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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 Wüthrich 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-

XV



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 Höfner, 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 Dötzer, for their

ongoing support of our series ‘‘Methods and Principles in Medicinal Chemistry’’.

Raimund Mannhold, Düsseldorf

Hugo Kubinyi, Weisenheim am Sand

Gerd Folkers, Zürich November 2006
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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

XVII



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 Höfner
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Introduction to MS in bioanalysis





1

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 yielded 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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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 (Mþ.) with an odd electron number or

protonated ions ([MþH]þ) 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. Mr 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 12C. 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: 12C for

98.9% and 13C for 1.1% abundance, respectively. For cyclohexane (C6H12) the

Mþ. ion composed exclusively of 12C and 1H 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

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.
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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 (Mþ. þ 1) is observed at m/z 85 with

an abundance of 6.5% corresponding to one 13C, five 12C and 12 1H atoms. An

even weaker peak (0.2% abundance) is visible at m/z 86 (Mþ. þ 2) corresponding

to two 13C, four 12C and 12 1H 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 Mr 192 the intensity of the m/z 194 ion represents

12% of the [MþH]þ peak (m/z 193; Fig. 1.3A). Chlorine (Cl) has two intense

isotopes: 35Cl and 37Cl (76% and 24% abundance, respectively). Replacing one H

by a Cl atom results in a change of the isotopic distribution of the molecule

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 12C 12.000000 98.9
13C 13.003354 1.1

Hydrogen 1.0080 H 1.007825 99.985

D 2.013999 0.015

Oxygen 15.993 16O 15.994915 99.76
17O 16.999133 0.04
18O 17.999160 0.20

Nitrogen 14.0067 14N 14.0030698 99.64
15N 15.00010 0.36

Chlorine 35.4610 35Cl 34.968849 75.77
37Cl 36.999988 24.23

Bromine 79.9035 79Br 78.918348 50.5
81Br 80.916344 49.5

Sulfur 32.066 32S 31.97207 95.02
33S 32.971456 0.75
34S 33.96787 4.21
36S 35.96708 0.02

6 1 Mass Spectrometry in Bioanalysis – Methods, Principles and Instrumentation



(Fig. 1.3B). The [MþH]þ þ 1 peak is not affected, while the [MþH]þ þ 2 is in-

creased to about 25%. The replacement of the F by a second Cl results in an in-

crease of the [MþH]þ þ 2 and [MþH]þ þ 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 (Dma) 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 (Dm) 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 Dm of the a single peak at its full width at half maximum

(Fig. 1.4, Dmb).

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

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 12C isotope; Mþ1

represents the molecular ion with only one 13C isotope; Mþ2

represents the molecular ion with only two 13C isotope; and so on.
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Fig. 1.3 The influence of chlorine on the isotopic distribution. (A) No

chlorine atom, (B) one chlorine atom, (C) two chlorine atoms.

Fig. 1.4 Illustration of the mass resolution using two peaks of equal

intensities (Dma) and a single peak (Dmb).
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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

(C27H30N5O6S, Mr 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 15 000 (Fig. 1.5C) or even 500 000 (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 [MþH]þ. The mass of the electron is about 2000 times lower than of

the proton and corresponds to 9:10956� 10�31 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 [MþH]þ þ 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 500 000 the contribution of 15N, 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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1.3

Ionization Techniques

1.3.1

Electron Impact and Chemical Ionization

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 (Mþ.) 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

Fig. 1.5 Simulated isotopic distribution of the protonated bosentan

(C27H30N5O6S) at mass resolving power: (A) R ¼ 1104, with a peak

full width at half maximum (FWHM) of 0.5 u. (B) R ¼ 5520, FWHM ¼
0.1 u. (C) R ¼ 15 000. (D) R ¼ 500 000 with isotopic contribution of
15N (peak 1), 33S (peak 2) and 13C (peak 3).
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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.

Fig. 1.6 (A) Electron impact spectrum obtained on a single quadrupole

mass spectrometer of a compound with Mr ¼ 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.
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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, CH4 þ e� ! CH4
þ. þ 2e�). In positive

chemical ionization (PCI) the radical cations undergo various ion–molecule reac-

tions to form ‘‘CH5
þ’’ and finally lead to the formation, after proton transfer

(CH5
þ þM ! [MþH]þ), 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 Ionization

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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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 mm 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

Fig. 1.7 Single stage pumping atmospheric pressure ionization

interface with curtain gas. The size of the orifice is ca. 100 mm, q0 acts

as a focusing quadrupole and the nitrogen curtain gas prevents neutral

molecules being introduced into the mass spectrometer. T ¼
Temperature of the cryoshells (in Kelvin); p ¼ pressure.

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 (10 000 L s�1 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 ¼ 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 ml min�1. 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�1, 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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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 (Mr ¼ 16 908.50). The mass spectrum of the protein corre-

sponds to a distribution of multiply charged ions obtained through protonation

([MþzH]zþ). The ion at (m/z)1 846.4 corresponds to human gamma interferon

protonated 20 times [z1� (m/z)1 ¼ Mr þ z1 �mp], Mr being the relative molecular

mass of the protein, z1 the number of charges and mp the mass of the proton.

Because each pair of ions differs by one proton [(m/z)2 806.1 bears 21 protons]

the charge state (zi) of any ion and therefore the relative molecular mass of an

unknown protein can be determined with the following equations:

z2 ¼ ðm=zÞ1 �mp

ðm=zÞ1 � ðm=zÞ2
ð1Þ

Mr ¼ z2 � ½ðm=zÞ2 �mp� ð2Þ

where z is charge, m is mass and mp 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

Fig. 1.9 Pneumatically assisted electrospray. The coaxial nitrogen gas

assists the electrospray process allowing to operate at flow rates of

several hundred microliters.
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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

Fig. 1.11 Electrospray as an electrophoretic cell. Adapted with permission from reference [28].

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

16 908G 2 Da.
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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 mL of sample.

1.3.2.2 Atmospheric Pressure Chemical Ionization

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 mL min�1, 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-

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 N2
þ.

are formed by electron impact. These ions react further with water in several

steps by charge transfer to form H3O
þ. 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 Mr < 2000 which

do not undergo thermal decomposition. Singly charged ions [MþH]þ 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 mL min�1 to 1 mL min�1. 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-

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.
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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 HSO4
� ion (data not shown). The ion at m/z 315 corresponds to 3-hydroxy

retinoic acid generated in the source by the loss of SO3. The second ion at m/z
297 corresponds to the loss of an additional 18 units (H2O). 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 Ionization 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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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 s�1) 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].

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].
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1.3.3

Matrix Assisted Laser Desorption Ionization

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

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.

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
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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].

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.
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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

mm 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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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-

Fig. 1.18 Schematic of a triple quadrupole instrument. Stage q0:

focusing quadrupole; Q1, Q3: mass analyzing quadrupoles; q2: collision

cell. In the present configuration the collision energy (CE) is determined

by the potential difference between q0 and q2.

Fig. 1.17 The quadrupole mass analyzer is formed by four circular or

hyperbolic rods placed in parallel. F Quadrupolar potential.
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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 (N2 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 MSn 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 (Mr ¼ 551, Fig. 1.19) has two metabolites corresponding

to the tert-butyl hydroxylation product (Mr ¼ 567) and the dealkylation of the me-

thoxy group to form the phenol (Mr ¼ 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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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 [MþH]þ

(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.

Fig. 1.19 (A) Q1 full-scan spectrum of bosentan [(MþH)þ, m/z 552],

its demethylated metabolite [(MþH)þ, m/z 538] and its hydroxylated

metabolite [(MþH)þ, m/z 568], (B) product ion spectrum of bosentan,

(C) precursor ion spectrum, (D) neutral loss spectrum. Electrospray

ionization is in positive ion mode.
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1.4.3

Ion 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 r 2 ¼ x2 þ 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 (a; 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 qz value. The higher m/z ions will be located at lower q values while the

lower m/z will be located at the higher qz 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

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.
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ejection is another procedure which can generate a mass spectrum with a higher

mass range. Ion 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 MSn. 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 MSn (MS3) sequence is illustrated in Fig. 1.21. To

obtain a MS2 spectrum the precursor ion is isolated and then excited while frag-

ments are trapped. The next step to obtain an MS3 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 MSn 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,

Fig. 1.21 Typical MS3 scheme m/z 552 ! m/z 202 !. In a first step

the protonated bosentan molecule at m/z 552 is isolated and

fragmented (MS2). 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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MS2 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 MS2 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 MSn 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 50 000) 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.

Fig. 1.22 Various MS2 and MS3 spectra of bosentan: (A) MS2, (B)

MS3, (C) MS3, (D) MS3. F1 to F4 correspond to the main fragments of

bosentan obtained also on the QqQ.
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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 Ion 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).

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].
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In the triple quadrupole linear ion trap, tandem MS2 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 MS2, MS3 and MS4 experiments are required to ob-

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.

Fig. 1.25 Quadrupole CID spectra and ion trap CID spectra for trocade

(Mr 403): (A) MS/MS on QqQLIT, (B) MS, (C) MS2, (D) MS3, (E) MS4.

Spectra B–E were recorded on a 3D ion trap).
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tain the low mass fragments. In the triple quadrupole linear ion trap MS3 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 QqQLIT is that the instrument can be operated in various ways, as de-

scribed in Table 1.4 [61, 62]. MS2 spectra are obtained in the quadrupole CID

mode while MS3 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 (QqQLIT).

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

monitoring mode (SRM)

Resolving (fixed) Fragment Resolving (fixed)

Enhanced Q3 single MS

(EMS)

RF only No fragment Trap/scan

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

MS3 Resolving (fixed) Fragment Isolation/fragment trap/scan

Time delayed

fragmentation (TDF)

Resolving (fixed) Trap/no fragment Fragment/trap/scan

Enhanced resolution Q3

single MS (ER)

RF only No fragment Trap/scan

Enhanced multiply charged

(EMC)

RF only No fragment Trap/scan
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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 Ec ¼ 0:5m � v2 (m ¼ mass, v ¼ speed). Therefore, the speed of

ions or the time to fly through the tube is proportional to their
ffiffiffiffiffiffiffiffiffi
m=z

p
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

msec) 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 200 000 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).

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.
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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 m/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 15 000 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

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).
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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
40 000), mass resolving power of 10 000 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-

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.
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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

(o-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 MSn 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–Ion 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].

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 100 000 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� 10�8 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 MSn 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 (o) of the ions oscillating along the z-axis. There is no collisional

cooling inside the orbitrap, which operates at very high vacuum (2� 10�8 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 100 000 (FWHM) and a mass accuracya 3 ppm. To be opera-
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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 MSn 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 MS2 and MS3 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

Ion 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

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].
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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

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.

Fig. 1.32 Straight channel electron multipliers (CEM) are typically used

in quadrupole-type mass spectrometers.
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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 106 microscopic glass

channels, ca. 5–50 mM in diameter, bound together and electrically connected

with each other. Each channel operates as a continuous dynode electron multi-

plier (Fig. 1.35).

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.

Fig. 1.34 In the photon multiplier detector ions are transformed into

photons which are detected by a photomultiplier.
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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.

Fig. 1.35 Multi-channel plate multiplier. Each hole corresponds to a single channel detector.
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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 (2H or 13C) 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 Mr of the analyte is higher than 400

and when the limit of quantification is not below the ng ml�1 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.

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. Ions 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�1 calibration sample is reanalyzed (n ¼ 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�1. 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 –

C01 6 1 0.994 99.4

C02 7 2 1.991 99.6

C03 8 4 4.124 103.1

C04 9 10 10.19 101.9

C05 10 20 19.93 99.7

C06 11 50 46.44 92.9

C07 12 100 102.1 102.1

C08 13 200 203 101.5

QC04 35 10 5.925 59.3
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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�1 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

Fig. 1.37 Selected reaction monitoring mode LC-MS/MS analysis of the

same human plasma sample standard at 10 ng mL�1 placed at

different positions in the analytical sequence: (A) at position 9, (B) at

position 35. The peak at RT ¼ 2.7 min corresponds to the analyte and

the peak at RT ¼ 3.5 min to the internal standard. Detection was

performed in the negative mode.
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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 14C or 3H 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.

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 HU1–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

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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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�1. Due to the miniaturization sample consumption is very low

(typically 1–3 ml) and acquisition time is no longer critical. Therefore various MS

experiments can be performed on various instruments, including MSn 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

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�1.
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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

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.
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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 NH2 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 þ32 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 MSn, 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 [MþH]þ 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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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-

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 [þ16 u, Mass defect (MD) þ5 milliunits],

M2 reduction and demethylation (�30 u, MD þ10 milliunits), M3

mono-oxidation metabolite (þ16 u, MD �5 milliunits), M4 reduction

(�16 u, þ5 milliunits), M5 mono-oxidation metabolite (þ16 u, þ5

milliunits). Adapted with permission from reference [85].
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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 mm to achieve maximum sen-

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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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

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 mL min�1 while

the second dimension uses a nanocolumn with an i.d. of 0.75 mm and

a flow rate of 300 nL min�1. First dimension ion exchange has ten salt

steps: 0, 5, 10, 15, 20, 25, 50, 75, 100, 200 mM KCl. Second dimension

is typically an organic gradient: 5% to 80% acetonitrile with 0.1%

formic acid in 30 min.
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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

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.
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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 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.

Mþ. Molecular ion, the ion results from the loss of one electron

from the neutral molecule

(MþH)þ 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)

u Symbol for atomic mass unit

Accurate mass 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).

Atomic mass The average of the atomic masses of all the chemical

element’s isotopes (also known as atomic weight and average

atomic mass)

Average mass Mass of an ion or molecule calculated using the average mass

of each element weighted for its natural isotopic abundance

Exact mass 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

Mass defect 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.

Mass defect filter (MDF) A software filter which allows the removal of interference ions

from drug metabolites in accurate mass liquid

chromatography–mass spectrometry

Mass range Operating m/z range of a mass analyzer

Monoisotopic mass Exact mass of an ion or molecule calculated using the mass of

the most abundant isotope of each element

Mr 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 12C
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Table 1.6 (continued)

Nominal mass 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

Ion An atomic or molecular species having a net positive or

negative electric charge

Metastable ion 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

Isotope One of several forms of an element having the same atomic

number but differing atomic masses

Base peak (BP) The most intense peak in the spectrum

Total ion current (TIC) The sum of all the separate ion currents contributing to the

spectrum

Extracted ion current (XIC) The current of a specified m/z ion current

Mass resolving power In a mass spectrum, the observed mass divided by the

difference between two masses that can be separated: m/Dm.

The procedure by which Dm was obtained and the mass at

which the measurement was made should be reported.

Unit mass resolution Means that a mass spectrometer is able to differentiate two

peaks (generally the isotopes) distant of 1 m/z unit

Mass resolution Smallest mass difference (Dm) between two equal magnitude

peaks so that the valley between them is a specified fraction of

the peak height

Ionization

Even-electron ion An ion containing no unpaired electrons in its ground

electronic state

Odd-electron ion An ion containing unpaired electrons in its ground state

EI Electron impact ionization

PCI Positive chemical ionization

NCI Negative chemical ionization

API Atmospheric pressure ionization: generic term for ionization

techniques occurring at atmospheric pressure

ESI 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

QqQLIT 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

MSn 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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2

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].

2.1.3

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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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

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.
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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].

Fig. 2.2 ESI mass spectra obtained from the

GPC spin column/ESI-MS screening assay of

non-covalently bound protease–inhibitor

complexes. Enzymatically active CMVP

A144D/C87A/C138A/C161A was used in this

experiment. (A) Reference ESI mass

spectrum of impure inhibitor DFMK (MW

988.5 Da). (B) ESI mass spectrum of the spin

column eluate of CMVP A144D/C87A/

C138A/C161A and DFMK, incubated at a

molar ratio of 1:@10. (C) ESI mass spectrum

of the microconcentrator filtrate (3 kDa cutoff

centrifugal ultrafiltration membrane) obtained

under denaturing conditions (3% acetic acid

in 1:1 water:acetonitrile, v:v) from the non-

covalently bound complex of CMVP A144D/

C87A/C138A/C161A and DFMK generated

from the GPC spin column eluate. Reprinted

from reference [13] with permission from

John Wiley & Son.
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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 kon and koff represent the forward and reverse mass

transfer rate constants.

Pþ L >
kon

koff
C ð1Þ

The equilibrium dissociation constant Kd is then given by:

Kd ¼ ½P�½L�=½C� ¼ koff=kon ð2Þ

If ½P�o and ½L�o are the initial total protein and ligand concentrations, respectively,

where:

½P�o ¼ ½P� þ ½C� ð3Þ

and:

½L�o ¼ ½L� þ ½C� ð4Þ

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

solved, giving:

½C� ¼ 1
2 ðKd þ ½P�o þ ½L�oÞ � f1=4ðKd þ ½P�o þ ½L�oÞ2 � ½L�o½P�og1=2 ð5Þ

where [C] is the equilibrium concentration of the protein–ligand complex, re-

ferred to also as ½C�eq. Equation (5) can be used to calculate the concentration of

complex present at equilibrium for initial protein and ligand concentrations and

Kd 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 areb5 mM. 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, ½P�o and ½L�o, respectively,b5 mM. These

initial concentrations are used so that sufficient complex is formed so that even

weakly binding drugs with Kd valuesa20 mM 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-
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tion are rapidly separated from the protein using centrifugation. At the start of

GPC spin column centrifugation step (time ¼ 0), the concentration of the pro-

tein–ligand complex is equal to the equilibrium concentration, ½C�eq. 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:

d½C�=dt ¼ �koff ½C� ð6Þ

where koff 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:

½C� ¼ ½C�eq expð�koff tÞ ð7Þ

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

Fig. 2.3 Plots of the concentration of the

protein–ligand complex present at

equilibrium ½C�eq (mM, shown as mM) as a

function of the binding constant Kd (mM),

with various initial concentrations of protein

½P�o and ligand ½L�o. Note that the ½C�eq
values are the concentrations of the protein–

ligand complex just prior to the GPC spin

column experiment. When initial concentra-

tions of ligand and protein areb5 mM, the

concentration of complex produced for Kd

valuesa20 mM isb1 mM of complex, a

concentration considerably greater than the

detection limit of modern ESI-Tof mass

spectrometers.
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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 ð½C�=½C�eqÞ 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 s�1.

Since the limit of detection for small molecule ligands, with modern ESI-

Tof mass spectrometers, is approximately @0.05 mM, the concentration of the

protein–ligand complex prior to the GPC spin column treatment must be about

0.25 mM. For initial protein and ligand concentrationsb5 mM, this corresponds to

Kd valuesa20 mM, 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.

Fig. 2.4 Plots of the fraction of complex ð½C�=½C�eqÞ 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 s�1.
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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 Kd values >20 mM.

2.1.4.3 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 ½L�o, such
that ½L�o > ½C� 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:

Kd1

Kd2
¼ ½C2�eq

½C1�eq
¼ ½C2� expðþkoff2tÞ

½C1� expðþkoff1tÞ ¼
½L2� expðþkoff2tÞ

½L1� expðþkoff1tÞ ð8Þ

Note that, in Eq. (8), the concentrations for the complex ½C� and related ligand ½L�
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, koff1 ¼ koff2, then:

Kd1

Kd2
¼ ½L2�

½L1� ð9Þ

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 Kd 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 ½P�o such that:

½C� ¼ ð½P�o½L�Þ
ðKd þ ½L�Þ ð10Þ
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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 Kd, namely,

½C� ¼ ½P�o=2 when ½L� ¼ Kd ð11Þ

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 Kd. The effec-

tive ligand concentration at 50% protein saturation is referred to as the EC50 and

is equivalent to the Kd. Typically, the EC50 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 ½C�=½P�o vs log10½L� produces a sigmoidal

shaped curve symmetrical about log10 Kd. The Kd value can be read directly from

the plot as the corresponding value of [L] where ½C�=½P�o is equal to 50%, the EC50

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 mm) 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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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 15 000

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

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
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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.

2.2.3

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 buffers 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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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 (Kds < 0:1 mM) then lower concentrations of drug–protein mixtures are

used; conversely, for weak binders (Kds > 10 mM) higher concentrations are used.

For screening campaigns for moderate binders (Kds 0.1–10 mM) as well as strong

binders using miniature spin columns of 100 mL volume with Tof mass spectrom-

eter detectors, generally, protein concentrations of 5–10 mM 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 mL volumes of protein–drug mixtures are used

with miniature spin columns of 100 mL volume. Screening studies for strong

binders typically utilize protein concentrations of 0.25–5.0 mM with 1–5 times

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

(-C-) and without PKA (-o-) 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.

Fig. 2.6 Titration assay of BSA and methyl

orange (MO, MW 305 Da, Kd ¼ 450 mM) by

GPC spin column/ESI-MS methodology as a

function of [MO]/[BSA] molar ratios in the

positive ionization mode (A) and the

negative ionization mode (B). The mass

spectra in the top five panels are exploded

views. The bottom panels of (A) and (B)

illustrate the corresponding full spectra. The

ion count for each spectrum is indicated in

the upper right hand corner of each

spectrum. A miniature 100 mL P6 GPC spin

column was used to assay 10 mL samples.

________________________________________________________________________________
G
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molar excess of drug. Similarly for the study of weak binders, protein concentra-

tions 15–200 mM 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

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/

WY252 are constant at 1:5 while their

individual concentrations linearly increase.

The volume injected for each sample was

30 mL. (A) MMP-1 alone at 50 mM and (F)

WY252 alone at 250 mM, respectively. (B–E)

increasing amount of MMP-1: (B) 20 mM, (C)

30 mM, (D) 40 mM and (E) 50 mM; and

increasing amount of WY252: (B) 100 mM,

(C) 150 mM, (D) 200 mM and (E) 250 mM.

Same absolute intensity scale for all panels.

Reprinted from reference [15] with permis-

sion from the American Chemical Society.
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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 Kd of 450 mM 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 [MþH]1þ: 306; [M-H]1�:
304) were observed in the mass spectra for equimolar concentrations 12.5 mM

and 25 mM, i.e., the ion abundances were slightly greater than the chemical noise,

while the methyl orange response grew with increasing equimolar concentrations

from 50 mM to 200 mM. 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 IC50 of 9.9 mM

(see Fig. 2.7) [15].

2.2.4

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 mM protein,

1 mM per compound). The compounds were pooled using two different proce-

dures so that a specific compound is found in two wells with completely different
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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 mM and with a protein concentration of

10 mM 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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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, APCI, Photodissociation, Positive/Negative Ionization

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

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.
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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

25 000 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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2.2.9

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

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

Time/Well

Protein Consumed/

Compound

# Compounds Analyzed/Day

Single

Sample

Mixture

of 4 Wells/

4-Way

MUX

Mixture

of 8 Wells/

8-Way

MUX

pmole/

compound

mg/compound

(MW Protein

25 kDA)

GPC-Spin Column/ESI-MS

1 Compound/Well 2 min 720 2,880 5,760 100a 2.5a

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

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

400 Compounds/Well

(Novartis)

10 min 57,600 230,400 460,800 0.625d 0.016d

High Throughput Screening

(HTS)

HTS Binding Assay 1.8 sec

[0.03 min]

50,000 ~ ~ 0.040 0.0010

HTS Enzyme Assay 1.8 sec

[0.03 min]

50,000 ~ ~ 0.004 0.0001

GPC-RP HPLC/ESI-MS

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

(NeoGenesis/Schering-Plough)

a10 mL 10 mM Protein/Well.
b10 mL 10 mM Protein/Well.
c25 mL 5 mM Protein/Well.
d25 mL 10 mM Protein/Well.
e10 mL 10 mM Protein/Well.
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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 [Mþ2H]2þ and [MþH2OþH]1þ (Fig.

2.2A). The mass spectrum for the GPC spin column eluate exhibited the protein

peaks overlapping with the [MþH2OþH]1þ ion and a clearly observed [Mþ2H]2þ

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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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 [MþH]1þ

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

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.
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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.

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

eluate of a ten-component mixture incubated

with RGS4 from the well analyzed prior to

well A1. (C) The foreground ESI mass

spectrum for well A1 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.

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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2.3

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 IC50

range of 9 nM to 7.1 mM (Fig. 2.12A). Despite the wide range of IC50 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 17b-estradiol (Kd @ 1 nM,

MW 272 Da), the control compound in the study (Fig. 2.13), and WY234 (Kd 5

mM, MW 253 Da; Fig. 2.14). 17b-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)

mass spectral analysis of the GPC spin

column eluate of a mixture containing ten

known MMP-1 inhibitors (A) with MMP-1

and (B) without MMP-1 (background). The

[M-H]1� ions for the ten compounds are

indicated by solid circles (e) on the spectra.

The same absolute intensity scale is used for

both panels. The mixture is composed of the

compounds listed at the right of the figure

with their corresponding IC50 values.

Reprinted from reference [15] with

permission from the American Chemical

Society.

________________________________________________________________________________
G

2.3 Results 89



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 17b-estradiol exhibited a

strong response at a molar ratio of 5 mM ER/20 mM 17b-estradiol (on the resolved

shoulder of a chemical background peak at the same nominal m/z of 271 [M-

H]1�), while the weaker binding WY234 exhibited a strong response at the higher

molar ratio of 60 mM ER/300 mM 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

Fig. 2.13 Negative ionization APCI mass

spectra of the GPC spin column eluates of 20

mM 17b-estradiol (MW 272 Da, Kd @ 1 nM)

titrated with a variety of ER concentrations

(1.25, 2.5, 5.0, 10.0, 20.0 mM). A miniature P6

GPC spin column was used with 10-mL

samples, of which 2 mL was injected into the

APCI TOF mass spectrometer under low flow

conditions (15 mL min�1). Note that the high

resolution capability of the TOF instrument

resolves the 17b-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.
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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

Fig. 2.14 Positive and negative ionization ESI mass spectra of the GPC

spin column eluates of WY234 (MW 253 Da, Kd @ 1 mM), 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 mL

samples. The same absolute intensity scale is used for all panels. The

masses and intensities of the peaks are labeled.
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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 38 641 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]1þ: m/z 314) and drug candidate WY311

([M]1þ: 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 mM RNA/30

mM drug and 10 mM RNA/300 mM 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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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.

Fig. 2.15 Positive ion ESI mass spectra

under flow injection conditions for a five-

component mixture. (A) Mass spectrum for

the direct analysis of the mixture of which

only two components ionize in the positive

ion mode: ethidium bromide (MW 314 Da)

and WY311 (MW 319 Da). (B) Mass

spectrum of the GPC spin column eluate for

the mixture without RNA present. Neither

ethidum bromide or WY311 passed through

the GPC spin column. (C) Mass spectrum of

the GPC spin column eluate of the mixture

incubated with RNA. In the presence of RNA,

ethidium bromide passed through the GPC

spin column as a non-covalent complex with

RNA while WY311 did not pass through the

GPC spin column and did not form a non-

covalent complex with RNA.
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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.

2.3.2

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

Table 2.3 GPC spin column/ESI-MS non-covalent binding studies of RNA

with model RNA and DNA binding compounds (intercalators).

94 2 Drug Screening Using Gel Permeation Chromatography Spin Columns Coupled with ESI-MS



bind to RGS4, interfere with the binding of RGS4 to the G alpha protein, inhibit

the endogenous GTPase activity of the G alpha protein (Gia1) and are active in a

luciferace yeast pheromone RGS4 response (functional) assay [24].

About 32 000 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 1H-15N 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

mg of WY817 passed through the spin column. Figure 2.16C demonstrates the

presence of WY817 when@100 mg of WY817 were incubated in the presence of

25 mL of 125 mM RGS4. Finally, Fig. 2.16D demonstrates the absence of WY817

when @100 mg of WY817 were incubated in 25 mL of 37 mM 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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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. 2.17 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).

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, 1 cm long, 100 mL volume)

eluate when@100 mg 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 mg of

WY817 were incubated with 125 mM RGS4

protein in 25 mL (70 M WY817/1 M RGS4

protein). A moderate signal is observed. (D)

ESI-MS response from GPC spin column

eluate when@100 mg of WY817 were

incubated with 37 mM G alpha protein in 25

mL (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 mM

per compound, 5 mM 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� 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 mL

of 10 mM protein and 7 mM 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 ([MþH]1þ: m/z 467) and olomoucine ([MþH]1þ:
m/z 299), strong binders to the PKA protein. The automatically acquired ESI

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@500 000 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 mmol (@9 mg

for the 25-kDa protein) and the cost of consumables was <$10 000. 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]. IC50 values up to

the 10 mM 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.

2.3.3

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

A144L: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.
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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 Kds

(EC50s) and IC50s (see Section 2.1.4.3). Two mixtures of three compounds each

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

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

A144L: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 mL of the

mixture where the protease concentration

was 20 mM in each sample. Reprinted from

reference [13] with permission from John

Wiley & Sons.
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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 Kd and IC50. 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 IC50 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 (@103 counts s�1) 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

experiments between IGFr protein target and

mixtures of compounds assayed using the

GPC spin column/ESI-MS methodology.

Mixture 1 compounds are WY360 (MW 633

Da), WY869 (MW 441 Da), and WY-741 (MW

552 Da). Mixture 2 compounds are WY360

(MW 633 Da), WY854 (MW 409 Da), and

WY272 (MW 452 Da). Note that WY360 is

present in both mixtures so that both

mixtures can be correlated. The molecular

ion region for the ESI mass spectra are

illustrated for: (A) the GPC spin column

eluates of incubated components of mixtures

1 and 2 with IGFr protein in a molar ratio

(mM) of 56:28, respectively, diluted 2� with

water and 10 mL injection; (B) the GPC spin

column eluates of incubated components of

mixtures 1 and 2 originally each 56 mM per

compound, diluted 2� with water and 10 mL

injection; and (C) direct infusion of mixtures

1 and 2 with each component 2.2 mM, 1 mL

injection. The signal-to-noise ratios for the

ESI-MS molecular ion peaks for each of the

components of both mixtures are

summarized in Table 2.4.
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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 (MþH)1þ, (MþH2OþH)1þ, (MþH2OþNa)1þ and (MþH2OþK)1þ at

m/z 546.3, 564.3, 586.3 and 602.1, respectively, as well as one fragment ion

[MaC(CH3)3þ2H]1þ 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

Table 2.4 Relative competitive binding affinities computed from GPC

spin column/ESI-MS data of IGFr protein for compounds in mixtures.

Mixture Compound

Number

m/z MS Signal/

Noise Thru

Spin Column

(Fig. 2.20 A)

MS Signal/

Noise No

Spin Column

(Fig. 2.20 C)

MS Signal/

Noise Ratio

of Ratios

(Fig. 2.20 A/C)

Normalized

Signal/Noise

Ratio of Ratios

IC50

(nM)

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
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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
1H-15N 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.

________________________________________________________________________________
G
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Fig. 2.22 ESI 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.

106 2 Drug Screening Using Gel Permeation Chromatography Spin Columns Coupled with ESI-MS



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

Fig. 2.23 (A) ESI total ion chromatogram

from mixture H2 (see Fig. 2.22C). Mass

chromatograms for the components with (B)

m/z 145.8 and (C) m/z 155.7 from the GPC

spin column eluate originating from mixture

H2 of ten components incubated with MMP-

1 (the ESI mass spectrum for this mixture is

illustrated as Fig. 2.22C). The evolution of

these peaks with time (scan numbers)

demonstrates that these are unique

components that eluted from the mixture

while the other eight components were

retained by the GPC spin column and not

observed in the ESI mass spectrum.

Reprinted from reference [1] with permission

from Elsevier Science.
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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.

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 1H-15N HSQC NMR spectral

regions of the MMP-1 protein in the presence

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.
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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 1H-15N 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 1H-15N HSQC NMR methodology are the need for
15N-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 [MþH]1þ 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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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

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.
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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).

SpectrumB D/P Mole Ratio#

Reaction Coeluted

1 40 3.1

2 20 2.2

3 10 1.3

4 1* 1*

5 1 0.4

6 0 0

#P kept constant at 50 pmole.

*Spiked standard (no spin column).
BSee Figure 2.26.

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 EC50s and Kds 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 IC50 for that reaction and is often obtained by titrating a given

reagent with a fixed biological system. Similarly, a spin-column mass spectral

(MS) EC50 (or Kd) 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 EC50. The EC50 value corresponds to the Kd 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 EC50s of a variety of com-

pounds that non-covalently bind to a kinase protein. Figure 2.27 illustrates the

Fig. 2.27 GPC spin column ESI-MS determi-

nation of MS EC50s. Plot of fraction of known

ligand inhibitor non-covalently bound to a

fixed amount of kinase protein ([P]o, 5 mM)

as a function of initial ligand concentration

[L]o. The MS EC50 corresponds to the free

ligand concentration [L] when 50% of the

initial protein concentration is tied up as

protein–ligand complex. At 50% of the

normalized protein–ligand concentration, the

[L]o value is read off the figure as 20 mM. The

corresponding free ligand concentration [L] is

[L]o � [C], see Eq. (4), where [C] is [P]o/2.0

mM or 2.5 mM. The MS EC50 value is

therefore 17.5 mM, reasonably consistent with

the biological IC50 of 8 mM (see reference

[18]).
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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 EC50 value was 17.5 mM while the measured biological IC50 kinase

inhibitor value was 8 mM. Good correlations were reported for the mass spectral

EC50 and biological IC50 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.

2.4

Conclusions

2.4.1

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.

2.4.3

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 10� and 3�, 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 mm 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 3–10� 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–

100� 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/Ion 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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3

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 Kd. 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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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 (Kd values of 10 mM 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

Fig. 3.1 Schematic of ALIS, an automated ligand identification system

that uses continuous size-exclusion chromatography for the study of

protein–ligand interactions.
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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

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.

3.3

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 (G)-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 [MþH]þ 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.

Fig. 3.4 Amine building blocks used in the synthesis of library

NGL127A443. Reprinted from [40] with permission from Elsevier.
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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 Kd of 3.5G 1.7 mM. 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

Fig. 3.5 (A) Extracted ion chromatogram (XIC) of m=z 515.2 (MþH)þ

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.
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be screened from a single 96-well plate of libraries per day. Only 10 pmol (0.5 mg)

of protein is consumed per sample, and the ALIS screening campaign for Escher-
ichia coli DHFR against 1500, 2500-member libraries, representing >3 500 000

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,

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 C29H29N5O4 )

2 511.2318 C27H33N3O7 )

3 511.2318 C27H33N3O7 )

4 511.2431 C26H33N5O6 )

5 511.2482 C28H34N3O5F )

6 511.2642 C23H37N5O8 )

7 511.2795 C27H37N5O5 )

8 512.2383 C25H32N6O6 )

9 512.2999 C28H40N4O5 )

10 513.2475 C27H35N3O7 )

11 514.1983 C26H31ClN4O5 )

12 514.2791 C27H38N4O6 )

13 514.2791 C27H38N4O6 )

14 515.1823 C26H30N3O6Cl )

15 515.2631 C27H37N3O7 )

16 515.2631 C27H37N3O7 )

17 515.2631 C27H37N3O7 )

18 515.2631 C27H37N3O7 )

19 516.1940 C26H30ClN4FO4 )
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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 þ S Ð ES ð1Þ

The protein–ligand binding affinity is usually expressed as the equilibrium disso-

ciation constant, Kd, which is described by the following relationship between the

concentrations of free receptor ½E�, free ligand ½S�, and the receptor–ligand com-

plex ½ES�:

Kd ¼ ½E�½S�
½ES� ð2Þ

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 ½E�0 and ½S�0, respectively:

½E� ¼ ½E�0 � ½ES�;
ð3Þ

½S� ¼ ½S�0 � ½ES�

These values can be substituted into the original expression defining Kd. Here, no

assumptions or simplifications regarding ligand depletion are made:
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Kd ¼ ð½E�0 � ½ES�Þð½S�0 � ½ES�Þ
½ES� ð4Þ

Solving this quadratic equation for protein–ligand receptor concentration ½ES�
yields the following expression. Here, the protein–ligand complex concentration

½ES� is defined in terms of the Kd and the total receptor and ligand concentrations

½E�0 and ½S�0:

½ES� ¼ 1

2
ðKd þ ½S�0 þ ½E�0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ ½S�0 þ ½E�0Þ2 � 4½E�0½S�0

q
Þ ð5Þ

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 ½ES� times the compound’s MS calibration factor CMS, which depends on

the ionization efficiency and other molecular properties of the ligand:

MS Response ¼ CMS½ES� ð6Þ

Substituting this expression into the equation above yields a new expression relat-

ing the MS response to four variables: the total ligand concentration ½S�0, which is

the known, independent variable in a titration experiment; the Kd, which is the

dependent variable of interest; the total receptor concentration ½E�0; and the MS

response calibration factor CMS:

MS Response

¼ CMS

2
ðKd þ ½S�0 þ ½E�0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ ½S�0 þ ½E�0Þ2 � 4½E�0½S�0

q
Þ ð7Þ

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 Kd of the ligand of interest.

The MS response calibration factor CMS 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 ½E�0 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 Kd

estimate. In the absence of a calibration curve, solving for the MS response factor
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CMS by regression analysis may not yield an accurate value for either this variable

or for ½E�0, as the two variables are highly coupled in the regression results. For-

tunately, the fit value of the Kd variable is not so highly coupled, and can be de-

termined with good confidence [46].

Fig. 3.6 Simulated ALIS saturation binding experiments for ligands of

varying affinity to a single-site receptor present at 5.0 mM concentration.

Fig. 3.7 ALIS titration experiment for warfarin vs 5.0 mM HSA.

Duplicate injections shown. (A) Fitting the data by nonlinear regression

analysis yields a Kd of 5.6G 1.0 mM. (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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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 . . . mM), 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 mM) 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 Kd

value of 5.6G 1.0 mM, which is consistent with literature values determined by

Fig. 3.8 Examples of the ALIS-based Kd titration experiment for a

variety of compounds and protein targets. (A) Compound ‘‘Merck-1’’ vs

5.0 mM Akt-1, Kd ¼ 0:3G 0:1 mM. (B) Staurosporine vs 4.5 mM JNK1,

Kd ¼ 1:0G 0:4 mM. (C) NGD-3350 vs 2.5 mM M2 receptor,

Kd ¼ 0:7G 0:1 mM. (D) NGD-157 vs 5.0 mM DHFR, Kd ¼ 3:5G 1:7 mM.
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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 Kd measurement are shown in Fig. 3.8.

Here, in Fig. 3.8A, titration of Akt-1 kinase (PKB-a) by the known ligand Merck-

1 yields a Kd value of 0.3G 0.1 mM, which correlates with its reported IC50 value

of 0.4 mM [48]. Figure 3.8B shows binding of Staurosporine to Jun N-terminal

kinase 1 (JNK1), yielding a Kd value of 1.0G 0.4 mM, which corresponds well to

its IC50 value of 0.5 mM. As a further example, Figure 3.8C shows that NGD-3350

binds its GPCR target, the M2 muscarinic acetylcholine receptor, with a Kd of

0.7G 0.1 mM, which compares to its Ki value of 0.2 mM [49]. Finally, the DHFR

ligand NGD-157, described in the preceding section, yields a Kd value of 3.5G 1.7

mM by ALIS titration shown in Fig. 3.8D. Independent isothermal calorimetry

experiments indicate that NGD-157 binds DHFR with a Kd of 5.9 mM [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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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-D6.

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-D6 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

Fig. 3.9 ALIS-MS results for the titration of 5 mM HSA with warfarin in

the presence of a 5 mm concentration of its stable isotope-labeled

congener warfarin-D6. Increasing concentrations of warfarin reduce the

response of warfarin-D6 due to isosteric binding competition. Reprinted

from [39] with permission from the American Chemical Society.

Scheme 3.1 Isosteric competition diagram.
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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 Kd determination was shown previously in Fig. 3.8) is directly com-

petitive with the known DHFR 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-

Fig. 3.10 Examples of isosteric binding competition. (A) ALIS-MS

results for the titration of 5 mM Zap-70 by staurosporine in the presence

of a 5 m concentration of its structural congener K252a; and (B)

titration of 5 mM DHFR with the known DHFR inhibitor trimethoprim in

the presence of ligand NGD-157 at 5 mm concentration. Linear MS

response ratios in these experiments are consistent with direct binding

competition. (C) Compound structures.
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gand. Scheme 3.2 shows the ternary complex model of allosteric binding [56]. In

this model, ligands S1 and S2 bind distinct sites on receptor E with dissociation

constants Kd1 and Kd2, 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 a. For example, S1
binds to E with dissociation constant Kd1, but it also binds to the binary complex

E S2 to form ternary complex E S1 S2 with dissociation constant a:Kd1. Where

a > 1, allosteric interaction by one of the ligands increases the dissociation con-

stant of the other, resulting in negative binding cooperativity. Where a < 1, posi-

tive cooperativity results, and if a ¼ 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

Scheme 3.2 Allosteric competition diagram.
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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.

Fig. 3.11 Examples of allosteric binding

competition. Titration of 5 mM Akt-1 plus 5

mM staurosporine by: (A) NGD-28835 and

(B) Merck-1 does not yield linear response

ratios for the two competing ligands.

