving NMR chemical shift perturbations in the vicinity of the protein active site
[1, 15]. In contrast, the absence of chemical shift perturbations or a random dis-
tribution of chemical shift changes on the protein surface would imply a lack of
an interaction of the compound with the protein or potentially the existence of
non-specific binding. The development of the GPC spin column/MS/NMR assay

»
»

Fig. 2.21 ESI mass spectra obtained from the
GPC spin column/ESI-MS screening assay for
a variety of CMVP mutants incubated with
TFMK illustrating specificity of the protease-
inhibitor complex. (A) ESI mass spectrum of
inhibitor TFMK (MW 545 Da), no GPC spin
column used. The TFMK response corre-
sponds to that of the molar concentrations of
protein used in panels B, C and D. (B) ESI
mass spectrum of the GPC spin column
eluate of CMVP A144L and TFMK, originally
incubated at a molar ratio of 1:40. The
measured [CMVP A1444L]/[TFMK] molar
ratio for the eluate is ~1:1. (C) ESI mass
spectrum of the spin column eluate of CMVP
S132A and TFMK, originally incubated at a
molar ratio of 1:40. TFMK does not coelute.
(D) ESI mass spectrum of the GPC spin
column eluate of CMVP E122V/A144G and

TFMK, originally incubated at molar ratio of
1:40. The measured [CMVP E122V/A144G]/
[TFMK] molar ratio for the eluate is 1:<0.05.
The mass range illustrated only covers the
inhibitor region and not the higher mass
range for CMVP. The peaks labeled with stars
(*) at m/z 538 and m/z 598 are background
peaks produced from the solvent (3% acetic
acid in 1:1 water:acetonitrile, v:v). Note that
all spectra are normalized to the same
intensity scale. (Bottom) Scheme illustrating
the stabilized (reversible) hemiacetal CMVP-
inhibitor complex proposed between the triad
of amino acid residues S132, H157 and H63
and TFMK. The wavy lines (~~~~~ ) represent
CMVP with the specific amino acid residues
shown. Reprinted from reference [13] with
permission from John Wiley & Sons.
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Fig. 2.22 ES| mass spectra acquired from the
GPC spin column eluates of five consecutive
library mixtures, each of ten components,
incubated with MMP-1 to screen for
compounds non-covalently bound to the
protein. (A), (B) and (D), (E) ESI mass
spectra for mixtures F2, G2 and A3, B3,
respectively, serve as background spectra for
the ESI spectrum of the sample of interest

(C) mixture H2. Nearly all the ions are from
the protein, buffer and solvent background
except for the ions at m/z 145.8 and m/z
155.7. These two ions are protonated
molecular ions for compounds with MWs of
145 Da and 155 Da that bind to MMP-1.
Reprinted from reference [1] with permission
from Elsevier Science.
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Fig. 2.23 (A) ESI total ion chromatogram these peaks with time (scan numbers)
from mixture H2 (see Fig. 2.22C). Mass demonstrates that these are unique

chromatograms for the components with (B) components that eluted from the mixture
m/z 145.8 and (C) m/z 155.7 from the GPC while the other eight components were

spin column eluate originating from mixture retained by the GPC spin column and not
H2 of ten components incubated with MMP-  observed in the ESI mass spectrum.

1 (the ESI mass spectrum for this mixture is Reprinted from reference [1] with permission
illustrated as Fig. 2.22C). The evolution of from Elsevier Science.

utilized MMP-1 (collagenase), a matrix metalloproteinase and a small compound
library.

To demonstrate the screening of compounds for a potential anticancer pro-
gram, a small chemical library was selected and mixtures of ten chemically com-
patible compounds were prepared where each compound had a different molecu-
lar weight. The mixtures were incubated with MMP-1 and analyzed using the
GPC spin column/ESI-MS flow injection approach. The resulting mass spectral
data were analyzed in two dimensions. The ESI mass spectra of the mixtures an-
alyzed before and after the mixture of interest were compared to identify back-
ground peaks and new peaks associated with the mixture of interest. The second
dimension analyzed was the evolution in time of the mass chromatograms for
each of the components of the mixture to verify that they were components of
the mixture and not from the instrumental chemical background that remained
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Fig. 2.24 Screening results of GPC spin
column/MS/NMR assay of MMP-1 protein
with library mixture H2 (see Figs. 2.22C,
2.23), illustrating the complementary nature
of the MS and NMR experiments in the MS/
NMR MMP-1 assay. (Top) ESI mass
spectrum of the GPC spin column eluate of
the library mixture H2 shows the presence of
molecular ions for two compounds (MWs
145 Da, 155 Da) indicating non-covalent
binding to the MMP-1 protein. (Bottom)
Expanded 2D "H-">N HSQC NMR spectral
regions of the MMP-1 protein in the presence
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Complex -blue
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and absence of each of the two compounds
(overlayed blue and white spectra,
respectively) indicating that the p-phenyl
pyridine (MW 155 Da) induces a chemical
shift change for V115 in the MMP-1 active
site while the 8-hydroxyquinoline (MW 145
Da) does not induce a chemical shift change
at V115. Therefore, the p-phenyl pyridine
binds non-covalently to the active site in
MMP-1 while 8-hydroxyquinoline binds non-
specifically to MMP-1. Reprinted from
reference [1] with permission from Elsevier
Science.

constant with time. Figure 2.22 illustrates a total of five mass spectra sequentially
acquired, two from mixtures immediately prior to the mixture of interest (Fig.
2.22A, B), the mixture of interest (Fig. 2.22C) and two from mixtures immediately
following the mixture of interest (Fig. 2.22D, E). Note that most of the mass spec-
tral peaks in the mixture of interest (Fig. 2.22C) are present in most of the other
spectra except for peaks at m/z 145.8 and m/z 155.7. Figure 2.23 illustrates the
total ion chromatogram for the mixture of interest (Fig. 2.23A) and the mass
chromatograms for the ions with m/z 145.8 (Fig. 2.23B) and m/z 155.7 (Fig.
2.23C). Note that, in both cases, mass chromatographic peaks evolve in time, con-
firming the fact that these two components with MWs 145 Da and 155 Da, re-
spectively, passed through the GPC spin column non-covalently bound to MMP-
1 and did not originate from the instrumental chemical background. These two
compounds when analyzed in the same manner but in the absence of MMP-1
by GPC spin column/ESI-MS did not produce any detectable mass spectral peaks,
further verifying that the compounds were non-covalently bound to MMP-1.
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The two compounds with MWs 145 Da and 155 Da identified by GPC spin
column/ESI-MS as non-covalent binders to MMP-1 were then each analyzed in
the presence of MMP-1 by 2D 'H-N HSQC NMR (Fig. 2.24). Chemical shift
perturbations associated with the active site amide amino acid residue V115 was
not observed for the MW 145 Da compound but was observed for the MW 155 Da
compound. The NMR data verifies the fact that the MW 155 Da compound, cor-
responding to p-phenyl pyridine, was specifically bound to the MMP-1 active site
while the MW 145 Da compound, corresponding to 8-hydroxyquinoline, was non-
specifically bound to MMP-1. The p-phenyl pyridine compound was indepen-
dently found by other NMR studies to bind to stromelysin (MMP-3) [30]. Limita-
tions associated with the 2D 'H->N HSQC NMR methodology are the need for
1>N-enriched protein and the requirements of large quantities of protein due to
the low sensitivity of the NMR experiments.

2.3.3.2.3 Displacement Experiments of Known Binders

At this point in time, no GPC spin column ESI-MS experiments have reported
the displacement of a prepared non-covalently bound ligand with a protein with
an even stronger binder. (Related competition experiments were described above
in Section 2.3.3.1.) This type of experiment could be easily implemented using
the GPC spin column/ESI-MS methodology and was recently demonstrated in
the related screening methodology, utilizing in tandem the GPC and reversed
phase HPLC methods with ESI-MS detection [31] (see Chapter 3). Typical experi-
ments that can be routinely implemented using GPC spin column/ESI-MS tech-
niques include the displacement of storosporine by stronger binders to kinases
and the non-displacement/displacement of storosporine by allosteric binders.

2.3.3.2.4 Titration of Drug Using GPC Spin Column/ESI-MS: Coelution of Multiple
Ligands Non-covalently Bound to Protein Target

A titration study was undertaken to determine the extent of non-covalent binding
between the inhibitor DBQ (MW 489 Da) and the protein CMVP A144L. This ex-
periment was conducted by incubating a fixed amount (50 pmol) of the protein
CMVP A144L with from 0-40 mol excesses of DBQ. The incubated materials
were then subjected to GPC spin column analysis, whereby the eluate containing
the tightly bound inhibitor was analyzed by ESI-MS under denaturing conditions
to quantitate the mole ratio of inhibitor to protease (D/P). Figure 2.25 illustrates
the [M-+H]'* region of the ESI mass spectrum for these titration experiments.
(Note the characteristic 1:2:1 dibromo isotopic intensity distribution.) Table 2.5
summarizes the quantitative results for these titration experiments by tabulating
the [drug]/[protein] (D/P) molar ratios during the incubation reaction and after
elution from the spin column. Figure 2.26 graphically illustrates a plot of the
D/P mole ratios of the reaction vs the bound mixtures. Note that at low reaction
D/P mole ratios, from 0 to 1, the slope of the curve rises rapidly and continuously
levels off from reaction D/P mole ratios from 1 to 40. These results suggest that
there may be specific non-covalent binding at low D/P mole ratios up to about 0.5
D/P mole ratios, but as the reaction D/P ratio increases less specific non-covalent
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Fig. 2.25 Positive ion ESI mass spectra of the molecular ion region of
DBQ (MW 489 Da) in a titration study of the GPC spin column eluates
of DBQ (Drug, D) incubated with CMVP A144L (Protein, P) with molar
ratios of 1, 10, 20 and 40 of [D]/[P]. A reference ESI mass spectrum of
DBQ and CMVP A144L of a molar ratio of 1:1 is also displayed. The
amount of protein in all the experiments were kept constant at 50 pmol.

adducts are more abundant. Nevertheless, these simple GPC spin column/ESI-
MS titration experiments demonstrate the usefulness of the technique to deter-
mine whether non-specific binding is likely with ligands to specific protein tar-
gets when excess ligand is present. Furthermore, as in this case, if excess drug
non-covalently binds to the protein target, the ligand is probably unsuitable as a
drug candidate. However, if as the reaction D/P ratio increases and the curve for
the product D/P ratio asymptotically approaches 1, the ligand is reacting at a spe-
cific site in the protein target, most likely the active site. Recently, condensed
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Table 2.5 Mole ratios for titration of DBQ drug (D) and cytomegalovirus
protease A144L (P) during incubation (Reaction) and after passing
through a GPC spin column (Coeluted).

Spectrum™ D/P Mole Ratio*
Reaction Coeluted

1 40 3.1

2 20 2.2

3 10 1.3

4 17‘: 17':

5 1 0.4

6 0 0

#P kept constant at 50 pmole.
*Spiked standard (no spin column).
*See Figure 2.26.
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P = Protein, CMVP Al144L

Fig. 2.26 Plot of the DBQ (Drug, D)/CMVP A144L (Protein, P) molar
ratios for the incubated concentrations as a function of the non-
covalently bound concentrations as determined in the titration study of
the GPC spin column eluates assayed by ESI-MS (see Table 2.5). The
shape of the curve indicates that up to three drugs bind non-covalently
and non-specifically to CMVP A144L.
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phase H/D exchange methods have been developed to determine the stoichiome-
try of the ligand—protein interaction by monitoring by ESI-MS the mass shifts of
the protein undergoing H/D exchange upon titration with a ligand [32-34] (see
Chapter 11).

2.3.3.3 Obtaining MS ECsos and Kys for Ligands Non-covalently Bound to Protein
Active Sites

In biological systems, the concentration needed to inhibit 50% of a cellular reac-
tion is called the ICs for that reaction and is often obtained by titrating a given
reagent with a fixed biological system. Similarly, a spin-column mass spectral
(MS) ECs (or Kq) can be obtained by analyzing the GPC spin-column ligand elu-
ates from samples that were titrated with various concentrations with a fixed
amount of protein. The mass spectral response for the ligand that non-covalently
bound to the protein should produce a sigmoidal response curve and the concen-
tration corresponding to 50% response from the extremes in the sigmoidal plot
corresponds to the MS ECsy. The ECsg value corresponds to the Ky value for the
protein-ligand complex. (See the theoretical discussion in Section 2.1.4.4.) Re-
cently, Schnier and coworkers [18] demonstrated this application of the GPC
spin-column ESI-MS technique for obtaining the MS ECsys of a variety of com-
pounds that non-covalently bind to a kinase protein. Figure 2.27 illustrates the
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Fig. 2.27 GPC spin column ESI-MS determi- normalized protein-ligand concentration, the
nation of MS ECsps. Plot of fraction of known  [L], value is read off the figure as 20 uM. The
ligand inhibitor non-covalently bound to a corresponding free ligand concentration [L] is
fixed amount of kinase protein ([P]o, 5 pM) [L]o — [C], see Eq. (4), where [C] is [P],/2.0
as a function of initial ligand concentration uM or 2.5 uM. The MS ECs value is
[L]o- The MS ECsq corresponds to the free therefore 17.5 pM, reasonably consistent with
ligand concentration [L] when 50% of the the biological 1Cso of 8 uM (see reference
initial protein concentration is tied up as [18)).

protein—ligand complex. At 50% of the
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data obtained from a GPC spin-column ESI-MS titration of a known kinase inhib-
itor as a function of mass spectral ligand response and initial ligand concentra-
tion for a fixed protein concentration. From the sigmoidal fit of the mass spectral
data, the MS ECs, value was 17.5 pM while the measured biological ICsq kinase
inhibitor value was 8 uM. Good correlations were reported for the mass spectral
ECso and biological ICs values for a variety of inhibitors.

2.3.3.4 Multiple Passes Through Spin Columns - Finding Strongest Binders

An application of GPC spin column/ESI-MS methodology is to re-equilibrate the
eluate of a spin column and pass it again through a second spin column to detect
by ESI-MS the enriched tighter binding ligands at the expense of the weaker
binding ligands [35]. This approach is applicable to mixtures of unknown struc-
tures and unknown concentrations for differentiating strong from weak binders.
For these systems, the relative ESI-MS responses for different unknown com-
pounds are not indicative of their relative binding affinities since their concentra-
tions in the original mixture are unknown. Cycling the initial eluate through
fresh GPC spin columns can deconvolute this. The strong binders will be selec-
tively found in the eluates at the expense of the weak binders. After each pass of
the eluate through the GPC spin column, the relative change in mass spectral
response for the strong binder will be considerably less than that for the weak
binder.

2.3.3.5 Reverse Screening with GPC Spin Columns

A proposed method for screening mixtures of potential drug candidates, using
GPC spin columns, is to analyze by ESI-MS the retained compounds after elution
of the protein from the spin column [36]. In such studies, the absence of a ligand
indicates strong affinity towards a target while the presence of a ligand indicates
much weaker or no affinity. The disadvantage of this reverse GPC spin column
screening methodology is that all the retained compounds in a mixture have to
be eluted from the GPC spin column, identified and quantitated, while in the di-
rect GPC spin column methodology only the desired non-covalent binders are de-
tected in the eluate.

24
Conclusions

241
GPC Spin Column/ESI-MS: Ease of Use, Mixture Analysis, High Speed, Reliability,
Uncoupling of GPC from ESI-MS and HPLC ESI-MS

The GPC spin column/ESI-MS screening protocol rapidly analyzes the ability
of small organic molecules to bind non-covalently to target protein molecules.
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The methodology takes advantage of and combines the inherent strengths of size
exclusion gel chromatography in the spin column mode, reversed-phase HPLC
and ESI-MS in a nearly universal high throughput screening approach. The
methodology has been automated to screen large libraries of chemical com-
pounds with known structures while optimizing each operational step and mini-
mizing analysis time. The methodology has been successfully applied at a num-
ber of pharmaceutical institutions, resulting in the identification of a number of
new and novel inhibitors/antagonists of proteins of therapeutic interest. The GPC
spin column/ESI-MS screening methodology can complement and even supple-
ment the cell-based assays presently in vogue for HTS and surely deserves explo-
ration when HTS fails to identify compounds with desirable biological and chem-
ical properties.