Asymptotically bound response ratios

indicate allosteric binding between these two

ligands and staurosporine. (C) Titration of 5

mM Akt-1 plus 5 mM 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.
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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-D6

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-

D6) is reduced to half its value in the absence of the competitive ligand is defined

as the affinity competition experiment 50% inhibitory concentration (ACE50

value) and is dependent upon the Kd of the ligand and other experimental param-

eters (Fig. 3.12A). The ACE50 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 IC50, which describes

the concentration of the ligand of interest required to compete out 50% of a

Fig. 3.12 The ALIS affinity competition

experiment 50% inhibitory concentration

(ACE50) method. (A) The warfarin versus

warfarin-D6 ALIS competition data from Fig.

3.9, normalized and plotted on a logarithmic

axis, yields the ACE50 value, which is the

titrant concentration at which the ligand

binding is reduced by 50%. (B) Simulated

ACE50 experiment for a three-component

mixture. Dashed lines indicate variation of

that component’s concentration byG3-fold

(an overall 9-fold difference) highlighting

that the method is insensitive to ligand

concentration. See text for details. Reprinted

from [39] with permission from the American

Chemical Society.
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known compound, for example, a radioligand. In contrast to a conventional IC50

value, a higher ACE50 value indicates a higher-affinity ligand: greater competitor

concentration is required to displace the compound of interest from the binding

site.

Though the ALIS ACE50 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 mM each, 3 mM

total) is less than the total receptor concentration (simulated at 5 mM). 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

ACE50 value of each component depends upon its Kd. The dashed lines simulate

variation in the concentration of each component by a factor of G3 (an overall

nine-fold difference in concentration). As the simulation shows, the ACE50 values

are insensitive to ligand concentration: Over a nine-fold variation in the concen-

tration of any ligand, the ACE50 values are virtually unchanged. This feature is

valuable because it allows the ACE50 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 ACE50 method for ranking compounds by their protein–ligand binding

affinity is demonstrated in Fig. 3.13 for a mixture of ligands to the M2 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 M2 active site inhibitor atropine was used as the

titrant against 2.0 mM M2 in the presence of 0.5 mM per component compound

pool. The ACE50 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 Kd titration experiments. ALIS saturation binding

experiments with the individual M2 ligands yield the same rank-order of affinities

as revealed by the ACE50 experiment: Kds of 0.7, 2.1, 2.9, and 6.2 mM were mea-

sured for NGD-3350, NGD-3348, NGD-3346, and NGD-3344, respectively. The

compound with the highest ACE50 value, NGD-3350, has the best Kd at 0.7 mM,

and this compound also shows the best biochemical activity in a cell-based cAMP

assay [63]. In a tissue-based assay for M2 antagonism, NGD-3350 yields an IC50 of

9.6 mM [64, 65]. Only this compound shows significant activity in tissue, consis-

tent with the remaining compounds all having lower affinity as determined by

ACE50 ranking, ALIS Kd titration, and M2 antagonist activity in the cAMP assay.

It is also noteworthy that the ACE50 technique for affinity ranking also allows

mixture components to be classified as either allosteric or directly competitive

with another ligand of interest. In the M2 example, reanalyzing the sigmoidal

ACE50 curves in Fig. 3.13 as the ratio plots instead shows that the response ratios
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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 M2.

These results highlight the ability of the ACE50 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 ACE50 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

Fig. 3.13 The ACE50 method demonstrated for a mixture of ligands at

1 mM per component to the M2 receptor at 5 mM 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.

142 3 ALIS: An Affinity Selection–Mass Spectrometry System for the Discovery and Characterization



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 compounds in the advanced stages of a me-

dicinal chemistry optimization program, compounds of similar potency can be

ranked according to off-rate as a secondary measure of their potential efficacy.

Also, very slow dissociation kinetics can contribute to slow clearing of a drug,

which can be problematic in the event of adverse reactions such as an undesired

allergic response. Therefore, methods to accurately determine the dissociation

kinetics for protein–ligand interactions are of great value to the drug discovery

process.

This section describes the theoretical principles underlying an ALIS-based

method for determining protein–ligand dissociation rates for single ligands and

for ligands which are components of mixtures. The basis of the method resem-

bles a ‘‘cold quench’’ radioligand technique common to receptor biology, where a

large excess of an inhibitor (or quench) ligand of equal or better affinity than the

compound under study is added to an equilibrated protein–ligand binding reac-

tion. As soon as any protein–ligand complex spontaneously dissociates, the freed

protein is quenched by the excess of inhibitor so no protein–ligand complex can

re-form. Therefore, the concentration of the protein–ligand complex will dimin-

ish with time after addition of an excess of inhibitor, and the rate of its diminu-

tion, which depends on the protein–ligand dissociation kinetics, can be measured

by ALIS. The method is demonstrated by simultaneously measuring the protein–

ligand dissociation rates of a number of ligands to the Zap-70 kinase.

3.6.1

Theory

The single-site equilibrium binding of a small molecule ligand S with its receptor

E can be expressed as the chemical reaction shown here:

E þ S Ð ES ð8Þ

The dissociation rate (or ‘‘off-rate’’) of the protein–ligand complex ES is character-

ized by the first-order rate constant koff and depends on the concentration of

protein–ligand complex [ES]:

dissociation rate ¼ �koff ½ES� ð9Þ

The association rate (or ‘‘on-rate’’) can be likewise defined as the product of the

association rate constant kon, in units of mM�1 s�1, the concentration of free pro-
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tein ½E�, and the concentration of free ligand ½S�:

association rate ¼ kon½E�½S� ð10Þ

The overall rate of change in the concentration of protein–ligand complex with

time is the sum of its rate of formation and its rate of depletion:

d½ES�
dt

¼ kon½E�½S� � koff ½ES� ð11Þ

It should also be noted that when the rate of change in the protein–ligand com-

plex concentration is zero (by definition, when the system is at equilibrium), this

equation reduces to the equilibrium expression below, with the binding affinity

constant Kd defined as the ratio of the dissociation rate koff to the association

rate kon:

Kd ¼ ½E�½S�
½ES� ¼ koff

kon
ð12Þ

As mentioned above in a qualitative sense, it can be seen from this equation that,

for a given association rate constant kon, a lower value of dissociation rate con-

stant koff yields a smaller value of Kd and hence a higher equilibrium concentra-

tion of the desired protein–ligand complex.

The half-life (t1=2) of binding is another convenient metric for comparing disso-

ciation rates. For a first-order process such as protein–ligand complex dissocia-

tion, the half-life is defined from the dissociation rate constant koff as follows:

t1=2 ¼ lnð2Þ
koff

¼ 0:693

koff
ð13Þ

In the absence of any protein–ligand re-association (for example, under hypothet-

ical conditions of infinite dilution of the complex), the half-life is the time re-

quired for half of the complex to decay to unbound protein and ligand.

As mentioned previously, the concentrations of free protein ½E� and free ligand

½S� are related to the total protein and ligand concentrations ½E�0 and ½S�0 by the

following relationships:

½E� ¼ ½E�0 � ½ES�;
ð14Þ

½S� ¼ ½S�0 � ½ES�

Substituting these expressions into the equations above yields a new expression

that enables the interaction kinetics to be readily modeled for single-site, revers-

ible binding between a protein and a single ligand:

d½ES�
dt

¼ konð½E�0 � ½ES�Þð½S�0 � ½ES�Þ � koff ½ES� ð15Þ
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In analogy to the single-ligand, single-site equilibrium described above, competi-

tive binding between a ligand S and an inhibitor ligand I is described by the fol-

lowing equation:

ES Ð E þ Sþ I Ð EI ð16Þ

Here, free protein E can react either with ligand S to form the complex ES, or
react with free inhibitor I to form complex EI. It follows that the overall rate of

change in the concentrations of protein–ligand complexes ½ES� and ½EI� is de-

scribed by the following simultaneous differential equations:

d½ES�
dt

¼ kS-onð½E�0 � ½ES� � ½EI�Þð½S�0 � ½ES�Þ � kS-off ½ES� ð17Þ

d½EI�
dt

¼ kI-onð½E�0 � ½ES� � ½EI�Þð½I�0 � ½EI�Þ � kI-off ½EI� ð18Þ

The kinetics of a system of competing ligands can be modeled by simultaneous

numerical solution of these two equations given initial values for the system pa-

rameters, including the total protein concentration ½E�0, the total ligand and total

inhibitor concentrations ½S�0 and ½I�0, the rates of association and dissociation

for the interacting components of the mixture kS-on, kS-off , kI-on, and kI-off , and ini-

tial values for ½ES� and ½EI�. Note that simultaneous solution of these equations

where the initial value of ½ES� is not zero allows the behavior of the system to be

modeled versus time upon addition of an excess of inhibitor.

3.6.2

Simulations

Figure 3.14 shows the results of mathematical modeling experiments that simu-

late the ALIS response for a protein–ligand complex versus time when subjected

to changes in inhibitor concentration and variation in other parameters. Figure

3.14A models a system consisting of 5 mM protein and 1 mM ligand with typi-

cal association and dissociation rates ðkS-on ¼ 0:1 mM�1 s�1, kS-off ¼ 0:01 s�1,

kI-off ¼ 0:01 s�1) to which has been added a large excess of inhibitor by 1:1 dilu-

tion of the original, equilibrated protein–ligand mixture with 100 mM inhibitor

while keeping the total ligand concentration constant. This would be a typical

experimental implementation of the ‘‘cold quench’’ method for determining

protein–ligand dissociation rates using ALIS. As mentioned above, the rate at

which the inhibitor competes with the ligand for the protein depends upon both

the dissociation rate of the protein–ligand complex and the rate of association of

the inhibitor and protein; this figure shows the expected ALIS protein–ligand re-

covery for inhibitors of varying association rate. Dilution of the protein with a

non-associating inhibitor ðkI-on ¼ 0Þ containing an equal total concentration of
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ligand as the equilibrated protein–ligand mixture causes the total protein and

protein–ligand complex concentrations to initially drop to 50% of their original

value, then (in the absence of active inhibitor) the system restores itself to a new

equilibrium. However, in the presence of an excess of an associating inhibitor

ðkI-on 0 0Þ any free protein is rapidly quenched by the inhibitor, so no protein–

ligand complex ES can re-form. Therefore, as soon as any protein–ligand com-

plex ES spontaneously dissociates, the rate of which depends upon kS-off, the freed
protein is quenched by the excess of inhibitor. As such, the measurable concen-

tration of the protein–ligand complex will diminish with time after addition of an

excess of inhibitor. It can be seen that even with a very slow-binding inhibitor

ðkI-on ¼ 0:001 mM�1 s�1) the slope of the decay curve approaches that of the inte-

grated rate expression resulting from pure first-order dissociation kinetics (for ex-

ample, under conditions of infinite dilution):

Fig. 3.14 Simulated ALIS-based dissociation

rate measurements. See text for details. (A)

Quench experiments modeled at varying

inhibitor association rates. Even with a very

slow-binding inhibitor, the decay curve

resembles pure first-order dissociation

kinetics. (B) Data in (A), shown on a log axis.

(C) Simulated ALIS quench experiment with

varying protein–ligand dissociation rates,

showing how the method can be used to

rank compounds by off-rate. (D) Correlation

between the modeled ALIS quench

experiment and the theoretical decay curve

expected from infinite dilution. The modeled

decay curve (solid line) is shown for

koff ¼ 0:01 s�1 and theoretical curves

(dashed lines) are shown for ratesG10% of

this value.
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½ES� ¼ ½ES�0ekS-off �t ð19Þ

Since the decay follows an exponential function, the similarity between the simu-

lated decay curve slopes and the theoretical, infinite dilution ideal is even more

apparent when the plots are compared in log space, as shown in Fig. 3.14B.

The utility of this method for measuring and comparing multiple ligands’ dis-

sociation rates is demonstrated by the simulations in Fig. 3.14C. This figure

demonstrates a system consisting of 5 mM protein and 1 mM ligand, with a typical

protein–ligand association rate and varying protein–ligand dissociation rates, to

which has been added a large excess of inhibitor by 1:1 dilution of the original,

equilibrated protein–ligand mixture. The model shows that the ALIS quench

method can distinguish compounds of varying off-rate.

Figure 3.14D shows the degree of correlation for the rate of decay of the

protein–ligand complex in a modeled ALIS quench experiment and the theoreti-

cal decay curve expected from infinite dilution. The modeled decay curve is

shown for kS-off ¼ 0:01 s�1 and theoretical curves are shown for dissociation rates

G10% of this value. The results indicate that the measured dissociation rate is

well within @10% of the actual value, a very good approximation of the actual

dissociation rate given the simplicity of this experimental method.

Since the simulated decay curve closely matches the theoretical exponential de-

cay curve expected from pure first-order dissociation kinetics, the experimental

data can be fit to this simple function using available curve-fitting algorithms to

extract dissociation rate information about each ligand. Following the quench of

an equilibrated mixture of a protein and a ligand or ligands of interest, protein–

ligand complex concentration values measured by consecutive ALIS experiments

yield quantitative estimates of the dissociation rate of each ligand, and the rates of

multiple ligands in a mixture can be compared.

3.6.3

Experimental Results

The ALIS-based off-rate measurement method was applied to a proprietary series

of Zap-70 Kinase inhibitors. First, an ACE50 experiment was conducted to demon-

strate that the compounds bind the same site as the quench reagent staurospor-

ine. As shown in Fig. 3.15, sigmoidal plots indicate that, with the exception of

one compound, the ACE50 values were all very similar to one-another. Linear

ratio plots of the same ACE50 data confirm that the compounds all bind isosteri-

cally with respect to the quench reagent, a necessary prerequisite for effective

competition.

The mixture of these compounds at 0.5 mM per component was equilibrated

with a 5 mM concentration of the protein target, then the reaction was quenched

with excess staurosporine (100 mM) and analyzed using ALIS every 7 min. The

measured protein–ligand complex MS responses were normalized and fit to the

exponential decay function above, as shown in Fig. 3.16. The raw data fit the ex-
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ponential function well; the fit for one of the compounds shown as an example.

Varying rates of dissociation were observed for the mixture components, which

was surprising given the very similar ACE50 values mentioned above, and similar

IC50 values determined from independent biochemical measurements (Table 3.2)

[66]. This result emphasizes the importance of having orthogonal methods to as-

sess protein–ligand interactions when evaluating and prioritizing compounds for

lead discovery: Despite comparable protein–ligand binding affinities, the off-rates

for these compounds vary over an order of magnitude. This aspect these com-

pounds’ binding properties could have considerable effects on other aspects of

Fig. 3.15 (A) An ALIS competition experiment with a proprietary series

of Zap-70 kinase inhibitors at 0.5 mM per component plus receptor at 5

mM concentration yields similar ACE50 values, indicating that all but

one of the compounds have similar Kds. (B) Linear ratio plots of the

ACE50 data in (A) confirm that the compounds all bind isosterically with

respect to staurosporine.

Fig. 3.16 The ALIS-MS responses from a

dissociation rate experiment for a mixture of

Zap-70 ligands using staurosporine as the

quench reagent. See text for details. (A) The

raw data and its fit curve for NGD-6367, one

of the compounds in the mixture. (B) The

exponential decay curves fit to normalized

ALIS-MS response data. Each curve (left to

right) corresponds to the compounds listed

in Table 3.1 (top to bottom). NGD-6367,

from (A), is shown as a dashed line. For

clarity, the raw data points are not shown in

(B).
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their optimization as drug leads, including pharmacokinetic, metabolism, and ex-

cretion profiles.

The dissociation rates of certain protein–ligand complexes can be affected by

binding of allosteric ligands. This effect is especially well known for GPCRs,

where the dissociation of active site antagonists can be retarded by binding of an

allosteric ligand. In GPCRs, this effect is attributed to blocking the channel in

which the antagonists bind, thus inhibiting their escape from their binding site.

The ALIS quench method can be used to evaluate the effect of an allosteric ligand

on the dissociation rate of another ligand [49]. The M2 receptor ligands N-methyl

scopolamine (NMS) and W-84 bind allosterically with respect to one another, with

binding by one reducing the affinity of binding by the other. Figure 3.17 shows

the result of quenching an equilibrated mixture of the M2 receptor plus NMS by

Table 3.2 IC50 values and protein–ligand dissociation half-lives for a

proprietary series of Zap-70 Kinase inhibitors.

Entry Compound ID IC50, nM t1/2, min

1 NGD-746 3000 11.8G 2.6

2 NGD-6367 160 23.4G 3.0

3 NGD-6380 80 54.2G 6.6

4 NGD-6390 130 55.0G 12:4

5 NGD-6371 100 60.5G 8.6

6 NGD-6073 170 99.6G 13.5

7 NGD-6432 110 99.6G 23.5

8 NGD-6862 90 107.9G 23.0

9 NGD-6423 150 175.5G 48

Fig. 3.17 (A) ALIS-MS results from quenching an equilibrated mixture

of 2.0 mM M2 receptor plus 1.5 mM NMS by 200 mM of the isosteric

ligand NMS-D3, in the presence and absence of the known allosteric

ligand W-84 at 50 mM concentration. Binding by the allosteric ligand

W-84 decreases the off-rate of NMS. (B) Compound structures.
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the isosteric ligand NMS-D3, both in the presence and absence of the known

allosteric ligand W-84. These ALIS experiments show that the presence of the

allosteric ligand decreases the off-rate of NMS, which is consistent with similar

experiments performed by radioligand binding analysis [52].

The ALIS ‘‘quench’’ method for dissociation rate measurement uses little pro-

tein and requires no biochemical assay for its implementation, yet the method

readily yields quantitative values for the dissociation rates of the protein–ligand

complexes. The technique can be used with pools of ligands to provide a quanti-

tative rank ordering of the dissociation rates of all the components of the mixture.

Since it is not necessary to know the exact concentrations of the ligands under

study, the dissociation rate assessment can be performed using impure com-

pounds, such as unpurified compound mixtures derived from combinatorial

chemistry synthesis. The method does not require a foreknowledge of active pro-

tein concentration to measure and rank ligands based on their rates of dissocia-

tion. As such, the technique is self-contained and does not rely upon an external

measure of protein activity as one of its input parameters.

3.7

Conclusions

The ALIS system enables several useful techniques for studying protein–ligand

interactions, and is generally applicable to a broad range of protein classes, in-

cluding serum proteins, kinases, and GPCRs. The methods described here re-

quire neither tagging of the ligands nor the existence of a biochemical assay, as

they rely purely on the MS readout of an affinity selection experiment for their

implementation.

ALIS-based titration experiments yield an absolute measure of protein–ligand

binding affinities without assumptions regarding ligand depletion or other sim-

plifications. No competitor ligand is necessary for the method’s implementation,

and it can readily measure the affinity of active-site or allosteric ligands to a recep-

tor. Also, the titration method can be used to validate that a protein synthesized

and purified by biochemical techniques retains specific ligand binding ability, and

that the binding affinity correlates with that expected from orthogonal methods to

confirm proper protein folding.

The ALIS ACE50 method enables the simultaneous classification of ligands of

dissimilar structure according to their binding site. This capability can assist the

development of structure–activity relationships and understanding protein–

ligand interactions in multi-domain or multi-subunit targets, even in the absence

of atomic resolution structure data. As shown in the examples above, the ACE50

method enables the triage of multiple hits arising from high-throughput screen-

ing according to binding site and target-specific binding affinity, and facilitates

combinatorial library-based structural optimization of these hits to high-affinity

lead compounds. This method is especially useful as a tool for the study of allos-

teric ligands, facilitating the advancement of compounds with improved target
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specificity engendered by binding at sites distinct from those conserved within

protein families [67].

Dissociation rate measurement using ALIS mimics the radioligand quench

method; however, because the ALIS readout is MS-based, it is readily adapted to

mixture-based analysis. This feature facilitates medicinal chemistry optimization

of protein–ligand off-rates using combinatorial synthesis techniques. The ability

to measure the effect of allosteric ligands on the dissociation rate of an active

site ligand is also demonstrated, and this ability highlights the advantages of us-

ing ALIS for the in-depth study of protein–ligand interactions.

While the methods described in this chapter have been optimized for affinity

selection–MS using continuous SEC, they are readily adaptable to spin-column,

gel permeation, or other well validated and highly accessible two-stage AS-MS de-

signs. The use of AS-MS for studying protein–ligand interactions, especially for

the discovery of ligands from pools of compounds, has been reported by a num-

ber of experts in the pharmaceutical industry and academia over the past decade.

Due to the advantages offered by AS-MS, it can be anticipated that these tech-

niques will be increasingly applied by medicinal and synthetic organic chemists,

biochemists, analytical chemistry experts and other researchers throughout the

pharmaceutical discovery community.

3.8

Future Directions

Advances in mass spectrometry, especially innovations leading to more efficient

ionization techniques and higher sensitivity detector systems, will enable the

characterization of protein–ligand binding interactions using ever smaller quanti-

ties of purified protein target. Improvements in separation technologies may even

allow these techniques to be explored using partially purified protein prepa-

rations, or in an especially optimistic view, using unpurified cellular or tissue

extracts.

New MS hardware and software designs allow more researchers to utilize MS-

based techniques without specialized training. Engineering advances that yield

complete ‘‘lab-on-a-chip’’ systems are enabling miniaturized chromatography

systems that integrate all stages of sample preparation, separation, and intro-

duction to high-sensitivity detector systems. These innovations may lead to the

commercial availability of easily accessible instrumentation, so that the tech-

niques presented here will become widely available to researchers in all areas of

drug discovery and less limited to specialized laboratories.

Future improvements of the methods presented here will include modifications

that enable determination of the thermodynamic parameters of protein–ligand

binding interactions. For example, ALIS-based Kd or off-rate measurements at

varying temperatures could yield useful relationships between chemical struc-

tures and binding thermodynamics. Ready access to such information, especially

for targets that otherwise require complex bioassays for their study, could posi-
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tively impact the medicinal chemistry optimization component of the drug dis-

covery process in unanticipated ways.
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4

Library Screening Using Ultrafiltration and

Mass Spectrometry

Timothy E. Cloutier and Kenneth M. Comess

4.1

Introduction

The early stages of new drug discovery in the pharmaceutical industry rely on

many steps in the identification and optimization of small drug molecules. These

include target identification, assay development, high throughput screening

(HTS), hit characterization, and medicinal chemistry optimization. A current

problem with this approach is that more funds are spent on drug discovery than

those returned from the steadily decreasing number of drugs reaching the

market. In order to continue down this avenue of discovery, it is essential that

new strategies and technologies be developed and adopted to reverse this trend.

One way to do so is to identify and work with more novel and highly validated

molecular targets, using genomic, proteomic, and reverse chemical genetic efforts

(the elucidation of target function through identification of target-specific small

molecule ligands, and subsequent study of their phenotypic effects; see [1] and

references therein), coupled with developing cheaper and faster HTS technolo-

gies. HTS includes both activity- and affinity-based methodologies, and plays a va-

riety of roles in drug discovery. Most commonly, HTS is used in a methodical

search for potential drug leads of molecular targets through cell-based or purified

protein-based assays [2, 3]. While activity-based screening can be very robust

and efficient, allowing interrogation of many thousands of compounds per day

against a single target, affinity-based screening can allow for even greater overall

efficiency by screening multiple targets against hundreds of thousands of com-

pounds per day. Furthermore, affinity screening techniques in conjunction with

mass spectroscopy (MS) can very efficiently characterize and rank order the pri-

mary and deconvoluted hits, greatly facilitating hit-to-lead identification.

In the past decade, MS has become an indispensable tool for the pharmaceuti-

cal industry at each stage in drug discovery (see Table 4.1 [4]). Primarily, MS has

been employed at the drug development stage. However, due to major advances

in affinity-based MS technologies, it is readily becoming a common tool for hit

identification in the drug discovery process (see Table 4.2 [4]). A common theme
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for most of these strategies involves massive screening of large chemical libraries

or natural products against molecular target proteins to identify potential lead

compounds for therapeutics based on compound–target interactions. However,

few methods actually allow for both target and ligand(s) to be screened in solu-

tion so as to preserve the natural state of both target and small ligand(s). This

chapter will provide an overview of how affinity-based MS in combination with

ultrafiltration is used in hit identification in the new drug discovery process. We

will give examples from our own work and others to emphasize the impact that

affinity-based MS has had in new drug discovery. We will cover the importance of

developing rapid, highly efficient ultrafiltration affinity-based hit identification

strategies, briefly review the principles of specific MS technologies used in these

endeavors, and describe the many ways ultrafiltration-based MS is utilized in af-

finity high throughput screening in today’s pharmaceutical industries.

The recent advent of efficient high throughput affinity-based techniques has

greatly impacted the new drug discovery process. Such affinity-based technologies

have helped begin to answer crucial questions at the earliest possible stage of

drug discovery: (i) is the biological target druggable?, (ii) how structurally diverse

is the selection of novel small molecules?, and (iii) do selected compounds allow

for rapid structure–activity relationship (SAR) development to get lead com-

Table 4.1 Major components of drug discovery phase and their

challenges. Included from [4] with permission from Wiley Periodicals.

Phase Numbers of

compounds

Role or opportunity for MS-based methods

Initial lead

discovery

Start with@106;

prefer 10–100 hits

Limited by massive installed base of other

methods. Current paradigm requires only single-

point estimate of activity, because low-potency

hits are expected (therefore, power of MS-based

systems may overmatch the task). Mass-based

recognition of compounds may be thwarted by

isobaric compounds or impurities.

Lead

optimization

Start with 1–4 hits;

expand to 100–1000

by library technology

May be optimum location for use of MS; at this

stage, there is interest in accurately determining

the respective affinities of compounds derived

from the initial leads. Requires screening shift to

a secondary assay that could introduce a lag time

following early screening phase.

Candidate

selection

From a small set of

advanced leads, serial

synthesis is used to

identify final candidate

Limited, as complex mixtures or large numbers

of compounds are no longer being assayed; more

traditional pharmaceutical methods can be

applied. Use of MS methods introduced in earlier

phases may continue.
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Table 4.2 MS-based methods proposed for use in lead discovery.

Included from [4] with permission from Wiley Periodicals.

Method Target Potential

leads

Principle Reference

Frontal-affinity

chromatography-

MS

Immobilized

in a column

Pumped

through

column

Compounds in dynamic

equilibrium with

immobilized target.

Unbound and weakly

bound compounds

eluted earlier than

bound. Mass-specificity

in detection identifies

compounds

(Schriemer

et al., 1998)

Pulsed

ultrafiltration-

MS

Mixed with

multiple

compounds

in solution

Mixed with

target in

solution

Target mixed with

potential ligands is

placed over ultrafiltration

membrane; when

pressure is applied,

ligands showing affinity

for the protein are

selectively concentrated;

later, they are identified

by MS

(Zhao et al.,

1997)

Affinity size

exclusion-MS

Mixed with

multiple

compounds

in solution

Mixed with

target in

solution

Rapid molecular

exclusion fractionation

in a spin column

separates target-ligand

complexes from

unbound compounds;

MS identifies binders

(Kaur et al.,

1997)

Ultrafiltration-

MS

Mixed with

multiple

compounds

in solution

Mixed with

target in

solution

Target mixed with

ligands and subjected

to centrifugal

ultrafiltration; binding

compounds separated

from non-binders that

are washed to waste;

ligands bound to

target are eluted by

acidification and

detected by MS

(Wieboldt,

Zweigenbaum,

& Henion,

1997)
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pounds to the clinic faster? In order to facilitate the development of new screen-

ing methodologies many companies utilize existing technologies as platforms for

developing new screening campaigns.

For example, Graffinity Pharmaceutical Design GmbH (Heidelberg) [5] uses

Rapid Array Informed Structure Evolution (RAISETM), a surface plasmon reso-

nance detection methodology, to identify novel target-specific compounds by flow-

ing soluble proteins over gold surface immobilized fragments isolated from a

combinatorial chemistry-derived library. 3-Dimensional Pharmaceuticals (now

part of Johnson & Johnson) uses fluorescence-based thermal shift assays in a

microplate, high throughput format to monitor ligand-induced stabilization of

Table 4.2 (continued)

Method Target Potential

leads

Principle Reference

Affinity capillary

electrophoresis-

MS

In electro-

phoretic

buffer

In running

buffer for

CE

Bound ligands measured

by mobility change of

ligand upon interaction

with target in electro-

phoretic buffer and

identified by MS

(Chu et al.,

1996)

Surface plasmon

resonance-MS

Coupled to

optical sensor

surface

Flow across

sensor

surface

Change in surface

refractive index to detect

presence of a binding

partner for an

immobilized target; MS

identifies the binding

partner

(Sonksen et al.,

1998; Nelson

& Krone,

1999)

Affinity capture-

MS

Immobilized

on beads

Incubated

with

immobilized

target

Bead-bound target mixed

with potential ligands;

unbound ligands

removed by washing;

bound ligands eluted

and identified by ES-

ME/MS

(Kelly et al.,

1996)

Noncovalent

affinity-MS

In gas phase Mixed with

one or

multiple

targets

Direct mass analysis of

target-ligand mixture;

complex of a ligand with

a given target (or

multiple targets) is

identified directly from

its mass using very soft

ionization from volatile

buffer

(Hofstadler

et al., 1999)
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proteins. The technique has several advantages, namely that the general applica-

bility of the thermal shift assay circumvents timely and costly development steps,

and the assay is indiscriminant to any prior knowledge of protein function [6].

Finally, measuring amide hydrogen/deuterium (H/D) exchange in proteins,

monitored by protein mass spectrometry, has been used to monitor ligand

binding-induced shifts in protein stability [7–9]. The first technology SUPREX

(stability of unpurified proteins from rates of H/D exchange) uses a fluorescence-

based thermal shift assay, developed in a microplate, high throughput format, to

monitor ligand-induced stabilization of proteins [7]. Protein stability is assessed

by following the extent of H/D exchange during a multi-point urea titration and

establishing the midpoint for protein unfolding. When ligand binders are added

protein stability is enhanced and a higher urea concentration is required to reach

this midpoint. By choosing an appropriate single urea concentration (@3 M) the

ability of individual ligands to influence protein stability can be measured, and

this has been exploited as a high throughput screening technology. Briefly, test

compounds (at 6 mM) are placed in microtiter plate wells, followed by deuterated

exchange buffer that contains a constant urea concentration, and this mixture is

allowed to equilibrate [7]. Target protein is then added in small volumes (10 mL)

to a final concentration of 1 mM and equilibrated for 30 min. Next, H/D exchange

is quenched with trifluoracetic acid, the sample is concentrated and desalted

using chromatography columns, and placed at �20 �C to prevent H/D back-

exchange. Finally, the samples are analyzed using MALDI-MS. A caveat is that

the ligands must be in significant excess of both the protein concentration and

the KD of protein–ligand complex, which offers the possibility of compound solu-

bility issues. For example, Powell and Fitzgerald alluded that ligand concentra-

tions in excess of 100 mM may be required to measure 10 mM KD binding if a

modest shift in stability toward unfolding is observed. Such high compound con-

centrations suggest solubility may be a limiting issue. The second technology

PLIMSTEX (quantification of protein ligand interactions by mass spectrometry,

titration and H/D exchange) monitors differences in H/D exchange of amide hy-

drogens of a target protein resulting from the interaction with a ligand by ESI-MS

(see Chapter 11).

Notably, all of the above technologies function by observing quantitative func-

tional changes or chemical modifications in the target protein, rather than the

ligand. A disadvantage to this paradigm is that the ligands must be present in sig-

nificant excess of both the protein concentration and the KD of the biological

reaction. Considering the KD range of 500 nM to 5 mM as typical in early stage

drug discovery, there is significant concern about compound solubility. Con-

versely, techniques that monitor ligands directly, rather than protein behavior,

have the advantage of being performed at protein excess. Under these conditions,

compound solubility typically is less of an issue because their concentrations can

be held much lower, at least several-fold less than the KD and near the limits of

MS detection. However, a major caveat to protein-excess screening paradigms is

that protein consumption becomes a limiting factor. Hence, for these campaigns

to be successful in early-stage drug discovery, constantly evolving strategies for re-
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ducing target protein consumption must be implemented. Many companies have

circumvented this obstacle by moving to much larger compound screening mix-

tures. With the advent of MS-based readout in affinity screening methodologies,

the monoisotopic masses unique to each individual compound can be directly

measured with MS, even in large mixes containing closely related monoisotopic

redundant neighbors, allowing for target-specific ligands to be readily identified.

Several affinity screening methodologies that include MS-based readout and

work under protein-excess conditions have been developed in the past decade

[1]. Some examples include affinity selection/mass spectrometry (ASMS; Abbott

Labs [10]), size exclusion chromatography with LC-ESI-MS (see Chapter 2 and 3

[11–19]), the use of coupled or non-coupled pulsed ultra-filtration/mass spec-

trometry (summarized in this chapter [11, 20–23]), restricted access phase chro-

matography (see Chapter 5 [24, 25]), capillary electrophoresis [26, 27], target shift

mass spectrometry [28], and multitarget affinity/specificity screening (MASS, see

Chapter 10 [29, 30]).

Importantly, the central difficulty for high throughput affinity-based screening

techniques is how to screen large compound collections in a realistic timeframe.

Each of the above techniques has strengths and limitations with respect to assay

development time, screening throughput, specialized protein requirements, and

specialized library design requirements [11, 22, 31]. For example, for those tech-

niques requiring the immobilization of reaction components (such as protein or

compound tagging), there is the possibility for artifacts in protein character (alter-

ation in conformation, inactivation of key residues) or limitations in library chem-

istry. Additionally, most affinity screening techniques coupled with MS become

overwhelmed when hundreds of thousands of library compounds are screened

per target, yet a consensus of operational and theoretical studies from HTS over

the past ten years has indicated that screening is most effective by maximizing

library size [32–34]. Hence, until we develop a more concrete understanding of

small molecule structural diversity, and subsequently apply that knowledge to

synthesizing small libraries that encompass the entire chemical effector space,

our best chance of identifying a good starting point for medicinal chemistry

optimization will increase only as the total number of compounds screened in-

creases. Furthermore, as the library size and number of targets increases, a gen-

eral concern about affinity-based screening is that the identification of a large

number of non-selective, promiscuous, compounds can be overwhelming so that

the best, selective compounds may be overlooked. Evidence for the above con-

cerns is that most of these referenced techniques have been successful in screen-

ing only relatively small libraries, relatively small mixtures of compounds, and

even fewer have reported the discovery of bona fide new lead(s).

To address these concerns, we at Abbott Laboratories developed a high through-

put screening method that is efficient and robust enough to allow study of many

targets against very large libraries on the basis of affinity. The method contains an

adjustable selection stringency and a computational filter for removing promis-

cuous compounds that bind non-selectively to proteins in general. As discussed

below, the method enabled the discovery of a novel compound series that
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binds specifically and inhibits the UDP-MurNAc-pentapeptide synthetase enzyme

MurF, which catalyzes the final step in synthesis of the bacterial peptidoglycan

cell wall precursor, addition of D-Alanine-D-Alanine to UDP-MurNac-tripeptide.

Targeting the UDP-MurNAc-pentapeptide synthetic pathway has been a goal of

antibacterial research for years [35]. Two chemically related compounds were rap-

idly determined to be the most potent and selective ligands in a library of 123 405

compounds, screened in large pools of @2700 compounds per mixture with a

stringency set by the protein concentration of 10 mM. The identification of this

novel MurF inhibitor series led to a medicinal chemistry optimization effort de-

scribed in detail elsewhere [36].

4.2

Ultra-high Throughput Filtration-based Affinity Screening as a Discovery Tool

4.2.1

Affinity Selection/Mass Spectrometry

We have developed a high throughput ultrafiltration affinity screening method

coupled to MS (affinity selection/mass spectrometry; ASMS), which works with

any soluble target and small molecule library (including natural products)1.

ASMS is amenable to parallelization, efficient and robust enough to allow study

of many targets against very large libraries on the basis of affinity, yet designed to

identify target-specific binders over a broad range of affinities, and it provides

both rank ordering and affinity measurements of bound ligand(s). Because we

work at excess protein, relative to individual compounds, the protein concentra-

tion drives the binding reaction. Also, assay stringency is both adjustable and de-

pendent on that protein concentration. Furthermore, we have developed a compu-

tational method to remove promiscuous compounds that bind non-selectively to

proteins in general, greatly reducing our ‘‘false positive’’ hit rates. We have dem-

onstrated the validity of ASMS with numerous targets and screening paradigms

[10, 37], establishing it as a very powerful drug discovery tool.

We recently reported the discovery of a new class of inhibitors to an essential

Streptococcus pneumoniae cell wall biosynthesis enzyme, MurF, by our novel affin-

ity screening method [10]1. The strategy involved screening very large mixtures of

diverse small organic molecules against the protein target on the basis of equilib-

rium binding, followed by iterative ultrafiltration steps and ligand identification

by mass spectrometry. Hits from any affinity-based screening method often can

be relatively non-selective ligands, sometimes referred to as ‘‘nuisance’’ or ‘‘pro-

miscuous’’ compounds. Ligands selective in their binding affinity for the MurF

1) Sections of text and figures are included

with permission from Sage Publications and

Corwin Press.
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target were readily identified through electronic subtraction of an empirically de-

termined subset of promiscuous compounds in the library without subsequent

selectivity panels. The complete strategy for discovery and identification of novel

specific ligands can be applied to all soluble protein targets and a wide variety of

ligand libraries.

4.2.2

Primary Screening Strategy

The general method for ASMS is shown in Fig. 4.1. In ASMS, the target concen-

tration is generally set at 5–10 mM, so that at equilibrium, ligands with affinities

of no weaker than KD @ 10 mM will be significantly bound and, therefore, re-

tained in the ultrafiltration steps. The minimal concentration of each small mole-

cule is dictated by the eventual need to detect ligands by mass spectrometry after

several cycles of ultrafiltration and subsequent extraction. In order to ensure de-

tection just above baseline for the vast majority of compounds, which vary in in-

herent ionization properties and efficiency of mass spectrometric visibility, the

starting compound concentration is set at 1.5 mM per compound. The mixture

Fig. 4.1 Schematic of the ASMS experiment

format. In primary screening, several

thousand compounds are included in a

single tube and allowed to equilibrate with

the target protein under excess target

concentration relative to individual

compound ligands. The concentration of

each compound is 1.5 mM relative to 5–10

mM target protein. Hence at equilibrium the

amount of ligand bound is directly related to

both the target concentration and the

intrinsic KD of the ligand. Multiple rounds of

ultrafiltration are used to separate protein-

bound ligands from non-ligands free in

solution in order to increase the signal for

ligands over background of non-ligands.

Sampling and analysis takes place only at the

end of the final round of selection. In the

deconvolution/retesting phase, 10–30

compounds are included per tube, and 10%

of the initial (‘‘R0’’) volume is sampled as

well as the entire volume at the end of R3.

Included from [10] with permission from

SAGE Publications.
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size is set to be as large as possible to minimize the quantity of protein required

and increase the throughput for screening the maximum number of compounds,

while still trying to maintain a condition of excess free target. By screening@2700

compounds per mixture, the combined small molecule concentration is@4 mM,

or@400 times in excess of the target protein. However, in a diverse small mole-

cule mixture of 2700 compounds, very few compounds are anticipated to have

KD < 10 mM, or even KD < 100 mM, so that the probability of competitive binding

leading to the loss of a high affinity ligand is very low. For example, in small

molecule screening using an NMR affinity screening method [38], the frequency

of compounds with KD < 1 mM is @0.25% [9]. Therefore, if there are on

average@7 very weak ligands (0.25% of 2700) per mixture, in aggregate these

are in equimolar concentration with the target protein, and the protein will still

be mostly unbound.

Multiple rounds of selection are carried out in order to increase the signal over

background. When 90% of the volume is filtered, the initial equilibrium bound

fraction of each compound is retained, in addition to a constant residual 10% (un-

bound) from the remaining volume. Though unbound ligands are being depleted

during filtration, the initial equilibrium quantity of bound ligand is maintained

because the protein concentration is also increasing at the same rate. For exam-

ple, a ligand with KD ¼ [protein] will be approximately 50% bound initially. As

half the volume has passed through the filter, half of the free ligand has passed

through (or 25% of the total), but now [protein] ¼ 2KD, so 66% of the remaining

75% of the ligand will be bound, which is equal to 50% of the original ligand still

bound. In other words, the use of ultrafiltration results in a continuous equilib-

rium such that the relative enrichment can be achieved on the basis of equilib-

rium rather than dissociation rate, particularly for weak binding compounds

with KD values in the low micromolar range (which typically equilibrate on a

timescale that is faster than the volume reduction). After each round of selection,

the volume is restored to the initial volume, but so is the initial protein concen-

tration. Successive rounds of selection result in exponential enrichment of li-

gands such that the final concentrations will be inversely correlated to the KD of

each ligand (i.e., compounds with the highest affinity, or lowest KD, will be the

most abundant).

By adjusting the target concentration, the screening stringency can be altered.