A unique feature of this technology is the uncoupling of the GPC spin column
step from the (HPLC)/ESI-MS detection step, thereby permitting the optimiza-
tion of each of the analytical steps to rapidly produce reliable drug discovery non-
covalent binding data. The strength of this GPC spin column screening method-
ology is the direct identification in mixtures of the small minority of ligands that
non-covalently bind to protein targets and the elimination of non-binding ligands
from the eluate. A challenge for the GPC spin column/ESI-MS technique is the
identification of ligands of low abundances and unknown structures, as found in
very complex mixtures, such as natural products extracts, tissue extracts and com-
binatorial libraries, that bind non-covalently with protein targets. With advanced
software and future instrumental developments, screening problems of this com-
plexity will be solvable using the GPC spin column/ESI-MS technology.

The site of non-covalent binding of the ligand to the protein is not directly mea-
surable by GPC spin column/ESI-MS. To directly obtain the binding site, X-ray
and NMR techniques are used. Site directed mutagenesis and displacement of
known binders coupled with GPC spin column/ESI-MS can be used to identify
non-covalent binding sites.

2.4.2
Comparison of GPC Spin Column/HPLC ESI-MS with Tandem Chromatographic
Method of GPC/HPLC ESI-MS

In principle, the analytical results obtained by the GPC spin column/HPLC ESI-
MS methodology described in this chapter should be similar to the results ob-
tained using the tandem chromatographic method of GPC/reversed-phase HPLC
ESI-MS described in Chapter 3. There are practical advantages for each method.
Since each of the chromatographic and mass spectral steps are done serially
for the GPC spin column/HPLC ESI-MS methodology, each of the steps can be
performed and optimized individually. In the event of mass spectrometer failure,
the production of spin column eluate samples can proceed and samples can be
stored for future analysis. In contrast, the parallel methodology of tandem GPC/
reversed-phase HPLC ESI-MS requires the simultaneous optimization of multi-
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ple systems, with the concomitant risk of a downed system when there is a failure
in any one of the units. However, the tandem GPC/reversed-phase HPLC ESI-MS
requires less human intervention, provided all systems operate smoothly.

243
Future Developments

A number of future improvements in mass spectrometry, chromatography, mi-
crofluidics and automation will certainly improve the sensitivity, resolution and
reliability in the GPC spin column/MS technology. Upon developing and imple-
menting these newer technologies, the GPC spin column/MS screening technol-
ogy will become another venue for reliable ultra-high throughput screening,
complementing high throughput screening functional assays presently in use in
numerous pharmaceutical and government laboratories.

2.4.3.1 MS and HPLC Improvements

Besides using the most recently developed ESI mass spectrometers with sensitiv-
ity and resolution improvements of 10x and 3x, respectively, principally with
time-of-flight mass spectrometers, the most significant improvements in GPC
spin column/HPLC ESI-MS screening will come from the application of ultra-
performance liquid chromatography (UPLC) where the combination of a very
high pressure liquid chromatograph together with LC columns containing par-
ticles of 1.7 um has been demonstrated to produce chromatograms of remarkably
improved resolution (peak widths of 5 s) with retention times also reduced by a
factor of up to 10 times and with high sensitivity, generally 3-10x more than
with conventional LC columns (Waters Acquity UPLC System) [37]. With these
improvements in both LC and MS instrumentation, factors in sensitivity of 30—
100x could be achieved vs presently used instrumentation, permitting more reli-
able detection of weaker signals in screening weak binders and enabling the use
of smaller amounts of precious protein in a screening program, all achievable in
considerably reduced cycle times.

2.4.3.2 Use of Automated Nanospray for Greater Sensitivity and Smaller Sample
Size (Less Protein/Drug)

Maximum sensitivity and minimum use of sample resources are achieved in ESI-
MS by spraying samples in the nanospray mode, which is inefficient in the man-
ual mode but with recent technological advances can be fully automated [38-42].
Using the Advion automated nanospray system, the ultimate in sample sensitiv-
ity can be achieved for directly analyzing GPC spin column eluates with a re-
duced effect on signal suppression due to the presence of buffer ions. This tech-
nique should give strong response to molecules of low abundance, viz. weak non-
covalent binders, and thereby conserve the amount of protein used in the GPC
spin column assay. The down side of the nanospray technique is the longer data
acquisition times needed to acquire spectra of high signal-to-noise ratio.
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2.4.3.3  Microfluidic Systems: Sensitivity, High Speed

Presently, chip-based microfluidic technologies are being developed which
efficiently incorporate low-flow liquid chromatographic methods with low-flow
chip-based nanoelectrospray devices in very low dead volume systems [43]. By an-
alyzing the GPC spin column eluates in a microfluidic HPLC mode, these chip-
based technologies offer potentially promising methodologies for achieving the
idealized goals of high throughput drug screening by minimizing sample con-
sumption while using ESI-MS as the optimum universal detector, operating with
multiple sprayers [44, 45] in parallel with duty cycles approaching 100% for the
analysis of produced ions [46].

2.4.3.4 GPC Spin Column Eluates Analyzed by ESI/lon Mobility/Mass
Spectrometry

A future development for drug discovery using the GPC spin column/ESI-MS
technique is to eliminate the HPLC/UPLC instrumentation in the analysis of the
GPC spin column eluates and achieve the needed separation on a millisecond
scale by use of an ion mobility (IM) interface to the ESI-Tof mass spectrometer.
The ion mobility interface resolves compounds on the basis of their resistance to
flow under an applied electric field and a buffer gas due to the differences in col-
lision cross-sections (shapes, charges, masses) of the molecules. The IM/MS tech-
nique has the unique capability of resolving ligands that are structural isomers.
This approach has been demonstrated for drug screening by Clemmer and co-
workers for identifying members of a combinatorial peptide library that bind to
ribonuclease S-protein using affinity selection chromatography for non-covalent
binders and ESI/IM/MS for characterization of the ligands [47].

2.4.3.5 GPC Spin Columns with Matrixless MALDI-MS and Gyros GPC
Microfluidic ESI/MALDI-MS System

MALDI-MS techniques for high throughput drug screening are not as popular as
the ESI-MS techniques. This is due in part to the facts that the m/z values of
small drug molecules often overlap with the chemical noise of the MALDI matrix
and that small drug molecules often fragment or rearrange, unlike peptides or
oligonucleotides. In the near future, these disadvantages may be reduced dramat-
ically with the use of porous silicon chips as MALDI targets [48—50] since no ma-
trix is required, or with sol-gel derived polymeric matrixes which produce nearly
no chemical background noise [51]. In addition, these laser desorption/ionization
mass spectrometric methods, respectively referred to as DIOS and SGALDI, may
produce molecular ions without any significant fragmentation and may even be
more sensitive than traditional MALDI methods (see Chapter 8). The future pros-
pects for these technologies become even more promising when GPC methods
are coupled with the recently demonstrated microfluidic compact disc (CD) tech-
nology (Gyros System; Gyros AB, Uppsala, Sweden) for MALDI sample prepara-
tion [52, 53]. The design of the Gyros system is a natural for GPC spin column
applications because when the CD is spun it behaves as a centrifuge to produce
the spin column eluate. A significant breakthrough for drug screening will be
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made when the microfluidic CD technology is developed in the GPC spin column
mode coupled to ESI-MS as well as MALDI-MS in the IR and UV laser modes.
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ALIS: An Affinity Selection—Mass Spectrometry
System for the Discovery and Characterization
of Protein-Ligand Interactions

Allen Annis, Cheng-Chi Chuang, and Naim Nazef

3.1
Introduction

The biological efficacy of a small molecule drug candidate is coupled to its bind-
ing characteristics for its therapeutically relevant biomolecular target. The com-
pound’s most important binding characteristics include its affinity, binding site,
and dissociation rate. Therefore, in any drug discovery program, considerable me-
dicinal chemistry effort is expended to optimize these binding features of a drug
candidate. In the early stages of the drug development process, progress towards
improving a compound’s binding features is typically followed using in vitro
biochemical assays that measure a compound’s effect on the conversion of one
biological molecule into another, and other, orthogonal techniques that directly
measure the binding characteristics of a lead compound for its receptor. These
two methods are complementary, since direct protein-ligand binding assays pro-
vide the medicinal chemist with independent confirmation that activity observed
in a biochemical assay correlates with specific binding to the target of interest,
and that biochemical activity is not due to off-target binding, unwanted interac-
tion with substrates or cofactors, or due to undesirable physical properties such
as insolubility and target co-precipitation.

Techniques to directly characterize protein-ligand interactions play an increas-
ingly vital role in the pharmaceutical discovery and development process. Direct
binding assays are valuable not only to complement known techniques for deter-
mining the activity of ligands for well established classes of protein targets, but
they are also critical for the pursuit of emerging drug targets that have no func-
tional assay with which to evaluate potential ligands. In some cases, these tech-
niques may be the only recourse for quantifying binding potency in a drug dis-
covery program. For instance, advances in genome and proteome analysis are
rapidly increasing the number of human and pathogen proteins identified as tar-
gets for small molecule therapy of human disease [1]. While these proteins may
be synthesized and purified as targets for small-molecule therapy, many lack bio-
chemical assays to discover and evaluate the binding properties of potential drug
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candidates, are only available in minute quantities, or lack endogenous ligands
for affinity determination using competitive binding assays. Even classic targets
with well established biochemical assays are yielding new avenues for therapy
through non-traditional points of intersection along their reaction pathway, re-
quiring sophisticated in vitro assays for the discovery and evaluation of new drug
candidates. As an example, potential small-molecule therapeutics that bind to and
prevent phosphorlyation of their basal kinase targets require complex, “coupled”
assays to characterize their activities using purely biochemical means [2]. In in-
stances where no such coupled assay exists, direct methods to measure protein—
ligand binding characteristics are essential.

3.1.1
State of the Art

An ideal technology to directly characterize protein-ligand binding would have
the following properties: (1) it would require no labeling of the target or small
molecules with radioisotopes, fluorophores, or other moieties, and no covalent
modification to immobilize the protein target or small molecules on a surface
would be necessary; (2) the ideal technique could selectively identify the com-
pound that is responsible for the observed output; (3) it would be solution-based,
and amenable to all cofactors, salts, metal ions, and detergents necessary for
proper protein folding and stability; and (4) it would require only modest
amounts of a purified protein target for its implementation.

3.1.1.1 Spectroscopic and Biophysical Methods
Unfortunately, few analytical tools for evaluating protein-ligand interactions
comprise all, or even most, of these properties. The most commonly used
solution-phase methods for binding affinity determination are spectroscopic in
nature, and typically measure nuclear magnetic resonance (NMR), ultraviolet
light absorbance, circular dichroism, or fluorescence changes caused by protein—
ligand interactions [3]. These methods, especially ones based on NMR chemical
shift changes, have the benefit in certain circumstances of indicating where the
ligand is binding to its target [4]. However, spectroscopic methods often require
isotopic or fluorescence labeling of the ligand or receptor [5]. Thermophysical
techniques, such as isothermal or differential scanning calorimetry, require no
chemical modification for their use, and in addition to measuring binding affin-
ities these methods can also yield thermodynamic parameters of binding.
Though both spectroscopic techniques and calorimetric methods enable cofac-
tors, buffers and metal ions to be included in the binding reaction, these methods
are unfortunately very consumptive of purified protein. Partly to mitigate the dif-
ficulty of high protein consumption, binding affinity measurement techniques
based on surface-immobilized receptors have been developed. These techniques
include affinity chromatography and surface plasmon resonance (SPR) spectros-
copy, with instruments using SPR and other biosensor techniques available com-
mercially [6, 7]. While surface methods are operationally simple to execute and
can yield useful kinetic parameters that describe binding interactions, such
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methods require chemical modification of the receptor for attachment, possibly
occluding ligand binding sites or otherwise affecting binding interactions.

3.1.1.2 Mass Spectrometry-based Methods

Affinity measurement techniques based on mass spectrometry (MS) are of in-
creasing interest due to the exquisite sensitivity and unique selectivity possible
with MS [8]. In addition to low protein consumption, these techniques enjoy the
benefit of having all reaction components in solution. Affinity selection—-MS (AS-
MS) screening methods have been implemented using a number of hardware
configurations [9-21] and all include the following steps: (1) an affinity selection
step, where the protein is equilibrated with one or more potential ligands, leading
to the formation of a complex of the protein with any compound capable of bind-
ing; (2) the resulting receptor-ligand complexes are separated from non-binding
mixture components; and (3) ligands are identified by MS or MS/MS [9-21].
Since its first description in 1991 [22], a number of researchers have reported
methods that use the direct analysis of non-covalent protein-ligand complexes
by electrospray ionization—-MS (ESI-MS), especially ultra-sensitive nanospray
techniques, to study binding interactions [23, 24]. However, these methods re-
quire the non-covalent complexes to survive the transition to the gas phase, and
there is conflicting data on the correlation of gas-phase affinity measurements
with solution-phase interactions [25]. Also, these and other related MS affinity
measurement techniques do not tolerate non-volatile salts or buffers, or high co-
factor, metal ion, or detergent concentrations that may be necessary for proper
protein folding and stability. Though not rigorously affinity selection methods,
techniques that are based on hydrogen—deuterium exchange-MS [26], including
the PLIMSTEX [28] method described in Chapter 11, and the SUPREX [29, 30]
method, enable thermodynamic and equilibrium binding affinity estimates using
high-sensitivity MALDI-MS analysis. Diffusion-based MS methods using laminar
flow features in capillaries also enable the measurement of protein—ligand bind-
ing constants [32].

To take advantage of the high sensitivity and selectivity inherent to MS, while
permitting greater flexibility in binding reaction conditions, hyphenated methods
based on multidimensional chromatography—MS have been developed to study
small molecule—protein interactions [33]. Several variants, both step-wise and in-
tegrated, have been reported and are described in detail in this book, including
size-exclusion chromatography (SEC) coupled with reverse-phase chromatogra-
phy—-MS (RPC-MS; this Chapter), gel filtration “spin-column”’-MS (Chapter 2
[13, 34, 35]) ultrafiltration—MS (Chapter 4), frontal affinity chromatography—MS
(Chapter 6 [36]), and affinity capillary electrophoresis—MS. While most reports
demonstrate these methods for screening small molecule combinatorial libra-
ries for affinity selection-based drug discovery [37, 38], Blom and co-workers de-
scribed a way to quantify the binding affinities of individual compounds for their
protein target by SEC-RPC-MS, and researchers at NeoGenesis demonstrated a
mixture-based, competitive binding method using SEC-RPC-MS to rank binding
affinities and classify ligand-ligand competition as direct or allosteric (see below)
[12, 39].
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An important advantage of MS-based techniques lies in their ability to simul-
taneously distinguish multiple components from complex reactions, enabling
mixture-based analysis. As mentioned above, this feature has been exploited pri-
marily for the discovery of ligands from pools of compounds synthesized by com-
binatorial chemistry techniques. However, this advantage is also useful for evalu-
ating the binding properties of multiple protein-ligand interactions in compound
mixtures, including simultaneous affinity measurements, binding site classifica-
tion by ligand-ligand competition analysis, and mixture-based dissociation rate
determination. A multiplexed approach to evaluating these binding characteris-
tics enables combinatorial synthesis methods to be applied to the affinity optimi-
zation process. Medicinal chemists can thereby optimize the structure and affin-
ity of lead compounds while minimizing the need for synthesis and purification
of individual ligands, which is the most time-consuming aspect of the affinity
optimization process. This approach can dramatically decrease the time, expense,
and effort required to optimize a lead molecule, as the synthesis and purification
of discrete compounds is reserved for only the most interesting ligands that re-
quire more detailed functional studies. Also, the ability to multiplex compounds
for follow-up evaluation enables the rapid triage of multiple hits from a high-
throughput screening (HTS) campaign. HTS often generates multiple compound
series for which no objective assessment can be made a priori as to the likelihood
of any one series progressing through medicinal chemistry optimization. A well
designed, mixture-based optimization can enable the collection of critical data
that can be used to identify the most promising series from an HTS screen for
further follow-up.