Given the starting concentration of each compound in the mixture and the post-

selection processing for mass spectrometric detection, the ASMS method is de-

signed so that compounds that cannot bind (i.e., those that have KD > 10� [pro-

tein]) are just below the limit for detection in the mass spectrometer, whereas

those with the desired affinity (KD @ [protein]) will be >10� above the back-

ground as the only remaining peaks. In practice, for the majority of the library

a compound with affinity equal to the protein concentration will be robustly iden-

tified, while a weaker binder will show less consistent results. However, com-

pounds with weaker KD values, on the order of three-fold above the protein con-

centration, can also be readily observed when the compounds are especially well

extracted and/or ionized in the mass spectrometer.
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Parallelization of the processing of individual filter units can lead to extremely

high throughput. Our compound library is split into two sets, which we screen in

duplicate against every target. In the past a single replicate for either set was

screened at the bench in one day. It then took two days or more for mass spectra

to be acquired and analyzed due to experimental, equipment, computational, soft-

ware, and database limitations. Our first step to improve ASMS throughput was

to design a methodology that allows for both replicates to be performed simulta-

neously, greatly reducing the total bench time per target; the entire library can

now be screened in duplicate in two days. Time-consuming steps were eliminated

by the addition of more automation and by setting absolute time limits for each

stage. We have greatly accelerated the data handling by processing and analyzing

data in parallel on three or four computers simultaneously. We have improved

our custom ASAE.NET automated picking software, resulting in faster analysis

and better communication with our databases (data not shown) [39]. Further-

more, we now stagger target screening such that two bench scientists and one

mass spectrometrist can screen four or five targets at one time. Such process

enhancements allow entire screens of a library of approximately 500 000 com-

pounds to be completed in 2.5 weeks. Finally, switching from electrospray mass

spectrometric analyses to LC-ESI-MS has afforded a nearly ten-fold increase in

compound sensitivity and resolution. Such an enhancement in sample analysis

suggests that we may be able to lower our protein and compound concentrations

even further to help reduce our total protein consumption.

After affinity selection, an organic solvent extraction step separates ligands

from the protein and prepares them for electrospray mass spectrometric analyses

in both positive and negative ionization modes. The protocol was experimentally

selected for efficient extraction of the widest range of drug-like [40] and lead-like

[41, 42] compounds in the compound collection. The mass spectra of samples are

processed and either inspected visually or by the aid of ASAE.NET analysis soft-

ware (data not shown) [39]. Peaks that stand out by comparison with the local

background are identified as primary hits. In addition, spectra obtained with

other compound mixtures are examined to determine whether the m=z ratio of

identified peaks are unique to a particular mixture. Peaks with the same m=z
ratio in spectra from multiple compound mixtures are generally artifacts, such

as contaminants in the protein preparation. To ensure that hits are not missed,

peaks are picked even if they are barely enriched over background. The false

positives inherent in the noise near background are easily eliminated in the sub-

sequent deconvolution step. The peaks of interest are converted into a list of po-

tential ligands (hits). Each peak, however, corresponds on average to six mass-

redundant compounds, with only one typically being responsible for the apparent

binding. Therefore, only@17% of the primary hits are expected to demonstrate

binding in subsequent retesting and deconvolution experiments. The primary

screen for MurF ligands utilized 45 mixtures of approximately 2700 compounds

each and was run in a single day. A duplicate screen was run on a second day. In

the MurF screen, 434 peaks were identified as potential hits from the first experi-

ment, ranging in monoisotopic mass from 249.09 Da to 773.50 Da. The number
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of peaks in each of the 45 mixtures ranged from one to 35. In the duplicate

screen, 390 peaks were identified as potential hits, with 157 peaks overlapping be-

tween the duplicate screens. Compounds from the overlapping peaks were as-

sembled into a primary hit list of 1147 compounds for subsequent retesting and

confirmation.

4.2.3

Retesting and Deconvolution Strategy

In the retesting and deconvolution phase of the procedure new compound mix-

tures were made based on the results of primary screening. These contained

from nine to 14 compounds and no monoisotopic mass redundancy. Since most

mass spectrometric peaks picked as hits in the primary screen contain more than

one compound, and only one compound per peak is likely to be a binder, the non-

mass redundant retest mixtures are unlikely to contain more than a few bona fide

ligands, so once again target excess is maintained. Both the initial (round zero,

R0, prior to first round of filtration) and final (round three, R3, after three rounds

of selection) mixtures are sampled. The free target concentration is in excess over

individual ligands, so the amount of compound bound at equilibrium can be esti-

mated according to Eq. (1).

Bound Fraction ¼ ½Target�
½Target� þ KD

ð1Þ

The amount of free ligand is disregarded in this estimation. KD can be estimated

according to the following, where R0 and R3 represent either a raw signal inten-

sity or signal to local background ratio according to Eqs. (2–4).

FR1 Fraction Retained
ðaverage per roundÞ

¼ R3

R0

� �1=3
ð2Þ

FB1 Fraction Bound
þ=�¼presence/absence

of protein

¼ FRðþÞ � FRð�Þ
1-FRð�Þ ð3Þ

KD ¼ ½Protein� 1-FB

FB

� �
ð4Þ

During the deconvolution phase of screening, careful control of the pre- and

post-filtration volumes are required to ensure both a rank ordering of binding

strengths and estimation of the KD value. The post-filtration volumes are con-

trolled by use of a novel pressure limited equilibrium filtration device for selec-

tion steps. Operationally, all of R3 is sampled for analysis and 10% of R0 is

sampled. Therefore, when the compound KD is equal to the protein concentra-

tion, the R3 signal will be approximately equal to the R0 signal, and an R3 signal

generated through selection in the absence of protein will be 100-fold (rather than
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1000-fold) less than the R0 signal. Compounds whose KD values are ten-fold or

more below the protein concentration appear as peaks with approximately ten

times the intensity of the R0 peak, assuming a linear dose response in the mass

spectrometer. Using the example of a compound with KD ¼ [protein] and a start-

ing compound concentration of 1.5 mM in a volume of 400 mL, 75 pmol of com-

pound remains after three rounds (600 pmol divided by two, three times). Since

the final samples are split into three aliquots, for positive ion analysis, negative

ion analysis, and a backup sample as needed, approximately 25 pmol of material

is available for analysis. By measuring the signal intensity or signal/background

ratio for a compound before and after selection, the KD value can be estimated.

4.2.4

Promiscuous Compound Filter

In activity-based HTS campaigns, secondary counterscreens frequently are ap-

plied in order to exclude artifacts, such as compounds that inactivate the sub-

strate or detection method rather than the target of interest. One advantage of

an affinity-based HTS strategy is that there are no additional reagents, substrates,

or cofactors in the assay to increase the potential for false positives due to such

artifacts. Additionally, any false positive ligands that do occur should be similar

for all targets because the assay format and detection method is identical for every

target screened. Aggregated compounds that cannot pass through the 10 000 Da

molecular weight cutoff filters are an example. Interestingly, because of the re-

quirement in ASMS for ligands to be dissociated before MS detection, ASMS

will not detect reactive compounds bound covalently to a target protein (a com-

mon source of false-positive hits in activity-based screens). Compounds that have

promiscuous or non-specific affinity for a variety of proteins are another potential

problem for HTS, including ASMS. Furthermore, while certain chemotypes seem

to recur as non-specific hits in HTS (activity or affinity), some individual mem-

bers within a class can have just enough selectivity to hit in very few screens due

to the relatively high stringency. This can lead to a significant waste of time try-

ing to optimize these into quality lead compounds, as the series can rarely attain

drug-like selectivity.

After screening and deconvolution of primary hits from dozens of targets by

our ASMS technique it became apparent that the frequency of compound overlap

between targets was high but aggregated compound occurrences were very low.

Aggregated compounds could be detected in two ways: (i) by showing apparent

binding to every target in the primary screen, and (ii) by showing a very high re-

tention in the absence of protein. Non-selective but non-aggregated ligands were

discovered as expected, and exhibited a range of KD values as measured in decon-

volution experiments. Therefore, simply adjusting the stringency or rejecting hits

above a certain KD threshold cannot easily eliminate these non-selective ligands.

Many distinct structural classes or chemotypes were observed, but a phenylsulfo-

namide series represented by compounds 1–3 appeared most often.
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Compound 1 has been resolved as a ligand for ten distinct protein targets out of

16 target screens run, compound 2 as a ligand for 13 out of 40 screens, and com-

pound 3 as a ligand for 12 out of 45 screens. The apparent KD value depends on

the particular target, with compound 2, for example, having affinities ranging

from 1 mM to 30 mM for different targets.

We reasoned that a low stringency ASMS screening campaign might allow iden-

tification of non-selective ligands, thereby enabling prioritization of hits that are

most likely to be useful leads by virtue of their relatively selective affinity. We

also observed that different protein targets varied widely in their propensity to

bind promiscuous ligands. This suggests that targets could be profiled for selec-

tive chemical tractability. Once a compound library is profiled for the non-specific

ligands, the information can be used for all other screens to prioritize compounds

for follow-up against specific targets and to prioritize targets based on the likeli-

hood that they can be bound selectively by small molecules. Blood serum, whose

principal component is albumin, is known for its ability to bind reversibly to a

very large variety of ligands. For this reason, serum was employed as a model tar-

get for general non-specific binding. While serum protein binding can be engi-

neered out in a medicinal chemistry campaign on a given series, and serum pro-

tein binding is not intrinsically a criterion for deprioritizing a particular lead

compound, in the case of affinity-based screening, the leads most likely to be op-

timized into drugs should be those with selective affinity for a target. Subsequent

medicinal chemistry for potency, pharmacokinetic, and other properties, will

likely result in some degree of binding to serum proteins which needs to be

considered in the context of the rest of the properties, but candidates with target-

selective binding interactions make easier starting points for a medicinal chemis-

try campaign than do non-selective ligands, since non-selective hydrophobicity

tends to increase during optimization [41–43].

Our goal was to divide the screening library into two populations, a set of com-

pounds with extremely low probability of promiscuous binding and as small a set

as possible that would contain all serum protein ligands under our ASMS condi-

tions; the latter is called the promiscuous compound filter (PCF) list. To do this,

screening was carried out at several serum concentrations and in several repli-

cates in order to gather sufficient data for analysis. Figure 4.2 shows statistics

from running 45 mixtures containing a total of 123 405 compounds in duplicate
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against prepared serum diluted to 2%, 10%, and 20% of its neat concentration

(the latter corresponding to approximately 0.1 mM albumin, thus providing the

desired low stringency). All compounds whose exact monoisotopic mass falls

within 0.5 Da of a peak were annotated.

Fig. 4.2 Serum ASMS screen results.

Statistics are shown for six primary ASMS

screens run against various dilutions of fetal

calf serum. Compounds picked, number of

compounds corresponding to ligand peaks

within a defined m=z range of the center of

the ligand peak. (A) Complete statistics for

both positive and negative ion mass spectra;

all compounds within a 0.5 m=z unit range

of ligand peaks are included. Unique

compounds are obtained by combining

experimental data and removing duplicates.

MurF Hits/Serum Hits: percentage of the

1147 matched unique compounds described

in the text that intersect with the unique

compounds identified from specific

experiments 1–6 or that intersect with the

combined list of unique compounds. Serum

Hits/Total Library: number of unique

compounds identified in specific experiments

1–6 (or the combined list of unique

compounds) divided into the total library of

123 405 compounds. In the last line of the

table ‘‘Total Unique’’, the results from

experiments 1–6 are summarized. The first

three entries represent the total number of

different entries from experiments 1–6 in

each column. The ratios given in last two

entries are calculated from the total number

of unique serum hits (i.e., 36 748). (B) The

expected m=z positions of compounds

mostly occur close to the center of ligand

binding peaks. Included from [10] with

permission from SAGE Publications.
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Fig. 4.2A shows the percentage of compounds on the MurF primary hit list that

overlap with the primary hit list for each serum screen and the percentage of the

entire library within the serum hit list. Note that these range from 44% to 50%,

so that in each case the serum screen is hitting MurF ligands with higher than

random (13–15%) frequency. If MurF bound only selective ligands then the se-

rum list would be irrelevant, and one would expect the percentage of MurF hits

on the serum list to be no higher than that determined by random chance based

on the percentage of the entire library contained on the serum hit list. The deci-

sion to use the combined list of 36 748 compounds that occur at least once in any

of the serum screens as the PCF list was made on the basis of efficiency. The

highest percentage overlap with serum compounds occurs when the MurF hit

list is compared to the combined PCF list. In this case, 65% of the MurF hits are

from the PCF list, even though it only contains 30% of the total library. Since the

majority of the unique compounds within 0.5 m=z units of a peak are very close

to the center of the peak, as indicated by a graph of the distribution of deviations

(Fig. 4.2B), we included all compounds within 0.5 m=z units to further ensure

that the PCF list contained all possible serum protein ligands.

4.2.5

MurF Lead Discovery

To efficiently identify compounds of interest for further study in biochemical or

cell-based assays, the candidate ligands remaining after promiscuous compound

filtering were deconvoluted in small non-mass-redundant mixtures. The eight

deconvoluted hits are shown in Table 4.3, along with their enzyme inhibition

values. The two best ligands (compounds 4 and 5) also are structurally related

and were discovered in different initial screening mixtures. ASMS binding data

is shown in Fig. 4.3. Both compounds were ionized in the negative ion mass

spectrometry mode, and the characteristic halogen isotope patterns at Mþ 2 for

the monochloro (4) and dichloro (5) functional groups are evident both in pri-

mary screening (Fig. 4.3A) and deconvolution testing (Fig. 4.3B, C). Signal inten-

sities are much weaker in primary screening than in deconvolution, most likely

because of ionization of the very low levels (>1 pmol) of several thousand nonli-

gands remaining in a mixture after affinity selection. Nevertheless, the signal is

still adequate so that these and other hits were selected in the primary screen.

Subsequent structure–activity relationship (SAR) studies were conducted to in-

crease the potency of this series, and several analogs with IC50 values in the 20–

70 nM range have been synthesized [36]. Additional biophysical studies using

X-ray crystallography and NMR have confirmed the active site binding and spe-

cificity of the compound series (data not shown).

ASMS combined with a novel promiscuous ligand filtering procedure led to the

discovery of a potent series of MurF inhibitors. The lead discovery methods were

highly parallel, robust, and efficient. One key to success of this very straight-

forward screening process is the large number of compounds in each primary

screening mixture. Without this feature, protein consumption would be prohib-
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Table 4.3 Comparison of MurF ASMS screening-based binding

constants and MurF activities from the radiolabeled phosphate release

assay. Included from [10] with permission from SAGE Publications.

aValue obtained from average of triplicate analyses in both positive and

negative ion modes.
bValues obtained from dose response curves, with the exception of

Compounds 9 and 10, which were extrapolated from a single 10 mM

dose in duplicate (Included with permission from SAGE publications.

[10])
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itive, and the logistics of manipulating a larger number of smaller mixtures

would be difficult. While larger mixtures of compounds result in an increase

in mass redundancy and therefore a concomitant increase in the number of com-

pounds that need to be deconvoluted and retested, the overall efficiency is greatly

increased.

There are approximately 2700 compounds per primary screening mixture, and

the readout is in essence multiplexed; the ligands are individually ionized and

identified in the mass spectrometer according to their exact mass positions. The

readout, however, does not unambiguously identify compounds, as multiple com-

pounds in a single mixture may have the same mass, i.e., a particular peak may

correspond to as many as 31 compounds with closely related masses. The protein

excess over individual compounds coupled with the rarity of potent ligands

within a randomly assembled library minimizes competition between ligands for

Fig. 4.3 Primary screening and deconvolution stage mass spectra. (A)

The region of the negative ion mass spectra containing the ions of

interest is shown for two compounds, in two replicate primary

screening experi-ments. Full-scale y-axis intensity values are normalized

to 308 counts per second for compound 4 (m=z@ 436) and 162 counts

per second for compound 5 (m=z@ 498).
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available sites. In the theoretical case where the number of ligands overwhelms

the number of target sites the apparent affinity of ligands will be reduced. Cau-

tion must be used in assembling libraries of either biomolecular or combinatorial

origin because these could have problems with weak binding as a class [32, 33].

This could result in significant competition, making individual higher affinity

ligands undetectable. With a sufficiently diverse collection of compounds this is

not a concern.

Fig. 4.3 (B) Deconvolution experiments for

compound 4. The compound is screened in a

much smaller mixture than in primary

screening and with no mass redundancy.

Both round 0 data (before affinity selection)

and round 3 data (after three rounds of

affinity selection) are shown, where round 0

represents a sampling prior to any

ultrafiltration. Round 0 and round 3 samples

undergo identical denaturation/solvent

extraction procedures. Data were generated

both with (þprotein) and without any protein

present (�protein), in order to observe

whether compound retention by ultrafiltration

is protein-dependent. Compounds shown

here are observed in mass spectra in round 0

regardless of the presence or absence of

protein in the starting sample and are

observed in round 3 only in the presence of

protein. Spectra are normalized to an

intensity of 16 000 counts per second.

174 4 Library Screening Using Ultrafiltration and Mass Spectrometry



The retesting/deconvolution phase of screening utilizes small mixtures of non-

mass-redundant compounds. A balance of stringent rejection criteria and empha-

sis on reduction of false negatives is maintained during this phase. While in

theory 90% of the compound is lost in each round of selection in the absence of

protein, an actual protein-free selection is carried out for each mixture in order

to increase accuracy and decrease false positives. At one extreme, compounds

that form large aggregates [44, 45] could appear to be ligands in the protein-

containing selection even if they cannot, in fact, bind to the target, but such com-

pounds will also demonstrate an equivalent fraction retained per round of selec-

tion in the absence of protein. When this occurs, the fraction bound [Eq. (3)]

calculates approximately to zero, and no KD estimate is made. Additionally, the

set of four spectra [R0(þprotein), R0(�protein), R3(þprotein), and R3(�protein)]

Fig. 4.3 (C) Deconvolution experiments for compound 5, performed as

in (B). Round 0 spectra in (B) and (C) likely are more intense in the

presence of protein than in its absence due to protein preventing

compound binding to the ultrafiltration membrane. Included from [10]

with permission from SAGE Publications.

4.2 Ultra-high Throughput Filtration-based Affinity Screening as a Discovery Tool 175



for each putative deconvoluted ligand is scored visually for verification of appro-

priate ligand behavior. Based on a survey of several thousand randomly chosen

compounds, approximately 80% of the library compounds are visible under the

experimental conditions (data not shown). The remainder may be poorly ex-

tracted, show poor sensitivity to electrospray ionization, or have an incorrectly

assigned structure and formula due to degradation or rearrangement during stor-

age. Although a limitation of the method is its bias toward generally more MS

visible compounds, compound structural series that are identified through tradi-

tional high-throughput screening techniques, such as fluorescence polarization

assay, are also discovered in ASMS screens [37]. The total time required for the

screen from primary screening through retesting and deconvolution is under

three weeks, and it can be further reduced by automation.

The concept of promiscuous compound filtering was implemented for ASMS

screening as a means to prioritize hits based on their potential value as drug

leads, but it also may be used to prioritize targets. Note that 65% of the MurF

hits resulted in overlap with the total combined PCF list. In 34 ASMS screens

run against targets across several areas of pharmaceutical research, we have ob-

served that 36–92% of primary hits for individual protein targets overlap with

compounds on the PCF list. Since targets vary widely in their tendency to bind

compounds on the PCF list, it is tempting to believe that targets with higher fre-

quency of overlap with the PCF list will pose a more difficult challenge in drug

discovery either because of a similarity to serum proteins or a binding site that

is ideal for promiscuous compounds in general. Medicinal chemistry directed at

these kinds of targets, even with initial leads that show some binding selectivity,

may result in optimized compounds that have undesired binding affinity for

other proteins if the nature of the active site on the target is inherently similar to

other proteins in the ability to bind promiscuous classes of small molecules. Tar-

gets that result in hit lists with very high overlap with the PCF list may be consid-

ered less desirable even if a few selective hits are discovered, though this is only

speculation at this point. The difference in the propensity of various proteins to

bind to the major classes of promiscuous compounds is one of the more interest-

ing results of these experiments and would require more study in order to fully

understand all of the ramifications on the drugability of different kinds of targets.

Although there must be ‘‘innocent bystanders’’ present in the PCF list, the

mass redundancy of the primary screening mixtures makes this unavoidable.

The time cost of deconvoluting all serum binders would be prohibitive. Our strat-

egy still costs the time spent in screening the 45 compound mixtures, six times

(Fig. 4.2). However, in addition to allowing prioritization of hits and targets, the

PCF list filtering also reduces the cost of retesting and deconvolution if the hits

overlapping the PCF list are not pursued. For MurF, the initial list of 1147

matched compounds was reduced to 402 compounds by application of the pro-

miscuous compound filter. This meant that only 30 mixtures of 13 compounds

needed to be tested in the deconvolution step instead of 86 mixtures. At this

rate, the investment in upfront promiscuous compound filtering is realized after

screening just five targets. The research cost of attempting to optimize the chem-
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ically intractable compounds and targets that application of promiscuous com-

pound filtering may eliminate, however, is likely to be much higher. Importantly,

the PCF list is used to electronically filter hits as a means of prioritizing hits, but

no information is lost. One can also choose to deconvolute those hits that overlap

with the PCF list, with the expectation that many, but not all, of the hits identified

will subsequently be shown to exhibit non-specific protein binding, e.g., com-

pounds 1–3.

ASMS is applicable to combinatorial and traditional libraries of small mole-

cules, peptides, and carbohydrates, although with libraries that may share some

non-specific affinity for particular targets, large mixtures should be tested to en-

sure that there is not significant aggregate binding of the mixture (discussed

above). No protein tag or protein molecular weight constraints are required. Like

other affinity techniques for HTS, ASMS identifies compounds that bind to a tar-

get without regard to function, and its speed, efficiency, and applicability to all

soluble targets makes it appropriate for genomics and proteomics targets. For ex-

ample, we screened the inactive form of a given kinase with the intent of identi-

fying a non-active site binder that would prevent target activation required for

downstream activity. In doing so, we isolated a small molecule that bound to an

extraneous site that exhibits kinase specific and selective inhibition (data not

shown). Of note is the ligand confirmation efficiency built into the system. In

most HTS screen formats, chemical matter showing activity or binding must be

independently confirmed for structural integrity [46]. In ASMS, ligands are iden-

tified from their mass spectrometric peak position, so the only opportunity for

misidentification is via a structural isomer. ASMS can be complementary to activ-

ity screening, but also can be useful in identifying ligands for targets with partic-

ularly difficult or expensive activity assays. While one novel class of MurF ligands

discovered here clearly was optimizable for in vitro potency, no whole-cell antibac-

terial activity has been demonstrated for this series, even after steps were taken

to address potential issues of cellular permeability and active transport of com-

pounds out of the cell [36]. The discovery of the MurF ligands demonstrates the

utility and advantages of the lead discovery methods described here.

4.3

Additional Affinity Screening Methodology That Includes Mass Spectrometry-based

Readout

4.3.1

Pulsed Ultrafiltration MS

Pulsed ultrafiltration MS (PUF-MS) represents an inline high throughput affinity

screening method with a variety of potential uses in the discovery and develop-

ment of pharmaceuticals [22]. The in-line combination of solution-phase equil-

ibration, ultrafiltration, and electrospray liquid chromatography mass spectrom-

etry (LC-ESI-MS) facilitates the identification of high affinity target-specific
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ligand(s), and also allows for potential reuse and/or recovery of the target pro-

teins. PUF-MS has been used for rapid screening of several drugs to determine

their effect on metabolism, and to characterize various primary metabolites (i.e.,

microsomal cytochromes P450 [21]). During PUF-MS, soluble target is equili-

brated with modest compound mixtures of@20 molecules for approximately 20

min and injected into the ultrafiltration chamber (the ‘‘pulse’’). As shown in Fig.

4.4 [21], the target protein is trapped in solution on one side of the chamber by an

ultrafiltration porous membrane of defined mass selectivity (i.e., a 10 kDa molec-

ular weight cutoff ). The sample is then flushed for a predetermined amount of

time (8–10 min) with water to remove unbound ligands. Van Breemen and col-

leagues demonstrated that during the washing step more than 98% of the un-

bound compounds diffused out from the ultrafiltration chamber, reducing their

concentration to background levels in the electrospray mass spectra. The wash

may be discarded to waste or monitored continuously by the mass spectrometer

(Fig. 4.4). Next, the ligand-target complex in the mobile phase is disrupted by ad-

dition of organic solvent (i.e., 50:50 v/v methanol:water) or pH changes, thereby

releasing bound ligand(s) into the mass spectrometer for identification. In this

manner, the ultrafiltration chamber functions as a solution-phase extraction

device.

In a continuous infusion mode, the mass spectrometer acts as the detector for

target-specific small molecules exiting the sample chamber. Each compound’s in-

trinsic unique mass results in specific elution profile that is recorded for quanti-

Fig. 4.4 Scheme of pulsed ultrafiltration–

mass spectrometry (PUF-MS) to screen

chemical mixtures for compounds that bind

to a macromolecular receptor. The

ultrafiltration membrane traps a receptor in

solution, but allows low molecular weight

compounds to pass through. Bound ligands

are eluted from the chamber by destabilizing

the ligand–receptor complex with an organic

solvent or pH change. The ligands are

characterized with MS. Included from [22]

with permission from Wiley Periodicals.

178 4 Library Screening Using Ultrafiltration and Mass Spectrometry



tation. Specifically, by integrating the area under each spectra curve for a given

compound’s mass signal the total amount of target-specific ligand can be calcu-

lated. If the starting concentrations of a ligand and target protein are known,

then one can calculate the compound’s relative KD for that target. Hence, both ki-

netic and thermodynamic parameters can be simultaneously deduced from these

ligand-binding studies for multiple ligands against a single protein target.

Similar to ASMS, in pulsed ultrafiltration screening assays it is important to

keep the target concentration in excess of the compound concentration. In gen-

eral, a protein concentration is chosen to be approximately equal to the KD of

the weakest ligands. For example, the use of 1 mM protein permits the detection

of target-specific binders that exhibit KD values of 0.1–1.0 mM. The ratio of recep-

tor and ligand concentrations, or selection stringency, determines the number of

‘‘hits’’ that might be obtained when screening large compound mixtures. High

receptor concentrations typically result in larger numbers of hits because weaker

ligands will be identified together with the high-affinity compounds. With screen-

ing libraries that contain large mixtures, even with diverse structures, excess

protein is required to minimize competition between ligands so that all of the po-

tential hits may be detected. When this experiment is conducted in the presence

of a high molecular weight protein, elution of a compound with no target-specific

affinity (non-binder) follows the same profile as without target. However, if affin-

ity exists between a compound and the target, its elution profile is perturbed. A

caveat, though, is that if the binding reaction exhibits a very rapid off rate the total

area under the curve for that compound is unaltered. Binding-induced shifts in

a compound’s elution profile over time are interpreted in terms of the binding

affinity [47].

There are several advantages and disadvantages with PUF-MS with respect to

other affinity selection techniques. In contrast to ASMS, the equilibration and fil-

tration steps are coupled to the mass spectrometer, and the rate limiting steps

therefore are the lengthy equilibration time required for ligand binding and

wash time to remove unbound ligands. For precious protein samples, however,

an advantage is that protein usage can by minimized in this inline technique. If

the protein can be treated in a manner that releases bound ligands but does not

irreversibly denature the protein (for example, by careful choice of organic solvent

or pH shift), then the protein may be used repeatedly. Additionally, compound

handling steps are minimized in an inline procedure and the potential for com-

pound loss to surfaces and introduction of adventitious contaminants is mini-

mized. In addition, like ASMS, affinity selection reactions occur in solution;

screening covalently immobilized proteins or ligands can compromise protein

and/or ligand native conformations or binding characteristics. A disadvantage

that PUF-MS shares with ASMS is the proclivity for non-specific binding of small

molecules to the ultrafiltration membrane. This necessitates certain controls. Spe-

cifically, because the elution of a given binder from the chamber is slowed by

reversible protein association and dissociation, relative to controls performed in

the absence of protein, the elution profiles of such a binder differ between these

two cases. Using differential equations that describe solution fluidity and ligand–
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target association, quantitative thermodynamic and kinetic information can be

derived from the degree of difference between their elution profiles [47, 48].

Finally, several features inherent to PUF-MS suggest this methodology is a po-

tentially powerful tool in new drug discovery. Predominantly, it has been demon-

strated to be applicable to ‘‘reverse pharmacology’’ studies in which a given recep-

tor of interest has been identified and isolated, but novel small molecules that

bind to the receptor are needed [22]. Also, the binding behavior of these ligands

can be quantitatively measured (association constants or binding rates). There is

also evidence that PUF-MS is very effective for metabolic screening [49]. van

Breemen and colleagues accurately identified novel phase I metabolites of xeno-

biotic compounds generated in the presence of cytochromes P450. Also, pulsed

ultrafiltration was used to screen four natural products extracts for the meta-

bolic formation of electrophilic quinoid metabolites [22]. Using tandem MS ap-

proaches, the chemical diversity of the mixtures did not compromise the ability

of PUF-MS to detect such reactive metabolites because tandem MS can selectively

detect fragment ions from glutathione adducts, using neutral-loss scanning or

precursor-ion scanning [22]. These applications demonstrate the versatility of

PUF-MS and are likely to be valuable in new drug discovery endeavors.

4.4

Conclusions and Future Directions

Many of the key steps in early drug discovery have benefited from the application

of affinity-based mass spectroscopy screening technologies, including lead identi-

fication in HTS, target identification and purification, the characterization of

modification sites on proteins, and the detection and optimization of preclinical

candidates. Although many affinity methods have been around for decades, only

recently have their utility been truly recognized and shown great promise in sup-

porting the pharmaceutical industry’s future lead discovery needs. When com-

bined with mass spectrometry, affinity techniques offer high-resolution structural

and biophysical insights into lead identification. They have been used to address

some difficult and limiting factors in the early stages of drug discovery, including

exploring the drugability of a biological target, providing both rank ordering and

affinity measurements of bound ligand(s), and facilitating rapid SAR develop-

ment to get lead compounds to the clinic faster. The development of several

high throughput ultrafiltration affinity screening methods coupled to MS have

greatly aided these endeavors. Such technologies work with any soluble target

and small molecule library, they are amenable to parallelization, allowing for effi-

cient and robust study of many targets against very large libraries on the basis of

affinity, and they are designed to identify target-specific binders over a broad

range of structural classes and affinities. The growing efficacy of these methodol-

ogies have surfaced at a time where the need for more efficient HTS assays and

tools used for early lead identification in the pharmaceutical industry is at its

highest point in history. Presently, more funds are spent on drug discovery than
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those returned from the steadily decreasing number of drugs reaching the mar-

ket, and the result is increasing economic pressure on many big pharmaceutical

companies. However, based on the promising reports of late, we anticipate a sig-

nificant increase in the number of leads identified using affinity-based mass spec-

trometry technologies in the near future.
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2 Bleicher KH, Böhm H-J, Müller K,

Alanine AI: Hit and lead generation:

beyond high-throughput screening.

Nat Rev Drug Discov 2003, 2, 369–
378.

3 Walters WP, Namchuk M: Designing

screens: how to make your hits a hit.

Nat Rev Drug Discov 2003, 2, 259–
266.

4 Geoghegan KF, Kelly MA:

Biochemical applications of mass

spectrometry in pharmaceutical drug

discovery. Mass Spectrom Rev 2005, 24,
347–366.

5 Freundlieb S, Garner J: New Drugs
2002, 3, 54–60.

6 Pantoliano MW, Petrella EC,

Kwasnoski JD, Lobanov VS, Myslik J,

Graf E, Carver T, Asel E, Springer

BA, Lane P, Salemme FR: High-

Density miniaturized thermal shift

assays as a general strategy for drug

discovery. J Biomol Screen 2001, 6,

429–440.

7 Powell KD, Fitzgerald MC: High-

throughput screening assay for the

tunable selection of protein ligands.

J Comb Chem 2004, 6, 262–269.

8 Zhu MM, Rempel DL, Du Z, Gross

ML: Quantification of protein-ligand

interactions by mass spectrometry,

titration, and H/D exchange:

PLIMSTEX. J Am Chem Soc 2003,
125, 5252–5253.

9 Zhu MM, Hambley D, Gross ML:

Quantitation of protein–ligand

interactions in solution by H/D

exchange (PLIMSTEX), chapter

11.

10 Comess KM, Schurdak ME, Voorbach

MJ, Coen M, Trumbull JD, Yang H,

Gao L, Tang H, Cheng X, Lerner CG,

McCall JO, Burns DJ, Beutel BA: An

ultra-efficient affinity-based high

throughput screening process:

application to bacterial cell wall

biosynthesis enzyme MurF. J Biomol
Screen 2006, 11, 736–742.

11 Siegel MM, Tabei K, Bebernitz GA,

Baum EZ: Rapid methods for

screening low molecular mass

compounds non-covalently bound to

proteins using size exclusion and

mass spectrometry applied to

inhibitors of human cytomegalovirus

protease. J Mass Spectrom 1998, 33,

264–273.

12 Lenz GR, Nash HM, Jindal S:

Chemical ligands, genomics, and

drug discovery. Drug Discov Today
2000, 5, 145–156.

13 Muckenschnabel I, Falchetto R, Mayr

LM, Filipuzzi I: SpeedScreen: label-

free liquid chromatography–mass

spectrometry-based high-throughput

screening for the discovery of orphan

protein ligands. Anal Biochem 2004,

324, 241–249.

14 Zehender H, Le Goff F, Lehmann N,

Filipuzzi I, Mayr LM: SpeedScreen:

The ‘‘missing link’’ between

genomics and lead discovery. J Biomol
Screen 2004, 9, 498–505.

15 Siegel MM: Drug screening using gel

permeation chromatography spin

columns coupled with ESI-MS,

chapter 2.

16 Annis DA, Nazef N, Chuang CC,

Scott MP, Nash HM: A general

technique to rank protein-ligand

binding affinities and determine

allosteric versus direct binding site

References 181



competition in compound mixtures.

J Am Chem Soc 2004, 126, 15495–
15503.

17 Coburn CA, Stachel SJ, Li YM, Rush

DM, Steele TG, Chen-Dodson E,

Holloway MK, Xu M, Huang Q, Lai

MT, DiMuzio J, Crouthamel MC, Shi

XP, Sardana V, Chen Z, Munshi S,

Kuo L, Makara GM, Annis DA,

Tadikonda PK, Nash HM, Vacca JP,

Wang T: Identification of a small

molecule nonpeptide active site beta-

secretase inhibitor that displays a

nontraditional binding mode for

aspartyl proteases. J Med Chem 2004,

47, 6117–6119.

18 Annis DA: Int J Med Sci 2004, 238,
77–83.

19 Annis A, Chuang C-C, Nazef N: An

affinity selection-mass spectrometry

system for the discovery and

characterization of protein–ligand

interactions, chapter 3.

20 Shin YG, van Breemen RB: Analysis

and screening of combinatorial

libraries using mass spectrometry.

Biopharm Drug Dispos 2001, 22,
353–372.

21 van Breemen RB, Huang CR, Nikolic

D, Woodbury CP, Zhao YZ, Venton

DL: Pulsed ultrafiltration mass

spectrometry: a new method for

screening combinatorial libraries.

Anal Chem 1997, 69, 2159–2164.

22 Johnson BM, Nikolic D, van Breemen

RB: Applications of pulsed

ultrafiltration–mass spectrometry.

Mass Spectrom Rev 2002, 21, 76–86.
23 Wieboldt R, Zweigenbaum J, Henion

J: immunoaffinity ultrafiltration with

ion spray HPLC/MS for screening

small-molecule libraries. Anal Chem
1997, 69, 1683–1691.

24 van Elswijk DA, Tjaden UR, van der

Greef J, Irth H: Mass spectrometry-

based bioassay for the screening of

soluble orphan receptors. Int J Mass
Spectrom 2001, 210/211, 625–636.

25 Irth H: Continuous-flow systems for

ligand binding and enzyme inhibition

assays based on mass spectrometry,

chapter 5.

26 Hughes DE, Waters JL, Dunayevskiy

YM: Capillary electrophoretic method

to detect target-binding ligands and to

determine their relative affinities. US

Patent 6 524 866, 2003.

27 Hughes DE, Karger BL, Waters JL,

Dunayevshiy YM: Method to detect

and analyze tight-binding ligands in

complex biological samples using

capillary electrophoresis and mass

spectrometry. US Patent 6 432 651,

2002.

28 Griffey RH, Hofstadler SA, Sannes-

Lowery KA, Ecker DJ, Crooke ST:

Determinants of aminoglycoside-

binding specificity for rRNA by using

mass spectrometry. Proc Natl Acad Sci
USA 1999, 96, 10129–101233.

29 Cummins LL, Chen S, Blyn LB,

Sannes-Lowery KA, Drader JJ, Griffey

RH, Hofstadler SA: Multitarget

affinity/specificity screening of

natural products: finding and

characterizing high-affinity ligands

from complex mixtures by using

high-performance mass spectrometry.

J Nat Prod 2003, 66, 1186–1190.

30 Hofstadler SA, Sannes-Lowery KA:

Interrogation of concovalent

complexes by ESI-MS: A powerful

platform for high throughput drug

discovery, chapter 10.

31 Siegel MM: Early discovery drug

screening using mass spectrometry.

Curr Top Med Chem 2002, 2, 13–33.

32 Goodnow RA Jr.: Current practices

in generation of small molecule

new leads. J Cell Biochem 2001, 37,

13–21.

33 Goodnow R Jr: Small molecule lead

generation processes for drug

discovery. Drugs Future 2002, 27,
1165–1180.

34 Martin YC, Kofron JL, Traphagen LM:

Do structurally similar molecules

have similar biological activity? J Med
Chem 2002, 45, 4350–4358.

35 El Zoeiby A, Sanschagrin F, Levesque

RC: Structure and function of the

Mur enzymes: development of novel

inhibitors. Mol Microbiol 2003, 47,
1–12.

36 Gu YG, Florjancic AS, Clark RF,

Zhang T, Cooper CS, Anderson DD,

Lerner CG, McCall JO, Cai Y, Black-

Schaefer CL, Stamper GF, Hajduk PJ,

182 4 Library Screening Using Ultrafiltration and Mass Spectrometry



Beutel BA: Structure–activity

relationships of novel potent MurF

inhibitors. Bioorg Med Chem Lett
2004, 14, 267–270.

37 Qian J, Voorbach MJ, Huth JR, Coen

ML, Zhang H, Ng S-C, Comess KM,

Petros AM, Rosenberg SH, Warrior

U, Burns DJ: Discovery of novel

inhibitors of Bcl-xL using multiple

high-throughput screening platforms.

Anal Biochem 2004, 328, 131–138.

38 Hajduk PJ, Meadows RP, Fesik SW:

NMR-based screening in drug

discovery. Q Rev Biophys 1999, 32,
211–240.

39 Comess KM, Trumbull JD, Park C,

Chen Z, Judge RA, Voorbach MJ,

Coen M, Gao L, Tang H, Kovar P,

Cheng X, Schurdak ME, Zhang H,

Sowin T, Burns DJ: Kinase drug

discovery by affinity selection/mass

spectrometry (ASMS): application to

DNA damage checkpoint kinase

Chk1. J Biomol Screen 2006, 11, 743–

754.

40 Lipinski CA, Lombardo F, Dominy

BW, Feeney PJ: Experimental and

computational approaches to estimate

solubility and permeability in drug

discovery and development settings.

Adv Drug Deliv Rev 1997, 23, 3–25.
41 Oprea TI, Davis AM, Teague SJ,

Leeson PD: Is there a difference

between leads and drugs? A historical

perspective. J Chem Inf Comput Sci
2001, 41, 1308–1315.

42 Teague SJ, Davis AM, Leeson PD,

Oprea T: The design of leadlike

combinatorial libraries. Angew
Chem Int Ed Engl 1999, 38, 3743–
3748.

43 Rishton GM: Nonleadlikeness and

leadlikeness in biochemical

screening. Drug Discov Today 2003, 8,
86–96.

44 McGovern SL, Caselli E, Grigorieff N,

Shoichet BK: A common mechanism

underlying promiscuous inhibitors

from virtual and high-throughput

screening. J Med Chem 2002, 45,

1712–17122.

45 McGovern SL, Shoichet BK: Kinase

inhibitors: not just for kinases

anymore. J Med Chem 2003, 46,

1478–1483.

46 Golebiowski A, Klopfenstein SR,

Portlock DE: Lead compounds

discovered from libraries: part 2. Curr
Opin Chem Biol 2003, 7, 1–18.

47 van Breemen RB, Nikolic D, Xu X,

Xiong Y, van Lieshout M, West CE,

Schilling AB: Development of a

method for quantitation of retinol

and retinyl palmitate in human

serum using high-performance liquid

chromatography–atmospheric

pressure chemical ionization–mass

spectrometry. J Chromatogr A 1998,

794, 245–251.

48 Zhao YZ, van Breemen RB, Nikolic

D, Huang CR, Woodbury CP,

Schilling A, Venton DL: Screening

solution-phase combinatorial libraries

using pulsed ultrafiltration/

electrospray mass spectrometry. J Med
Chem 1997, 40, 4006–4012.

49 Nikolic D, van Breemen RB:

Screening for inhibitors of

dihydrofolate reductase using pulsed

ultrafiltration mass spectrometry.

Comb Chem High Throughput Screen
1998, 1, 47–55.

References 183





5

Continuous-flow Systems for Ligand Binding

and Enzyme Inhibition Assays Based on Mass

Spectrometry

Hubertus Irth

5.1

Introduction

High-throughput screening (HTS) technologies have become one of the most

important tools in modern drug discovery to accelerate the development of novel

lead compounds [1]. HTS technologies have been developed and implemented

that are able to test tens of thousands of compounds or more per day for their

activity in various assay types, ranging from receptor binding and enzyme in-

hibition to whole-cell assays. While HTS techniques are highly efficient in the

screening of pure compound samples, the screening of complex mixtures is more

demanding, involving a close coordination between chemical analysis, sample

fractionation and biological screening.