This chapter describes a hardware platform for affinity selection—-MS using
continuous SEC, and the application of this platform to characterizing the bind-
ing interactions that most directly impact the medicinal chemistry component of
the drug development process. The first application is a technique for quantita-
tively measuring absolute protein—ligand binding affinities, commonly expressed
as the equilibrium binding constant K4. The second method relies on ligand—
ligand competition to yield two valuable results from mixtures of compounds:
(1) to distinguish same-site versus different, or allosteric, binding by multiple
ligands to the same target, thus providing insight into the location of ligand bind-
ing; and (2) to simultaneously measure the affinities of multiple ligands to the
target. Last, a method is presented for measuring the dissociation rates of small
molecule ligands from their protein targets, either as individual compounds or as
pools. Examples are shown for several drug targets of contemporary interest in
the pharmaceutical industry.

3.2
ALIS: An Affinity Selection—Mass Spectrometry System based on Continuous SEC

The schematic shown in Fig. 3.1 describes an optimized, integrated SEC-RPC-
MS-based affinity selection platform developed at NeoGenesis, dubbed the
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Fig. 3.1 Schematic of ALIS, an automated ligand identification system
that uses continuous size-exclusion chromatography for the study of
protein—ligand interactions.

Automated Ligand Identification System, or ALIS [40]. The ALIS system incorpo-
rates the following components: (1) an affinity selection stage, where a protein
target binds to ligands of moderate to high affinity (Kq values of 10 uM to sub-
nanomolar); (2) an SEC step that separates the protein-ligand complexes from
unbound compounds; (3) an RPC step that dissociates the ligands from the com-
plex; and (4) identification and quantitation of the dissociated ligands by MS.

In the affinity selection step, a protein target is incubated with one or more
compounds in a physiologically relevant buffer containing any necessary cofac-
tors, salts, metal ions, and detergents. The ALIS system is generic with respect
to target class, and the binding reaction can be performed using proteins of virtu-
ally any variety, including both soluble targets and membrane-associated proteins;
enzymes such as proteases, kinases, and phosphatases; nuclear hormone recep-
tors; and G protein-coupled receptors (GPCRs). Genomic targets from bacterial
or viral pathogens, especially novel target proteins that are derived from lethal
gene product deletions but are of otherwise unknown function, can be readily
studied to yield potential anti-infective compounds. Since the binding reaction is
solution based, potential ligands can query all protein surfaces and not just the
“active site,” enabling the discovery of ligands that act through allosteric bind-
ing and other mechanisms. The use of high-sensitivity MS enables ALIS to be
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used to characterize protein-ligand interactions while consuming only micro-
gram amounts of a purified, soluble protein target.

3.2.1
ALIS System Design

All the chromatography steps of the ALIS process are accomplished using a sin-
gle suite of hardware. As described in reference [38], in the ALIS system the SEC
and RPC-MS systems are directly coupled through a single valve. This strategy
reduces sample loss due to non-specific interaction with multiple surfaces or
through additional sample transfer steps, allowing maximum sample recovery,
improved system reliability, and good sample-to-sample reproducibility. Also,
since sample handling and tracking are minimized, improved workflow efficiency
enables a highly automated, “screening sample-to-results” process.

ALIS uses continuous SEC to isolate protein—ligand complexes from unbound
library members. Samples containing a target protein, protein-ligand complexes,
and unbound compounds are injected onto an SEC column, where the complexes
are separated from non-binding components by a rapid SEC step. As shown in
Fig. 3.2, the SEC column eluate is monitored using UV detectors to confirm that
the early-eluting protein fraction, which elutes in the void volume of the SEC
column, is well resolved from unbound components that are retained on the col-
umn. After the peak containing the protein and protein-ligand complexes elutes
from the primary UV detector, it enters a sample loop where it is excised from the
flow stream of the SEC stage and transferred directly to the LC-MS via a valving
mechanism. A second UV detector positioned after the valve records the SEC
components not delivered to the LC-MS. The primary detector shows the separa-
tion of the protein peak from unbound library members, and by comparing the
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Fig. 3.2 SEC chromatograms from typical ALIS experiments. (A) UV
responses from detectors positioned before and after a sampling valve
show that the protein-ligand complex, eluting at 20 s, is excised from
the SEC stream for transfer to RPC-MS. (B) An overlay of ten SEC
chromatograms demonstrates ALIS sample-to-sample reproducibility.
Reprinted from [40] with permission from Elsevier.
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two UV detector outputs, an operator can determine whether any unbound library
members might have been introduced to the MS. Another important operational
advantage of this configuration is demonstrated in Fig. 3.2B. In this screenshot,
an overlay of SEC chromatograms from a series of ALIS experiments shows good
symmetry and reproducibility for the protein peak, indicating no deleterious
interactions with the library or sample preparation that may cause misshapen or
absent protein peaks.

Following the SEC stage, the band containing protein-ligand complexes is im-
mediately transferred to an RPC column where ligands are dissociated from the
protein and trapped on the RPC stationary phase. The dissociated ligands are
eluted into a mass spectrometer for analysis, and automated software algorithms
search the mass spectral data to identify the ligands by their molecular weight.
ALIS reports only compounds that bind directly to the target of interest, prevent-
ing false positives that arise from off-target activity or interactions with substrates
or other reagents. Since ALIS directly identifies bound components by MS, the
incidence of false positives based on “bulk effects” and non-specific binding is
lower than that of biochemical assays that yield a secondary readout of activity.

33
Discovery of Ligands from Combinatorial Libraries

The ALIS platform has been used to successfully screen a variety of therapeuti-
cally valuable proteins against combinatorial libraries of small, drug-like com-
pounds, yielding novel ligands to a number of targets, including targets of un-
known function identified by genomic and proteomic profiling, well established
targets in the pharmaceutical industry, and popular but notoriously intractable
(or “hard”) targets for which the discovery of small molecule drugs has proven
difficult [41]. Mixture-based combinatorial libraries are designed using software
algorithms [42] to minimize the amount of mass redundancy present at both the
library synthesis and library pooling stages, while insuring that each member is
constructed from building blocks chosen to maximize the diversity of shape and
functionality [43]. As such, each library member is self-encoded by its molecular
weight [44, 45].

As an example, the bifunctional epoxy ester core (+)-2 was reacted with build-
ing blocks 3-18 to yield solution-phase library NGL127A443 containing nomi-
nally 512 substitutionally and stereochemically unique compounds (Figs. 3.3,
3.4). Of these, 82% have a molecular weight unique to 0.050 amu. This library
was combined with four other 500-member libraries to form a 2500-member pri-
mary library that was screened against the important antibacterial target dihydro-
folate reductase (DHFR, also known as Fol-A).

This screening experiment yielded the monochlorinated DHFR ligand 1 at m/z
515.24, corresponding to an [M+H]* ion with a monoisotopic molecular weight
of 514.23 amu. No signal for this ion was evident in an ALIS control experiment
with DHFR in the absence of the screening library (Fig. 3.5). Table 3.1 shows a
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Fig. 3.3 Synthetic scheme for mass-encoded library NGL127A443
containing isobaric positional isomers 1 and 19. Reprinted from [40]
with permission from Elsevier.
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Fig. 3.5 (A) Extracted ion chromatogram (XIC) of m/z 515.2 (M+H)*
from an ALIS experiment with DHFR and NGL127A443. (B) XIC of m/z
515.2 from control experiment (no library). (C) Mass spectrum of the
region near m/z 515.2 underlying the XIC peak in A. Reprinted from
[40] with permission from Elsevier.

portion of the membership of the 2500-member screening library; only one of the
five combined libraries contains a monochlorinated member within 0.05 amu of
the measured molecular weight.

An independent affinity selection experiment confirmed that the ligand origi-
nated from library NGL127A443. Compound 1, also known as NGD-157, and its
positional isomer 19 were then synthesized as purified, discrete compounds for
ALIS binding confirmation and measurement of their binding affinity, competi-
tion profiles versus other, known DHFR ligands, and their biological activity. As
demonstrated in detail below, NGD-157 was found to bind specifically to the
active site of DHFR with a K4 of 3.5 4+ 1.7 uM. Isomer 19 was found to be inac-
tive in ALIS binding experiments and in bacterial growth inhibition assays.