Complex mixtures in drug discovery are samples originating from natural

products, reaction mixtures from solution-phase combinatorial chemistry and in
vitro or in vivo metabolic profiling. In all cases, non-active sample constituents at

widely different concentration ranges are present next to an unknown number of

pharmacologically active compounds. Identification requires fractionation, mostly

performed by off-line liquid chromatography (LC), in combination with fraction

collection. Fractionation can be performed prior to or after primary screening of,

for example, natural product extracts [2, 3] and or combinatorial chemistry libra-

ries [4, 5], but always requires a follow-up screening step. The whole process

of screening and fractionation must be repeated until the bioactive compound

against the molecular target is isolated. It is obvious that this process can be very

laborious and time-consuming.

In recent years, analytical screening technologies were described that facilitate

the determination and identification of bioactive compounds in complex mix-

tures. Both high-performance liquid chromatography (HPLC) [6–8] and capillary

electrophoresis (CE) [9–11] were employed to separate the compound mixture

during or prior to the biological screening. In contrast to the microtiter plate

format dominating HTS assays, analytical screening assays are carried out in

continuous-flow systems to be compatible with the separation technique em-
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ployed. Bother receptor ligand binding and enzyme inhibition assays were com-

patible with the continuous-flow assay formats.

Both modern microtiter plate and continuous-flow biochemical assays are

based on fluorescence detection principles as the most common readout prin-

ciple. These assay types require fluorescent labels to generate a readout signal

reflecting the affinity of the compound(s) tested for the biomolecular target. In

more advanced systems, mass spectrometry (MS) was used in parallel to simul-

taneously measure MS and MS-MS spectra of biologically active compounds.

Methods using LC-UV/MS [12–14] and LC-fluorescence/MS [15, 16] allowed the

simultaneous detection of bioactivity and characterization of the bioactive mole-

cules in a single analysis. While fluorescence based biochemical assays typically

are characterized by a high detection sensitivity and robustness, the need to pre-

pare a fluorescent label or substrate that retains a significant receptor or enzyme

affinity often hampers the speed of assay development. Also, in complex sam-

ples, the presence of natively fluorescent compounds with excitation/emission

spectra, that overlap the spectra of the fluorescent label, may complicate data

interpretation.

In the present review, we focus on the use of MS for the detection of both

chemical and biochemical characteristics of bioactive compounds present in com-

plex mixtures. The biochemical assays on which these methodologies are based

rely on the direct or indirect detection of binding interactions by MS.

5.2

Continuous-flow Enzyme Assays Based on Mass Spectrometry

5.2.1

Assay Principle

The assay principle for MS-based enzyme inhibition assay is shown in Fig. 5.1.

The assay is based on the mass spectrometric detection of reaction products of

Fig. 5.1 Principle of MS-based enzyme assays. Enzyme (E) molecules

react with the substrate (S) to form an enzyme-substrate complex (ES),

leading, for example, to a subsequent cleavage into two products P1
and P2. P1 and P2 are monitored continuously by ESI-MS. The injection

of an inhibitor, I, results in the temporary formation of an inactive

enzyme–inhibitor (EI) complex, resulting in a reduction of P1 and P2
and negative peaks in the corresponding mass traces.
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the enzyme–substrate reaction at their specific m=z values. The presence of in-

hibitors in the sample results in a concentration change of both substrate and

product due to the temporary inhibition of the enzyme. The hardware implemen-

tation is shown in Fig. 5.2. Compounds eluting from the HPLC column or in-

jected into a flow injection (FI) system are mixed with the enzyme solution that

is continuously infused via a mixing union. In the first microcoil reactor the reac-

tion between the sample components and the enzyme takes place (reaction I, Fig.

5.1). In the absence of active compounds, the enzyme molecules pass the reactor

unaltered and reach the second mixing union where a solution of substrate is in-

fused. In the second microcoil reactor (reaction II, Fig. 5.1), the enzyme substrate

reaction is allowed to proceed, the reaction time being determined by the volume

of the reactor and the total flow rate which is the sum of the flow rates of the

HPLC pump, and the pumps delivering the enzyme and substrate solutions, re-

spectively. Typically the total reaction time is between 30 s and 5 min, depending

on the type of enzyme assay. The enzyme substrate reaction results in products

that are detected by electrospray ionization MS (ESI-MS) at their respective m=z
values. In the absence of inhibitors, a constant concentration of products is

formed, leading to a constant baseline of extracted ion current chromatograms

(EIC) of the products. An inhibitor that is injected into a FI system or that elutes

from the HPLC column temporarily inhibits the enzyme, leading to a decrease of

the product concentration that results in a negative peak in the corresponding

EICs. In order to correct for ion suppression effects, system monitoring com-

pounds (SMC) are added to both the enzyme and substrate solutions. Only those

compounds are considered to be inhibitors that produce a negative peak in the

products EICs but no peaks in either of the SMC traces.

Fig. 5.2 Analytical set-up for on-line enzyme

assays based on ESI-MS. P1: Carrier/HPLC

pump. P2: HPLC pump delivering enzyme

solution. P3: HPLC pump delivering

substrate solution. 1: Mixing union. 2:

Microcoil reactor. In case of on-line coupling

to HPLC, the HPLC column is inserted

between the autoinjector and the first mixing

union. In the first microcoil reactor, the

enzyme inhibition takes place (reaction I, Fig.

5.1) whereas in the second microcoil reactor,

the enzyme substrate reaction proceeds

(reaction II, Fig. 5.1).
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5.2.2

ESI-MS Assay of Cathepsin B

5.2.2.1 MS Assay Development for Cathepsin B

In a first example, we demonstrate the implementation of a homogeneous sub-

strate conversion-based protease assay using the enzyme cathepsin B [17]. Cathe-

psin B belongs to the group of lysosomal cysteine proteinases, which comprises

an important group of enzymes involved in many physiological and pathological

processes, such as intracellular protein turnover [18], cancer invasion and metas-

tasis [19, 20]. Cathepsin B catalyzes the hydrolysis of Z-FR-AMC (substrate, N-

CBZ-Phe-Arg 7-amino-4-methylcoumarin hydrochloride, Mr 612.3), resulting in

two products, Z-FR and AMC (see Fig. 5.3). Figure 5.4a depicts the ESI-MS spec-

trum obtained after analysis of the enzymatic reaction. It shows the enzymatic

cleavage products of Z-FR-AMC, AMC (m=z 175.9) and Z-FR (m=z 456.1). In ad-

dition, the spectrum shows the uncleaved substrate (m=z 613.1) and the two

SMCs (biotin, m=z 244.9, and cAMP, m=z 329.9). Figure 5.4b shows the ESI-MS

spectrum of the reaction mixture after addition of a cathepsin B inhibitor, E-64.

The inhibition of cathepsin B results in a strong decrease of the Z-FR and AMC

signals. Furthermore, the presence of the E-64 (m=z 358.1) signal demonstrates

the potential of the current methodology to simultaneously obtain chemical and

biological information of potential enzyme inhibitors.

5.2.2.2 Compatibility of Cathepsin B Assay with MS Detection

A key requirement for the successful on-line coupling of enzyme assays to ESI-

MS is the solvent and buffer compatibility. Enzyme assays are mostly performed

in nonvolatile buffers, such as HEPES, TRIS, and PBS. Moreover, additives are

Fig. 5.3 Substrate conversion reaction for cathepsin B. Substrate Z-FR-

AMC is converted by cathepsin B into two products, Z-FR and AMC,

that are employed as reporter molecules at their corresponding m=z

traces.
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added to maintain enzyme activity and stability and to prevent nonspecific sur-

face binding of the proteins. Nonvolatile salts and additives, however, may con-

taminate the ion source of the mass spectrometer and cause ion suppression in

ESI-MS, which results in a decreased MS performance [21]. Consequently, we

choose to perform the enzyme–substrate reaction under buffer/salt conditions

that are routinely used in ESI-MS, omitting commonly used additives and non-

volatile buffers and salts. Experiments demonstrated that cathepsin B was active

in a carrier solution containing solely ammonium formate and 1,4-dithioerythri-

Fig. 5.4 Monitoring of the enzymatic reaction

and cathepsin B inhibition by ESI-MS. MS

instrument: Shimadzu LCMS-2010 single-

stage quadrupole mass spectrometer. (a) The

ESI-MS spectrum obtained after analysis of

the enzyme reaction, containing the cleavage

products AMC (m=z 175.9) and Z-FR (m=z

456.1); m=z 244.9 and m=z 329.9 belong to

the system monitoring compounds, m=z

613.1 belongs to the substrate Z-FR-AMC. (b)

The ESI-MS spectrum obtained after addition

of the inhibitor E-64 to the enzymatic assay.

The signal intensities of AMC (m=z 175.9)

and Z-FR (m=z 456.1) are very low as a result

of the cathepsin B inhibition; m=z 358.1

corresponds to E-64.
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tol (pH 7.0). Organic modifiers, such as methanol or acetonitrile used for elution

in (gradient) reversed-phase chromatogram represent another point of concern.

In the past, we have shown that biochemical assays can be performed in the pres-

ence of organic modifier concentrations up to 15% as long as the reaction time

does not exceed 3–5 min. Similar results were obtained for cathepsin B, in which

the presence of 10% methanol in the enzyme–substrate reaction (20% in the

column) leads to an 11% decrease of product formation. Despite this decrease

in enzyme activity, limits of detection (LODs) obtained with the current system

compare well with LODs reported, for example, for fluorescence-based readouts

for the same enzyme, illustrating the benefits of using ESI-MS as readout

technique.

5.2.2.3 On-line Coupling of MS-based Cathepsin B Assay to HPLC

The continuous-flow MS enzyme assay format allows the continuous screening of

sample components present in a carrier flow for enzyme inhibition activity. This

allows the integration of this assay format in a reversed-phase HPLC system, al-

lowing the screening of complex mixtures after chromatographic separation. For

this purpose, a reversed-phase C18 column was inserted between the autoinjector

and the mixing union for the addition of the enzyme solution (see Fig. 5.2). Fur-

thermore, a 1:3 flow splitter was placed between the HPLC column and the en-

zyme assay, resulting in a total flow of 50 mL min�1 directed toward the enzyme

assay. The remaining 150 mL min�1 was directed toward waste; in other applica-

tions, this flow may be used for UV, fluorescence, or ELSD measurements to

obtain additional chemical data on bioactive analytes.

To optimize the on-line HPLC enzyme assay setup, a mixture of five flavonoids

spiked with two cathepsin B inhibitors, E-64 and leupeptin, was used as a test

sample. Figure 5.5 shows the mass chromatograms obtained when analyzing

this mixture by ESI-MS. Figure 5.5a shows the total ion current (TIC) chromato-

gram of the test mixture, indicating that the TIC does not provide any informa-

tion about the (bioactive) compounds injected. Figure 5.5b, c depicts the mass

chromatograms of the products AMC (m=z 176) and Z-FR (m=z 456), respec-

tively, reflecting the enzyme inhibition activity of compounds eluting from the

HPLC column. The bioactive compounds E-64 and leupeptin cause a temporary

decrease of the concentration AMC and Z-FR, detected as negative peaks. The

peak heights depend on the concentration of the inhibitor and its binding affinity.

The process of compound characterization and identification is illustrated for

the bioactive peaks with retention time (tR) 7.5 min. Figure 5.5g shows the mass

spectrum recorded at 7.5 min, obtained after applying background subtraction.

Figure 5.5i depicts the EIC chromatograms of the three most abundant masses,

together with the EICs of AMC (m=z 176) and Z-FR (m=z 456), reflecting the

bioactivity signal. The m=z 613 is not plotted as EIC, because this represents the

protonated substrate. Since the active compounds enter the mass spectrometer

synchronously with AMC and Z-FR, their identification can be performed on the

basis of a retention time and peak shape match. On the basis of this matching,

the mass chromatograms for m=z 427 and m=z 459 are identified to correspond
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Fig. 5.5 On-line HPLC bioactivity screening

of a mixture of five flavonoids spiked with

two cathepsin B inhibitors, E-64 and

leupeptin using acetylcholinesterase as

biological target. MS instrument: Shimadzu

LCMS-2010 single-stage quadrupole mass

spectrometer. (a) TIC chromatogram of the

mixture, scan range m=z 75–750; (b) mass

chromatogram of AMC (m=z 176); (c) mass

chromatogram of Z-FR (m=z 456); (d) mass

chromatogram of SMC1 (m=z 245); (e) mass

chromatogram of SMC2 (m=z 330); (f ) mass

spectrum recorded at tR ¼ 3:4 min; (g) mass

spectrum recorded at tR ¼ 7:5 min; (h) EICs

of the most abundant peaks shown in the

mass spectrum recorded at tR ¼ 3:4 min; (i)

EIC of the most abundant peaks shown in

the mass spectrum recorded at tR ¼ 7:5 min.
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with the bioactive compound. The mass chromatogram of m=z 255 shows a

mismatch in both retention time and peak profile and can be excluded from

further data interpretation. The mass chromatograms of m=z 427 and m=z 459

correspond with [leupeptinþH]þ and [leupeptinþHþmethanol]þ. A similar

scheme allowed the identification of negative peak at tR ¼ 3:4 min, resulting in

E-64 (m=z 358).

When using MS-based biochemical assays for the screening of complex

mixtures, it is essential to perform control experiments to prove that the appar-

ent reduction in product concentrations is, indeed, caused by inhibition of

cathepsin B and not by ionization suppression. First of all, the mass chromato-

grams of the two SMCs (see Fig. 5.5d, e) show no negative peaks at the retention

times of the two bioactive peaks, only at the dead time. In addition, we tested the

behavior of the overall system in the absence of active enzyme. For this purpose,

a solution identical in composition to the enzyme assay solution was used in the

continuous-flow reaction detection system. This solution contained deactivated

cathepsin B and the products AMC and ZFR. Injections of E-64 did not result in

any decrease of the AMC and Z-FR signals, proving that the negative peaks mea-

sured under assay conditions, indeed, were the result of cathepsin B deactivation

and not of ionization suppression of the AMC and Z-FR signals. Finally, it is im-

portant to mention that the peak shapes of the peaks in the AMC and Z-FR chro-

matograms are virtually identical. It is highly unlikely that ionization suppression

due to the injection of E-64 would be identical for substrate conversion products.

In conclusion, these control measurements unambiguously confirm that the de-

crease of product formation monitored by ESI-MS is, indeed, exclusively caused

by the presence of cathepsin-B inhibitors in the HPLC effluent.

5.2.2.4 Screening of Natural Products for Cathepsin B Activity

We analyzed various natural extracts that were previously tested in a fluorescence-

based cathepsin B assay in order to demonstrate the applicability of the current

method for screening real-life samples. The screening result of a nonspiked fungi

extract is represented in Fig. 5.6. A methanol gradient was used for elution of the

sample components. The increasing amount of methanol resulted in an im-

proved ESI-MS sensitivity for AMC and Z-FR, but simultaneously decreased en-

zymatic activity. The corresponding baseline instability can clearly be seen in

the mass chromatograms of AMC and Z-FR. Nevertheless, data interpretation

was still possible, even at the highest methanol concentration level applied. The

AMC and Z-FR mass chromatograms (see Fig. 5.6b, c) show several synchronous

negative peaks, of which the first peak at 3.0 min is the injection peak. In a pro-

cedure similar to the one described above, mass spectra were constructed from

the negative peaks at tR 43.3, 51.8, and 55.6 min. As an example, the EICs of the

possible bioactive compounds for peak 43.3 min are shown in Fig. 5.6f–j. The re-

tention times of the peaks in Fig. 5.6g, i, j match with the negative peak at 43.3

min. Considering the peak shape of m=z 230, it is unlikely that this compound

has caused the negative peak at tR 43.3 min, because the peak shape is rather dif-

ferent than the peak shape of the bioactive peak. It is more reliable that either
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Fig. 5.6 On-line HPLC bioactivity screeningof

a fungi extract using acetylcholinesterase as

biological target. MS instrument: Shimadzu

LCMS-2010 single-stage quadrupole mass

spectrometer. (a) TIC chromatogram of the

mixture, scan range m=z 50–1000; (b) mass

chromatogram of AMC (m=z 176.0); (c) mass

chromatogram of Z-FR (m=z 456.0); (d) mass

chromatogram of SMC1 (m=z 245.0); (e)

mass chromatogram of SMC2 (m=z 330.0);

(f–j) mass chromatogram of various m=z

values, which were present as an abundant

peak in the mass spectrum recorded at

tR ¼ 43:3 min: (f ) mass chromatogram of

m=z 211.0; (g) mass chromatogram of m=z

230.0; (h) mass chromatogram of m=z 292.9;

(i) mass chromatogram of m=z 677.3; (j)

mass chromatogram of m=z 693.2.
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m=z 677.3 or m=z 693.2 or both compounds were bioactive, because the peak

shapes are identical. Most likely is that m=z 677.3 and m=z 693.2 are [MþNa]þ

and [MþK]þ of a molecule with a molecular mass of 654 Da. Regarding the

other negative peaks, possible bioactive compounds showed an m=z 199.1 for

the peak at 51.8 min, and an m=z 279.1 for the peak at 55.6 min (EICs not

shown). The results of this screening measurement, that is, the number of active

compounds in the extract, their retention times, and molecular masses serve as

starting points for further structure elucidation experiments (data not shown).

5.2.3

ESI-MS Assay of Acetylcholinesterase

5.2.3.1 MS Assay Development for Acetylcholinesterase

In the following example we describe the implementation of a mass spectromet-

ric assay for acetylcholinesterase (AChE) [22]. AChE plays an important role in

the nervous system. This enzyme rapidly hydrolyzes the active neurotransmitter

acetylcholine into the inactive compounds choline and acetic acid. Amongst

others, low levels of acetylcholine in the synaptic cleft are associated with Alz-

heimer’s disease [23, 24]. Patients afflicted by this disease may benefit from inhi-

bition of AChE activity thereby increasing ACh level.

Traditionally, plants are a rich source of AChE inhibitors. People from the Cau-

casus used bulbs of snowdrops (Galanthus sp.) to treat forgetfulness [25]. The

active compound in this plant has been isolated and called galanthamine. Other

plant-derived AChE inhibitors used for treatment of Alzheimer’s disease in-

clude Huperzine A from Huperzia serrata and Rivastigmine (Excelon). The

latter is a derivative from physostigmine isolated from the calabar bean, Physos-
tigma venenosum.

In order to develop an MS-based screening method for AChE, we used a

continuous-flow fluorescence assay [26] as the starting point and adapted the as-

say conditions to MS-compatible conditions using the assay format described in

Fig. 5.1. In this assay, the synthetic non-fluorescent AChE substrate 7-acetoxy-1-

methyl quinolinium iodide (AMQI) is hydrolyzed into the highly fluorescent 7-

hydroxy-1-methyl quinolinium iodide (HMQI). First, it was assessed whether

AChE was still active in volatile buffer and whether ionic strength influenced

AChE activity. Batch measurements indicated that the reaction proceeded most

efficiently in 50 mM potassium phosphate whereas AChE activity proceeded at a

somewhat slower rate in 10 mM ammonium hydrogencarbonate; the addition of

180 mM sodium chloride to the 10 mM ammonium hydrogencarbonate did not

influence enzyme activity as compared with the 10 mM ammonium hydrogencar-

bonate buffer. Although somewhat slower in volatile buffers, enzyme activity is

sufficiently high for assay purposes.

Figure 5.7 demonstrates the implementation of the assay and shows the read-

out in the MS that was obtained for injections of the AChE inhibitor galanth-

amine at 0, 1, and 10 mM. Figure 5.7a shows the extracted ion chromatogram of

galanthamine, Fig. 5.7b shows the extracted ion chromatogram of HMQI (prod-
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uct trace), whereas Fig. 5.7c shows the extracted ion chromatogram of AMQI

(substrate trace). The line marked with the number 1 indicates the position at

which the substrate pump was switched on, whereas the line marked with the

number 2 indicates the position at which the AChE pump was started. When

the substrate pump was switched on, a clear increase in the substrate trace was

observed. However, also a sharp increase in the product trace was evident, indica-

tive of autolysis of the substrate.

Upon starting the AChE pump, a ready decrease in the substrate and a match-

ing increase in the product trace was observed. Injections of galanthamine re-

sulted in a negative peak in the product trace and a positive peak in the substrate

trace, accurately matching the peaks observed in the galanthamine trace.

As AMQI was both an expensive and unstable artificial substrate, it was re-

placed by the native substrate of AChE, acetylcholine that is both cheap and

Fig. 5.7 AChE-catalyzed hydrolysis of the

fluorescent substrate AMQI in volatile buffer

monitored by mass spectrometry. Line 1:

Start of the substrate pump delivering AMQI.

Line 2: Start of the enzyme pump delivering

AChE. Peak 3: Injection of 0.1 mM

galanthamine. Peak 4: Injection of 1.0 mM

galanthamine. MS instrument: Q-ToF2

(Waters) equipped with a Waters Z-spray

electrospray (ESI) source. (a) Mass

chromatogram of m=z 288 (galanthamine);

(b) mass chromatogram of m=z 104

(choline); (c) mass chromatogram of m=z

146 (acetylcholine). Assay conditions: the

carrier solution consisted of 95% 10 mM

ammonium bicarbonate, pH 7.8, 5%

methanol; the AChE solution (0.25 units

AChE ml�1) was prepared in 10 mM

ammonium bicarbonate, pH 7.8. The

substrate solution consisted of 30 mM

acetylcholine dissolved in 97.5% 10 mM

ammonium bicarbonate, pH 7.8, and 2.5%

methanol; all reagents were pumped at a flow

of 20 mL min�1.
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readily detected by MS. As acetylcholine and its product choline were both readily

detected by MS, cheap, and acetylcholine being the native substrate of AChE, this

substrate was chosen for further studies.

5.2.3.2 Assay Validation and Stability

To test for assay stability, the assay was run overnight and every 80 min an injec-

tion of 5 mM galanthamine was performed. The assay proved to be stable for over

13 h, but was terminated when maximum data file size was reached. Subse-

quently, IC50 curves of galanthamine were recorded by injection of 10 mL galanth-

amine at a concentration of 0, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, and 25

mM. IC50 values were calculated using product peak height as a measure of inhib-

itory activity. Six galanthamine IC50 curves were recorded over a period of 14 days

and the interday variation as calculated from the determined IC50 values was

16.2%.

IC50 curves were also recorded for various other inhibitors and the correspond-

ing IC50 values were calculated. The determined IC50 values of 9-aminoacridine,

galanthamine, gallamine, (�)-Huperzine A and thioflavin T were 0.12 mM, 0.38

mM, 6.4 mM, 0.46 mM, and 3.2 mM, respectively. It was difficult to compare these

values with comparable values in literature since often different types of AChE, or

AChE isolated from different organisms were used and different assay conditions

were applied. However, the relative activities of the used inhibitors compared well

with those reported in literature, except for (�)-huperzine A, which was found to

be relatively less active then was expected.

5.2.3.3 Screening of Natural Products for Acetylcholinesterase Activity

To test whether the system was effective in a real screening experiment, an extract

was made of Narcissus cv ‘‘Bridal Crown’’ bulbs. Although species of the genus

Narcissus are known to contain galanthamine, no information was available about

the galanthamine content in this variety.

Figure 5.8a presents the TIC of the MS experiment whereas Fig. 5.8b shows the

corresponding choline trace. In the choline trace three major negative peaks were

detected. However, two of those peaks also showed negative peaks in the SMC

trace (Fig. 5.8d), corresponding with major peaks in the TIC. Also, one of these

peaks matched with a negative peak in the acetylcholine trace. However, at the

retention time indicated by the solid line a negative peak was observed in the

choline trace and a matching positive peak in the acetylcholine trace, and no

Fig. 5.8 Analysis of a Narcissus extract by

HPLC coupled to the MS-based AChE assay.

MS instrument: Q-ToF2 (Waters) equipped

with a Waters Z-spray electrospray (ESI)

source. (a) Total ion current (TIC); (b)

product trace (choline) m=z 104; (c)

substrate trace (acetylcholine) m=z 146; (d)

system monitoring compound (SMC)

detected at m=z 113; (e–j) MS traces, MS

and MS/MS spectra for bioactive compound

detected at an elution time of 33.5 min; (k)

MS spectrum of active peak at t ¼ 33 min; (l)

MS/MS spectrum of galanthamine.

H
________________________________________________________________________________
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peak in the SMC trace, excluding ion suppression and thus indicating that these

peak was caused by AChE inhibitory activity. A mass spectrum of the peak area

was recorded (Fig. 5.8k), and the extracted ion chromatograms of the most prom-

inent m=z values were constructed (Fig. 5.8e–h). Of these extracted ion chromato-

grams only the extracted ion chromatogram of m=z of 288 showed a peak match-

ing with the activity peak. Although other compounds having an m=z of 288

eluted from the column, they did not show any sign of activity in the acetylcho-

line and choline traces. The m=z of 288 corresponded with the calculated MþHþ

of galanthamine. The MS/MS spectrum of galanthamine is presented in Fig. 5.8l.

From the TOF-MS/MS data from the extract, extracted ion chromatograms of the

major m=z values, 198 and 213, present in the MS/MS spectrum of galanthamine

were constructed (Fig. 5.8i, j). Both extracted chromatograms of these m=z values

showed a peak matching the activity peak indicating that indeed galanthamine is

responsible for the AChE inhibitory activity present in the Narcissus extract. Albeit
to a lesser extent, these daughter ions also showed peaks at the same retention

time as the peaks present in the extracted ion chromatogram of m=z 288. This

indicates that the other masses may be derivatives of galanthamine that fragment

during ionization. The amount of galanthamine was determined by connecting

the HPLC system to the MS. Performing an MS/MS experiment using the height

of the daughter peak m=z 288 ! 198 to quantify galanthamine, it was established

that 1 mM galanthamine was present in the 50� diluted crude extract that was

injected in the screening assay.

5.2.4

Miniaturization of Electrospray MS Assays

5.2.4.1 Chip-based Electrospray MS Assays

Unlike fluorescence detection, MS-based detection methods maintain their sensi-

tivity when moving from normal-bore chromatography columns to capillary and

nano LC systems. MS-based bioassays are therefore particularly suited for minia-

turization. Conventional assays are operated at reagent flow rates of 20–50

mL min�1. By using electrospray MS as readout, flow rates of 1 mL min�1 and

lower could be envisaged, which is particularly useful for assays comprising

expensive reagents.

We have demonstrated the feasibility of miniaturized MS assays by converting

the cathepsin B assay described in Section 5.2.2 to a chip format, using the same

substrate and products for the MS-based readout [27]. The assay set-up is identi-

cal to the format described in Fig. 5.1. The advantages of chips as microreactors

over fused silica capillaries are in their compactness, strength, greater degrees of

freedom in design and material, and the presence of hair-pin curves to increase

the diffusion rate.

Miniaturizing a conventional-flow screening system (macro-scale system) to a

chip-based system comprises a number of changes, such as flow rates, reagent

supply, and the material. While the conventional system with the open tubular

reactors is restricted to polymer reactors, the choice of materials for the chip is
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much larger, like glass, silicon, plastic, quartz, and fused silica. The design of the

chip (see Fig. 5.9) is mainly dictated by the flow rates compatible with electro-

spray MS. In order to achieve proper mixing on the microchip, flow rates of

2 mL min�1 for capillary LC and 1 mL min�1 for both enzyme and substrate solu-

tions were chosen. The choice of a total flow rate in the chip of 4 mL min�1 re-

sulted in reaction times of 32 s and 36 s in the two reactors, respectively. In com-

parison with the macro-scale system, the flow rates of both enzyme and substrate

were reduced by a factor of 25. Employing the optimum concentrations of the

macro-scale system did not result in sufficient product formation for screening.

For that reason, the enzyme concentration was increased 5-fold, having an overall

decrease in enzyme and substrate consumption of 5� and 25�, respectively.

5.2.4.2 Chip Performance

Extra column band broadening is a key concern when implementing chip-based

microfluidics in a capillary LC system. Band broadening negatively influences the

sensitivity for bioactivity detection, as the sensitivity is dependent on the height of

the inhibitor peaks in the product trace(s). Both the design of the microreactors

and the connections to the LC column and mass spectrometer are crucial. The

band broadening was investigated by flow-injection of the inhibitor E-64 at vari-

ous flow rates and injection volumes by calculating the peak width at half height

(FWHM). Data were obtained by experiments using an autosampler connected to

a UV detector in the absence and presence of the chip.

As expected, the lower flow rates and injection volumes resulted in broader

peaks when using the microfluidic system. At an injection volume of 0.1 mL,

85% of the band broadening can be contributed to the microfluidic chip, indepen-

dent of the flow rate. The reason is that the connections and channels of the chip

Fig. 5.9 Design of the chip-based enzyme ESI-MS assay. MS

instrument: Ion-trap mass spectrometer (LCQ Deca, Thermo Electron).

I: Sample components/inhibitors injected by flow injection or eluting

from capillary HPLC column. E: Infusion pump delivering the enzyme

cathepsin B. S: infusion pump delivering the substrate Z-FR-AMC.

Micro-chip design: Vrije Universiteit Amsterdam. Micro-chip

production: Micronit Microfluidics BV (Enschede, The Netherlands).
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increased the extra column volume and thus the sample dilution. At larger injec-

tion volumes (1 mL), the percentage of band broadening that can be contributed to

the chip was less (60%). A reason for this difference could be that diffusion at the

borders of the sample plug is relatively more problematic for smaller volumes.

The band broadening and the analyte dilution resulting from extracolumn

band broadening were compared between the microfluidic chip system and the

conventional macro-scale system. For a proper comparison, we calculated the an-

alyte concentration at the peak maximum of the bioactive peaks (Cmax) from E-64

injections in both systems. It turned out that the dilution factor when comparing

the concentration at peak maximum with the injected concentration was only

10% higher for the microfluidic chip system in comparison to the conventional

macro-scale system.

5.2.4.3 Sensitivity of the Chip-based MS Screening System

The sensitivity of the microfluidic system was determined by measuring calibra-

tion curves of four cathepsin B inhibitors. The inhibitors caused negative peaks

in the product mass chromatograms by inhibiting cathepsin B and thus the sub-

strate turnover. The measured order of affinities of the four inhibitors is in agree-

ment with the affinities determined in microtiter plate assays and the macro-scale

system.

LODs and IC50 values were derived from the calibration measurements and

compared with the conventional system. The concentration LODs of the micro-

fluidic system were six times higher under similar experimental conditions, while

the IC50 values were four times higher. These differences could be caused by less

efficient mixing of sample and reagents in the chip compared with the macro-

scale system. Despite the more unfavorable detection limit compared to the

macro-scale system, the LODs are still in the concentration range for bioactivity

screening, while the complete system is miniaturized to a micro-scale level. In ad-

dition, the absolute LODs and IC50 values with the chip were four times and six

times lower, respectively, which means that less sample is required for screening.

5.3

Continuous-flow Ligand Binding Assays Based on Mass Spectrometry

5.3.1

Assay Principle

Next to the detection of enzyme inhibition, ESI-MS can also be used to monitor

protein–ligand interaction, employing an assay format similar to fluorescence-

based receptor assays. Using a similar continuous-flow analytical screening sys-

tem as shown in Fig. 5.2, a competitive assay can be set up using ESI-MS to mea-

sure the interaction of the analyte(s) with an affinity protein such as an antibody,

receptor or enzyme [28]. Figure 5.10 shows the equilibrium reactions that form

the basis of the assay concept. In a first step, the sample was injected into a con-
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tinuous-flow reaction system and allowed to react with the affinity protein for 10–

20 s. In the second step, a reporter ligand was added to saturate the remaining

free binding sites of the affinity protein. The reaction time was 10–20 s and de-

pended mainly on the binding constant of reporter ligand–affinity protein com-

plex. The reaction time was chosen in a way that the association of free affinity

protein molecules with the reporter ligand is favored whereas the dissociation of

the analyte–affinity protein complex is negligible. Finally, the concentration of

free reporter ligand was detected using ESI-MS in the SIM mode.

Generally, in biochemical analysis a phosphate buffer is used to mimic physio-

logical conditions (about pH 7.5). The percentage of organic modifier is usually

kept as low as possible to prevent denaturation of the proteins. In addition, a

blocking reagent such as Tween-20 is added to prevent non-specific binding of

the protein (and protein–ligand complex) to the surface of reaction capillaries.

However, nonvolatile additives in the eluent, such as phosphate buffer and block-

ing reagent, are not compatible with MS detection. Various reaction conditions

were monitored using a series of MS-compatible solvents and compared with

the responses observed in the fluorescence detection.

5.3.2

Optimization of MS Conditions

Different organic and inorganic buffers, such as ammonium acetate, ammonium

formate, HEPES, Gly-Gly, and triethanolamine, were selected to study the re-

sponse of biotin and fluorescein–biotin in MS and compared to phosphate buffer.

Biotin and fluorescein–biotin were dissolved in the carrier solution compositions

of buffer (10 mM; pH 7.5)/methanol (50:50, v/v) at concentrations of 10 ng ml�1.

Both infusion and 20 ml-loop injection experiments were performed with detec-

tion by MS in full-scan and SIM mode. Main optimization criteria are the maxi-

mum response of biotin and fluorescein–biotin with lowest interference of the

carrier solution. HEPES, Gly-Gly, and triethanolamine give very high background

response, which significantly hampers the detection of biotin and fluorescein–

Fig. 5.10 Principle of competitive ligand binding MS assays. Protein (P)

molecules react with the test ligand (L) to form a protein–ligand

complex (PL). The extent of complex forming is monitored by the

addition of a bioactive reporter ligand (R) resulting in the formation of

protein–reporter complex (PR). The concentration free R is directly

dependent on the concentration and affinity of L; R is monitored by ESI-

MS at its corresponding m=z trace.
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biotin. Phosphate buffer and ammonium acetate/ammonium formate give a

factor 10� and 100� less background response, respectively. As regards to sensi-

tivity, ammonium acetate and ammonium formate gave the highest response for

biotin and fluorescein–biotin. Consequently, all stock solutions were prepared in

methanol (biotin/fluorescein–biotin) or ammonium formate (10 mmol L�1; pH

7.5, protein).

In order to select a carrier solution composition which would provide an overall

maximum response for MS detection, two modifiers were selected, acetonitrile

and methanol, and two buffers, i.e. ammonium acetate (10 mmol L�1; pH 7.5)

and ammonium formate (10 mmol L�1; pH 7.5). Biotin and fluorescein–biotin

were dissolved in various binding buffer–organic solvent mixtures ranging from

90:10 (v/v) to 50:50 (v/v) at two concentration levels (0.01 ng mL�1, 1 ng mL�1) and

20 mL were injected and analyzed by MS in full-scan and SIM mode. The maxi-

mum response was found with 50% methanol, which was about a factor 2�
higher than for 10% methanol. Since the proteins can denaturate or protein–

ligand complexes can dissociate at relatively low percentages of organic modifier

in further experiments only 10% methanol is used in the carrier solution.

5.3.3

On-line Continuous-flow Biochemical Interaction

Figure 5.11 illustrates the basic performance of the on-line MS assay. For compar-

ison, a homogenous fluorescence assay has been set up in parallel. For this pur-

pose, the carrier flow was split after the second microcoil reactor, with 90% of the

total flow being directed to a fluorescence detector (Fig. 5.11a) and 10% to the MS

(Fig. 5.11b). The affinity interaction between streptavidin and biotin was chosen

to study the characteristics of an on-line MS biochemical assay. Fluorescein–

biotin was used as reporter ligand for both fluorescence and MS in the SIM

mode (m=z 390) detection. In the fluorescence mode, the homogeneous biochem-

ical assay is based on the quenching of the fluorescein–biotin fluorescence upon

binding to streptavidin.

At point (1) in Fig. 5.11a, solely carrier buffer is pumped by all pumps (carrier

pump, affinity protein pump, reporter ligand pump) resulting in stable baseline

in both detectors. At point (2), fluorescein–biotin is added to the reporter ligand

pump leading to an increase of the background signal in both detectors. After sta-

bilization of the system, streptavidin is added to the affinity protein pump at

point (3). The reaction of streptavidin and fluorescein–biotin leads to an almost

complete disappearance of free fluorescein–biotin and, consequently, to a reduc-

tion of the baseline to the original level. When injecting active analytes such as

biotin (points labeled 4), the concentration of free, unbound streptavidin is re-

duced in reaction 1, leading to an increase of the free fluorescein–biotin concen-

tration after reaction 2 and a positive signal in both the MS and fluorescence

detector. MS is shown to mimic the similar response patterns in the continuous-

flow experiment as those observed with fluorescence detection. The decrease of
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the unbound fluorescein–biotin concentration upon addition of streptavidin at

point (3) indicates that complex formation occurs and that the fluorescein

biotin–streptavidin complex does not dissociate during the ionization phase.

Complete protein–ligand complexes have been reported to stay intact in the ESI-

MS process; however, gentle experimental conditions should be applied.

Furthermore, when using 96 nM fluorescein–biotin and 32 nM streptavidin, an

injection of 1 mmol L�1 of biotin results in an almost complete blocking of strep-

tavidin and, consequently, the maximum peak height possible under the current

conditions is about 95% of the highest point (3), indicating that apparent binding

of biotin to streptavidin is in the order of >95%.

Because the interaction between biotin and streptavidin is strong

(Ka ¼ 0:6� 1015 L mol�1) with a relatively fast association rate (kþ1 ¼ 2:4� 107

L mol�1 s�1) and slow dissociation rate (k�1 ¼ 0:4� 10�7 s�1), the reaction times

are fast, i.e. 10–20 s. Furthermore, the addition of reporter ligand is performed

only after the analyte protein reaction has taken place in coil I, avoiding a dis-

placement reaction that would substantially increase the overall reaction time.

Fig. 5.11 On-line continuous-flow monitoring

of biochemical interaction with (a) fluores-

cence and (b) MS SIM (m=z 390) detection.

Fluorescein–biotin (96 nM), streptavidin

(32 nM), 20-mL loop injections of 1000 nM

biotin (n ¼ 3). MS instrument: Q-ToF2

(Waters) equipped with a Waters Z-spray

electrospray (ESI) source. Point 1: Carrier

pump, protein and reporter ligand pumps

are delivering background buffer. Point 2:

Fluorescein–biotin (reporter molecule) is

added, resulting in an increase of both the

fluorescence and MS-SIM signal. Point 3:

streptavidin is added, resulting in a decrease

of the free fluorescein–biotin concentration.

Point 4: injection of the active ligand biotin

leads to positive peak due to the displace-

ment of bound reporter ligand.
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Hence the reaction coil volumes were kept as small as possible to reduce band-

broadening, i.e. 17 mL and 33 mL, for coil I and coil II, respectively.

5.3.4

Monitoring Bioactive Compounds

The biochemical MS assay performance was studied for various biotin derivatives,

such as biotin (m=z 245), N-biotinyl-6-aminocaproic acid hydrazide (m=z 372),

biotin-hydrazide (m=z 259), N-biotinyl-L-lysine (m=z 373) and biotin-N-succinimi-

dylester (m=z 342). These five different bioactive compounds were consecutively

injected into the biochemical MS assay. Figure 5.12 shows triplicate injections in

the biochemical MS-based system of the different active compounds. Each com-

pound binds to streptavidin, hence the MS responses of peaks of the reporter

ligand (fluorescein–biotin, m=z 390) are similar. The use of SIM allows specific

components to be selected and monitored, e.g. protonated molecule of the biotin

derivatives. In this case, no peaks were observed for biotin-N-succinimidylester

(m=z 342), because under the applied conditions fragmentation occurred to

m=z 245. In combination with full-scan MS measurements, the molecular mass

of active compounds can be determined simultaneously to the biochemical

measurement.

Fig. 5.12 On-line continuous-flow monitoring

of bioactive compounds using fluorescein–

biotin/streptavidin assay. MS instrument:

Q-ToF2 (Waters) equipped with a Waters

Z-spray electrospray (ESI) source. Triplicate

injections of (a) biotin-N-succinimidyl ester

(m=z 342), (b) N-biotinyl-l-lysine (m=z 373),

(c) biotin hydrazide (m=z 259), (d) N-

biotinyl-6-aminocaproic hydrazide (m=z 372),

(e) biotin (m=z 245), (f ) monitoring of

fluorescein–biotin (m=z 390) as reporter

molecule for ligand binding to streptavidin.

Fluorescein–biotin 96 nmol L�1, streptavidin

32 nM, and all ligand injections are 1 mM.

204 5 Continuous-flow Systems for Ligand Binding and Enzyme Inhibition Assays Based



5.3.5

Antibody–Antigen Interactions

In order to assess the applicability of MS to study antibody–antigen interactions

we used a model system comprising FAB fragments of anti-digoxigenin anti-

bodies. Digoxin and digoxigenin are ligands having approximately the same affin-

ity for the anti-digoxigenin antibodies. Both compounds can therefore be used as

either analyte or reporter ligand. The same MS-based biochemical assay set-up

was used as for the streptavidin/biotin system. Because the interaction between

anti-digoxigenin antibodies and digoxin is weaker (Ka ¼ approx. 109 L mol�1)

with a relatively slower association rate and dissociation rate than streptavidin/

biotin, a longer reaction time is preferred. Therefore a reaction coil volume of 65

mL was chosen for reaction I resulting in a reaction time of 39 s.