The discovery of DHFR inhibitor NGD-157 demonstrates that ALIS is an
efficient system for identifying novel, bioactive lead compounds from large
combinatorial libraries. A single ALIS experiment containing over 2500 com-
pounds is complete in under 10 min, allowing more than 250 000 compounds to
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Table 3.1 A portion of the membership of the ALIS screening library,
composed of NGL127A443 (library 3 in this table) and four other
libraries, which yields DHFR ligand 1 (NGD-157, entry 11). Compounds
of similar exact molecular weight (EMW) are distributed among the five
pooled libraries to minimize mass overlap and simplify hit
deconvolution. Reprinted from [40] with permission from Elsevier.

Entry EMW Formula Library
1 2 3 4 5
1 511.2220 C9H29N504 *
2 511.2318 Cy7H33N305 *
3 511.2318 Cy7H33N307 .
4 511.2431 Cy6H33N506 *
5 511.2482 Cy3H34N3;O5F *
6 511.2642 Cy3H37N50g *
7 511.2795 C,7H37N505 *
8 512.2383 Cy5H3yNgOg *
9 512.2999 CsHy4oN4Os *
10 513.2475 Cy7H35N305 *
11 514.1983 Cy6H31CIN,Os *
12 514.2791 Cy7H35N4Og *
13 514.2791 Cy7H33N4Og .
14 515.1823 C6H30N304Cl *
15 515.2631 Cy7H37N305 ¢
16 515.2631 Cy7H37N505 *
17 515.2631 C,7H37N307 *
18 515.2631 CyyH37N305 .
19 516.1940 Cy6H30CIN4FO, *

be screened from a single 96-well plate of libraries per day. Only 10 pmol (0.5 pg)
of protein is consumed per sample, and the ALIS screening campaign for Escher-
ichia coli DHFR against 1500, 2500-member libraries, representing >3 500000
compounds, consumed a total of 1.0 mg protein.

It is important to note that the same ALIS hardware and software used for com-
binatorial library screening is applicable to characterizing protein—ligand interac-
tions using the methods described below.

3.4
Quantitative Binding Affinity Measurement

The first measure of a candidate compound’s efficacy in a drug discovery pro-
gram is its specific binding affinity to a desired biomolecular target. Therefore,
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the development of improved methods to accurately determine the absolute bind-
ing affinities of drug-like small molecules to their receptors is an active and fruit-
ful area of research. Most methods for absolute affinity quantitation (as compared
to relative affinity measurements based on displacement of a known inhibitor)
rely on titration of a receptor by a ligand and readout of a signal corresponding
to formation of the receptor-ligand complex. In the case of spectroscopic meth-
ods, the readout is based on emission or absorption of electromagnetic radiation;
for thermophysical methods such as isothermal calorimetry, the readout is based
on emission of heat. In ALIS, the protein-ligand complex concentration is deter-
mined from the MS signal measured for the ligand after its dissociation from the
complex. This section describes a straightforward ALIS-based titration method to
quantify the binding affinities between unlabelled small molecules and their na-
tive protein targets.

3.4.1
Theory

Single-site binding of a ligand to a receptor is described by the following equilib-
rium expression, here using nomenclature familiar from Michaelis—Menten ki-
netic analyses, with E representing the receptor (for example, an enzyme) and S
representing the ligand (for example, an enzyme’s substrate):

E+S=ES (1)

The protein-ligand binding affinity is usually expressed as the equilibrium disso-
ciation constant, Ky, which is described by the following relationship between the
concentrations of free receptor [E], free ligand [S], and the receptor-ligand com-
plex [ES]:

_ [E][S]
Ky = TES] (2)

Some titration methods utilize high ligand-to-receptor ratios to simplify data anal-
ysis, and in these cases depletion of the ligand concentration by binding to the
target can be ignored, which simplifies the analysis. In the ALIS method, the
receptor and ligand concentrations are comparable in magnitude and ligand de-
pletion must be explicitly considered as the titration results are analyzed. Expres-
sions for free receptor and ligand may be written in terms of total receptor and
total ligand concentrations [E], and [S],, respectively:

[E] = [E], — [ES],

3)
[S] =[Sl — [ES]

These values can be substituted into the original expression defining K4. Here, no
assumptions or simplifications regarding ligand depletion are made:
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([Elo — [ES[};(S[]S}O — [ES]) )

Ky =

Solving this quadratic equation for protein-ligand receptor concentration [ES]
yields the following expression. Here, the protein—ligand complex concentration
[ES] is defined in terms of the K4 and the total receptor and ligand concentrations
[E], and [S]:

[ES] = 5 (Ks + [S]o + [Elo — \/ (Ka + [S]y + [Ely)? — 4[E),[S),) (5)

1
2

ALIS measures the MS response of the ligand following its dissociation from the
protein-ligand complex. Therefore, the magnitude of the MS response corre-
sponds to the equilibrium concentration of the receptor-ligand complex concen-
tration [ES] times the compound’s MS calibration factor Cys, which depends on
the ionization efficiency and other molecular properties of the ligand:

MS Response = Cys[ES] (6)

Substituting this expression into the equation above yields a new expression relat-
ing the MS response to four variables: the total ligand concentration [S],, which is
the known, independent variable in a titration experiment; the Ky, which is the
dependent variable of interest; the total receptor concentration [E],; and the MS
response calibration factor Cys:

MS Response

= %(Kd + [S]y + [Ely — \/(Kd +[S]o + [Elo)” — 4[El,[S,) (7)

Therefore, plotting the ALIS MS response from a titration series versus the total
ligand concentration yields a saturation binding curve that can be fit to this equa-
tion by nonlinear regression analysis to yield the Ky of the ligand of interest.
The MS response calibration factor Cys can be determined independently by
injecting samples of known ligand concentration into the MS and correlating
the response with the amount injected. This allows quantitative determination
of the receptor-ligand complex concentration at each data point of the titration,
and enables accurate measurement of the total receptor concentration [E], as the
asymptote of the saturation binding curve. However, in practice it is simpler to fit
the titration curve data to yield the MS calibration factor by non-linear regression,
since this obviates the need to create calibration curves for each ligand under
study. Another advantage of fitting the MS response factor is that any minor
losses of ligand in the ALIS system (for example, due to protein-ligand complex
dissociation during the SEC stage) are corrected for and do not influence the Ky
estimate. In the absence of a calibration curve, solving for the MS response factor
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[Slo, 1M

Fig. 3.6 Simulated ALIS saturation binding experiments for ligands of
varying affinity to a single-site receptor present at 5.0 uM concentration.

Cus by regression analysis may not yield an accurate value for either this variable
or for [E],, as the two variables are highly coupled in the regression results. For-
tunately, the fit value of the Ky variable is not so highly coupled, and can be de-
termined with good confidence [46].
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Fig. 3.7 ALIS titration experiment for warfarin vs 5.0 uM HSA.
Duplicate injections shown. (A) Fitting the data by nonlinear regression
analysis yields a K4 of 5.6 + 1.0 uM. (B) Data from A, plotted as a
sigmoidal curve to better show the fit at low titrant concentrations. (C)
Residuals plotted as absolute and (D) as percent of signal.
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Fig. 3.8 Examples of the ALIS-based Ky titration experiment for a
variety of compounds and protein targets. (A) Compound “Merck-1" vs
5.0 uM Akt-1, K4 = 0.3 £+ 0.1 uM. (B) Staurosporine vs 4.5 uM JNKT,
Kg =1.0 £ 0.4 pM. (C) NGD-3350 vs 2.5 uM M; receptor,

K4 = 0.7 + 0.1 pM. (D) NGD-157 vs 5.0 uM DHFR, Kg = 3.5 + 1.7 uM.

3.4.2
Simulations and Experimental Results

Figure 3.6 shows the simulated titration of a receptor at a fixed concentration by
increasing concentrations of a ligand that binds a single site. Because the recep-
tor concentration is fixed, the ligands saturate the receptor at high concentrations,
and the amount of receptor-ligand complex present asymptotically approaches
the total receptor concentration. Importantly, the rate at which saturation occurs
— the steepness of the hyperbolic portion of the binding curve — depends on the
binding affinity.