The interaction of digoxigenin with the anti-digoxigenin antibodies was mea-

sured by incubating various concentrations of digoxigenin with 200 nM anti-

digoxigenin antibodies and subsequent injection into the FI–MS system. The

interaction was monitored by observing the response of digoxigenin in MS at

m=z 408.4. In comparison with the calibration line obtained by injection of digox-

igenin in the absence of antibodies, a significant decrease of the digoxigenin re-

sponse was observed for all digoxigenin concentrations injected. In order to dem-

onstrate that the decrease of the free digoxigenin concentration upon incubation

with anti-digoxigenin antibodies is based on specific interactions, the same exper-

iment was repeated, but the anti-digoxigenin antibodies were first incubated with

a large excess (2 mM) of digoxin, i.e. a competing ligand. The resulting calibration

curve is almost identical with the calibration for digoxigenin measured in the ab-

sence of antibodies indicating that digoxigenin is prevented from binding to the

antibody due to an excess of competing ligand. A similar behavior was observed

when digoxin instead of digoxigenin was used as reporter ligand.

These experiments clearly demonstrate that ESI-MS is suitable for monitoring

antibody–antigen interactions by selectively detecting free ligand molecules in the

presence of antibody–ligand complexes. Moreover, the development of MS-based

biochemical assays is rather straightforward since any detectable analyte can prin-

cipally be used as reporter ligand. The sensitivity of the biochemical assay de-

pends mainly on the detection sensitivity of the reporter ligand and its binding

affinity for the affinity protein. Since digoxin and digoxigenin have similar bind-

ing affinities for the anti-digoxigenin antibodies, similar assay sensitivities are ob-

tained when using both compounds as reporter ligands.

5.3.6

Continuous-flow Multi-protein Binding Assays Using Electrospray MS

The assay principle shown in Fig. 5.10 has the potential of multiplexing, i.e.

performing several assays in parallel, by pumping mixtures of receptors, i.e.

streptavidin and anti-digoxigenin and reporter ligands, i.e. fluorescein–biotin

and digoxin [29]. Clearly this approach will only be feasible for those assays
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where no cross-reactivity exists between receptors and reporter ligands. Batch ex-

periments (data not shown) revealed that there is no cross-reactivity for ligands

binding either to streptavidin or anti-digoxigenin.

The parallel biochemical assay was performed by dissolving both receptor pro-

teins in one solution and the two reporter ligands in one other solution. Both re-

porter ligands (fluorescein–biotin and digoxin) were pumped together with one

pump. The receptors (streptavidin and anti-digoxigenin) were pumped with an-

other pump. Figure 5.13 shows the extracted-ion chromatograms for both re-

porter molecules. The two lower traces represent the reporter molecule digoxin

(m=z 798.5) and the reporter molecule fluorescein–biotin (m=z 390.0), respec-

tively. Triplicate injections of blank, 1 mM digoxigenin, and 1 mM biotin were per-

formed. As expected, the injection of an active compound resulted in an increase

in the concentration of the respective unbound reporter molecule. In addition,

peaks were observed in the extracted-ion chromatograms of biotin and digoxige-

nin. This is a result of the fact that the concentration injected into the carrier so-

lution is a large excess compared to the concentration of receptor present in the

carrier solution.

Fig. 5.13 On-line continuous-flow, multi-protein biochemical assay. MS

instrument: Q-ToF2 (Waters) equipped with a Waters Z-spray electro-

spray (ESI) source. Extracted-ion chromatograms of (a) digoxigenin

(m=z 391.5), (b) biotin (m=z 245.0), (c) fluorescein–biotin/streptavidin

(m=z 390.0) assay and (d) digoxin/anti-digoxigenin (m=z 798.5) assay.

Triplicate injections were performed WITH blank (peaks 1–3), 1 mM

digoxigenin (peaks 4–6) and 1 mmol L�1 biotin (peaks 7–9).
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5.4

MS Assay Based on Dissociation of Isolated Protein–Ligand Complexes

5.4.1

Assay Set-up

The MS assay principles discussed in Sections 5.2 and 5.3 have in common that

they rely on the availability of appropriate reporter molecules, i.e. chemical com-

pounds that indicate the presence of bioactive ligands through a change of

concentration. In many instances, it is not straightforward to get access to these

compounds, e.g. in the case of orphan receptors where no active ligands are yet

found. In this section we describe an assay format that relies on the detection of

bioactive ligands after dissociation from their target protein [30]. The general

principle of this reporter-free biochemical MS assay format is outlined in Fig.

5.14. The assay is based on three sequential steps, i.e. the incubation of the sam-

ple with the affinity protein, the quantitative separation of free and protein-bound

compounds, and the dissociation of the protein–ligand complexes. Ligands re-

leased from the protein are subsequently detected by LC-MS.

The hardware implementation is shown in Fig. 5.15. After injecting the sample

into the carrier phase, a plug of affinity protein is added during a period of 60 s,

i.e. a time interval which ensures that, under the conditions described, the entire

sample is able to react with the target proteins. By introducing a protein plug in-

stead of constantly adding the target proteins to the carrier phase, a considerable

reduction in affinity protein consumption is achieved. Subsequently, by imple-

menting a short column packed with a C18 restricted-access (RA) column mate-

rial (e.g. Lichrosorb ADS C18; Merck, Darmstadt, Germany), low molecular mass

molecules, which did not form an affinity complex during the reaction period, are

trapped inside the small hydrophobic pores of the RA beads. In contrast, the high

Fig. 5.14 Principle of label-free ligand binding MS assays. Protein (P)

molecules react with the test ligand (L) to form a protein–ligand

complex (PL). Unbound compounds are separated from PL by passage

through a restricted-access column. Subsequently, PL is dissociated at

low pH, and active ligands L are detected by LC-ESI-MS.
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molecular mass affinity proteins and complexes are allowed to pass the RA col-

umn unretained, as their size prevents diffusion into the small hydrophobic

pores. Nonspecific binding of these proteins is largely avoided because of the hy-

drophilic nature of the surface of the RA beads. As a result, a fast and efficient

separation is achieved between those compounds that either do not or only

weakly form an affinity complex with the target protein and those that do. Besides

efficiently separating the bound molecules from the unbound molecules, imple-

mentation of RA columns expands the range of affinity interactions, which can

be monitored using the current setup, to higher KD values as a result of the short

residence times onto the RA column. As the affinity complexes typically pass the

RA columns within seconds, affinity-complex dissociation becomes less pro-

nounced when compared with other separation methods, such as size exclusion

chromatography. Subsequently, after passing the first RA column, the affinity

complex is subjected to a dissociation step based on a pH change, which disrupts

the affinity interaction between target protein and bioactive compound. After dis-

sociation of the affinity complex, separation of the free bioactive compound and

the target protein is easily accomplished by introducing a second RA column. Li-

gands, originating from the dissociated affinity complex, are trapped within the

hydrophobic pores, whereas the target protein passes the RA column unretained

and is directed towards waste. In this way, bioactive compounds are isolated from

nonactive molecules as well as from the affinity proteins. After this loading

Fig. 5.15 Analytical set-up for on-line label-free assay based on ESI-MS.

MS instrument: Ion-trap mass spectrometer (LCQ Deca, Thermo

Electron). P1: Carrier/HPLC pump. P2: HPLC pump delivering receptor

solution. P3: HPLC pump delivering dissociation solution. P4: HPLC

pump for final LC-MS analysis of released ligands. 1: Mixing union. 2:

Microcoil reactor. V1: injection valve.
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phase, which typically takes 2 min, the second RA column is washed extensively

with 1% acetic acid to remove the majority of the impurities, such as salts, origi-

nating from sources such as reagent solutions and samples. Subsequently the

second RA column is switched into a 75% MeOH/2 mM ammonium acetate so-

lution, which is constantly introduced into the ESI probe. Trapped bioactive com-

pounds are eluted from the RA column in a well defined matrix at a flow rate of

50 mL min�1 and are subsequently analyzed by MS, using data-dependent scan-

ning. This way, characteristic MS and MSn (n ¼ 2 or 3) data of bioactive com-

pounds are recorded during a single run. Molecular mass information is obtained

from the MS data, whereas a mass fingerprint of the bioactive molecule is pro-

vided by MSn spectra.

5.4.2

Flow Injection Label-free MS Assay

To demonstrate proper functioning of the MS-based bioassay and illustrate the

potential for orphan target screening, a model system using anti-digoxigenin

antibodies was chosen, and digoxin samples were injected under several bioassay

conditions. The presence of digoxin onto the second RA column was evaluated by

monitoring the reconstructed ion currents of two m=z values, 651.1 and 798.2,

that were characteristic for digoxin under the conditions applied. Figure 5.16

shows the results of digoxin injections (1 mM) using three different bioassay

conditions. First, digoxin was injected into a bioassay system in which the anti-

digoxigenin FAb as well as the dissociation solution were replaced by buffer (10

mM ammonium acetate, pH 6.7). The ion current traces for m=z 651 and 798 are

comparable to those obtained for blank injections, thus indicating that digoxin is

efficiently trapped onto the first RA column. The ion current peaks, which can

be observed in the total, as well as extracted ion current profiles are caused by

the introduction of residual ions and solvent (DMSO), which were not completely

removed from the RA column during flushing. During a second step, anti-

digoxigenin FAb was added to the biochemical assay, while the dissociation solu-

tion was still replaced by buffer. Again, the digoxin injections showed hardly any

increase in ion current, indicating that the affinity complexes formed passed both

the first and second RA columns. Finally, digoxin was injected into a complete

bioassay system containing both the affinity protein as well as the dissociation so-

lution. The ion current traces of m=z 651 and 798 both clearly show a significant

increase in intensity compared with the previous digoxin injections. From these

experiments it can be concluded that the affinity complexes between digoxin and

anti-digoxigenin FAb were indeed formed, passed the first RA column, and fi-

nally were dissociated by the pH shock applied. As a result, digoxin molecules

were trapped onto the second RA column and were detected by full-scan MS anal-

ysis after column desorption. Under these semi-optimized conditions, digoxin

could be detected down to 250 nM, whereas the relative standard deviation of 1

mM digoxin injections equaled 13.0% (n ¼ 5).
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5.4.3

Flow Injection Label-free MS Assay Screening of Natural Extracts

To demonstrate proper functioning of the MS-based bioassay for anti-digoxigenin

antibodies using complex sample matrices, higher plant extracts were diluted ten

times with 10 mM TRIS buffer (pH 7.0), spiked with digoxin (250 nM), and sub-

sequently analyzed. Figure 5.17 shows an example of such a spiked extract. First,

an unspiked aliquot of the extract was injected into the MS-based bioassay of

which the first RA column was removed (no target present). Consequently, mod-

erately polar to hydrophobic compounds present in the sample were trapped onto

the second RA column and were eluted towards the MS detector. The principle of

the MS-based bioassay was then demonstrated by reinserting the RA column

again, followed by the injection of a spiked aliquot of the same plant extract in

the presence of protein target. As can be seen in Fig. 5.17, the first RA column

efficiently traps the non-bioactive molecules, which were present in the plant ex-

tract. The bioactive compound digoxin, however, is successfully isolated from the

plant extract and can clearly be observed in the MS spectrum (m=z 859.2 and

902.0). By injecting spiked and unspiked aliquots of natural extracts, the ability

of the bioassay format to rapidly detect ligands for protein targets, such as soluble

orphan receptors, is demonstrated.

5.5

Future Prospects

We have shown that electrospray MS is a valuable tool in the screening of bio-

active compounds, the main advantages being in the area of complex mixture

screening. The potential of MS to provide a chemical fingerprint of the bioactive

compounds next to binding/inhibition properties is unique and in fact only

matched by similar approaches using NMR. Next to the assay formats described

in this article, many more formats have been successfully demonstrated in litera-

ture. It is worthwhile to mention the detection of intact protein-ligand complexes

by ESI-MS or MALDI-TOF MS as alternative to the assay concepts described in

this article that mainly rely on reporter molecules or the detection of dissociated

ligands.

Fig. 5.16 Demonstration of MS-based

bioassay functionality. Injections represent

standard solutions of 1 mM digoxin samples.

MS instrument: Ion-trap mass spectrometer

(LCQ Deca, Thermo Electron). m=z 651

represents the [(M-S)þH]þ ion of digoxin

with S indicating one sugar moiety; m=z 798

represents the ammonium ion of digoxin. 1:

Affinity protein and pH dissociation solution

replaced by buffer solutions. 2: pH

dissociation solution replaced by buffer

solution. 3: All MS-based bioassay solutions

installed.

H
________________________________________________________________________________
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One has to emphasize that MS also is associated with several drawbacks when

it comes to bioactivity screening. First of all, the optimum, native conditions for

bioactivity screening (pH 7.2, addition of 150 mM sodium chloride) are entirely

incompatible with optimum conditions for MS detection which, for ESI-MS, typ-

ically require acidic pH values and the presence of organic modifiers to enhance

ionization properties of the analytes. Assay development for MS-based assays

therefore mainly requires the testing of different assay conditions, particularly

the replacement of nonvolatile buffers with MS-compatible volatile buffers. Fur-

thermore, it is essential to monitor ion suppression effects, for example, by the

Fig. 5.17 Demonstration of MS-based bioassay functionality using a

plant extract. MS instrument: Ion-trap mass spectrometer (LCQ Deca,

Thermo Electron). (a) MS analysis of pure extract by direct injection

onto restricted-access column 2 in the absence of affinity protein. (b)

Analysis of the same natural extract spiked with digoxin using the label-

free MS assay method as shown in Fig. 5.15.
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addition of system-monitoring compounds, as shown in this article. Ion sup-

pression may very well lead to wrongful assignments of bioactivities which is

particularly harmful if it leads to false negative results. Assay development should

therefore also comprise the design of control experiments, e.g. omitting proteins

in binding studies, addition of competitors, in order to allow an accurate assess-

ment of the biochemical properties of bioactive substances.

Miniaturization is a key aspect when implementing MS-based assays. The high

sensitivity of ESI-MS in capillary or nano-LC mode favors the use of miniaturized

assay formats. Both open-tubular capillaries and chip-based designs enable the

establishment of low deadvolume microfluidic assays; however, one should keep

in mind that injection volumes for miniaturized analytical systems are substan-

tially lower than in macrofluidic systems. In our experience, it is essential to

integrate on-line preconcentration methods, for example, solid-phase extraction

or on-column focusing of analytes, to enable larger injection volumes, to achieve

the detection limits relevant for screening in a drug discovery environment.

With the development of high-resolution MS instruments such as FT-ICR MS,

mass spectrometry will certainly gain in importance for studying key properties

of hit and lead compounds in the early stages of drug discovery. In view of the

diversity of many protein targets to be screened, it is in our opinion advisable

to rely on a broad portfolio of assay formats rather than focusing on a single

approach. Next to the methodologies described in this contribution, assay formats

detecting protein–ligand complexes by, for example, MALDI-TOF MS should also

be considered.
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Frontal Affinity Chromatography – Mass

Spectrometry for Ligand Discovery

and Characterization

Nora Chan, Darren Lewis, Michele Kelly, Ella S.M. Ng,

and David C. Schriemer

6.1

Introduction

In the reductionist approach to drug discovery, where a disease state is ap-

proached through target-driven ligand development, mass spectrometry (MS)

does not yet play a prominent role. It has a comfortable home in target character-

ization and preclinical studies of lead compounds – upstream and downstream of

the initial discovery phase – but is rarely considered a tool for the initial discovery

phase. Impressive engines of lead discovery have been developed based on optical

technologies, with large appetites for compound archives and combinatorial li-

brary products. Drug discovery assays involving mass spectrometry face stiff com-

petition with these high-volume, wellplate assays. But MS-based systems need

not be wielded in a competitive manner. The advantage to mass spectrometry

lies in its ability to characterize compounds in mixtures with high sensitivity and

only moderate requirements for sample purification. Thus, when MS is consid-

ered as a detector for drug discovery applications, it is appropriate to leave the

high-volume, single-compound analyses to the array technologies currently im-

plemented in screening laboratories. If MS is to play a significant role in lead dis-

covery, it will be to extend access to chemical diversity, for example in screening

less well defined mixtures of potential ligands such as natural product extracts.

Frontal affinity chromatography–mass spectrometry (FAC-MS) is an analytical

concept that offers a generalized approach to compound screening via MS, and

while it can be utilized as an assay for single compounds, it is well adapted

to deriving compound-specific binding data from complicated mixtures that

would confound plate-based bioassays. In this chapter we will present the fun-

damentals of the FAC-MS technique and describe system advancements and re-

cent applications, which together suggest a strong role for the technique in lead

discovery.

217



6.1.1

The Basic Frontal Method

Frontal analysis (FA) is perhaps the most straightforward of all chromatographic

methods. To operate the method, one continuously infuses sample through a sta-

tionary phase and monitors breakthrough times. The goal of such analyses is not

to separate components of the mixture, but simply to explore the nature of the

interaction between column and compound. An example can be found in Fig.

6.1. Here, a large volume sample of caffeine is injected onto a C18 column, suffi-

cient to achieve breakthrough conditions. In this experiment, a single point deter-

mination of the breakthrough volume immediately provides a measurement of

the amount of compound bound, while a concentration series accurately de-

scribes the isotherm governing the compound/stationary phase interaction –

different models of interaction behavior can then be applied to rationalize the

interaction.

The method has a rich history in the characterization of compound–stationary

phase interactions as it supports the determination of thermodynamics and kinetics
of interaction between a solute and a stationary phase. What has emerged from

these studies is the recognition of FA as the premier chromatographic method

for generating interaction data; high precision and accuracy are a direct result

of making measurements under undistorted dynamic equilibrium conditions.

These advantages offer the opportunity to ‘‘dissect’’ the molecular basis for mo-

lecular interactions. For example, FA supports the determination of complexity

in solute–sorbent interactions as shown in Fig. 6.2, by revealing distinct binding

modes. This figure demonstrates that a ‘‘simple’’ interaction between a small

molecule nortryptiline and a C18 column is better described as a convolution of

Fig. 6.1 A breakthrough curve generated by the frontal analysis method

[31]. The analysis represents a high-volume injection of caffeine through

a reversed-phase column, at a concentration representative of the linear

region of the binding isotherm. Adapted with permission from Elsevier.
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at least three distinct types of interaction. This sort of information is useful in the

development of advanced materials for high performance chromatography.

Its application to the measurement of biochemical interactions is intuitive –

simply replace the conventional analytical stationary phase with ligand, protein,

DNA or any relevant biomolecule. A large-scale version of the method was first

described in 1975 by Ken-Ichi Kasai [1] and referred to as frontal affinity chroma-

tography (FAC). The method finds application in the process engineering field,

where adsorbents are used to study the interaction of proteins on immobilized

ligands, for the purpose of optimizing purification schemes [2–4]. The realization

of the analytical benefits of FAC was later in coming [5–7]. Through extensive

miniaturization of the affinity columns, sensitive FAC assays have been imple-

mented that are comparable to the amounts used in sensitive biosensor applica-

tions [8].

Developing a FAC assay for discovering or characterizing molecular interac-

tions involves effort comparable with most bioassay development exercises. Opti-

mal buffer conditions need to be determined, including the use of necessary co-

factors (e.g. divalent cations, secondary ligands). Column design requires a valid

immobilized form of the protein, ligand or other biomolecule. This is no more

problematic than similar requirements found in surface plasmon resonance

(SPR) assays and many plate-based assays. It is worth emphasizing that, with

the production of recombinant proteins and the ability to selectively insert affinity

tags, much of the complexity involved in this stage of assay development has

been removed. In addition, new developments in protein entrapment suggest

Fig. 6.2 An example of a binding isotherm generated from frontal

affinity data. This example shows that nortryptiline on a C18 reversed-

phase column exhibits complex binding behavior. At least three distinct

binding modes exist between the compound and the stationary phase

[31]. q* represents the concentration of bound nortryptiline and C the

total concentration of applied nortryptiline. Adapted with permission

from Elsevier.
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that covalent immobilization can be circumvented in certain situations, as will be

discussed in Section 6.3.

6.1.2

FAC – Basic Theory

The simplest binding event involves the interaction of a ligand with a single class

of binding sites. There may be multiple, equivalent sites in a given target mole-

cule but the model assumes their independence. This basic binding function

stems from the familiar law of mass action and when expressed as a function of

the measurable quantity in a FAC experiment it takes the following form, Eq. (1):

ðV � V0Þ ¼ Bt

½A�0 þ Kd
ð1Þ

The breakthrough volume V for a ligand is corrected by the breakthrough volume

of the ligand in the absence of the binding event, V0. This is a difficult number to

obtain in practice so a structurally related nonligand is often used to assess V0. Bt

refers to the dynamic capacity of the affinity column for the ligand, [A]0 the infu-

sion concentration of the ligand and Kd the dissociation constant for the interac-

tion. We may recognize this formalism as one example of a nonlinear convex

binding isotherm. Figure 6.3 shows the basic elements that comprise a break-

Fig. 6.3 A dissection of the frontal chromatogram [31]. The break-

through curve is represented by the thick line. The two gray/hatched

surfaces on the left side (A1, A2) represent the mass of compound in

the extra- and dead-column volumes. Area A3 represents the mass of

the compound adsorbed to the stationary phase. Adapted with permis-

sion from Elsevier.
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through curve, and Fig. 6.4 the effect of ligand concentration on both the appear-

ance of the curve and the breakthrough volume. At high dilution relative to the

Kd of the particular interaction, the breakthrough volume is insensitive to slight

changes in ligand concentration and has actually achieved its maximum value.

Under these dilute conditions, FAC operates in the linear region of the binding

function.

6.1.3

FAC Advantages

There are numerous advantages to the FAC approach that differentiate it from

many forms of bioassay – MS-dependent or otherwise. The FAC method offers

thermodynamic and kinetic binding data from the breakthrough curves. As with

the classical application of the FA method, the quality of the data is superb rela-

tive to other chromatographic or electrophoretic methods [9, 10]. It is an equilib-

rium method, as opposed to systems that rely upon the separation of bound from

unbound, and this forms the basis of its accuracy.

The most significant figure of merit is the breakthrough volume and assuming

a simple equilibrium model, this volume is used to determine the dissociation

Fig. 6.4 The effects of ligand concentration

on the FAC chromatogram [8]. A given ligand

experiences an accelerated breakthrough as

its concentration increases. Under linear

chromatographic conditions ([A]0 fKd),

there is a direct relationship with zonal

chromatography, where the breakthrough

curve is coincident in retention time with the

zonal peak (short dashed trace). At higher

ligand concentration, the breakthrough shifts

to earlier elution times (i.e. lower elution

volumes) and exhibit a noticeable

‘‘sharpening’’ of the curve (long-dash trace,

dot-dash trace). Adapted with permission

from the American Chemical Society.
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constant for the interaction being studied. These values may be measured by any

appropriate detector and it is interesting to note that no detector calibration is re-

quired, nor does the accuracy of the volume depend on the efficiency of the col-

umn. A membrane, cartridge or high-efficiency microbore column can all basi-

cally provide the same V (and thus Kd) [11].

In other words, many different styles of affinity construct can be built, all of

which can support breakthrough volume measurements. This is a liberating

concept, as one can imagine making cheaper/simpler cartridges for high volume

applications and more specialized columns for higher precision in follow-on

measurements. It is also significant that the detector does not play a significant

role in the assay, aside from monitoring breakthrough volumes. The detector is

simply required to determine when breakthrough occurs and, as we will see, MS

does provide some unique advantages in this regard.

A subtle but unique advantage to the method stems from the distinction be-

tween detecting the compound rather than the binding event. Essentially, FAC

achieves molecular interaction analysis in a concentration-independent manner.

Many assay types generate a signal that is in some way proportional to the

amount of bound ligand. According to the law of mass action, this implies that

the Kd of an interaction strongly determines successful detection, and means

that a weak interaction cannot be detected as sensitively as a strong interaction.

Low concentrations relative to the Kd of the interaction always generate the max-

imum breakthrough volume, as will be shown below, and so as long as the de-

tector is sufficiently sensitive, the FAC method can detect interaction Kd values

ranging from millimolar to picomolar without modifying the assay. This is an im-

portant advantage. Developments in MS detection ensure that we can ‘‘find’’ low

abundance hits/ligands that may be present in the sample well below their Kd

values. For example, a 10 mM Kd ligand present at a concentration of 1 nM

would be difficult to detect with capture/wash methods as washing conditions

would likely remove the bound ligand. This sets the method apart from biosen-

sors in which the signal strength is directly related to the amount bound. While

the high sensitivity of SPR-based biosensors can ameliorate this to a degree, there

are clear advantages to removing the dependency on Kd value for detecting a

binding event.

There are no inherent limitations to the nature of the interaction that can be

probed with the FAC method. This too stems from an uncoupling of the binding

event and the detector. The method can be applied to simple binary interactions

between protein and small molecule, but also to protein–protein interactions,

protein–cell interactions and virtually any interaction that can be modeled in a

flow system. Some of the more elegant examples include drug interaction with

whole cells [12] and membrane-bound receptors from brain homogenates [13].

Ultimately, the limitations are dictated by what can be detected from a stream of

column effluent.

While it is possible for a FAC experiment to require excessive sample in order

to equilibrate the column and generate a breakthrough curve, this can be easily
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prevented during column design. Lowering the binding capacity of the affinity

column brings with it reduced sample requirements [10]. In practice, miniatur-

ization to easily-constructed micro-cartridges supports sub-picomol amounts of

immobilized protein and similar amounts of sample. This is comparable to mod-

ern biosensor technology in both operation and consumption of sample.

6.1.4

FAC Disadvantages

No method for quantifying molecular interactions is foolproof, and FAC is no ex-

ception. The primary concern with FAC relates to assay development – it can take

considerable time and effort to design the assay, in which a protein or some other

appropriate biomolecule requires immobilization. The classical concern with

immobilization-dependent assays involves preservation of relevant activity; it is

not uncommon for initial attempts to be completely unsuccessful especially

when chemical labelling strategies are used (e.g. Schiff base reactions between a

protein and an amino-resin). More common is the generation of a partially deac-

tivated protein stationary phase, which begs the question whether the loss of

activity is simply a ‘‘percentage problem’’ or reflective of an alteration of protein

structure/dynamics. Most often this can be resolved by comparing the results

generated by FAC analysis of a known ligand, to that generated by an indepen-

dent assay. Obviously this requires some idea of what structural features con-

stitutes a ligand. This represents the key restriction to extending this assay

type to true ‘‘orphan receptors’’ or newly discovered target molecules: this

knowledge may not be readily available. It is almost always true that a success-

ful immobilization/retention strategy can be developed and in some cases the

immobilized form is much closer to in vivo conditions than true homogeneous

assays (consider membrane-bound receptors for example).

The FAC method offers the opportunity to measure binding events in an envi-

ronment of undistorted equilibrium, which is a strength but also an analytical

challenge. There is no inherent purification or enrichment, and as a result the

chosen detector must meet some stringent performance requirements. Systems

have used simple UV-based flow cell detectors, which is entirely appropriate for

very simple single-compound analyses. The FAC-FD system of Hirabayashi incor-

porates fluorescence detection of labelled marker ligands, as a sensitive and selec-

tive means of quantifying an interaction and is particularly useful in higher

screening-rate single-compound analyses, where the fluorescently labelled ligand

is used competitively [14]. Both approaches preserve the essence of the FAC

advantage (accurate/precise measurements, access to a wide range of binding

strengths), but both need a high degree of purity in the samples to be analyzed.

This is required for most plate-based or biosensor-based assay systems, and does

not provide significant justification for developing a FAC assay, aside from vali-

dating the results of other methods or exploring very weak interactions.
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6.2

Enabling FAC with MS Detection

This detection limitation prompted the development of a FAC-MS method, which

significantly expands the scope of the method to complex mixtures of compounds.

An MS approach removes the requirement for labelling compounds to enhance a

fluorescent signal and minimizes the need to pre-purify the samples to be ana-

lyzed. Monitoring numerous compounds via their respective m/z values enables

the determination of individual breakthrough curves from mixtures and offers

powerful insights into multi-ligand behavior. At the simplest level, this combi-

nation of technologies (FAC, MS) provides the opportunity to rank-order bind-

ing strength in a single experiment, immediately placing the discovery of new

ligands in a relational context. However, the opportunity to monitor multiple

breakthrough curves without ligand labelling presents additional advantages. To

illustrate, we will consider two different classes of methods: direct and indirect.

6.2.1

Direct FAC-MS Methods for Compound Binding Data

The direct FAC-MS method is characterized by an online coupling of mass spec-

trometry with the FAC cartridge [7]. This is usually enabled with electrospray as

an ionization method especially when monitoring drug-like molecules, although

MALDI has also proven useful [15, 16]. MS detection might seem less significant

when making binding measurements on single ligands; however it is very impor-

tant when making these measurements that the void volume be accurately deter-

mined. This can be approximated by co-infusing one or more compounds that are

not expected to bind to the stationary phase. For example, our laboratory uses a

collection of peptides, oligosaccharides or low concentration buffer components

(e.g. nonbuffering Tris concentration) to make V0 measurements, and therefore

MS detection is essential. Guiochon has demonstrated that weaker ligands are

particularly prone to inaccuracies in the estimation of V0. MS detection enables

a more accurate assessment of V0 through multiple sampling.

One of the most useful adaptations of the direct FAC-MS method for quantitat-

ing a binding event is referred to as the staircase method (Fig. 6.5). In this method,

successively higher concentrations of test ligand are infused and the break-

through volumes induced by the concentration increments are determined [9,

10]. As with all thorough studies of a binding event, these measurements are

best conducted over a wide concentration range so that the binding isotherm is

adequately sampled. This staircase method avoids long washing steps between

injections; such long washes can be problematic for affinity columns that have a

short lifetime. The concentration-series data can be linearized very simply accord-

ing to Eq. (2) [10]:

½A�0; j þ yj ¼ Bt
1

Vj � V0

� �
� Kd ð2Þ
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where:

yj ¼

Xj�1

i¼1

ð½A�0; i � ½A�0; i�1ÞðVi � V0Þ

Vj � V0

A plot of ½A�0 þ y versus reciprocal breakthrough volume supports the determi-

nation of Bt and Kd by linear regression analysis. As with all FAC methods for

ligand characterization, the cartridge does not require precalibration before a

measurement is made, because Bt is a product of the measurement. One disad-

vantage of this method is that any error in the earlier measurements is carried

forward in subsequent ones; however the speed of these measurements and the

ability to accurately measure V0 usually makes this the method of choice.

These sorts of analyses are limited only by the ability of the chosen mass spec-

trometer to detect the test-compound under infusion–buffer conditions. In many

cases, there will not be a problem even at low nanomolar compound concentra-

tions, but in others MS will be hard-pressed to detect compounds even at micro-

molar concentrations. The online FAC-MS system will always be challenged by

the inherent incompatibility of routine assay buffers with MS, but there are

opportunities to reconfigure either the ion source or the buffer composition for

Fig. 6.5 A diagram of the modified staircase approach. In this

procedure, ligand and void marker are infused at increasingly higher

concentrations. It differs from the normal procedure in that column

washing between infusions is not performed. This is the simplest of

FAC techniques for measuring ligand Kd.
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the demands of the analysis. For example, detection of steroids may benefit from

an APCI source over electrospray, whereas a MALDI source may have greater

tolerance for higher ionic strength buffers. A powerful alternative involves the

insertion of a FAIMS (high field asymmetric waveform ion mobility spectrome-

try) device [17] after electrospray ionization. We have shown that compounds

buffered in full-strength PBS (@150 mM NaCl) can be successfully detected in

an online FAC-MS experiment, whereas a simple selected ion reaction monitor-

ing of the compound was unsuccessful (data not shown). In our experience, sub-

micromolar to low millimolar Kd values can be successfully characterized with

the on-line method under a wide range of buffer conditions. Every increment in

MS sensitivity further extends the Kd range over which the direct method can

function.

6.2.2

Direct Method for Discovering and Ranking Multiple Ligands

The above discussion presents the utility of the FAC-MS method as a supportive

tool for higher-throughput discovery initiatives, in which hits might well be

carried forward after their binding parameters are carefully re-measured and

validated, and related to the data from the other hits. When incorporating MS de-

tection, this evaluation may be done all at once. It is easy to see how a single li-

gand can be detected in a large pool of nonligands, but what if there exists a

competitive multi-ligand environment?

Let us first consider the nature of the breakthrough curves when multiple li-

gands are present, and do so through the presentation of an example. Figure 6.6

shows the breakthrough curves for three isobaric compounds (m/z 359) and a

void marker, generated in a sorbitol dehydrogenase FAC assay. Two different

MS/MS transitions were monitored, to resolve the individual breakthrough curves

for the three ligands. What is immediately obvious from this example is that the

breakthrough curves deviate from simple sigmoidal shapes. Most biomolecular

interactions are modeled with a nonlinear binding isotherm reflective of saturable

binding events, thus one ligand can actively compete with another [18]. When

this is established in flowing system as encountered in a FAC assay, ligand dis-

placement occurs in a predicable fashion, assuming equilibrium conditions.

This produces a displacement of the weaker ligand(s) and represents the only

condition under which ligand enrichment can occur in a constant-infusion system.

The shape of this displacement feature is dictated by the kinetics of binding

and the overall efficiency of the cartridge. Notice that the first breakthrough

(359 ! 162 transition) is peak-like in nature, while the second breakthrough

(359 ! 188 transition) appears as a regular sigmoidal curve. The third break-

through (359 ! 162 transition) is also a sigmoid curve. So in this example, while

it is not clear which stereoisomer is the strongest or weakest, it is clear that the

positional isomer is intermediate in binding strength between two stereoisomers.

This indicates that stereochemistry is significant for this interaction, and most

likely that a common binding site is accessed. Under ideal, infinitely fast condi-
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Fig. 6.6 Demonstration of the displacement

phenomenon that occurs when FAC experi-

ments are conducted in the nonlinear region

of the binding isotherm. Three isobaric

ligands (m/z 359) are infused at micromolar

concentration through a sorbitol dehydro-

genase FAC assay, as monitored by a triple

quadrupole mass spectrometer in MRMmode.

The solid trace represents two stereoisomers

and the dashed trace a positional isomer. The

dot-dash trace represents a nonbinding void

marker (m/z 639).

Fig. 6.7 A FAC-MS experiment for ligand ranking. Eight ligands for

sorbitol dehydrogenase were infused, spanning a Kd range of 2 mM to

8 nM [10]. All ligands were applied at 1 mM concentration, ensuring

operation in the nonlinear region of the binding isotherm. Adapted with

permission from Elsevier.
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tions of mass transfer, all displacements or breakthroughs would be rectangular

in shape. Under real-world conditions where ligand-binding kinetics dominate,

the resulting finite mass transfer rates serve to ‘‘smooth’’ these features into

peaks and sigmoids [8].1

FAC has a remarkable capacity to resolve/rank-order ligands even under fully

saturating levels of compound. The example in Fig. 6.7 shows the evolution of

multiple-ligand breakthroughs under conditions where the cartridge saturation

is over 99.9%. A mixture of eight ligands generates a rank order as determined

by measurement of breakthrough volumes, which follows the general trend of

IC50 values (3.3 mM to 39 nM; Table 6.1).

Note that the mixture contains the three isobaric ligands discussed above, and

even under these saturating conditions, the method can resolve three orders of

magnitude Kd values. A multi-ligand, equilibrated environment supports the Kd

measurement of both the strongest and the weakest ligand, which provides the

opportunity to ‘‘bracket’’ the rank order with accurate dissociation constants

[19]. In theory, the ligands with intermediate binding strength could also be

quantitated, requiring knowledge of ligand concentration and a measurement of

rollup amplitude [11]. This may be possible in certain applications (e.g. screening

of mixtures constructed from single compound stock solutions) but, in more

challenging screenings as encountered using natural product extracts or crude

mixture syntheses, a bracketed rank order is the best that can be achieved.

Deng and Sanyal have suggested that FAC is not applicable to ligands with low

on- and off-rates [20]. As will be shown below, this is not true particularly when

indirect FAC methods are applied, but it is also misleading in direct assays as de-

scribed in this section. With flow-rate programming, for example, slow kinetics

Table 6.1 The order of breakthrough for the example of Fig. 6.7 closely

parallels the IC50 values from independent determinations using plate-

based activity assays [10]. Kd values were measured for the strongest

and weakest ligands in separate FAC-MS experiments.

Compound FAC-MS RANK ORDER IC50 (nM) Kd (nM)

1 Weakest 3300 2200.0

2 | 340 nd

3 | 660 nd

4 | 270 nd

5 | 39 nd

6 | h10 ðKiÞi nd

7 | 86 nd

8 Strongest 41 8

1) These displacements (or ‘‘roll-ups’’) can

only occur if there is competition for a

common binding site, or a strongly-negative

allosteric linkage between two distal sites,

with the further requirement that the

allosteric effector have a lower Kd.
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need not be limiting. Nevertheless it is true that any flowing system must con-

sider the impact of mass transfer rates on the quality of the data. As an example,

consider Fig. 6.8. Here, we screened a mixture of@100 compounds in an estro-

gen receptor b FAC assay. The two stronger ligands (nafoxidine and tamoxifen)

are known to possess extremely slow off-rates yet the FAC method not only

detects these as ligands, it also correctly estimates their ranking. Under the

temporal conditions of this experiment, neither nafoxidine nor tamoxifen rapidly

establish equilibrium on the FAC cartridge. In this situation, ligands with slower

on-rates will elute ahead of those with faster on-rates. Notice also the severely ex-

tended breakthrough curves for both ligands, indicative of slow on-rates [9]. So

rather than an inherent limitation, the FAC-MS method is useful for detecting

slow kinetics in much the same way as optical biosensors. Admittedly, theoretical

treatments of breakthrough curves for on- and off-rate measurements have not

yet received wide application to biomolecular interaction data from FAC. It is

also true that, if on-rates are very low (<100 M�1 s�1), the direct FAC method

may miss them. But for the simple purpose of ligand discovery, we suggest that

FAC cartridges be operated at low linear flow rates without concern that slow/

tight-binding ligands may be missed (this will be revisited in the next section).

Notice that the FAC data in this example only shows breakthrough curves for

three of the four expected ligands. Dehydroisoandrosterone is undetectable at

the concentrations chosen, but the weakest of the four ligands (norethindrone)

has been displaced – clearly indicating the presence of another ligand and in-

dicating the utility of the displacement as a useful check for completeness of the

analysis.

Fig. 6.8 Breakthrough curves for ligands infused through an estrogen

receptor b FAC assay. Slow tight-binding ligands (nafoxidine and

tamoxifen) exhibit diffuse breakthrough curves, while ligands with rapid

kinetics exhibit sharper curves (norethindrone). Dehydroisoandro-

sterone, a ligand intermediate between norethindrone and nafoxidine,

was undetected in this experiment.
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Mass spectrometry enables the type of direct analyses described, but it does

have its limitations. Online operation forces detection at infusion concentrations,

in salty buffer and under complex mixture conditions. General ion suppression

results from the buffer and mixture components, and mixture complexity can

tax the resolution of even the best mass spectrometers. Increasing compound

concentration is not the answer, as this leads to problems of solubility and in-

creased compound consumption. We have found that the online method can

work successfully for up to 100 compounds per analysis, but the false negative

rate becomes appreciable [21]. As an alternative for ligand discovery purposes,

we have developed a FAC-LC/MS system in which FAC effluent is sampled and

analyzed by LC/MS [19]. This system offers the ability to concentrate mixture

components and introduces another dimension to the data in order to tolerate

more complex mixtures (Fig. 6.9). Using this system, we have screened approxi-

mately 1000 modified trisaccharide acceptor analogs targeting immobilized N-

Fig. 6.9 Schematic of FAC effluent sampling

strategy for insertion of an LC/MS step to

increase ruggedness of the discovery mode of

analysis, as applied to high throughput

screening for ligands to GnT-V [19]. The

insets represent LC/MS data for a strong

ligand for four fractions of FAC effluent (1, x,

x þ 1, x þ 2). Blue traces represent the

extracted ion chromatogram of the

compound eluted from the GnT-V column,

and red indicates the extracted ion

chromatogram (XIC) from a blank column.

The insets are referenced to idealized online

FAC-MS chromatograms for the strong

ligand. Adapted with permission from the

American Chemical Society.
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acetylglucosaminyltransferase V (GnT-V), an enzyme regulating the branching

pattern of N-linked oligosaccharides on glycoproteins [22]. Increased expression

of active GnT-V has been reported in mammary, hepatocellular, and pancreatic

cancer [23, 24] and it has been suggested that inhibition of GnT-V could represent

a useful treatment for cancer [25]. With an LC/MS system incorporating hydro-

philic interaction chromatography (HILIC) for oligosaccharide separation, we

have discovered four quality ligands (with Kds in the 0.6–1.5 mM range, measured

in separate FAC-MS experiments), from a large mixture possessing an overall hit

rate of approximately 5% (Table 6.2).

Fractionating the FAC effluent for LC/MS processing reduces resolution in hit

determination, as the breakthrough volumes for each hit can only be estimated,

however coarse fractionation will suffice for screening purposes. The insertion of

an LC step avoids a dependency on MS-compatible assay buffers and provides an

increase in sensitivity along with the ability to detect lower concentrations of

ligand; this is important when screening large mixtures as high total library con-

centrations can induce compound precipitation. Based on this work, screening

rates exceeding 5000 compounds day�1 are easily achieved with a simple LC/MS

system, at compound concentrations 10- to 100-fold less than the online method.

With automation and more highly resolving LC/MS systems, these screening

rates could easily exceed 50 000 compounds day�1, assuming mixtures of approx-

imately 5000 compounds each.

There are really only two situations in modern drug discovery where this sort of

capacity for high-volume mixture screening may be needed. First, natural product

extracts can be screened to detect low-abundance compounds present in the com-

plex matrix of nonligand species. Some interesting work has been published in

this area [26], and will be described below. Second, split-pool synthetic combina-

torial libraries can be quickly surveyed, possibly as a method for surveying chem-

ical space prior to launching an expanded parallel-chemistry effort for library cre-

ation. Blending pre-existing collections of individual compounds is possible in

Table 6.2 Summary of the hit data obtained from the GnT-V screening

using the FAC-LC/MS method [19]. Hits are categorized based on an

arbitrary binning strategy, where breakthrough timesa are converted

into approximate Kd values. Adapted with permission from the

American Chemical Society.

Rank order

(1 – weak, to 4 – strong)

Number of Hits in Library

(L1000 compounds)

Approximate

Kd Values (mM)

1 42 b3

2 6 1.5–3

3 3 1.0–1.5

4 1 0.6
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order to take advantage of the efficiency of the screening method, however these

benefits may be eroded due to the effort in reformatting compound collections at

time of use. Given the pre-existing investment in large-scale screening systems,

the niche for FAC-MS in a screening laboratory is likely before and after the main

screening exercise – during library development, and hit evaluation or secondary

screening.

6.2.3

Indirect Methods

There are alternative modes of FAC-MS operation that are useful in HTS, second-

ary screening, and lead development. These modes are designed around monitor-

ing the impact of a ligand (or mixture of ligands) on the breakthrough volume of

a pre-selected ligand, which we refer to as an indicator. In a typical experiment, the

protein stationary phase is equilibrated with the test ligand by adding it to the

running buffer. After an infusion period suitable to ensure equilibrium, the indi-
cator ligand is injected. An accelerated breakthrough for the indicator ligand is

observed, to a degree determined by the concentration of the test ligand [10].

The data resulting from these experiments can be linearized according to Eq.

(3), where the ligands A1 (with Kd; 1) and A2 (with Kd; 2) represent the indicator

and test ligand, respectively.

1

1� ðV � V0Þi
ðV � V0Þ0

¼ 1þ Kd; 2

½A2�i
1þ ½A1�0

Kd; 1

� �
ð3Þ

The indexing of 0 to i refers to infusions of ligand A2 at progressively higher con-

centrations, with the corresponding indicator measurements of V � V0. Appro-

priate indicator ligands are relatively weak (Kds > 10 mM), allowing for infusion

under linear isotherm conditions and rapid indicator kinetics. In this way Eq. (4)

applies, and the indicator ligand simply functions as tool to measure the reduc-

tion in column capacity due to the test ligand (hence the term ‘‘indicator’’ and

not ‘‘competitive’’ ligand). Under these conditions, the term within large brackets

in Eq. (3) disappears and the most accurate data is generated.

ðV � V0Þ ¼ Bt

Kd
ð4Þ

We have used this approach in the FAC-MS analysis of a number of challenging

receptor–ligand systems [10]; overcoming nonspecific binding effects and slow

on-rates is a particular strength of this method. As discussed in the previous sec-

tion, nafoxidine (an estrogen antagonist used in the treatment of breast cancer) is

a slow-tight binder targeting the ligand binding domain of estrogen receptor-b

[27]. By using a weak-binding steroid as an indicator ligand, the equilibrium Kd

value was measured to be 23 nM, comparable with other methods. We find this
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method to be extremely useful for Kd measurements of single ligands in general:

weak ligands are easy to obtain for most biomolecular interactions and they usu-

ally present rapid kinetics. For our FAC-MS work, we typically select indicators in

the range of 10 mM to 1 mM Kd, and apply them at low micromolar concentra-

tions. However, the Kd of the indicator ligand can be much lower than 10 mM, as

long as equilibrium conditions can be met.

These analyses are rapid, usually limited by the incubation time for the test

compound on the cartridge. Figure 6.10 shows the breakthrough curves for an

indicator analysis of b-estradiol, demonstrating that each ‘‘probe’’ of binding ca-

pacity with the indicator can be achieved in approximately five minutes. Full

equilibration with low concentration, high-affinity test ligands can require large

volumes, however. For example, the 4 nM estradiol infusion concentration was

applied at 50 mL min�1 for 100 min (5 mL). This is unavoidable, as full cartridge

equilibration is required. A lower-capacity cartridge can always be implemented

if this is an issue, as the equilibration volume is directly proportional to column

capacity.

The displacement-based rollup feature described above can also be used to de-

tect test–ligand binding. Under equilibrium conditions, integrating the rollup

provides a means of measuring the Kd of the stronger ligand, but this is a less

reliable method than that described above; resistance to mass transfer makes the

rollup hard to quantitate with accuracy, especially under low occupancy condi-

Fig. 6.10 Breakthrough behavior for a weak

indicator ligand (norethindrone) in the

presence of an increasing concentration of

the strong ligand b-estradiol [10]. These

ligands access the ligand-binding domain of

estrogen receptor b. Displayed is an overlay

of four chromatograms showing

breakthrough curves of norethindrone after

successive equilibrations with b-estradiol.

Corresponding void marker traces at each

concentration of b-estradiol are also shown

(overlaid at a breakthrough time of@1 min).

A Kd of 1.3 nM was determined by this

method. Adapted with permission from

Elsevier.
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tions ([ligand] < Kd). It is far more useful as a quick test for the presence of

stronger ligands in a mixture. Figure 6.11 illustrates that this mode of indicator

analysis can readily pinpoint mixtures containing hits of greater affinity than the

indicator, and opens the door to multiplexed ‘‘pre-screening’’, where mixtures can

be interrogated against multiple proteins in one experiment [10]. This mode of

analysis works best when the indicator is present at a concentration equivalent

to its Kd value. The example in Fig. 6.11 involves screening mixtures of approxi-

Fig. 6.11 Using rollups to efficiently pre-

screen mixtures for the presence of ‘‘hits’’. In

this example, six mixtures of approximately

90 compounds each (A–E) were screened in

a dual protein FAC assay (b-galactosidase,

GS1B4). The dashed red and blue curves in

each chromatogram represent the break-

throughs of the b-galactosidase and GS1B4

indicators, respectively, in the absence of the

mixtures. The solid red and blue curves in

each chromatogram represent the break-

throughs of the b-galactosidase and GS1B4

indicators, respectively, in the presence of

the mixtures. In this example, mixture C

was quickly determined to be the only mix-

ture with a hit against one of the proteins

(b-galactosidase). Adapted with permission

from Elsevier.
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mately 90 compounds from the Optiverse (Tripos) library against a dual-target

column containing immobilized b-galactosidase and GSIB42. Monitoring only

the indicators allows a quick survey to determine which mixture should proceed

to deconvolution, offering a rapid means to reduce the screening burden. In

this example, a rollup in mixture three indicates the presence of a ligand for b-

galactosidase stronger than the indicator.

This mode successfully avoids false positives arising from mixtures containing

many weak ligands – a classic problem when conducting mixture screening.

Again, a method such as this would find its ideal application in the screening of

single-pot syntheses and/or natural product extracts where deconvolution is par-

ticularly time-consuming. Note that in these pre-screening applications, a fluores-

cently labelled indicator ligand may offer a simpler instrumental solution, al-

though multiplexing the analysis would require differential, multi-color labelling.

6.3

System Advancements – Fluidics, Immobilization, Detection

The methods described above establishes FAC as an alternative means of generat-

ing reliable binding data, and it is most comparable to optical biosensor technol-

ogy in its performance, requirements and benefits. The marriage with mass spec-

trometry enables the characterization of complex mixtures (an advantage over

biosensors), but most descriptions of FAC with or without MS detection have

simply used fluidic systems and columns not ideally suited to the FAC experi-

ment. This section considers some of the issues confronting FAC, recent prog-

ress in system design and data analysis, and some selected new applications that

further widen the opportunities of FAC.

6.3.1

Column

A quality FAC assay presents certain column design constraints. Most re-

searchers’ experience with affinity chromatography involves the use of gravity-

fed sample flows through large-bore column beds constructed of loosely packed

agarose-based particulate supports. Large excess column capacities are usually de-

signed into such systems, specifically to maximize the capture of a ligand, and lit-

tle attention is paid to the surface area occupied by the capture molecule. The first

objective in designing a new FAC assay, in contrast, is to optimize the amount of

2) b-Galactosidase recognizes b-Gal

compounds, whereas the lectin GSIB4

selectively recognizes a-Gal compounds. All

six mixtures were doped with low-

micromolar concentrations of the respective

indicators (1S,4S isomer of 4-hydroxy-2,2-

dimethyl-cyclopent-1-yl 1-thio-b-D-

galactopyranoside as a known binder for b-

galactosidase [15] and 4-phenyl-2-butanone-

4-thio-a-D-galactopyranoside [racemate] as a

binder for GSIB4).
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immobilized capture molecule per unit column volume. In most situations, this

should be as high as possible without introducing unwanted interactions between

adsorbed molecules due to molecular crowding. This serves to minimize nonspe-

cific binding. Current commercially available microparticulate solid phase sup-

ports have not been developed with this in mind, as opposed to chip surfaces in

SPR. In a FAC experiment, any retention mechanism in the system will directly

contribute to the measured breakthrough volume. In the worst case, nonspecific

binding can completely override specific associations and, while we have shown

that indirect methods can overcome this limitation, this does erode the utility of

mixture screening. These are not new problems, as assay developers have long

struggled with nonspecific associations. In our laboratory, we prefer to use

passivated silica where possible. Passivation usually involves bonded hydroxyl

coatings (glycerol or polyvinyl alcohol) as well as physisorbed protein, the goal be-

ing the masking of inevitable ‘‘hot-spots’’ in most particulate materials. Nonspe-

cific binding is impossible to ‘‘solve’’ but stationary phases can be adapted to the

analysis based on the class of molecules targeted. For example, we have found

that oligosaccharide-based compounds can be successfully analyzed through

cartridges constructed from beaded, polyol-coated polystyrene–divinylbenzene,

whereas neutral heterocyclic organic compounds respond better to silica-based

supports. Ultimately, the requirements for preserving protein activity usually dic-

tates the freedom of design; for example immobilization of the enzyme GnT-V on

silica led to its rapid inactivation, whereas immobilization on a polymeric support

actually increased the stability of the enzyme compared to the enzyme in solution

[19].

Some degree of nonspecific binding can be tolerated in FAC. In most situa-

tions nonspecific binding is characterized by weak retention mechanisms, which

means that the contribution of such binding to the measured breakthrough

volume is independent of ligand concentration and easily corrected in a

concentration-series experiment. For discovery-based applications where large

mixtures are processed, operating at maximal mixture dilution ensures that

breakthrough volumes are dominated by the specific interaction [19].

In any case, high densities of capture molecule ensure that unwanted nonspe-

cific binding sites are minimized and that the breakthrough curves can be inter-

preted from the standpoint of the specific interaction. If high densities are

achieved, this presents an interesting design problem: the amount of stationary

phase required for a FAC column is exceedingly small, on the order of 100 nL or

less for a cartridge presenting 1–5 pmol of protein (assuming a 100-nm pore

diameter material as a model). Most commercially available porous affinity sup-

ports are based on large beads (>30 mm) that cannot be packed into small capil-

lary cartridges of 100 mm inner diameter or less. A larger system can be designed

and used successfully in FAC experiments, but this is wasteful of sample. Most

recently, we have implemented nonporous 5 mm spheres for FAC, which are

easier to pack into small cartridges. These nonporous supports present a reduced

surface area over the porous ones (> a factor of ten) and their only drawback is

that they present a larger pressure drop over the cartridge length, but this is man-
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ageable with newer fluidic systems we have designed. The excellent diffusion

characteristics of these nonporous particles are an added advantage. While it is

true that accurate breakthrough curve measurements can be made with low effi-

ciency columns [11], sharper breakthrough curves support greater precision in

multi-ligand mixture analysis and will be essential for measuring a wide range

of rate constants.

Recent developments in the Brennan laboratory offer exciting possibilities for

streamlining the generation of FAC columns. This laboratory has adapted in
situ sol–gel technology for the capture of proteins directly from solution. Briefly,

silica sols are prepared from diglycerylsilane and (3-aminopropyl)triethoxysilane

with various additives to preserve protein function, in the presence of protein. In

one example, dihydrofolate reductase (DHFR) was added in a ‘‘single-pot’’ sol–

gel preparation and cast within fused silica capillaries [28]. The resulting mono-

lithic column was successful in trapping DHFR within mesopores and preserving

the activity of approximately 25% of this protein. The monolith could sustain

pressure-driven flow and appears to support sufficiently rapid mass transfer

(Figs. 6.12, 6.13). The issues with column reusability were attributed to a nonop-

timum buffer rather than an inherent limitation of the entrapment procedure.

This sol–gel procedure is an elaboration on well established entrapment methods

[29], but with the added advantage of stability and better flow properties. Interest-

ingly, none of the examples presented thus far demonstrate competitive behavior

between multiple ligands (i.e. displacement); in the FAC analysis of trimetho-

prim and pyrimethamine a reversed order of elution based on Kd is described,

but this could simply be due to the shift towards an on-rate limited situation for

higher affinity compounds, as described earlier. Erosion of dynamic competition

between ligands could occur if the sol–gel allows convective mixing of the en-

trapped protein; however the bimodal pore structure of these materials would

Fig. 6.12 Scanning electron microscopy images of a sol-gel derived

column material (A) a rigid rod and (B) a magnification of the bimodal

pore structure in the resulting monolithic material [28]. Adapted with

permission from the American Chemical Society.
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suggest the constructs closely approximate immobilized systems. In any case, the

sol–gel preparation is a powerful addition to conventional immobilization strat-

egies and will serve to further shorten assay development times as well as

broaden the class of proteins that can be screened by the technique. An obvious

disadvantage to the entrapment method is that interaction analysis is only possi-

ble between molecular species that are widely different in hydrodynamic radius,

a similar restriction experienced by screening systems based on size exclusion

chromatography.

As the only requirement for conducting basic FAC experiments is the immobi-

lization or entrapment of the target molecule in a construct that supports forced

flow, many strategies for immobilization can be considered. The Wainer lab has

successfully used immobilized artificial membranes as a method to retain mem-

brane associated species and demonstrated that multiple receptors from rat brain

homogenates could be successfully probed. Earlier work by Lundahl described

the entrapment of liposomes and even whole cells [29]; all of these entrapment

constructs can be tolerated in FAC experiments provided that forced flow does

not generate excessive pressure drops across the column, potentially leading to

phase collapse. In this regard, the sol–gel method shows the greatest promise

Fig. 6.13 Measurement of FAC data for a range of pyrimethamine

concentrations applied to sol-gel-entrapped dehydrofolate reductase:

(A) overlay of breakthrough curves and (B) nonlinear regression

analysis of the fit to the measured breakthrough volumes from A [28].

Adapted with permission from the American Chemical Society.
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of all the entrapment methods for sustaining high efficiency FAC driven by

high pressure flows, but full immobilization would be required for the highest

efficiency.

From this discussion, there is an obvious advantage to FAC in that the assay

development approach is extremely flexible and adaptable to the requirements of

the interaction to be studied. It is worth mentioning that the effort placed on cre-

ating a FAC cartridge is never wasted – it can be used as a simple capture/elute

tool for alternative screening approaches, and even in preclinical studies that re-

quire methods for monitoring drug candidates and their active metabolites [30].

6.3.2

System

One of the benefits of FAC is the simplicity of the fluidic system; all that is re-

quired is to continuously infuse the solution of ligand(s) through a packed bed.

Inspection of most breakthrough curves might suggest that the analyses reflect

‘‘poor’’ chromatography, because breakthrough curves can appear extremely dif-

fuse. As was discussed, this is usually due to the actual binding event, but such

curves can mask poor column performance as well. To capitalize on the strength

of FAC for generating accurate binding data, proper attention should be paid to

the fluidic system. Early systems used simple syringe pumps or conventional

HPLC systems for higher flow rates. As the columns continue to diminish in

capacity, neither system is appropriate as stable low flow is difficult to achieve.

Syringe pumps in particular should not be used for obtaining binding data, as

flow rate variations can be as high asG20% at low mL min�1 flow rates.

We have designed new pumps based on a 250 mL positive displacement pump,

an integrated electronic inlet/outlet valve, and an inline flow sensor. The pump

operates at nano- to micro-flow rates using feedback from the inline flow sensor.

During operation, the feedback signal is used to dynamically clamp the output

flow to a desired value, in this way achieving flow-rate stability of better than 1%

even below 100 nl min�1 [19]. These nanofluidic modules are capable of operat-

ing at 5000 psi, suitable to drive our FAC cartridges incorporating 5 mm nonpo-

rous particles. Because they dynamically respond to preserve constant flow rates,

they are particularly well suited to conventional injection systems, where sample

is loaded through a ‘‘superloop’’; upon injection, the loop pressure is rapidly equi-

librated to the system pressure and stable flow rates are generated. This allows us

to make measurements of binding data with CVs of 2% or better [19].

Inclusion of a second pump for effluent dilution and transfer supports both on-

line and offline MS analysis. As shown above, fraction collection followed by LC/

MS analysis significantly expands the performance characteristics of the FAC

method, but the effluent can also be sampled for MALDI-based analysis. Advan-

tages to this method include greater salt tolerance over the electrospray approach,

extension to complex mixtures of protein and archiving of the run. MALDI is

generally considered to possess higher peak capacity than electrospray (at least
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for peptides and proteins). Neither ionization method when applied to the unfrac-

tionated effluent is expected to have the peak capacity of the LC/MS approach, but

with the MALDI method the effluent can be sampled more extensively, making it

an excellent choice of less complex mixtures. We demonstrated the utility of FAC-

MALDI/MS in the detection of transferrin binding to transferrin-binding protein

B (TbpB) subunit, a peripheral outer membrane lipoprotein from bacteria essen-

tial for iron uptake direct from human serum [15] (e.g. Neisseriaceae spp). In this

experiment, a soluble form of TbpB was expressed with a recombinantly intro-

duced biotin tag, in place of the lipid anchor. This construct was immobilized on

5 mm nonporous streptavidin beads; approximately 1.7 pmol of active TbpB was

bound. Dilute human serum was infused through the column and the effluent

spotted on a MALDI plate in 15 s intervals. The breakthrough curve for transfer-

rin could be readily detected by MALDI (Fig. 6.14). The double-plateau nature of

the breakthrough likely reflects weakly bound apotransferrin, followed by the

more strongly retained iron-loaded form. We have also shown that this effluent

can be sampled for proteomics analysis and protein discovery, where fractions

are digested with trypsin and the resulting peptides compared against each other

using LC-MS/MS datasets. This should be an attractive alternative to conventional

pathway discovery which uses bead-based pulldowns and washes. FAC supports

the discovery of weaker or transient interactions, which most often go undetected

in conventional pulldowns. A drawback to the approach is that each fraction may

require laborious 2D-LC-MS/MS analysis to array the contents of the fractions.

More recently, Brennan has shown that FAC-MALDI-MS can be used to screen

small molecules, relying upon MRM transitions to overcome the chemical noise

generated by the matrix [16]. This is an acceptable approach for known com-

pounds, but for ligand discovery from uncharacterized mixtures, ion selection

Fig. 6.14 Infusion of dilute human serum through a transferrin-binding

protein B (TbpB) FAC assay. Insets demonstrate MALDI-TOF spectra

acquired before (2 min) and after (7 min) the principal breakthrough

curve for transferrin, shown as a solid black trace representing m/z

@80 000. The asterisk denotes the m/z of human transferrin [15].
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will be difficult. More appropriate may be the DIOS (desorption/ionization on sil-

ica) surfaces that support matrix-free desorption of small molecules.

6.3.3

Breakthrough Curve Detection and Data Analysis

Whatever the application, MS-based analyses of FAC effluent will always be faced

with the need to support a wide range of buffer components, ranging from vari-

able ionic strength, surfactant levels to required cofactors. In select situations

such as indicator analyses, online methods may be appropriate but it is clear

that the insertion of an intermediate LC step offers significantly improved perfor-

mance. This changes the nature of the data analysis, from the detection of sig-

moidal breakthrough curves to peak detection and differential analysis across

multiple fractions.

For online applications, breakthrough volume measurements are a simple mat-

ter of determining the inflection point when such curves are symmetrical, and a

first derivative analysis can be useful in determining inflection points. Frequently

the breakthrough curves are asymmetric at higher ligand concentration, where

the binding isotherm can be nonlinear (see Fig. 6.4, for example). In this situa-

tion, the breakthrough volume is defined as the intensity-weighted midpoint.

For offline applications involving LC/MS analysis of effluent fractions break-

through curves are detected as peaks (Fig. 6.9) from extracted ion chromato-

grams. Chromatographic peaks apparent in the control representing the unpro-

cessed mixture but absent in an assay fraction indicates the presence of a hit; the

quality of the hit is in turn determined by the fraction where compound break-

through occurs. Automation of this process for large mixtures is necessary, as

large volumes of data are generated. One approach involves the application of

a component detection algorithm, to identify all features within an extracted

ion chromatogram of significance, and then identifying differences between

each feature and the control based on a user-defined tolerance (e.g. area differ-

ences > 10%). A requirement for successful ligand detection using this method

is reproducibility in LC/MS, which we have shown is possible even with less-

stable forms of chromatography such as HILIC [19]. We note that software devel-

oped for quantitative proteomics applications perform similar functions, and can

be co-opted for use in high-throughput FAC systems.

Typically, discovery-style high-throughput experiments are single-point determi-

nations designed solely to identify hits rather than characterize the interactions.

Infusions of isolated, newly discovered ligands over a concentration series pro-

vides the opportunity to map out the binding isotherm. Most frequently a single

or multi-term Langmuir equation is sufficient to describe the data for straightfor-

ward binary interactions [31]. Careful measurement of these isotherms, however,

can reveal much about the nature of the binding event, and a simple Langmuir

relationship need not be assumed. Affinity chromatography has been used to de-

termine coupling constants between ligands exhibiting allosteric behavior, and

FAC-MS represents an excellent method for making such measurements.
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6.4

Select Applications

Some newer applications of FAC-MS have been described, which suggest that

the technology has a strong role to play in the drug discovery process for an ex-

tremely broad range of molecular interactions.

The method has been applied as a ‘‘global kinase binding assay’’, in which both

ATP and substrate binding sites could be monitored in the same experiment us-

ing indicator methods described above (Fig. 6.15) [32]. A similar FAC-MS assay

was developed around the anticancer target kinase, EphB2 and the data compared

to an ELISA for the same protein [33]. In this work, a series of known kinase in-

hibitors were interrogated by both methods using the indicator approach focusing

on the ATP binding site, and the correlation between FAC and ELISA data was

strong.

The method has been used as an adjunct to virtual library screening, in which a

set of compounds was screened against a pharmacophoric model of the ATP

Fig. 6.15 FAC-MS chromatograms of dual

indicators for protein kinase Ca [32]. (a) In

the chromatograms, the red lines correspond

to a void marker, the blue lines correspond to

the substrate-site indicator chelerythrine

chloride and the magenta lines correspond to

the ATP-site indicator PD153035. Arrows

indicate respective shifts when screening. (b)

WHI-P180, an ATP-site binder, (c) inhibitor

peptide 19–36, a substrate-site binder and

(d) both WHI-P180 and inhibitor peptide 19–

36. Adapted with permission from the

American Chemical Society.
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binding site in EphB2 [34]. This serves to ‘‘weed out’’ compounds that do not

conform to the model and thus would likely show a reduced probability of gener-

ating hits in a real screen. In this example, the authors reduced their library from

an initial 50 542 unique compounds to 468, which were then acquired and

screened via FAC-MS. These were then binned into mixtures of nine compounds

each and screened using a simple indicator analysis. While this method only pro-

vides a bulk measurement of inhibition (i.e. does not discriminate between many

weak binders and single stronger binders), the use of very small mixture sizes

makes this approach feasible. Even so, it was shown that over half of the mixtures

generated measurable indicator shifts, and that larger mixtures may have ren-

dered this particular indicator method ineffective. Nevertheless, mixtures with

low to moderate hit rates would benefit from this sort of prescreen [10]. Four mix-

tures generating the largest shifts were further investigated – individual compo-

nents were screened using a single-point indicator experiment, and the results

correlated well with ELISA data for the individual hits.

Nonprotein screening exercises have also been developed around the FAC

method. We have demonstrated that affinity constructs can be formulated around

immobilized 16S A-site rRNA, and used to screen aminoglycoside-binding to the

A-site domain. An online experiment was performed, where it could be shown

that neamine, lividomycin and paromomycin eluted in the expected order based

on previous studies [35]. Interestingly, FAC columns constructed around immo-

bilized RNA could not be regenerated after ligand binding, requiring that a new

column be used for each experiment. With column volumes of 800 nl, this is not

a difficulty as many columns can be prepared from a single batch of stationary

phase.

FAC-MS has been used recently in antiviral development projects to discover

two small molecule natural products inhibiting the entry of SARS-Coronavirus

into Vero-E6 cells [26]. A range of Chinese herbs (121 different species) were ex-

tracted in 85% ethanol and screened via online FAC-MS (using an electrospray

TOF instrument), through a column containing the SARS S2 protein. The au-

thors estimate that@130 compounds with Kds under 10 mM were discovered by

FAC-MS, and of these hits, two molecules (luteolin and tetra-O-galloyl-b-d-

glucose) exhibited low micromolar EC50s in an infection assay using a pseudo-

typed virus, correlating well with their highest binding strength in the FAC assay.

These two molecules exhibit an activity far superior to glycyrrhizin, another small

molecule recently reported to exhibit antiSARS-CoV activity [36].

6.5

Summary and Evaluation

Several years after its demonstration as a viable approach to interrogating ligand

binding events in mixtures, FAC-MS systems, immobilization strategies and

methods have advanced to the degree where FAC assays can be constructed

around most molecular interactions relevant to the drug discovery industry. Aside
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from the utility of the frontal analysis method to support sensitive, accurate Kd

measurements on single ligands, perhaps the most significant opportunity for

FAC in ligand discovery is through the screening of ‘‘imperfect’’ mixtures. Under

equilibrium conditions, ligands elute in order of their binding strength regardless

of their concentrations, thus determination of hit ‘‘quality’’ is simply by inspec-

tion. This makes the method useful for screening single-pot combinatorial

synthetic mixtures, or natural product extracts where compound concentrations

are nonequivalent. Most initial screening exercises do not begin with the detec-

tion of Kds < 1 mM so the ability for FAC to detect ligands in a concentration-

independent manner promotes efficient use of finite compound collections. Im-

proved LC/MS technology can array entire mixture compositions in reproducible

fashion, as evidenced by applications in combinatorial library analysis and proteo-

mics. This suggests that FAC-MS has a growing opportunity to assume an ex-

panded role in high-throughput screening exercises. Although it should not be

viewed as a replacement to established HTS operations, the inherent simplicity

of the method suggests that FAC-MS can broaden access to chemical diversity at

early stages in drug discovery.
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7

MS Binding Assays – An Alternative to

Radioligand Binding

Georg Höfner, Christine Zepperitz, and Klaus T. Wanner

7.1

Introduction

The development of the receptor concept by Langley, Ehrlich, Clark and others at

the end of the nineteenth and the beginning of the twentieth century provided

the basis for understanding pharmacological effects on a molecular basis [1, 2].

Today pharmacological receptors are understood to be signal transducing proteins

that selectively and reversibly bind an endogenous signal molecule (or a synthetic

analog), and then undergo a conformational change and mediate a cellular an-

swer as a consequence. Among them are intracellular receptors of the nuclear re-

ceptor superfamily and membrane-bound receptors such as ion channel-coupled

receptors, kinase-coupled receptors or G protein-coupled receptors [3].

For a long time no highly sensitive detection methods existed for the analysis of

pharmacological effects, in the sense of receptor–ligand interactions, at a molecu-

lar level, even though receptors were already accepted as primary targets for bio-

logically active compounds. Direct characterization of receptors, which are usually

present in tissue preparations only in subnanomolar concentrations, was only

possible after pure radioisotopes such as 3H or 125I were available that allowed

the production of radioligands [4]. The beginnings of radioligand binding assays

are dated differently in the literature [1, 5–7]. They have definitely found wide-

spread use since the mid 1970s [8]. Since the early 1990s radioligand binding as-

says have been increasingly automated, miniaturized and adapted to the require-

ments of high-throughput screening [9]. Recently, with the advent of modern

fluorescence techniques, binding assays based on fluorophore-labeled ligands

were established and gained importance for a variety of targets [10–15].

As binding assays provide a means to characterize the affinity of test com-

pounds to defined targets, they play a very important, not to say an essential role

in the drug discovery process. Next to the advantage of effective quantitation, the

use of a marker, i.e. a labeled ligand – either with a radioisotope or a fluorophore

– has, however, also serious immanent disadvantages. As the performance of

mass spectrometry continues to improve, it appears therefore obvious to conduct
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binding assays in analogy to radioligand binding assays employing a native, i.e.

unlabeled, ligand as a marker and to quantify this marker by mass spectrometry.

In this chapter the feasibility of this approach, named MS binding assays in anal-

ogy to radioligand binding assays, will be outlined.

Since MS binding assays closely resemble conventional radioligand binding as-

says, the most important fundamentals and the relevance of radioligand binding

assays but also their limitations are discussed first. Next, the basic considerations

for the establishment of the MS binding assays are described and finally some

applications addressing typical, pharmacologically relevant membrane-bound tar-

gets are presented.

7.2

Radioligand Binding Assays

Radioligand binding assays are a relatively simple but at the same time a very im-

portant and efficient tool to study target–ligand interactions. Since they are very

widely used in drug discovery and have been described extensively, this section

only discusses their fundamental aspects and those aspects that are important

for the description of the MS binding assays below. More detailed information

can be found in the relevant literature [6, 7, 16–21].

Radioligand binding assays depend on the use of a radioligand addressing the

target of interest. Depending on the assay type performed (e.g. saturation, compe-

tition or kinetic experiments) different information is obtained. All types have in

common that a radioligand as a marker is first incubated with a target. After a

period of time, that is dependent on the aim of the experiment, the target and

the radioligand bound to it are separated from the rest of the incubation mixture

and, as a last step, the amount of bound radioligand is quantified by measuring

the radioactivity. As a result the total binding, that is the specific binding (i.e.

binding of the marker to the target) and the nonspecific binding (i.e. binding of

the marker to different binding sites independent from the target) is obtained. To

ascertain the specific binding, being relevant for the binding assay, the nonspe-

cific binding has to be determined in a separate experiment [7, 16, 17, 21].

7.2.1

General Principle

7.2.1.1 Saturation Assays

Saturation assays are used to characterize the affinity of the radioligand to the tar-

get as well as to determine the target density. In saturation assays, in a series of

experiments a constant target concentration (Ttot) is incubated with an increasing

concentration of marker (Mtot). The amount of bound radioligand determined

after the equilibrium is reached represents total binding. Nonspecific binding is

defined in a control experiment where the target is incubated with the marker

in the presence of a great excess of a competitor, i.e. another ligand with high
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affinity to the target. Plotting the specific binding of the marker (target–marker

complex, TM, calculated from total and nonspecific binding) against the concen-

tration of the free marker (M) gives a saturation isotherm (Fig. 7.1). This provides

the equilibrium dissociation constant ðKdÞ of the marker represented by the con-

centration of the free marker yielding a target occupancy of 50% [see Eqs (1), (2)].

TþM S TM ð1Þ

Kd ¼ ½T� � ½M�
½TM� for ½TM� ¼ ½T� ¼ 1

2
½Ttot� ) Kd ¼ ½M� ð2Þ

From the plateau of the saturation isotherm, the maximal occupancy of the target

Bmax can be determined that corresponds to the target concentration in the bind-

ing assay. Preferably, the target is used in concentrations of Ttot fKd, as under

these conditions the concentration of TM remains low compared to the concen-

tration of the free marker M and therefore M can be replaced by Mtot for the anal-

ysis of the binding experiment [7, 16, 17, 21].

7.2.1.2 Competition Assays

Competition assays are used to determine indirectly, that is by quantifying the

binding of a radioligand, the affinity of a test compound to a target. In such an

experiment the target is incubated in the presence of a constant concentration of

Mtot ðMtot @KdÞ and of varying concentrations of the test compound under con-

ditions that allow an equilibrium to be attained. As a result of the competition

between marker and test compound the binding of the marker to the target is re-

duced with increasing concentrations of the test compound. Plotting the specific

binding of the marker against the free concentration of the test compound gives a

Fig. 7.1 Typical saturation binding experiment: (a) Hypothetical binding

isotherm for total binding ( ) and straight line for nonspecific

binding (---). (b) Saturation binding isotherm for specific binding after

subtraction of nonspecific binding from total binding (Bmax ¼ 10 pM,

Kd ¼ 100 pM).
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competition curve (Fig. 7.2) yielding the IC50 value, i.e. the concentration of test

compound required to reduce the specific binding of the radioligand by 50%.

The affinity constant of the test compound Ki can in turn be calculated from

the IC50 value, the Kd of the marker and the concentration of M according to

Cheng-Prusoff [see Eq. (3)] [22]. Since the concentration of free marker (M) is

usually not determined in radioligand binding assays, it should be noted that the

calculation of Ki according to Eq. (3) based on Mtot yields only reliable results if

the depletion of the marker is negligible (i.e. <5% to 10% [7, 17, 21]). In compe-

tition experiments performed under typical conditions (Ttot fKd, Mtot @Kd) this

criterion is fulfilled.

Ki ¼ IC50

1þ ½M�
Kd

ð3Þ

7.2.1.3 Kinetic Assays

Kinetic assays give access to the binding reaction’s forward and reverse rate con-

stants, i.e. the association rate constant kþ1 and the dissociation rate constant k�1

that characterize the association and the dissociation of the target–marker com-

plex and the Kd [see Eq. (4)].

Kd ¼ k�1

kþ1
ð4Þ

To determine the association rate constant kþ1 a constant target concentration is

incubated with a constant marker concentration. The experiment is stopped after

different periods of time and the amount of marker bound to the target quanti-

Fig. 7.2 Typical competitive binding experiment. The hypothetical test

compound is an inhibitor of marker binding with an IC50 of 0.66 nM

ðlog c ¼ �9:2Þ. Specific binding covers approx. 980 units of signal

intensity (I).
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fied. In dissociation assays, constant concentrations of target and marker are first

incubated until equilibrium is reached. Next, dissociation is started under condi-

tions suppressing the association reaction almost completely, e.g. by ‘‘infinite’’ di-

lution or addition of a large excess of a competitor. The course of the dissociation

is registered by measuring the amount of the bound marker after different

periods of time. The association rate constant kþ1 and dissociation rate constant

k�1 can be determined from the association and dissociation diagrams (Fig. 7.3)

compiled from the experimental data [7, 16, 17, 21].

7.2.2

Application

Though there are hardly any restrictions to choosing a target, pharmacological

receptors are investigated most frequently. The nature of the receptor, whether it

is membrane-bound or soluble, determines which separation technique is used to

terminate the binding assay. For the former, filtration or centrifugation are fa-

vored as separation steps, while for the latter suitable methods are gel filtration,

equilibrium dialysis, precipitation or adsorption of the nonbound marker by char-

coal [23, 24].

The marker should display both an affinity to and a selectivity for the target that

is as high as possible while generating as little nonspecific binding as possible.

The Kd-values of the suitable markers are typically in the range between 100 pM

and 10 nM, enabling the separation of the target–marker complex from the non-

bound marker and the subsequent washing steps without noticeable dissociation

[7, 16, 17, 21].

Fig. 7.3 Kinetic binding experiments: (a) Typical association experiment

where binding between target (T) and marker (M) reaches steady state

after approx. 25 min. (b) Typical dissociation experiment with a half-life

of target–marker complex (TM) of approx. 4.5 min.
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From the three basic radioligand binding assay types, competition experiments

are no doubt most frequently applied in the drug discovery process, since they al-

low the characterization of the affinity of any kind of test compound to a defined

target [7, 16, 17, 21]. To meet the increasing challenge of throughput in this area,

filtration assays and later on assays based on gel filtration as the separation step

were established already in the 1990s, using a 96-well plate format [6, 9, 25]. By

now filtration assays can be accomplished in a completely automated form [26].

Next to these technical improvements, new ‘‘homogeneous’’ techniques have

been developed since the 1980s that omit the separation step obligatory in con-

ventional radioligand binding assays [27–30]. These methods, based on the scin-

tillation proximity principle, differ from conventional radioligand binding assays

in that the target is first bound on beads or on the surface of microtiter plates

which are impregnated with scintillator molecules. After being incubated with

the radioligand, the sample can be measured without separating bound from

nonbound marker, since only those radioligands in the immediate vicinity of the

scintillator molecules, i.e. those bound to the immobilized target, cause emis-

sions of light. This technique, despite the advantage of a high throughput, also

has some drawbacks in comparison to conventional radioligand binding assays,

e.g. a higher degree of nonspecific binding, the necessity of higher radioligand

concentrations and occasionally a reduced affinity of the marker for the target

due to the immobilization of the latter [26, 31].

Modern high-throughput screening knows a number of very different rivalling

strategies and test systems for the detection and optimization of new lead struc-

tures [32–34]. Homogeneous ‘‘mix and measure assays’’ avoiding a separation

step are generally preferred. Conventional radioligand binding assays, however,

are an indispensable tool that represent the ‘‘gold standard’’ for the characteriza-

tion of new test compounds and for the investigation of structure activity relation-

ships [1, 25]. As a simple, robust, flexible, fast, and comparatively inexpensive

technology, they are still of great importance for the pharmaceutical industry as

well as for companies like Novoscreen and CEREP that specialize in receptor

screening [35, 36].

7.2.3

Disadvantages and Alternatives

Next to the advantages, like outstanding sensitivity of quantitation, the use of ra-

dioligands also has some inherent disadvantages. Since handling radioisotopes in

organic syntheses requires relatively high safety standards and is subject to broad

legal restrictions, the production of radioligands is expensive and also restricted

to a few specialized institutions. For the user this means a sizeable expense and

a limited number of commercially available radioligands. Performing radioligand

binding assays according to legal requirements adds further costs. Among them

are those for specially equipped rooms or the disposal of radioactive waste. The

nature of the radionuclide causes its own problems. Radionuclides with a short
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half life have to be used within a correspondingly short time, while radionuclides

with a long half life generate additional problems with regard to their storage and

disposal. Very often the radioactive decay leads also to destruction, raising the

question of the chemical purity of the radioligand after longer storage.

Next to radioisotopes, any other label allowing the detection of a ligand with

sufficient sensitivity can be employed in binding assays. The preferred markers,

apart from radioligands, are ligands conjugated to a fluorophore [37–40]. Since

background fluorescence causes problems when measuring the fluorescence in

the presence of the receptor material [41], either the nonbound fluorescent

marker has to be quantified in conventional binding assays after separation or,

alternatively, the bound fluorescent marker after being liberated from the target.

Binding assays based on time-resolved fluorescence (TRF) or fluorescence polar-

ization (FP) [10–12] have gained particular attraction. TRF assays usually employ

ligands labeled with lanthanide chelates (e.g. Eu3þ chelate) and are used for a

great variety of targets [12, 13, 42–44]. Measuring the amount of bound or the

nonbound marker generally requires a separation step and the addition of an en-

hancer solution since the matrix of the binding sample hinders optimal quantita-

tion. FP allows the distinction between nonbound and bound fluorescent markers

in homogenous phase based on the restricted rotation of fluorescent markers

bound to a target. Commonly, fluorescent markers originating from peptides are

employed for FP applications; however, recently some examples using fluorescent

markers originating from small molecules have been described as well [14, 15,

45]. Other fluorescence-based methods to investigate target–ligand interactions

use fluorescence correlation spectroscopy (FCS) or fluorescence resonance energy

transfer (FRET) [8, 12, 46].

Despite successful examples of fluorescence-based binding assays and the rele-

vance of radioligand binding assays in the drug discovery process, two major in-

herent disadvantages regarding any labeling strategy remain. First of all, labeling

always means an additional synthetic effort. In addition to the labeling process,

very often a new synthetic route has to be established to obtain a suitable precur-

sor for the labeling reaction. Secondly, labeling of a ligand can decrease its affin-

ity. Replacing a stable isotope with a radioisotope (e.g. 3H with 1H) does usually

not change the ligand in this respect, whereas the substitution by a radioisotope

with different electronic properties (e.g. replacing 1H with 125I) may cause a sig-

nificant decrease in affinity. In the case of labeling a native ligand with a large

fluorophore – compared to a radioisotope – a severe decrease in affinity can

frequently be observed. This is especially true for small molecules and seriously

limits the use of fluorophore-labeled ligands in binding assays [12, 41, 47].