Such a titration using ALIS is operationally simple to execute. First, samples of
varying ligand concentration are generated by serial dilution (for example, 80, 40,
20, 10... uM), and then each sample is incubated with a fixed concentration of
the receptor, and subsequently injected on the SEC-RPC-MS system for analysis.
Figure 3.7 shows the results of such a titration experiment for the small molecule
ligand warfarin binding to human serum albumin (HSA, 5 uM) as its protein tar-
get. The x-axis of this plot is the total warfarin concentration, which includes both
bound and unbound ligand. Fitting the raw data to the equation above yields a K4
value of 5.6 + 1.0 uM, which is consistent with literature values determined by
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frontal affinity chromatography and other methods [47]. The sigmoidal represen-
tation of this data and plots of the residuals of the curve fit demonstrate how well
the model fits the raw data.

Further examples of the ALIS-based K4 measurement are shown in Fig. 3.8.
Here, in Fig. 3.8A, titration of Akt-1 kinase (PKB-u) by the known ligand Merck-
1 yields a Ky value of 0.3 + 0.1 uM, which correlates with its reported ICsy value
of 0.4 uM [48]. Figure 3.8B shows binding of Staurosporine to Jun N-terminal
kinase 1 (JNK1), yielding a K4 value of 1.0 + 0.4 pM, which corresponds well to
its ICsg value of 0.5 uM. As a further example, Figure 3.8C shows that NGD-3350
binds its GPCR target, the M, muscarinic acetylcholine receptor, with a Ky of
0.7 + 0.1 uM, which compares to its K; value of 0.2 pM [49]. Finally, the DHFR
ligand NGD-157, described in the preceding section, yields a K4 value of 3.5 + 1.7
uM by ALIS titration shown in Fig. 3.8D. Independent isothermal calorimetry
experiments indicate that NGD-157 binds DHFR with a K4 of 5.9 uM [50].

Titration experiments in the presence of allosteric-binding proteins, peptides,
and cofactors can indicate whether a ligand’s binding affinity is positively or neg-
atively affected by binding of the allosteric ligand. The next section of this chapter
describes a method of determining ligand-ligand binding cooperativity where
two ligands are detectable by ALIS.

3.5
Competition-based Binding Site Determination and Affinity Ranking in Mixtures

The location on a target protein at which a potential drug lead binds is a key de-
terminant of its biological efficacy. For example, the mechanistic basis of many
therapeutic compounds, especially those that target enzymes, involves in vivo
competition by the drug with another ligand or cofactor for a particular binding
site on the protein target [53]. Therefore, the ability to characterize the binding
site of a small molecule ligand with respect to known cofactors, substrates, or
other small molecule drugs having known binding sites is of paramount impor-
tance in the drug discovery process. Techniques to classify ligands according
to binding site are especially important for protein targets where no atomic-
resolution structural data is available (for example, from NMR or x-ray crystallo-
graphic analysis), including GPCRs and other membrane-associated proteins.

The ability of a known competitor ligand to displace a target-bound library
member — as measured by ALIS — reveals the binding site classification and affin-
ity ranking of mixture components [36]. In practice, affinity selection experi-
ments are performed with samples containing a constant concentration of the li-
gand(s) of interest and serially increasing concentrations of a competitor ligand.
In these experiments, the ALIS responses of the ligands and the competitor re-
flect the equilibrium concentrations of each protein-ligand complex.

The competitor used in these experiments may be either a known ligand or
MS-sensitive substrate or cofactor for the target of interest, a representative cho-
sen from multiple ligand classes discovered in a high-throughput screening cam-
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Fig. 3.9 ALIS-MS results for the titration of 5 pM HSA with warfarin in
the presence of a 5 um concentration of its stable isotope-labeled
congener warfarin-De. Increasing concentrations of warfarin reduce the
response of warfarin-Dg due to isosteric binding competition. Reprinted
from [39] with permission from the American Chemical Society.

paign, or the progenitor of a series of structural analogs synthesized for affinity
ranking. If two ligands bind at different sites, the method can yield their absolute
binding affinity and a quantitative assessment of the degree of allosteric coopera-
tivity between them.

3.5.1
Binding Site Classification

The example shown in Fig. 3.9 demonstrates this technique for the HSA ligand
warfarin in competition with its stable isotope-labeled congener warfarin-Dg.
Here, the concentration of the receptor and deuterated ligand are held constant
while warfarin is added at increasing concentrations. The ALIS MS response of
warfarin increases while the response of warfarin-Dy diminishes as it is competed
from its binding site on HSA. This is an absolute example of direct binding com-
petition (Scheme 3.1), since the labeled and unlabeled compounds bind the same
site with identical affinities, yet are distinguishable by their different molecular
weights. Importantly, if two compounds bind the same site, the ratio of the ALIS

Kag2 Kg1
ESy ——— E + § ——— ES

+82

Scheme 3.1 Isosteric competition diagram.
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Fig. 3.10 Examples of isosteric binding competition. (A) ALIS-MS
results for the titration of 5 uM Zap-70 by staurosporine in the presence
of a 5 m concentration of its structural congener K252a; and (B)
titration of 5 uM DHFR with the known DHFR inhibitor trimethoprim in
the presence of ligand NGD-157 at 5 um concentration. Linear MS
response ratios in these experiments are consistent with direct binding
competition. (C) Compound structures.

responses for two competing ligands will be linear as a function of increasing
titrant.

As another example of direct binding competition, Fig. 3.10 shows competition
profiles for the emerging immunosuppression target Zap-70 kinase [54] using
staurosporine and its structural congener K252a, both well known ligands for
active sites of nearly all protein kinases. As expected, these two structurally simi-
lar ligands yield a linear ratio of MS responses, consistent with direct binding
competition. Though ATP has poor sensitivity in electrospray ionization MS, the
Zap-70 example demonstrates that a known ATP-binding site inhibitor such as
staurosporine can be used in ALIS as an ESI-MS-sensitive surrogate of ATP or
other nucleotide ligand. As another example, and one that demonstrates the
method for two compounds of very different structure, the DHFR ligand NGD-
157 (whose K4 determination was shown previously in Fig. 3.8) is directly com-
petitive with the known DHEFR ligand trimethoprim [55] as shown by the linear
response ratio plotted in Fig. 3.10B.

ALIS competition experiments can also demonstrate whether two ligands bind
allosterically with respect to one another. Such allosteric binding can be positively
cooperative, where binding by one ligand enhances binding by a second; or nega-
tively cooperative, such that binding by the first diminishes binding by a second,
or non-cooperative, so binding by one has no effect on the binding of another li-
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Scheme 3.2 Allosteric competition diagram.

gand. Scheme 3.2 shows the ternary complex model of allosteric binding [56]. In
this model, ligands S; and S, bind distinct sites on receptor E with dissociation
constants Ky; and Ky,, respectively. However, if both ligands bind simultaneously
to the receptor, they may affect each other’s binding constant by an amount
described as the binding cooperativity factor, denoted here as o. For example, S;
binds to E with dissociation constant Ky, but it also binds to the binary complex
E S, to form ternary complex E S; S, with dissociation constant o Ky;. Where
o > 1, allosteric interaction by one of the ligands increases the dissociation con-
stant of the other, resulting in negative binding cooperativity. Where « < 1, posi-
tive cooperativity results, and if « = 1, binding by one ligand has no effect on the
binding of the other [57].

ALIS cannot separate binary protein-ligand complexes from allosterically
bound ternary complexes; all protein-ligand species co-elute from the SEC stage.
The measured recovery of a particular ligand therefore represents the sum of the
protein-ligand complexes containing that ligand. As a consequence, the ratio of
the ALIS MS responses of a titrated competitor versus an allosteric ligand will not
be a straight line, as was the case with direct competition; rather the ratio plot
will be an asymptotically bound hyperbolic curve if the two ligands can form a
ternary complex with the protein target.

The Akt-1 kinase ligand NGD-28835, discovered by ALIS screening of mass-
encoded libraries against the basal form of its target [58], provides an example of
allosteric binding interaction. As shown in the ALIS titration experiment for Akt-
1 and NGD-28835 versus staurosporine in Fig. 3.11, the ALIS response for staur-
osporine is diminished to a constant value while the titrant response plateaus as
the receptor reaches saturation. This yields an asymptotically bound response
ratio, indicating allosteric binding with respect to staurosporine and detection of
a ternary complex of Akt-1, staurosporine, and NGD-28835 by ALIS. This result is
consistent with NGD-28835 binding outside the ATP-binding pocket of Akt-1, and
indicates negative binding cooperativity by NGD-28835.