However, the determination of affinity does not necessarily have to rely on la-

beled ligands. It is also possible with native ligands when using suitable detection

methods, as for example nuclear magnetic resonance (NMR), surface plasmon

resonance (SPR), acoustic biosensors or calorimetry [48, 49]. A particularly versa-

tile and sensitive detection principle for the investigation of interactions between

targets and native ligands is mass spectrometry [50].
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7.3

MS Binding Assays

The increasing performance of mass spectrometry as well as the development of

particularly gentle but also effective ionization techniques like matrix-assisted

laser desorption ionization (MALDI) and electrospray ionization (ESI) provided

the opportunity to directly study binding of native ligands at defined targets [51,

52] (see also Chapter 1). The first MS based methods to measure target–ligand

interactions were described in the beginning of the 1990s [53]. Later on, in 1995,

Henion and coworkers reported the determination of the affinity constants of gly-

copeptide antibiotics like vancomycin at peptides representing target partial struc-

tures. They attained this goal by analyzing the target–ligand complexes and the

free ligands in parallel directly in the gas phase by ESI-MS [54]. By now, a great

variety of different methods to study target–ligand interactions qualitatively or

quantitatively based on mass spectrometry have been published [50, 52, 55, 56].

In contrast to most of the other detection methods that can be employed for the

characterization of target–ligand interactions, mass spectrometry also allows the

identification of structurally unknown ligands. Due to this almost exclusive po-

tential, mass spectrometry has an outstanding position in the screening of combi-

natorial libraries. The principle to filter hits based on their affinity to the target

from a set of different test compounds is called affinity selection. The majority

of screening techniques based on mass spectrometry follow the affinity selection

principle, and several of these have achieved an impressive efficiency, for example

the automated ligand identification system (ALIS, see Chapter 3) established by

NeoGenesis (now part of Schering Plough) and affinity selection mass spectrom-

etry (ASMS, see Chapter 4) established by Abott or SpeedScreen fromNovartis [57].

Although these and many other successful approaches for the MS determina-

tion of a compound’s affinity are regarded as being well established, their applica-

tion is still reserved to specialists as they require the application of comparatively

complex and high sophisticated techniques. The method presented below is

therefore deliberately employing a comparatively simple principle: the MS quan-

titation of native markers in binding assays that are conducted in analogy to ra-

dioligand binding assays. This method has been termed ‘‘MS binding assays’’.

MS binding assays share all the advantages of conventional radioligand binding

assays, the principle is very simple, they are robust, comparatively cheap, flexible

and universally applicable, without the disadvantages caused by a label. Basically,

the binding assay itself can be performed exactly as a radioligand binding assay.

However, after separation of the bound from the nonbound native marker, the

marker quantitation is done by mass spectrometry. As the quantitation method

for the marker can be used for all binding samples in the same way, MS analysis

creates a modicum of effort. The prerequisites for the native marker are first of all

– just as in radioligand binding assays – that it shows a high affinity and selectiv-

ity for the target and, at the same time, as little nonspecific binding as possible.

Secondly, the marker should be quantifiable by mass spectrometry with a sensi-

tivity as high as possible.
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In one point, however, MS binding assays differ fundamentally from radioli-

gand binding assays. In radioligand binding assays it is of little importance

whether the marker (i.e. the radioligand) is free or bound to the target during

quantitation, since measuring the radioactivity detects both the bound and the

already dissociated marker in the same way. This is not the case in MS binding

assays, where the free marker and the bound marker (i.e. the target–marker com-

plex) give rise to different signals. Additionally, the exact mass spectrometric

quantitation of the marker poses a formidable challenge, particularly if the con-

centrations to be determined lie in the picomolar range or below (as typical in

radioligand binding experiments).

As it is often difficult to prevent dissociation of the target–marker complex dur-

ing quantitation, this problem can be solved by first separating the target–marker

complex from the nonbound marker and, in a second step, liberating the bound

marker from the complex for the mass spectrometric quantitation. MS binding

studies of this type will be discussed in Section 7.3.2. Alternatively, MS binding

studies can be also conducted by quantifying the amount of nonbound marker

in the binding sample instead of bound marker (as the amount of bound marker

can be calculated from the amounts of total marker and nonbound marker).

While the latter method allows to complete the experiment without the additional

step of liberating the marker from the target–marker complex it is subject to

some restrictions concerning the experimental procedure. Examples for this pro-

cedure are given below in Section 7.3.1.

7.3.1

MS Binding Assays Quantifying the Nonbound Marker

In radioligand binding assays, binding of the marker is always quantified by the

amount of marker bound to the target. The practicality of a procedure that in

contrast quantifies the nonbound marker to indirectly determine the amount of

bound marker has been shown by applications which examined the binding of

fluorescent markers to nicotinic acetylcholine and benzodiazepine receptors [37,

38]. Although very different from conventional binding assays with regard to the

design of the binding experiment, the principle to quantify the nonbound marker

by LC-MS has also been realized in a sophisticated ‘‘continuous flow’’ approach

(as described in Chapter 5).

Competition experiments performed as conventional radioligand binding as-

says are characterized by a nominal marker concentration in the range of its Kd

value, while the concentration of the target is set at, by comparison, a signifi-

cantly lower level (i.e. ½Mtot�AKd g ½Ttot�). In radioligand binding assays this set

up is possible since the resulting amount of bound marker (TM) is quantified by

scintillation counting, that is sensitive enough to reliably measure TM in concen-

trationsfKd. In MS binding assays where the amount of nonbound marker is to

be quantified the situation is completely different. If an MS binding assay of this

kind were to be conducted under the same conditions as a radioligand binding

assay, the differences between the concentrations of the free marker (DM) that
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result from changes in the concentrations of the bound marker (TM) would be

imperceptible or, at least, extremely hard to detect, because these differences

would be so small in relation to the concentration of M that they would hardly

exceed the uncertainty regarding the quantitation of M by MS. This problem can

be avoided if the concentration of the bound marker (TM) is increased consider-

ably in comparison to the nominal marker concentration (Mtot). This can be

achieved by increasing the concentration of the target (Ttot) in comparison to the

concentration used in radioligand binding assays. The result of an increasing

concentration of the target is exemplified in the following for ½Ttot�AKd while

the other conditions remain the same {½Mtot�AKd, see Eq. (5)}.

½Mtot� ¼ ½TM� þ ½M� ¼ ½Ttot� ¼ ½TM� þ ½T� ¼ Kd ð5Þ

Solving Eq. (2) (Section 7.2.1) for the conditions given in Eq. (5) leads to Eq. (6).

½TM� ¼ 3� ffiffiffi
5

p

2
� KdA0:38Kd ð6Þ

Neglecting nonspecific binding, Eq. (6) reveals that a considerable fraction (c.

38%) of the total amount of the marker is bound to the target ([TM] ¼ 0:38 Kd

¼ 0:38 ½Ttot� ¼ 0:38 [Mtot]). This means that the changes in the fraction of the

bound marker caused in competition experiments, result in a significant change

in the concentration of the nonbound marker (M). For saturation and kinetic

experiments, however, this concept is more difficult to apply.

In competition experiments that quantify the nonbound marker, as discussed

here, the concentration relations are intentionally fixed in a manner that ensures

that a significant fraction of the marker is bound ([TM] > 0:1 [Mtot]). Therefore,

marker depletion has to be considered when analyzing the data. This can be done

by means of Eq. (7), for example [16].

Ki ¼ IC50

2
ð½M50� � ½M0�Þ

½M0� þ 1þ ½M50�
Kd

ð7Þ

Furthermore it has to be taken into account that the nonbound marker has to

be quantified out of a matrix containing all the dissolved compounds of the bind-

ing sample. To avoid ion suppression of the marker, it is therefore necessary to

either use a buffer compatible with MS (i.e. a volatile buffer), or alternatively to

remove the matrix of the binding sample prior to quantitation of the nonbound

marker.

K i : equilibrium dissociation constant of the test compound,

IC50: concentration of test compound reducing specific binding of the

marker to 50%, [M50]: concentration of the free marker at the IC50-value,

[M0]: concentration of the non bound marker in the absence of a

competitor, K d: equilibrium dissociation constant of the marker.
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7.3.1.1 Competition Assays for D1 and D2 Dopamine Receptors

7.3.1.1.1 Dopamine Receptors

Dopamine receptors belong to the group of G protein-coupled receptors (GPCRs)

[58]. GPCRs are integral membrane proteins that, after binding the respective

endogenous messengers, transduce signals into the interior of a cell through in-

teraction with heterotrimeric G proteins. More than 600 different genes coding

for GPCRs were discovered on the human genome. Currently, they are the most

frequently addressed targets in drug development [59]. Disturbed dopaminergic

neurotransmission is linked to a number of diseases of the central nervous sys-

tem, including Morbus Parkinson and schizophrenia [58]. Therefore, binding as-

says for dopamine receptors play a crucial role in the development of new drugs

for the relevant indications. So far five different subtypes of dopamine receptors

(D1a5) have been found. They can be classified into two groups according to their

signal transduction and pharmacology, D1 and D5 on one side and D2a4 on the

other. D1 and D2 are the subtypes that occur most frequently in the brain [58].

Taking the determination of the affinity of test compounds for dopamine D1 and

D2 receptors as a typical issue of the modern drug discovery process, it will be

exemplified here how competitive MS binding assays based on the quantitation

of the nonbound marker can be accomplished easily.

7.3.1.1.2 Competition Assays for Dopamine D1 Receptors

As described above conducting competitive MS binding assays is dependent on

certain prerequisites. Crude membrane preparations from pig striatum could be

shown to be a suitable source for D1 receptors in preliminary radioligand binding

assays. Furthermore it turned out that the binding assays can be conducted in 50

mM ammonium formate instead of the Tris buffer generally used. A further deci-

sive fact was that the D1 receptor density in the membrane preparation was high

enough to reach a target concentration in the range of the Kd of SCH 23390 (Fig.

7.4) that was chosen as a marker.

Employing the D1 receptor selective compound SCH 23390 as marker, well

known from radioligand binding assays (Kd for [3H]SCH 23390 ¼ 0:53 nM)

[60], had a two-fold advantage: first, the experimental conditions for the binding

experiment could be adopted from respective radioligand binding assays, and sec-

ondly, it enabled a very simple validation of the results obtained from MS binding

assays by means of radioligand binding assays. Finally, with the development of a

LC-ESI-MS/MS method that allowed a reliable quantitation of SCH 23390 in con-

centrations below 100 pM, the requirements for using SCH 23390 as a marker in

competitive MS binding assays were fulfilled.

The binding experiments were conducted with 1.25 nM SCH 23390 and D1 re-

ceptors in concentrations of roughly 0.5–0.8 nM in a total volume of 250 mL, ap-

plying different concentrations of the test compound. Separating the nonbound

marker from the target preparation (containing the bound marker) was accom-

plished by centrifugation. The resulting supernatant was subsequently analyzed

by LC-ESI-MS/MS without further purification (Fig. 7.5).
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Fig. 7.4 Structures of compounds used in competitive MS binding

assays for dopamine D1 and D2 receptors.

Fig. 7.5 Schematic flowchart of the competitive MS-binding assay

quantifying the nonbound marker employed for dopamine D1 receptors.

After incubation of the target (D1 receptor) in presence of the marker

(SCH 23390) and a test compound, the binding samples are

centrifuged to separate bound from nonbound marker. The nonbound

marker in the resulting supernatant is quantified by LC-ESI-MS/MS

without further sample preparation.
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Figure 7.6 exemplifies the results for the dopamine antagonist (þ)-butaclamol

(Fig. 7.4).

In the absence of the test compound (total binding) the signal of the nonbound

marker was low (Fig. 7.6a) and intensified with increasing concentrations of

(þ)-butaclamol (Fig. 7.6b). The signal obtained in the presence of 10 mM (þ)-

butaclamol (Fig. 7.6c) corresponds to the difference between the total marker con-

centration [Mtot] and nonspecific binding. Hence, the difference between the

maximum signal (M [Mtot] – nonspecific binding) and the minimum signal (M
[Mtot] – specific binding – nonspecific binding) represents specific SCH 23390

binding.

With the data obtained in this way competition curves could be generated for

(þ)-butaclamol (Fig. 7.7). A number of other dopamine antagonists were studied

Fig. 7.6 Nonbound SCH 23390 in a competitive MS binding assay for

dopamine D1 receptors monitored at a transition from 288:1 ! 91:2

m=z from binding samples without or with (þ)-butaclamol. Intensity (I)

is shown: (a) without (þ)-butaclamol, (b) with 30 nM (þ)-butaclamol,

(c) with 10 mM (þ)-butaclamol. (a–c) Representative chromatograms

after HPLC separation (RP8 column; solvent: CH3CN/0.1% HCOOH in

H2O 1:1; 300 mL min�1).

Fig. 7.7 Representative binding curve obtained by nonlinear regression

from a competitive MS binding assay for dopamine D1 receptors, in

which (þ)-butaclamol competes with SCH 23390 as marker. The points

describe nonbound SCH 23390 quantified by LC-ESI-MS/MS. Data

reflect means (Gs) from binding samples, each performed in

quadruplicate.
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in the same way and their affinity constants calculated from the resulting compe-

tition curves (Table 7.1, Fig. 7.4).

To validate the results, the test compounds were examined in radioligand bind-

ing assays under comparable conditions. In this case, however, according to the

common procedure in conventional radioligand binding assays, a target concen-

tration ½Ttot�fKd was employed, and [3H]SCH 23390 bound to the target was

quantified after filtration (Table 7.1). The Ki values determined [according to Eq.

(7), Section 7.3.1) in the MS binding assays tend to be slightly higher than those

determined in radioligand binding assays. However, most importantly the rank-

ing of the Ki values is in good accordance for both test systems [61].

7.3.1.1.3 Competition Assays for Dopamine D2 Receptors

The method was also applied to the D2 receptor. In this case however, an incuba-

tion medium with nonvolatile components frequently used in radioligand bind-

ing assays consisting of 50 mM Tris-HCl, 120 mM NaCl, 5 mM MgCl2, 5 mM

KCl and 1 mM EDTA was deliberately employed to demonstrate that the incuba-

tion medium in MS binding assays quantifying the nonbound marker is not re-

stricted to volatile buffers. As in the D1 receptor binding assay, a crude mem-

brane fraction of pig striatum was used as the source for the D2 receptors and

with spiperone (Fig. 7.4) again the native form of a well established radioligand

was chosen as a marker. Preliminary experiments showed, as expected, that the

signal of the marker was substantially suppressed, when the nonbound marker

was analyzed by LC-ESI-MS/MS directly out of the matrix of the binding sample.

Therefore a solid phase extraction (SPE) method was employed to remove most of

the interfering sample matrix and to enhance the spiperone signal, allowing the

binding experiments to be successfully performed. After incubating spiperone in

Table 7.1 Affinities (meanGSEM, n ¼ 3) for dopamine antagonists at

D1 receptors obtained by MS-binding assays and radioligand binding

assays, respectively [61].

SCH 23390 [3H]SCH 23390

IC50 (nM) K i (nM) K i (nM)

(þ)-Butaclamol 36G 3 11G 1 5.4G 1.9

Chlorpromazine 1700G 40 620G 10 300G 40

Haloperidol 1620G 170 220G 60 110G 2

Pimozide 13 000G 700 4700G 200 2500G 500

SKF 83566 5.9G 1.0 1.9G 0.3 2.7G 0.6

(S)-Sulpiride >10 000 >10 000 >10 000

Trifluoperazine 1300G 100 460G 40 215G 20
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a concentration of 1.25 nM with D2 receptors in a concentration of@400 pM in a

total volume of 500 mL nonbound spiperone could be quantified reliably by LC-

ESI-MS/MS after SPE of the supernatant obtained after centrifugation (Figs. 7.8,

7.9).

In this way, the affinities of (þ)-butaclamol, chlorpromazine and (S)-sulpiride
(Fig. 7.4) for the D2 receptor were characterized. The competition curves obtained

[e.g. for (þ)-butaclamol, Fig. 7.10] were as expected, but showed an unusually

Fig. 7.8 Schematic flowchart of the competitive MS-binding assay

quantifying the nonbound marker employed for dopamine D2 receptors

including matrix elimination. After incubation of the target (D2

receptor) in presence of the marker (spiperone) and a test compound,

the binding samples are centrifuged to separate bound from nonbound

marker. The nonbound marker in the resulting supernatant is quantified

after SPE by LC-ESI-MS/MS.

Fig. 7.9 Nonbound spiperone in a

competitive MS binding assay for dopamine

D2 receptors monitored at a transition from

396:0 ! 123:0 m=z from binding samples

without or with (þ)-butaclamol. Intensity (I)

is shown: (a) without (þ)-butaclamol, (b)

with 100 nM (þ)-butaclamol, (c) with 10 mM

(þ)-butaclamol. (a–c) Representative

chromatograms after SPE on Oasis HLB

cartridges followed by HPLC separation (RP8

column; solvent: CH3CN/0.1% HCOOH in

H2O 30:70, 150 mL min�1). All samples

(supernatants) were spiked with haloperidol

(0.875 nM, 376:0 ! 123:0 m=z) as internal

standard.

7.3 MS Binding Assays 261



high amount of nonspecific binding [defined as the remaining binding in the

presence of 10 mM (þ)-butaclamol].

Nevertheless, they easily allowed the determination of IC50 values of the test

compounds and the calculation of the respective Ki values [according to Eq. (7),

Section 7.3.1, Table 7.2].

The reliability of the SPE-LC-ESI-MS/MS quantitation method of the non-

bound marker spiperone was verified in identical binding assays employing

[3H]spiperone as marker and (S)-sulpiride as test compound, again quantifying

the nonbound marker but this time by scintillation counting. Both the run of

the competition curve and the Ki value determined for (S)-sulpiride were in

good accordance with the results from the MS binding assays (Table 7.2).

The entire binding experiment was further validated by characterizing the test

compounds in a conventional [3H]spiperone radioligand binding assay. This con-

trol experiment was conducted in analogy to the MS binding experiment except

Fig. 7.10 Representative binding curve obtained by nonlinear regression

from a competitive MS-binding assay for dopamine D2 receptors, in

which (þ)-butaclamol competes with spiperone as marker. The points

describe nonbound spiperone quantified by LC-ESI-MS/MS. Data reflect

means (Gs) from binding samples each performed in triplicate.

Table 7.2 Affinities (meanGSEM, n ¼ 3) for dopamine antagonists at

D2 receptors obtained by MS-binding assays and by radioligand binding

assays, respectively [62]. n.d. Not determined.

Spiperone

(nonbound)

[3H]Spiperone

(nonbound)

[3H]Spiperone

(bound)

IC50 (nM) K i (nM) IC50 (nM) K i (nM) IC50 (nM) K i (nM)

(þ)-Butaclamol 140G 50 43G 10 n.d. n.d. 44G 8 8.7G 1.8

Chlorpromazine 560G 90 220G 20 n.d. n.d. 120G 10 23G 3

(S)-Sulpiride 210G 30 65G 8 110G 25 45G 9 120G 20 25G 4
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that the concentration of the receptor (Ttot) wasfKd and the bound radioligand

was quantified after filtration as a separation step. For the test compounds (þ)-

butaclamol, chlorpromazine and (S)-sulpiride, the resulting Ki values determined

by conventional [3H]spiperone binding assays were 2.5- to 10-fold lower than

those established by MS binding studies (Table 7.2) [62]. The reasons for the,

partly considerable, deviations are still unknown. However, they are obviously

not the result of the mass spectrometric quantitation as the identically conducted

control experiment quantifying nonbound [3H]spiperone using (S)-sulpiride as

competitor had yielded results similar to the MS binding assay. The main cause

is presumably the large amount of membrane fraction required to obtain a suffi-

cient concentration of binding sites for the marker. Particularly, the lipophilic

test compounds (þ)-butaclamol and chlorpormazine might show a high amount

of nonspecific binding to the membrane fraction resulting in ligand depletion

which would easily explain the rise of IC50 and Ki values, respectively. Of course

this problem could be effortlessly solved by employing a more appropriate recep-

tor source with a higher receptor density, e.g. a membrane fraction of a heterolo-

gous expression system, or by using a more powerful mass spectrometer.

7.3.1.2 Library Screening and Competition Assays for m-Opioid Receptors

7.3.1.2.1 Opioid Receptors

Opioid receptors also belong to the group of G protein-coupled receptors. Besides

controlling pain perception, they control functions as widely different as breath-

ing, gastrointestinal motility, diuresis, temperature regulation, or cognitive pro-

cesses. Binding assays for opioid receptors are therefore indispensable for the

search for potential drugs in many indication areas. Opioid receptors can be di-

vided into three subtypes, m-, k- and d-receptors. The pharmacologic effects medi-

ated by these receptor subtypes are considerably different. Therefore, radioligand

binding assays characterizing the affinity of test compounds at opioid receptor

subtypes represent an essential primary screening tool in the search for, e.g.

new analgesics [63, 64].

The competitive MS binding assays for m-opioid receptors were established

using a membrane fraction of CHO-K1 cells that express human m-receptors in

contrast to the native brain membrane preparations used in the dopamine recep-

tor MS binding assays. The use of a heterologously expressed target offers the ad-

vantage that a relatively high concentration of a comparatively pure target can be

employed, which in turn means that the requirement on the marker’s affinity

and selectivity as well as the sensitivity required for the quantitation of the

marker is less demanding.

7.3.1.2.2 Library Screening with Identification of Hits

MS binding assays are also useful for library screening with subsequent hit iden-

tification. The concept is simple. First, a library is searched for active compounds

in a competitive binding assay. If the result is positive (which is indicated by an

increase of the marker signal), the target bound hit is liberated and identified.
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Two artificial compound libraries were chosen as compound mixtures, of which

library 1 was composed only of ‘‘dummy’’ ligands (acetanilide, amitryptiline,

benzoic acid, (þ)-bicuculline, 4-chloraniline, 2,3-dichloraniline, methylbenzoate,

phenol, tramadol; see Fig. 7.11), whereas library 2 contained, in addition to these

compounds, naloxone, a known m-opioid receptor ligand.

The assay was conducted at 10 nM morphine (Fig. 7.11) which had been cho-

sen as native marker and a m-opioid receptor concentration of 5.5 nM (in 50 mM

Tris-HCl, 5 mM MgCl2). After incubation and centrifugation to separate the non-

bound marker, the resulting supernatants were directly analyzed by LC-ESI-MS/

MS. Control experiments without competitor (representing total binding) re-

vealed 2.32 nM nonbound morphine whereas 7.73 nM nonbound morphine

were found in the presence of 50 mM (G)-methadone (representing [Mtot] –

nonspecific binding, Fig. 7.11, Table 7.3). Experiments employing the libraries at

final concentrations of 1 mM and 10 nM per compound led in the case of library 1

to a concentration of nonbound morphine in the range of the control experiment

without competitor. In the binding samples containing library 2, however, the

concentration of nonbound morphine was significantly higher than in the control

experiment without competitor (Table 7.3).

Accordingly, library 2 in contrast to library 1 must contain (at least) one ligand

that, in concentrations of 1 mM and 10 nM, is capable of reducing the specific

binding of morphine to the m-opioid receptor. Considering the composition of

the two libraries, the conclusion that the component with an affinity for the m-

opioid receptor must be naloxone is naturally trivial, but this issue could also be

addressed by further examining the relevant binding samples (Fig. 7.12).

Fig. 7.11 Structures of compounds used in competitive MS binding

assays for m-opioid receptors.
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Table 7.3 Nonbound morphine in MS binding assays at m-opioid

receptors [65].

Conditions Morphine

Compound Concentration Nonbound

Control – 2.32 nM

(G)-Methadone 50 mM 7.73 nM

Library 1 10 nM 2.76 nM

Library 1 1 mM 2.03 nM

Library 2 10 nM 5.02 nM

Library 2 1 mM 7.92 nM

Fig. 7.12 Schematic flowchart of the

competitive MS binding assay for m-opioid

receptors including liberation of bound

marker and test compounds, respectively.

After incubation of the target (m-opioid

receptor) in the presence of the marker

(morphine) and a compound library, the

binding samples are centrifuged to separate

bound from nonbound marker. Subsequently,

the nonbound marker in the resulting

supernatant is quantified by LC-ESI-MS/MS

without further sample preparation (route 1).

In the case that a signal reduction for the

nonbound marker is caused by a compound

library, the respective pellet remaining after

centrifugation is resuspended in buffer

containing a large excess of competitor [(G)-

methadone] to liberate the bound marker and

bound library components. After

centrifugation, the marker and the hits

liberated from the target are analyzed in the

resulting supernatant by LC-ESI-MS/MS

(route 2).
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To this end, the pellets remaining from the competitive MS binding assay were,

after several washing steps, resuspended in binding buffer and incubated with a

great excess of competitor (50 mM (G)-methadone) to liberate the unknown bound

ligand (as well as the bound marker). Then the supernatants obtained by cen-

trifugation were analyzed by LC-ESI-MS/MS. In addition to morphine as the

marker, naloxone was identified as the hit that had been searched for. Thereby,

the relative concentrations of marker (2.93 nM) and hit (2.30 nM) pointed to the

fact that the hit had a similar affinity to the m-opioid receptor as the marker [65].

7.3.1.2.3 Competition Assays Taking the Depletion of Marker and Ligand into

Account

Unlike radioligand binding assays that only allow quantitation of the radioligand

itself, binding assays based on MS detection offer the opportunity to quantify any

additional ligand. This allows another interesting application: competitive MS

binding assays observing both the concentration of the marker and the test com-

pound at the same time (via their nonbound portion). In competition curves, the

concentration of the bound (and accordingly in this case the nonbound) marker is

plotted against the concentration of the test compound. Of course, in the strict

sense of the law of mass action, the free and not the nominal concentration of

the test compound is relevant for the competition curve. Competition curves gen-

erated by radioligand binding assays however, are usually based on the nominal

concentration of the test compound which can deviate substantially from its free

concentration (due to specific as well as nonspecific binding). Therefore, quanti-

tation of the nonbound test compound would enhance the accuracy of the affinity

determined for the test compound by eliminating this source of error.

This strategy was realized in a competitive MS binding assay examining the

affinity of naloxone for m-opioid receptors (with morphine as marker under the

conditions described above for library screening). The respective experiments led

Fig. 7.13 Representative binding curve obtained by nonlinear regression

from a competitive MS binding assay for m-opioid receptors, in which

naloxone competes with morphine as marker. The points describe

nonbound morphine quantified by LC-ESI-MS/MS at concentrations of

nonbound naloxone determined simultaneously by LC-ESI-MS/MS.
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to the binding curve shown in Fig. 7.13 in which the concentration of the non-

bound marker is plotted against the concentration of free naloxone.

Taking depletion of the marker [according to Eq. (7), Section 7.3.1) and the li-

gand (by analyzing the binding curve based on the concentration of free nalox-

one) into account, a Ki-value of naloxone for m-receptors of 1.6 nM was calculated

(using a Kd value of 2.0 nM for morphine, according to Raynor et al. [66]). With-

out correction for free naloxone, a Ki value of 7.9 nM was obtained. Interestingly,

the first but not the second value is in surprisingly good accord with the result of

Raynor et al., who in a conventional radioligand binding assay with [3H]DAMGO

as marker determined a Ki value of 1.4 nM for naloxone at human m-receptors

[66].

7.3.2

MS Binding Assays Quantifying the Bound Marker

Another promising setup for MS binding assays is the quantitation of the bound

native marker. Such MS binding experiments would allow ‘‘transferring’’ already

established radioligand binding studies with relatively small effort to the for-

mat of MS binding assays and produce comparable results. Additionally, this

approach has several other advantages.

Considering the higher target concentrations generally necessary for MS bind-

ing assays with quantitation of the nonbound marker, it is obvious that a deple-

tion of the test compound can very easily occur (particularly if Ki < Kd). In case

of MS binding assays with quantitation of the bound marker this should be less

of a concern, as the target concentrations are, in general, distinctly lower (see

Section 7.3.1 and [67]).

It is also interesting to note that MS binding assays performed in analogy to

a radioligand binding assay determining the amount of bound native marker al-

lows binding assays that would only be possible with radioligands in some kind

of a ‘‘mixed mode’’: it is not always possible to examine the entire concentration

range with pure radioligands (‘‘hot only’’) due to the restricted availability, high

costs or low affinity of the radioligand. Therefore, conducting saturation assays

requires that mixtures of labeled and unlabeled, i.e. ‘‘hot’’ and ‘‘cold’’, markers

are used [36, 68].

To conduct MS binding assays with ligand liberation, similar prerequisites have

to be met as generally described for MS binding assays (see Section 7.3). Besides

high affinity and selectivity of the marker for the target, these include in this

setup a quantitation method with a sufficient sensitivity, or in other words with

a lower limit of quantitation (LLOQ) low enough to reliably quantify the low

quantities of marker commonly present in such studies. For this last point, one

important aspect is also the target density of the target material used in the assay:

A sufficient amount of marker should be bound to ensure that a satisfactory sig-

nal intensity is reached. Yet binding of the marker and ligand should still be kept

low enough to ensure that depletion is less than 10%. Also in this context, cell

lines heterologously expressing the desired target seem advantageous [69–71].
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The separation of the target–marker complex from the free marker can be

achieved with different techniques (e.g. centrifugation or filtration). When con-

ducting binding experiments with membrane-bound targets, filtration is gener-

ally preferred due to its speed and effectiveness.

One of the essential steps when developing MS binding assays quantifying the

bound marker is the liberation of the marker from the target–marker complex

retained, e.g. in the filter, and its quantitation in the relevant eluate [39, 72–75].

A very practical way to implement this is using filter plates in the 96-well format

with suitable vacuum manifolds where elution can be directed to another 96-well

plate. Generally, glass fiber filters are often used in radioligand binding assays

which are also available in different versions in the 96-well format [72].

The liberation of the marker from the target–marker complex after separation

should be complete and reproducible and include both the specifically and non-

specifically bound marker. To achieve this, common methods for protein denatu-

ration should be suitable (e.g. change in pH value, addition of organic solvents,

chaotropic salts, detergents or increase in temperature) [76, 77]. However, it has

to be kept in mind that the denaturation method should not interfere with the

subsequent quantitation. When using ESI-MS for quantitation for example, high

salt concentrations can lead to signal suppression and impair the LLOQ of

the method [78, 79]. Therefore, denaturation with organic solvents seems to be

more advantageous when using ESI-MS for quantitation.

A practical advantage of MS binding assays quantifying the bound marker after

liberation is the ‘‘decoupling’’ of biological binding assay and analytical MS quan-

titation. In this case the choice of buffer is less restricted as the incubation buffer

is mostly removed in the separation step and therefore can contain, for example,

high salt concentrations or other additives that would negatively influence MS

quantitation. For the denaturation the only aspect that has to be kept in mind is

that a method is chosen with which the marker is transferred into a solution that

does not interfere with the quantitation.

However, the solution obtained after denaturation might include, depending on

the application, other components besides the liberated marker (‘‘matrix’’). If a

small amount of target material is used in the binding assay, the quantity of re-

maining matrix will be so low that it hardly disturbs the quantitation and the

sample can be measured directly by LC-MS without further sample preparation

(e.g. membrane filtration or solid phase extraction [78]).

In the following, an example of this new kind of MS binding experiment is pre-

sented as a straightforward alternative to conventional radioligand binding assays

and suitable for the performance of saturation, competition and kinetic binding

assays [80].

7.3.2.1 Saturation Assays for mGAT1

7.3.2.1.1 GABA Transporters

g-Amino butyric acid (GABA) is the most important inhibitory neurotrans-

mitter in the central nervous system. In the last three decades, GABAergic neuro-
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transmission was linked, directly or indirectly, to a variety of neuro-pathological

and psychiatric medical conditions, e.g. epilepsy, Huntington’s chorea, Parkinson,

Tardive dyskinesia, schizophrenia, anxiety, depression and other behavioral disor-

ders. The GABA transporters (GATs) that remove the neurotransmitter from the

synaptic cleft after its release are very interesting targets for the development of

new agents for the indications listed above [81]. Inhibitors of these transporters

can extend the presence of GABA in the synaptic cleft and therefore increase the

inhibitory effect of the neurotransmitter. For the GABA transporters that are a

part of the superfamily of Naþ/Cl�-dependent transporters four subtypes are

known. Among them the transporter subtype most frequently found in the brain

is GAT1, an already validated target in the search for anticonvulsants [82–85]. A

successful example is the agent tiagabine, an effective and selective inhibitor of

GAT1 which has already been introduced in the therapy of epilepsy in the form

of the drug Gabitril [81–83, 85–88].

For in vitro screening of new ligands at GABA transporters uptake assays are

generally used which measure the uptake of [3H]GABA into whole cells or

synaptosomes [89–92]. However, this type of assay has significant practical draw-

backs. It is necessary to employ whole cells or synaptosomes that have to stay

intact during the entire course of the experiment, i.e. also during the separation

step, since the breakdown of the cell membrane or the synaptosome would cause

a loss of substrate ([3H]GABA). In contrast, conventional binding assays which

determine not the functionality but the affinity for the GABA transporter have the

advantage that membrane fractions are sufficient for these experiments [93, 94].

In 1990, Braestrup and coworkers reported the first radioligand binding assay

for GABA transporters [95–97]. The radioligand they employed in their experi-

ments was [3H]tiagabine. Unfortunately, neither [3H]tiagabine nor other radioli-

gands for binding assays to GAT1 are readily commercially available. There is,

however, no shortage of affine and selective ligands for GAT1 [98]. This is another

intriguing fact highlighting the advantages of MS binding assays which can be

conducted without a labeled marker.

7.3.2.1.2 Basic Principles

The MS binding assay quantifying the amount of bound marker for the murine

GAT1 transporter (mGAT1) was conducted as follows: The source of mGAT1 was

a recombinant cell line that expressed the transporter in sufficient density [99].

Of the several possible ligands selective for GAT1, NO 711 (1f in Fig. 7.17) [96,

100] was chosen as a marker because the compound not only shows a high affin-

ity and selectivity for GAT1 but can also be quantified in very low concentrations

by LC-ESI-MS/MS (LLOQ ¼ 18 pM; see Fig. 7.14).

It had been shown that 50 mM Tris-citrate buffer with 1 M NaCl was a suitable

incubation buffer for the binding to GAT1 [95]. The high salt concentration in

this incubation buffer caused no problems in the new MS binding assays, since

most of the incubation buffer was removed before the liberation step. The separa-

tion of the bound from the nonbound marker was conducted by filtration over

glass fiber filters as common in radioligand binding assays.
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For the liberation of the bound marker from the marker–target complex, a sim-

ple denaturation with methanol proved to be extremely effective. A drying step

before the methanol denaturation and an internal standard (deuterated analog of

NO 711, [2H]NO 711; 1g in Fig. 7.17) added to the denaturation reagent further

improved the precision of the method. The initially bound marker liberated this

way was collected in a 96-well plate and quantified by an isocratic RP-HPLC

method followed by ESI-MS/MS detection via the internal standard (see Fig.

7.14). Figure 7.15 gives an overview over the procedure of an MS binding assay

with liberation of the bound marker.

7.3.2.1.3 MS Saturation Assays

According to the procedure for the MS binding assays described above, saturation

assays with the native marker NO 711 were conducted at mGAT1, after the incu-

bation period was determined (see Section 7.3.2.3). A constant target concen-

tration (10–20 mg protein per well, according to Bradford;@1 nM mGAT1) was

incubated with increasing NO 711 concentrations (2–200 nM) and allowed to

reach equilibrium. After separation over the 96-well glass fiber filter plates, bound

marker was liberated and quantified by LC-ESI-MS/MS. A representative satura-

tion isotherm resulting from these experiments is given in Fig. 7.16.

The results of this saturation assay were validated by direct comparison to con-

ventionally conducted radioligand binding assays using [3H]NO 711 as marker

[80, 100]. Not only due to financial considerations, hot/cold dilutions had to be

used in the radioligand binding assays, in contrast to the MS binding assays

Fig. 7.14 Example for standard matrix sample. Matrix was obtained by

incubation of mGAT1-membrane preparation in Tris-NaCl buffer (@10

mg protein content), subsequent filtration and elution with methanol.

This empty matrix was then spiked with NO 711 and [2H10]NO 711 to

obtain standard matrix samples for LC-MS method validation purposes.

(a) Trace for 0.015 nM NO 711 (mass transition 381 ! 180, m=z). (b)

Trace for 1 nM [2H10]NO 711 (391 ! 190, m=z) in the same sample.
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where the entire marker concentration range could be covered with native

(‘‘cold’’) marker only. As can be seen from Table 7.4, the values of Kd and Bmax

determined in both binding studies are in good accord with each other.

Clearly, as indicated by these results, MS binding assays quantifying the

originally bound marker can be performed in the same manner as radioligand

binding assays to determine the affinity constant of a marker and they are just

as efficient.

Fig. 7.15 Schematic flowchart of MS binding assays quantifying bound

marker. Incubation of the target (mGAT1) in presence of the marker

(NO 711) and a test compound is conducted in a 96-well plate. The

bound marker is separated from the nonbound marker by vacuum

filtration. In the next step the target bound marker remaining on the

filter is liberated with methanol. Finally, the liberated marker is

quantified by LC-ESI-MS/MS.

Fig. 7.16 Saturation isotherm of NO 711 binding to mGAT1–membrane

fraction as measured in MS binding experiments. One representative

example from a series of identical experiments is shown. Total binding

of NO 711 (m; 10 mg protein according to Bradford). Nonspecific

binding (a) measured as binding of NO 711 in the presence of 10 mM

GABA. Each data point depicts the meanG SEM from triplicate values.
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7.3.2.2 Competition Assays for mGAT1

Additionally, MS binding assays comparable to competitive radioligand binding

assays were conducted for the target–marker system mGAT1/NO 711. A wide

variety of ligands with different lipophilicity and affinity to the target were tested

(see Fig. 7.17). The experiments were conducted in a way that a constant concen-

tration of both the target (10–20 mg protein per well, according to Bradford) and

the marker (10 nM NO 711) were incubated with increasing concentrations of

each test compound under conditions, as described for the saturation experi-

ments. The bound native marker was then quantified by LC-MS/MS after the

separation and liberation steps. From the binding curves obtained, the affinity

constants of the test compounds (Ki) were calculated using the Cheng–Prusoff

equation [see Eq. (3), Section 7.2.1], since marker-depletion was negligible (see

Fig. 7.18 for a representative example for compound (S)-3b).

The results of the competitive MS binding assays quantifying the bound marker

were again compared to conventional radioligand binding assays (based on

[3H]NO 711) for the same test compounds. Table 7.5 shows the results of both

the competitive MS binding studies and the competitive radioligand binding as-

says in comparison.

Figure 7.19 shows a direct correlation between pKi values derived from the MS

binding assays described above and those from radioligand binding assays. The

rise of the graph of 1:010G 0:01604 shows ðr2 > 0:99Þ that pKi values resulting

from both binding assays are nearly identical.

7.3.2.3 Kinetic Assays for mGAT1

For the establishment of saturation and competitive MS binding assays described

above, association and dissociation assays with mass spectrometric quantitation

of the native marker had also been conducted.

In association assays, a constant NO 711 concentration (in the region of Kd)

was incubated with the target. Using the previously described method, the bind-

ing experiments are terminated after different periods of time and quantified by

LC-ESI-MS/MS. The binding curve derived from the data is shown in Fig. 7.20. It

Table 7.4 Comparison of results from saturation binding experiments

using native NO 711 in MS binding experiments and [3H]2NO 711 in

radioligand binding experiments. All values represent meanG SEM

from independent experiments [80].

MS binding Radioligand binding

Kd 23.4G 2.19 nM (n ¼ 15) 35.9G 1.81 nM (n ¼ 19)

Bmax 34.6G 4.02 pmol/mg protein (n ¼ 14) 26.0G 2.64 pmol/mg protein (n ¼ 22)
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is clearly visible that the binding of the marker to the target reaches steady state

after approximately 30 min. The observed association rate constant kobs calculated
from these experiments amounted to 0:19G 0:01 min�1.

A further characteristic of ligand–target interaction is the dissociation rate con-

stant. Dissociation experiments are not only an important criterion for the estab-

lishment of binding assays, they also can show the reversibility of the specific

marker binding at the target [16], which is usually verified by dissociation experi-

ments (see also Section 7.2.1). In the MS binding assays presented here, GABA

was used as a competitor to initiate dissociation. The experiment was then termi-

Fig. 7.17 Structures of compounds tested in competitive MS binding

assays quantifying bound marker.
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Fig. 7.18 Representative binding curve for competitive MS-binding

experiments quantifying bound marker. Compound (S)-3b was tested

(see Fig. 7.17 for structure). Data points represent specific binding of

the marker NO 711 (meanGSEM from triplicate values).

Table 7.5 Affinities (meanG SEM, n ¼ 3) for GAT1 inhibitors at mGAT1–

membrane preparation obtained in competitive binding experiments

using NO 711 for competitive MS binding quantifying bound marker

and [3H2]NO 711 in competitive radioligand binding [80].