Compounds that inhibit Akt-1 are of increasing interest as possible oncology
therapeutics [59]. Akt-1 is a multi-domain protein that is known to be activated
after binding of its pleckstrin homology (PH) domain to its endogenous target.
A report from researchers at Merck indicates that their Akt-1 inhibitor does
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ligands and staurosporine. (C) Titration of 5
uM Akt-1 plus 5 uM NGD-28835 by Merck-1
does yield a linear ratio of MS responses,
indicating these two compounds bind the
same site on Akt-1. (D) Compound
structures.

indicate allosteric binding between these two

not bind to the kinase domain; rather, it binds Akt-1 at its PH domain [60]. ALIS
competition experiments between staurosporine and the Merck compound
(Merck-1) indicate allosteric binding between these two ligands, as evidenced by
the hyperbolic ratio plot of the ALIS responses in the titration experiment shown
in Fig. 3.11B.

NGD-28835 and Merck-1 both bind allosterically with respect to staurosporine.
To test whether NGD-28835 and Merck-1 bind the same site, ALIS competition
experiments were conducted with these two compounds. Though they are struc-
turally dissimilar, a linear ratio plot in Fig. 3.11C confirms isosteric binding for
these two compounds, indicating that they both bind the PH domain and effect
a biological response through this mechanism, rather than through traditional
binding to the kinase active site. It is noteworthy that the ALIS competition
method can discern the binding sites of ligands to the inactive form of a receptor
(here, the basal form of a kinase), which is a challenging task using traditional
biochemical assays.
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3.5.2
Affinity Ranking in Compound Mixtures

Advances in chemical synthesis have enabled considerable sophistication in the
construction of diverse compound libraries to probe protein function [61, 62].
However, few general techniques exist that can directly assess binding mecha-
nisms and evaluate ligand affinities in a multiplexed format. To realize the full
potential of combinatorial chemistry in the drug discovery process, generic and
efficient tools must be applied that combine mixture-based techniques to charac-
terize protein-ligand interactions with the strengths of diversity-oriented chemi-
cal synthesis.

ALIS-based techniques enable researchers to rank the affinity of multiple li-
gands for a protein receptor while simultaneously showing whether the ligands
bind the same site as a competitor ligand or bind an allosteric site. As a simple
example to describe the basis of the method, the warfarin versus warfarin-Dg
competition data shown previously in Fig. 3.9 yields sigmoidal curves when nor-
malized and plotted on a logarithmic axis (Fig. 3.12). The total competitor con-
centration at which each protein—ligand complex concentration (here, warfarin-
Dy) is reduced to half its value in the absence of the competitive ligand is defined
as the affinity competition experiment 50% inhibitory concentration (ACEs
value) and is dependent upon the Ky of the ligand and other experimental param-
eters (Fig. 3.12A). The ACEsy value, which describes the concentration of the
competitor required to compete out 50% of the ligand of interest, is the converse
of the ordinary definition of a biochemical or biophysical ICsy, which describes
the concentration of the ligand of interest required to compete out 50% of a
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Fig. 3.12 The ALIS affinity competition ACEsq experiment for a three-component
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warfarin-Dg ALIS competition data from Fig. (an overall 9-fold difference) highlighting
3.9, normalized and plotted on a logarithmic  that the method is insensitive to ligand
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titrant concentration at which the ligand from [39] with permission from the American
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known compound, for example, a radioligand. In contrast to a conventional ICs
value, a higher ACEs, value indicates a higher-affinity ligand: greater competitor
concentration is required to displace the compound of interest from the binding
site.

Though the ALIS ACEsy method resembles a radioligand displacement assay,
the MS-based readout enables multiple components to be measured simultane-
ously, an advantage which is not possible using radiochemical or fluorescence
methods. Fig. 3.12B demonstrates a simulated titration of a three component
mixture where the total concentration of all pool components (1 pM each, 3 uM
total) is less than the total receptor concentration (simulated at 5 uM). Under
these conditions, individual library components bind independently to the excess
receptor and compete only with the titrant, and not with one another, and the
ACEjs value of each component depends upon its Kyq. The dashed lines simulate
variation in the concentration of each component by a factor of +3 (an overall
nine-fold difference in concentration). As the simulation shows, the ACEs, values
are insensitive to ligand concentration: Over a nine-fold variation in the concen-
tration of any ligand, the ACEs, values are virtually unchanged. This feature is
valuable because it allows the ACE5y method to be applied where the concentra-
tions of the mixture components are not accurately known; for example, to the
direct products of a mixture-based combinatorial chemical synthesis. As such,
the method enables unpurified combinatorial mixtures to be used for the affinity
optimization of a lead compound’s chemical structure, a problem of great impor-
tance in the pharmaceutical industry.

The ACEsy method for ranking compounds by their protein-ligand binding
affinity is demonstrated in Fig. 3.13 for a mixture of ligands to the M, recep-
tor. This mixture contains representatives of compounds of different structural
classes, including analogs of NGD-3346, discovered by ALIS screening of combi-
natorial libraries. The known M, active site inhibitor atropine was used as the
titrant against 2.0 pM M, in the presence of 0.5 uM per component compound
pool. The ACE;, curves indicate clear differences in affinity, with NGD-3350 ex-
hibiting a higher affinity than its structural congeners NGD-3348 and NGD-
3346. This result correlates well with those from independent biochemical activity
measurements and ALIS-based Kj titration experiments. ALIS saturation binding
experiments with the individual M, ligands yield the same rank-order of affinities
as revealed by the ACEs, experiment: Kgs of 0.7, 2.1, 2.9, and 6.2 pM were mea-
sured for NGD-3350, NGD-3348, NGD-3346, and NGD-3344, respectively. The
compound with the highest ACEs, value, NGD-3350, has the best Ky at 0.7 pM,
and this compound also shows the best biochemical activity in a cell-based cAMP
assay [63]. In a tissue-based assay for M; antagonism, NGD-3350 yields an ICsy of
9.6 uM [64, 65]. Only this compound shows significant activity in tissue, consis-
tent with the remaining compounds all having lower affinity as determined by
ACEs ranking, ALIS Ky titration, and M, antagonist activity in the CAMP assay.

It is also noteworthy that the ACEs technique for affinity ranking also allows
mixture components to be classified as either allosteric or directly competitive
with another ligand of interest. In the M, example, reanalyzing the sigmoidal
ACEs curves in Fig. 3.13 as the ratio plots instead shows that the response ratios
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Fig. 3.13 The ACEsq method demonstrated for a mixture of ligands at
1 uM per component to the M, receptor at 5 pM concentration. (A)
NGD-3350 requires the greatest competitor concentration to be
competed from the receptor, indicating that it is the highest affinity
ligand. (B) Ratio plots indicate direct binding competition with
atropine. (C) Select compound structures. Reprinted from [39] with
permission from the American Chemical Society.

are linear, indicating that all the ligands examined are directly competitive with
atropine. Consistent with this result, the biochemical assays mentioned above all
show that the ligands tested, like atropine, are antagonists of M.

These results highlight the ability of the ACEso method to simultaneously rank-
order compounds by affinity, especially mixtures of structural analogs synthesized
by combinatorial chemistry techniques. The method is particularly valuable for
identifying those compounds with improved affinity relative to a progenitor, for
example, the improved affinity of NGD-3350 relative to its parent NGD-3346.
Through multiple iterations of combinatorial analog synthesis and ACEs, analy-
sis, structure—activity relationships can be developed for the compound series and
the potency of the initial hit can be optimized, even in the absence of a biochem-
ical assay.

3.6
Protein-Ligand Dissociation Rate Measurement

The biological efficacy of a drug candidate depends critically on the rate at which
it dissociates from its therapeutically relevant target biomolecule. As described in
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greater detail below, the binding affinity of a small molecule for its receptor also
depends upon its dissociation rate (or “off-rate””). Therefore, within a series of
compounds having comparable association rates (“‘on-rates”), compounds with
slower off-rates have, by definition, greater affinity for their protein target. Also,
the more slowly a compound dissociates from its receptor, the more time it
spends on the receptor effecting its desired biological outcome, and the less time
it is subject to metabolism, excretion, or off-target binding and undesired side-
effects. Therefore, for highly potent compoun