Test compound MS binding

K i (mM)

Radioligand

binding K i (mM)

GABA 83.2G 8.9 115G 4.9

Trans-4-aminocrotonic acid (TACA) 221G 7.5 233G 25

dl-4-Amino-3-hydroxybutyric acid 3719G 279 5280G 294

dl-3-Amino-n-butyric acid 1043G 266 1341G 48.8

(S)-4-Amino-2-hydroxy butyric acid 251G 28 236G 34

Guvacine (1a) 146G 16 157G 21

CI 966 (1d) 0.245G 0.024 0.180G 0.018

SKF89976 A [(RS)-2c] 0.192G 0.007 0.186G 0.008

(R)-Nipecotic acid [(R)-2a] 32.3G 3.3 24.5G 4.2

Tiagabine[(R)-2b] 0.041G 0.009 0.059G 0.009

(S)-Nipecotic acid [(S)-2a] 1049G 116 1324G 280

(S)-SNAP 5114 [(S)-2e] 27.4G 1.1 34.3G 2.0

(R)-Homoproline [(R)-3a] 444G 85 528.0G 3.5

(S)-3b[a] 0.179G 0.012 0.212G 0.003

(S)-3c[a] 0.075G 0.006 0.082G 0.001

4b[b] 55.1G 3.93 32.7G 1.02

5c[b] 6.96G 0.321 6.70G 0.85

(2R,4R)-6c[b] 3.53G 0.39 3.45G 0.22

(2S,4S)-6b[b] 0.517G 0.065 0.421G 0.05

(2S,4S)-6c[b] 1.13G 0.28 1.07G 0.18

(2R,4S)-6b[b] 0.954G 0.07 1.44G 0.08

(2S,4R)-6b[b] 1.20G 0.26 0.921G 0.11

aReference [105].
bReference [106].
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nated after a range of different time periods and the marker subsequently quanti-

fied by LC-ESI-MS/MS. The resulting dissociation curve is depicted in Fig. 7.21. It

shows the typical curve progression for a reversible binding of a ligand to its tar-

get [96, 101]. The dissociation rate constant calculated from these experiments

was k�1 ¼ 0:094G 0:003 min�1.

Knowing the rate constants of the target–marker binding experiment gives a

different way to determine the dissociation constant Kd independently from satu-

ration experiments [see Eq. (4) in Section 7.2.1]. For this purpose, the association

rate constant kþ1 has to be calculated from kobs according to Eq. (8):

kþ1 ¼ ðkobs � k�1Þ
½Mtot� ð8Þ

Fig. 7.19 Correlation between pK i values from competitive MS binding

assays and radioligand binding assays.

Fig. 7.20 Kinetic MS binding study quantifying bound marker –

association experiment. Total binding (m) of NO 711 (20 nM;

incubation temperature 37 �C) to mGAT1. Nonspecific binding (a) was

determined as binding of NO 711 in the presence of 10 mM GABA.

One representative example is shown. Data points represent each

meanGSEM from triplicate values.
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This yielded a kþ1 of 0:0091G 0:002 nM�1 min�1 for NO 711 binding to mGAT1.

Hence, the equilibrium dissociation constant calculated from kinetic MS binding

experiments resulted in Kd ¼ 11:7G 2:5 nM. This is in good accord with Kd de-

termined in MS saturation binding experiments and confirms the validity of the

new setup.

7.4

Summary and Perspectives

As the examples described here show, the goals that so far have been pursued

with radioligand binding assays can, in principle, also be achieved with MS bind-

ing assays based on the mass spectrometric quantitation of native, i.e. nonlabeled

markers. MS binding assays can be conducted in an experimental setup in anal-

ogy to radioligand binding assays, i.e. quantifying the amount of marker bound to

the target. In contrast to radioligand binding assays, however, the quantitation in

MS binding assays does not proceed at the level of the target–marker complex di-

rectly after its separation from the binding sample. In MS binding assays, the

marker is liberated from the target–marker complex, before it is quantified by

LC-ESI-MS/MS. In this way, the basic types of binding assays, saturation, compe-

tition and kinetic assays can be realized. Under certain conditions (with a signifi-

cant amount of Mtot being bound to the target T), MS binding assays can also be

arranged in a way that the nonbound marker can be quantified by LC-ESI-MS/MS

directly from the supernatant obtained by centrifugation of the binding sample.

Fig. 7.21 Kinetic MS binding study quantifying bound marker –

dissociation experiment. Total binding (D) of NO 711 (20 nM;

incubation temperature 37 �C) to mGAT1. GABA (10 mM) was added

after 60 min preincubation to initiate dissociation (t ¼ 0 min).

Nonspecific binding (a) was determined as binding of NO 711 in the

presence of 10 mM GABA. One representative example is shown. Data

points represent each meanG SEM from triplicate values.
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Irrespective of certain limitations, this method offers the opportunity to efficiently

conduct competitive binding assays.

Although the applications presented here are exclusively based on membrane-

bound targets, MS binding assays are not restricted to them. Generally, every kind

of target can be examined in MS binding assays as long as suitable markers are

available. The search for suitable markers, however, is in contrast to radioligand

binding assays (or assays based on fluorescent markers), greatly facilitated by a

much wider repertory of potential markers, since they are used in their native,

i.e. unlabeled form. The most demanding task in MS binding assays, the reliable

mass spectrometric quantitation of the marker, is increasingly facilitated by the

continuously improving sensitivity of modern mass spectrometers. If the sensitiv-

ity of the mass spectrometer tends to limit the quantitation of the marker in the

binding assay, it is still possible to partly compensate this problem by choosing a

higher target concentration than commonly used in radioligand binding assays.

The throughput that can be achieved in MS binding assays depends on both

the workflow chosen for the binding experiments as well as the mass spectromet-

ric quantitation of the marker. In the binding experiments itself, the throughput

is – just as in radioligand binding assays – primarily dependent on the separation

step. MS binding assays based on filtration as separation step can be performed

in a 96-well plate format just as easily as radioligand binding assays. But in the

analytical setup described here, HPLC dictates the speed of quantitation. Al-

though quantitation in MS-binding assays generally requires more time than

measuring radioactivity, the applications above show that it is possible to process

several hundred samples a day, even with a very simple instrumentation. Since

high-sensitivity quantitation of an analyte in a biological matrix by LC-MS is a

quite frequent topic in the life sciences (e.g. in pharmacokinetics, see Chapter

13) there are a number of possibilities to significantly accelerate this process [78,

102–104].

Even though MS binding assays follow the principle of radioligand binding as-

says, their potential significantly exceeds that of the radioligand binding assays as

shown by the applications described above. It is, for example, possible to use the

marker in the binding assays, even in very high concentrations, or to identify

structurally unknown hits in a library. To mention only one further example for

other feasible options, it should be possible to track several targets simultane-

ously in one MS binding assay.

In summary, MS binding assays can be applied comparatively easily and uni-

versally without the inherent disadvantages of labeling. Thereby their reliability

is approximately equal to that of radioligand binding assays. Therefore, it can be

expected that MS binding assays will find increasing use in drug discovery.
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K. T.: MS-binding assays: kinetic,

saturation, and competitive

experiments based on quantitation of

bound marker as exemplified by the

GABA transporter mGAT1.

ChemMedChem 2006, 1, 208–217.

81 Beleboni, R. O., Gomes Carolino,

R. O., Baldocchi Pizzo, A., Castellan-

Baldan, L., Coutinho-Netto, J.,

Ferreira dos Santos, W., Cysne

Coimbra, N.: Pharmacological and

biochemical aspects of GABAergic

neurotransmission: pathological and

neuropsychobiological relationships.

Cell. Mol. Neurobiol. 2004, 24,
707–728.

82 Iversen, L.: Neurotransmitter

transporters: fruitful targets for CNS

drug discovery. Mol. Psychiatry 2000,
5, 357–362.

83 Dalby, N. O.: Inhibition of gamma-

aminobutyric acid uptake: anatomy,

physiology and effects against

epileptic seizures. Eur. J. Pharmacol.
2003, 479, 127–137.

84 Chen, N.-H., Reith, M. E. A., Quick,

M. W.: Synaptic uptake and beyond:

the sodium- and chloride-dependent

neurotransmitter transporter family

SLC6. Pflugers Arch Eur. J. Physiol.
2004, 447, 519–531.

85 Conti, F., Minelliy, A., Melone, M.:

GABA transporters in the

mammalian cerebral cortex:

localization, development and

pathological implications. Brain Res.
Rev. 2004, 45, 196–212.

86 Czuczwar, S. J., Patsalos, P. N.: The

new generation of GABA enhancers

potential in the treatment of epilepsy.

CNS Drugs 2001, 15, 339–350.
87 Laughlin, T. M., Tram, K. V., Wilcox,

G. L., Birnbaum, A. K.: Comparison

of antiepileptic drugs tiagabine,

lamotrigine, and gabapentin in

mouse models of acute, prolonged,

and chronic nociception. J. Pharmacol.
Exp. Ther. 2002, 302, 1168–1175.

88 Genton, P., Guerrini, R., Perucca, E.:

Tiagabine in clinical practice.

Epilepsia 2001, 42, 42–45.

89 Iversen, L. L., Neal, M. J.: The uptake

of [3H]GABA by slices of rat cerebral

cortex. J. Neurochem. 1968, 15, 1141–
1149.

90 Iversen, L. L., Kelly, J. S.: Uptake and

metabolism of g aminobutyric acid by

neurones and glial cells. Biochem.
Pharmacol. 1975, 24, 933–938.

91 Sutch, R. J., Davies, C. C., Bowery,

N. G.: GABA release and uptake

measured in crude synaptosomes

from genetic absence epilepsy rats

from Strasbourg (GAERS).

Neurochem. Int. 1999, 34, 415–425.
92 Clausen, R. P., Moltzen, E. K.,

Perregaard, J., Lenz, S. M., Sanchez,

C., Falch, E., Frølund, B., Bolvig, T.,

Sarup, A., Larsson, O. M., Schousboe,

A., Krogsgaard-Larsen, P.: Selective

inhibitors of GABA uptake: synthesis

and molecular pharmacology of

4-N-methylamino-4,5,6,7-

tetrahydrobenzo[d]isoxazol-3-ol

analogues. Bioorg. Med. Chem. 2005,
13, 895–908.

93 Bylund, D. B., Toews, M. L.:

Radioligand binding methods:

practical guide and tips. Am. J.
Physiol. Lung Cell. Mol. Physiol. 1993,
265, L421–L429.

94 Bylund, D. B., Deupree, J. D., Toews,

M. L.: Radioligand-binding methods

282 7 MS Binding Assays – An Alternative to Radioligand Binding



for membrane preparations and

intact cells. Methods Mol. Biol. 259,
1–28.

95 Braestrup, C., Nielsen, E. B.,

Sonnewald, U., Knutsen, J. S.,

Andersen, K. E., Jansen, J. A.,

Frederiksen, K., Andersen, P. H.,

Mortnesen, A., Suzdak, P.D.: (R)-N-
[4,4-bis(3-methyl-2-thienyl)but-3-en-1-

yl]nipecotic acid binds with high

affinity to the brain g-aminobutyric

acid uptake carrier. J. Neurochem.
1990, 54, 639–647.

96 Suzdak, P. D., Frederiksen, K.,

Andersen, K. E., Sørensen, P. O.,

Knutsen, L. J. S., Nielsen, E. B.:

NNC-711, a novel potent and selective

g-aminobutyric acid uptake inhibitor:

pharmacological characterization.

Eur. J. Pharmacol. 1992, 223, 189–198.
97 Suzdak, P. D., Foged, C., Andersen,

K. E.: Quantitative autoradiographic

characterization of the binding of

[3H]tiagabine (NNC 05-328) to the

GABA uptake carrier. Brain Res. 1994,
647, 231–241.

98 Soudijn, W., van Wijngaarden, I.:

The GABA transporter and its

inhibitors. Curr. Med. Chem. 2000, 7,
1063–1079.
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WO 0014064, 2000 (Chem. Abstr.

2000, 132, 194656).

106 Zhao, X., Hoesl, C. E., Hoefner, G. C.,

Wanner, K. T.: Synthesis and

biological evaluation of new GABA-

uptake inhibitors derived from

proline and from pyrrolidine-2-acetic

acid. Eur. J. Med. Chem. 2005, 40,
231–247.

References 283





8

Laser Desorption Assays – MALDI-MS,

DIOS-MS, and SAMDI-MS

Martin Vogel, Andy Scheffer, André Liesener, and Uwe Karst

8.1

MALDI-MS Assays

8.1.1

Principles of MALDI

Although lasers had been applied in the early 1980s for desorbing analytes from

e.g. metal surfaces, ionization efficiency of this direct desorption approach was

only poor and strong fragmentation was observed. Even worse, laser desorption

was mainly restricted to molecules up to a mass of@1000 Da, thus being incom-

patible with most applications in bioanalysis. In 1988, Karas and Hillenkamp [1]

introduced matrix-assisted laser desorption/ionization (MALDI) as a new ioniza-

tion technique which turned out to be ideally suited for bioanalytical mass spec-

trometry. In MALDI, the analytes are co-crystallized in an organic matrix, which

mostly consists of small organic molecules that are able to absorb light at a char-

acteristic wavelength (Fig. 8.1). Ideally, this absorption maximum is compatible

with the laser wavelength used for desorption. The matrix-to-analyte ratio is pre-

dominantly in the range of 1000 to 10 000.

After matrix and sample have been deposited onto the MALDI target, the sol-

vent is evaporated, and the crystalline surface is desorbed by nanosecond laser

pulses with energies of 106–107 W cm�2 (Fig. 8.2). Thus, matrix molecules ab-

sorb the laser energy, and in a complex series of electronic excitation, relaxation

and rapid thermal extension, parts of the crystalline surface evaporate. During

this process, both matrix and analyte molecules are transferred into the gas

phase. Provided that the laser energy was not too high, analyte molecules, e.g.

proteins, peptides etc., are ionized without showing significant fragmentation.

As the laser pulse is in the nanosecond range, a fast mass spectrometer has to

be coupled in series. In most cases, MALDI is connected to a time-of-flight (TOF)

mass spectrometer with which m/z ratios are determined by precisely measuring

the time an ion needs to pass from the ion source to the detector. Besides its abil-
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Fig. 8.1 An overview on commonly used MALDI matrices. Depending

on the analytes that have to be investigated and depending on the

provided laser wavelength, the appropriate matrix has to be selected.

The absorption maxima of the respective compounds are given in

brackets.

Fig. 8.2 Principle of the MALDI process. Initially, analyte and matrix are

co-crystallized. After evaporation of the solvent, a nanosecond laser

pulse is directed onto the crystalline surface, and both matrix and

analyte molecules are desorbed. A complex reaction cascade leads to

the formation of charged analyte molecules that reach the mass

spectrometer without significant fragmentation.
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ity for fast measurements, TOF-MS offers advantageous ion transmission, which

allows to also detect low ion fluxes originating from the MALDI source.

8.1.2

Application of MALDI-MS in Bioanalysis

Since the end of the 1980s, MALDI has been employed for the analysis of pro-

teins, peptides, oligonucleotides, and polymers in a wide range of applications.

Owing to its high tolerance regarding the presence of biological matrices and bi-

ological sample constituents, and owing to its advantageous ionization efficien-

cies for high molecular weight compounds, MALDI-MS has been established as

a versatile tool especially in the field of proteomics [2]. Several approaches using

MALDI-MS for the monitoring of enzymatic conversions have been introduced

over recent years [3–6]. In 2001, Kang et al. developed a high-throughput protocol

for the automated determination of enzymatic activities by MALDI-MS [7]. As

an enzymatic model system, they used the lipase-catalyzed conversion of rac-1-
phenylethylamine (Fig. 8.3).

For reliable quantification, the deuterium-labelled substrate (d5-phenylethyl-

amine) was added to the matrix as internal standard. To circumvent the problem

of crystal inhomogenities, 100 acceptable spectra were measured from seven to

ten different positions of one sample spot and averaged. The MALDI-MS assay

was validated with a gas chromatography-based quantification scheme and was

found to be in good compliance. This methodology obviously allows a reliable

quantification of the low molecular weight analytes of interest. Nevertheless, the

need for isotopically labelled compounds as internal standards is still a bottle-

neck, as these are usually rather expensive or have to be laboriously synthesized.

The potential of the MALDI-MS-based assay scheme for the quantification of

low molecular weight products and substrates directly from reaction mixtures has

been described by Bungert et al. [8]. The glucose oxidase-based conversion of glu-

cose to gluconolactone and the carboxypeptidase A-mediated cleavage of hippuryl-

l-phenylalanine were chosen as model systems (Fig. 8.4).

Fig. 8.3 Lipase-catalyzed formation of 2-methoxy-N-[(1R)-1-phenylethyl]-

acetamide (III) and (S)-phenylethylamine (IV). The reaction uses

racemic 1-phenylethylamine (I) and ethylmethoxyacetate (II) as educts

and is carried out in methyl-tert-butylether. As a byproduct, ethanol is

formed.
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Time-resolved reaction profiles for both enzymatic reactions were obtained by

simultaneous determination of the respective substrate and product concentra-

tions without the need for time-consuming sample preparation steps. The results

were in good agreement with those from a standard UV absorbance-based assay.

In another study by the same group, a liquid ionic matrix was employed instead

of using a crystalline solid matrix, thus minimizing the negative effects on the

quantification by sample spot inhomogenities [9]. The method was applied to

screen the enzymatic activity of ten pyranose oxidase variants towards glucose

(Fig. 8.5).

Each sample was mixed with the ionic liquid matrix (2,5-dihydroxybenzoic

acid/pyridine) containing 13C-labelled glucose as internal standard and spotted

on the target. MALDI-MS analysis generated reaction profiles by the simultane-

ous determination of product and substrate concentrations for each enzyme vari-

ant. The reaction profiles could be used to sort the enzyme variants into five dif-

ferent classes.

In 2006, Greis and co-workers reported on the application of MALDI-TOF MS

as a tool for rapid inhibitor screening [10]. Different kinases (protein kinase C-a,

cAMP-dependent protein kinase) in combination with their substrates were as-

sayed, and the inhibitory potencies of staurosporine and three novel compounds

were determined. For all four compounds, IC50 values could be determined, and

Fig. 8.4 (a) In the presence of oxygen, the glucose oxidase-catalyzed

oxidation of b-d-glucose leads to the formation of gluconolactone. (b)

Carboxypeptidase A selectively cleaves the substrate, hippuryl-l-

phenylalanine, thus leading to the formation of hippuric acid and

phenylalanine.
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staurosporine was found to possess the highest inhibitory potency. In the field of

drug discovery, selectivity of an inhibitor, i.e. of a potential drug substance, plays a

significant role. As many enzymes exist as members of enzyme families, an in-

hibitor would only be useful as a drug candidate in those cases, where it selec-

tively inhibits the target enzyme. Therefore, the inhibitory potency of staurospor-

ine towards both protein kinases was assayed by means of MALDI-TOF MS. In

accordance with literature data, it was found that stauposporine shows ten times

higher inhibitory activity for protein kinase C-a than for cAMP-dependent protein

kinase. Although LC/MS-based approaches are still the method of choice in the

field of quantitative enzyme activity screening, MALDI-TOF MS has thus shown

to be a versatile alternative in all those cases where minimal sample preparation is

required and high-throughput analysis is desirable.

8.2

DIOS: Desorption/Ionization on Silicon

8.2.1

Principles of DIOS

A severe problem when quantifying low molecular weight compounds by

means of MALDI-MS is the potential interference of matrix signals with the

analyte signals in the low-mass region. Furthermore, target preparation, i.e. co-

crystallization of matrix and sample, is often time-consuming: Due to inhomoge-

neous distribution of analyte molecules within the matrix crystal, shot-to-shot

reproducibility (generation of so-called ‘‘hot spots’’) and sample-to-sample repro-

ducibility remain mostly poor. Several factors like matrix compound selection, pH

value of sample solution, ratio of matrix to analyte molecules, target surface, and

sample drying method are critical for the crystallization process and have to be

carefully optimized [11]. To overcome the limitations related to the use of a ma-

trix, direct laser desorption/ionization without the use of a matrix is no alterna-

tive for bioanalytical mass spectrometry, as significant analyte degradation is fre-

Fig. 8.5 The pyranose oxidase-catalyzed oxidation of b-d-glucose leads

to the formation of glucosone. Educt and product differ by 2 Da.
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quently observed upon direct exposure to the laser beam. Therefore, Wei et al. de-

veloped a matrix-free strategy based on the pulsed laser desorption/ionization of

molecules from a porous silicon surface (DIOS) [12]. In a DIOS experiment, the

analytes in solution are spotted onto a porous silicon target, evaporated to dry-

ness, and ionized by a laser pulse. The generated ions are then detected by a

mass spectrometer. The set-up of a DIOS-MS system is schematically shown in

Fig. 8.6.

Porous silicon is generated from flat crystalline silicon by using a galvanostatic

or chemical etching procedure [12–14]. Thus, a thin layer in the submicrometer

range is formed, which comprises a nanocrystalline structure and shows bright

photoluminescence upon irradiation with UV light [12]. By modulating etching

conditions and by selecting the appropriate silicon wafer precursors, characteris-

tics of the formed silicon surface, e.g. morphology and porosity, can be controlled.

Porous silicon has narrow pores (typically 50–100 nm) and a large surface area

reaching up to several hundred m2 cm�3. The porous silicon surface may either

be used in its metastable silicon hydride form, comprising SiaH endgroups, or in

its functionalized form by covalently attaching organic groups, e.g. dodecyl, ethyl,

phenyl, or ethylphenyl substituents. Actually, the more hydrophobic surfaces

yield higher signals [12].

Due to the hydrophobicity of the silicon surface, samples are typically dissolved

in water or mixtures of water and methanol. While samples dissolved in pure

non-polar solvents tend to spread over the whole surface, aqueous/organic mix-

tures form droplets that stay localized to a small surface area. Additionally, mix-

tures also guarantee that the sample penetrates sufficiently deep into the silicon.

Spotted volumes are typically in the low microliter to submicroliter range. Tradi-

tionally, sample spotting in DIOS-MS is carried out using pipettes, which mostly

suffers from an inhomogeneous analyte distribution. This can be overcome by

Fig. 8.6 Schematic set-up of a DIOS-TOF-MS system. Initially, the

sample is deposited on the porous silicon surface. Subsequently, a laser

pulse is directed to the silicon surface, and the analytes are desorbed.

Ions that are generated are transferred into a time-of-flight mass

spectrometer.
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the application of electrospray deposition (ESD) [15]. During the ESD process,

small positively charged droplets are sprayed onto the porous silicon chip and

form a uniform thin layer of the analyte (Fig. 8.7). Subsequent to spotting, the

chip is evaporated to dryness. Analysis can then be performed by using standard

MALDI-MS equipment, i.e. pulsed laser set-up and TOF mass spectrometer.

Regarding the ionization process, it is believed that – similar to MALDI – the

porous structure of silicon serves as a scaffold for both solvent and analyte mole-

cules while, simultaneously, the high UV absorptivity of the material enables an

efficient transfer of the laser pulse energy towards the analyte molecules [14]. A

major advantage of DIOS is the fact that little to no fragmentation is induced by

the desorption/ionization process. However, the mass range of the methodology

is limited to analytes of a molecular weight below 18 000 Da, with the highest ef-

ficiency for analytes below 3000 Da [16].

Although DIOS-MS is mainly a tool for qualitative analysis, many examples

have shown that quantitative analysis is possible when internal standards are

used. These may either be isotope-labelled – mostly deuterated – compounds or

structurally related analogues. For example, subsequent to electrospray deposi-

tion, amino acids such as phenylalanine and tyrosine have been successfully

quantified by means of DIOS-MS using their deuterated analogues as internal

standards.

Fig. 8.7 Electrospray deposition (ESD). During the ESD process, an

electrospray capillary is used to generate small positively charged

droplets containing the analytes. The droplets are sprayed onto the

silicon surface, where a uniform and thin layer is formed.
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8.2.2

Application of DIOS in Bioanalysis

Desorption/ionization on porous silicon has been successfully applied to the di-

rect mass analysis of a variety of analytes and analyte mixtures, e.g. from exocrine

tissues as well as from single neurons. In forensic analysis, DIOS-MS was ap-

plied for the analysis of small molecular weight polymers from biological sam-

ples, e.g. spermicides or polyethylene glycol polymers. But it has also been ap-

plied in the fields of drug discovery [17] or fatty acid analysis [18]. DIOS-MS has

early been used for the monitoring of enzymatic reactions, too. In 2001, Thomas

et al. investigated a multi-enzyme system comprising of a glucosidase (mannosi-

dase II), a lipase (phospholipase A2) and an esterase (acetylcholinesterase, AChE)

and their respective substrates [19]. All reactions were carried out directly on the

silicon surface. Subsequent to quenching, which was accomplished by the evapo-

ration of the solvent, direct DIOS-MS analysis of the dried reaction mixture was

performed. AChE was reacted with its substrate acetylcholine, and deuterated

choline was used as an internal standard for quantification (Fig. 8.8).

A time-resolved reaction profile was generated by plotting the choline forma-

tion vs time, and inhibition of acetylcholinesterase by three different inhibitors

was studied in three independent reactions on a single target plate, thus allowing

screening the inhibitory activities within 15 min, including sample preparation

time. In order to assay mannosidase II, an oxidized silicon surface was used on

which best signal responses of the carbohydrate analytes were obtained. The pos-

sibility to tailor the silicon’s surface properties is thus one of the major advan-

tages of DIOS-MS analysis when different reaction mixtures are concerned. The

activity of phospholipase A2 was determined by reacting the enzyme with a tria-

cylglycerol phospholipid, which yielded a lysophospholipid species upon enzy-

matic conversion (Fig. 8.9). After 30 min of incubation directly on the DIOS chip,

the product species could be monitored in the MS as their sodium and potassium

adducts.

A further advantage, as described by Thomas et al. [19], is the possibility of pro-

tein identification that follows the functional characterization of the enzyme. The

activity of an enzyme is initially determined by following the substrate consump-

tion and product formation in the first assay (Fig. 8.10). Since no matrix compo-

nents are present in the sample spot, the immobilized enzyme is then directly

Fig. 8.8 The acetylcholinesterase-catalyzed cleavage of acetylcholine.

The product, choline, is characterized by a mass loss of 42 Da.
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digested with site-specific proteases. Afterwards, the digest is analyzed again by

means of DIOS-MS and the protein fragments generated can be used for the cor-

rect identification of the protein.

An automated DIOS-MS-based approach as screening assay for enzymatic

activities and enzyme inhibitors was published in 2004 [20]. A DIOS-MS plate-

reader assay was employed in an enzyme activity screening, searching for new

enzymes with activity similar to phenylalanine hydroxylase (PAH). Determination

of kinetic parameters as a measure of catalytic activities was carried out by vary-

ing the substrate concentration and monitoring product formation as well as

substrate consumption. For quantification, deuterium-labelled phenylalanine

and tyrosine as internal standards were used. In a second set of experiments, the

DIOS-MS plate reader assay was employed in a screening for potential inhibitors

of acetylcholinesterase. The library of potential inhibitors comprised more than

900 compounds, including some known reference inhibitors. All enzymatic reac-

tions in the study were carried out offline and aliquots of the reaction mixtures

were spotted onto the DIOS target. Thus, speed and precision of sample deposi-

tion become the most crucial point for the application of this system. Employing

Fig. 8.9 The activity of phospholipase A2 can be determined by

following the consumption of the triacylglycerol phospholipid and the

formation of the lysophospholipid.
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an electrospray deposition device (Fig. 8.7), sample homogeneity could be signifi-

cantly improved. With this approach, the high potential of DIOS-MS-based assays

as a tool in high-throughput screening for either determining enzymatic activities

or detecting potential inhibitors has been clearly demonstrated. Nevertheless, it

should be noted that the number of different enzymatic systems studied by this

interesting technique is still rather small and the exact mechanism of the ioniza-

tion by DIOS is not yet fully understood.

The surface of the porous silicon chip offers multiple possibilities for the

covalent coupling of functional groups. Thus, functionalization of a DIOS target

by immobilization of trypsin was described by Xu et al. [21]. The enzyme was

immobilized using cyanuric chloride as coupling agent following an amino-

functionalization (Fig. 8.11).

It could be shown that the immobilized enzyme retained its bioactivity and the

kinetic parameters for the trypsin-catalyzed proteolysis of an appropriate sub-

strate were determined. However, the value for vmax was found to be lower than

for free trypsin, thus indicating a slight loss of activity likely to be related to the

immobilization of the enzyme. The trypsin-functionalized DIOS target was used

for peptide-mapping analysis of two model proteins: cytochrome c and bovine se-

rum albumin (BSA) were incubated on the target and after evaporation to dryness

directly analyzed by means of DIOS-MS. The signal intensity of the peptide

fragments generated was found to be low, which might be due to the surface

modification. Therefore, a small amount of a typical MALDI matrix (a-cyano-4-

Fig. 8.10 Sequential functional characterization and structural

identification of an enzyme. Initially, information about the activity is

obtained by assessing substrate consumption and product formation.

Afterwards, the enzyme is digested on the plate, and the formed

peptide fragments (F1–F4) are determined by means of mass

spectrometry.
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hydroxycinnamic acid) was added to increase the signal response significantly. In

the presence of matrix, 19 peptide fragments could be assigned for cytochrome c
and 54 peptide fragments for BSA. This means that the DIOS-MS approach can

be ‘‘converted’’ into a MALDI-MS scheme for enhancing signal intensities, when

needed.

8.3

SAMDI: Self-assembled Monolayers for MALDI-MS

8.3.1

Principles of SAMDI-MS

Mrksich and co-workers developed a MALDI-based assay scheme making use of a

target surface modification by self-assembled monolayers (SAMs) [22]. This com-

bination of SAMs and MALDI is predominantly called SAMDI (self-assembled

monolayers for MALDI). For SAMDI, a self-assembled monolayer with reactive

end groups is used in order to covalently bind enzyme substrates to a surface. To

Fig. 8.11 Covalent coupling of trypsin to a silicon surface. In a first

step, free silanol groups are reacted with 3-amino-propyltriethoxysilane.

The amino-functionalized surface is then treated with 2,4,6-trichloro-

1,3,5-triazine (cyanuric chlorid). Finally, trypsin is covalently bound via a

free amino group of the protein.
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monitor enzymatic activity, the functionalized surface is incubated with the solu-

tion containing the enzyme of interest. After quenching the enzymatic reaction

by rinsing the surface, matrix is added, and by means of MALDI, substrate con-

sumption and product formation can be monitored (Fig. 8.12).

This hybrid set-up combines the high selectivity of a functionalized surface

with the versatile ionization efficiency of MALDI. The SAMs applied in the

approach presented by Mrksich et al. were designed in order to present a mixture

of oligo(ethylene glycol) groups and substrates, e.g. peptides or carbohydrate li-

gands, as terminal groups. It is crucial to use oligo(ethylene glycol), because it

prevents non-specific interactions of proteins with the surface, thus ensuring that

all interactions of proteins in solution occur with the immobilized substrates. To

ensure a maximum of accessibility to the immobilized substrates, SAMs present-

ing the substrate and oligo(ethylene glycol) terminal groups in a ratio of 1:4 are

created. In contrast to DIOS-MS, where the porous silicon replaces the MALDI

matrix, SAMs in SAMDI only serve as surfaces for the selective immobiliza-

tion of analytes. Ionization is later on supported by the addition of classical

MALDI matrices. This method was used in several studies published by the

same group.

Fig. 8.12 Scheme of the SAMDI principle. To a self-assembled

monolayer (SAM) with reactive end groups, enzyme substrates are

immobilized. During incubation with an enzyme solution, the bound

substrates are converted into the product compounds. The reaction is

quenched by rinsing the surface. Finally, matrix is added, the solvent is

evaporated, and the surface is analyzed by means of MALDI-MS.
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8.3.2

Application of SAMDI in Bioanalysis

The use of functionalized monolayers in monitoring enzymatic activities was

tested using b-1,4-galactosyltransferase as model enzyme and immobilized N-
acetylglucosamine as substrate. The enzyme solution was incubated on SAM-

modified target surfaces. Subsequent to incubation, the target was rinsed, an

appropriate matrix was applied, and the surface was analyzed by means of

MALDI-MS. By varying the incubation times, time-resolved reaction profiles

were obtained. The yield of the enzymatic conversion could be calculated from

the ratio of the product signal to the sum of product and substrate signal inten-

sities [22].

An approach to multiplexing analysis was presented by Min et al. [23], who de-

velopped a SAMDI-based assay scheme to screen for the activity of different kin-

ases. In this assay scheme, peptide substrates were used that are specific for one

type of kinase. A mixture of four substrates was immobilized on the SAM. After

incubation with an appropriate kinase, the target surface was rinsed, thus stop-

ping the reaction. Matrix was deposited on the surface and MALDI-MS analysis

was carried out (Fig. 8.13). By monitoring the signal intensities for the substrates

Fig. 8.13 A multiplexing SAMDI-MS assay. In this case, a mixture of

three substrates is immobilized on the SAM. After incubation with

appropriate enzyme solutions, the enzymatic reaction is quenched by

rinsing the surface. Subsequently, matrix is deposited on the surface

and MALDI-MS is carried out. Consumption of all three substrates can

thus be determined in parallel.
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and the products, enzymatic activity was determined, thus demonstrating the fea-

sibility of the SAMDI approach for multiplexing analysis of enzymatic activities.

In a second series of experiments, the quantification of enzyme inhibition by

means of SAMDI-MS was studied. For quantitative studies, two different kinases

were incubated separately with varying amounts of known inhibitors on the

modified target surface. The inhibition of the respective reactions in the presence

of the inhibitors was determined by MALDI-MS, and IC50 values for both kinases

could be generated. However, the reported IC50 value for the inhibition of casein

kinase I was significantly higher than the value that had been determined from a

different assay scheme. A possible explanation for this may be the differences be-

tween a liquid-phase reaction and a surface/liquid-phase reaction. Furthermore,

the general problem of accurate quantification of the analytes in MALDI may

have been contributed to this deviation.

Furthermore, SAMDI-MS methods have been developed that may be used as

screening procedure for the identification of anthrax lethal factor inhibitors [24].

Anthrax lethal factor is a zinc-dependent protease. An oligopeptide, which is

cleaved by the enzyme at a proline position, served as a model substrate and was

immobilized on the SAM-modified surface of a MALDI target. The target plate

comprised an array of 100 gold-coated and SAM-modified sample spots. For ini-

tial screening, different mixtures – each consisting of eight potential inhibitors –

were added to an aliquot of the enzyme solution. These mixtures were then incu-

bated on the target sample spots. After the enzyme reactions had been stopped,

matrix was added and MALDI-MS analysis was performed. Inhibition activity

was assessed, when no or only small product signal intensity was observed.

Then, the compounds present in those wells, where complete or partial inhibition

was observed, were screened individually. Thus, one compound could be identi-

fied which completely inhibited the enzymatic activity of anthrax lethal factor.

Incubation of the enzyme in the presence of varying amounts of inhibitor and de-

termination of the relative amount of product formed during the reactions en-

abled quantification of the inhibition activity. Based on these assays, an IC50 value

for the inhibitor could be calculated that fitted well to the value obtained by a pho-

tometric reference assay. With this example, the high potential of SAMDI-MS for

chemical screening of inhibitory activity in a high-throughput environment such

as drug discovery has been impressively demonstrated. A variation of the SAMDI-

MS approach for monitoring enzymatic conversions has been presented by Min

et al. within a so-called pull-down assay scheme (Fig. 8.14) [25].

In this pull-down assay, the enzymatic reaction is carried out completely in so-

lution. Samples taken from the reaction mixture are then transferred to a SAM-

modified MALDI target, on which the remaining substrate and the reaction prod-

uct are selectively immobilized. Subsequent to the extraction of the analytes, the

target is rinsed, treated with matrix, and MALDI-MS analysis is carried out. A

major advantage of this assay scheme is that the inherent danger of negative in-

fluences on the reaction kinetics, which may be caused by immobilization of the

substrate as in standard SAMDI-MS-based assay formats, is circumvented. Addi-

tionally, by selective extraction of the analytes of interest and removal of the other
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reaction mixture constituents, the chemical background during the MS analysis

can be significantly reduced.

Recently, a SAMDI-MS assay was described by means of which endogenous

caspase protease activities in cell lysates can be determined [26]. Similar to the

assay used to determine anthrax lethal factor inhibitors, peptide substrate SAMs

for either caspase-3 or -8 were treated with cell lysates. In contrast to fluorescence

assays, also longer peptide substrates could be used, thus enabling a better reso-

lution of the two caspase activities.

8.4

Conclusion

Since its introduction some 20 years ago, MALDI-MS has been established as a

standard technique for a large variety of applications within the field of bioanalyt-

ical mass spectrometry, ranging from protein identification to enzyme activity

screening. Quantitative analysis has long been a challenge, but, with the use of

isotopically labelled standards, it is steadily obtaining more attention.

In contrast to established MALDI-MS techniques, DIOS-MS is a comparatively

new technique. However, over the last five years, it has been gaining steadily more

attention and promising results have already been obtained in all those cases,

where interference from classic MALDI matrices needed to be avoided. Owing to

the fact that DIOS-MS is still a juvenile technique, it is hard to predict future de-

velopments, but especially in the field of silicon modifications further promising

developments can be foreseen, accompanied by new applications.

SAMDI as a merger of the rapidly growing field of SAMs and the established

MALDI-MS is an even more recent technique. Interesting assay formats and ap-

plications have already been described combining the selectivity of SAMs with the

efficiency of MALDI. Nevertheless, there are, up to now, too few applications in

order to predict in which way SAMDI is going to develop. For future applications,

Fig. 8.14 Scheme of a pull-down assay. The enzymatic reaction is

completely carried out in solution. Upon enzyme addition, substrate is

consumed, and product is formed. Sample aliquots are taken at several

time points from the reaction mixture and are taken to a SAM, which

has been modified with selective end groups. The latter are able to bind

both substrate and product. Finally, matrix is added, and the SAM is

analyzed by means of MALDI-MS.
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especially in the field of medicinal chemistry with its evident need for high-

throughput systems, the parallel immobilization of various biomolecules to one

SAM may turn out to be a versatile tool whenever rapid screening of drug candi-

dates, enzymes or inhibitors is concerned.
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Tethering: Fragment-based Drug Discovery

by Mass Spectrometry

Mark T. Cancilla and Daniel A. Erlanson

9.1

Introduction

Pressure to keep early phase pipelines filled with drug leads has heightened in-

terest in developing innovative technology to discover drug-like molecules. One

alternative and effective approach for generating small-molecule inhibitors is

‘‘fragment-based drug discovery’’, a process which identifies one or more low-

affinity, low molecular weight, drug-like ‘‘fragments’’ and subsequently elaborates

or combines them to make compounds that are analogous to a high throughput

screening (HTS) hit [1–3]. Fragment-based discovery has an advantage over tradi-

tional HTS because it samples more chemical ‘‘diversity space’’ with significantly

fewer molecules (thousands for fragment-based approaches compared to millions

in traditional HTS formats) [4].

One pervasive challenge in fragment-based discovery is how to identify

small chemical fragments that bind only weakly to target biological mole-

cules. Currently, several different screening techniques are used for discovering

such fragments: functional binding assays [5], NMR-based screening [6–8],

crystallography-based screening [9–10] and mass spectrometry-based methods

[11–15]. All have unique advantages and limitations.

For mass spectrometry, modern ionization methodologies such as electrospray

ionization (ESI) [16] and matrix-assisted laser desorption ionization (MALDI)

[17], along with advances in current mass spectrometry platforms, would seem

ideal for the rapid discovery of fragments, but detecting molecules possessing

millimolar binding affinities is not trivial. Mass spectrometry-based ligand bind-

ing assays such as non-covalent mass spectrometry and the myriad of front-end,

affinity-based mass spectrometry techniques (such as AS-MS [18]) are not ideal

for detecting such low affinity ligands. To overcome these barriers, we developed

a discovery technology, Tethering [19], centered on detecting fragment–protein

conjugates by LC/MS. Among fragment-based approaches, Tethering is unique

in using a covalent, reversible bond to stabilize the interaction between a frag-

ment and a target protein. The bond forms is stable only when there is inherent
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affinity between the ligand and the protein target. The fragment is then rapidly

identified using electrospray mass spectrometry to detect the modified, intact

protein.

The general process of Tethering is outlined in Fig. 9.1. First, a cysteine residue

is either co-opted or introduced into a target protein. Metaphorically, the cysteine

residue serves as a fishing line to capture fragments (fish) that bind near the cys-

teine. The protein is incubated with pools of thiol-containing small molecule frag-

ments which are conjugated to a common, hydrophilic thiol (such as cysteamine)

for improved water solubility. By controlling the redox conditions in the experi-

ment with exogenous reducing agents, equilibria can be established so that the

cysteine residue in the protein reversibly forms disulfide bonds with individual

fragments. If no fragments have affinity for the interrogated area of the protein,

no fragment should bind more favorably than any other, and a pool of fragments

will produce a statistical mixture of different protein–fragment complexes, plus

unmodified and cysteamine-modified protein. However, if a fragment has inher-

ent affinity for the protein and binds near the cysteine residue, the fragment–

protein conjugate will be stabilized, and this complex will predominate. A frag-

ment thus selected can be easily identified through mass spectrometry of the

equilibrium mixture: if each fragment in a pool has a unique molecular weight,

so will the resulting protein–fragment conjugates. These captured fragments

then serve as starting points for conversion to non-covalent ligands by removal

of the thiol functionality and chemical optimization.

In the following pages, we present an overview of the theory, practice, and uses

of Tethering. First we examine the experimental nuances of the screening meth-

Fig. 9.1 Tethering schematic. A fragment will be selected if it has

inherent affinity for the protein and binds in the vicinity of the cysteine

residue. An example disulfide-containing fragment is shown below,

illustrating the variable portion, the linker, and the cysteamine piece

that is lost when the fragment forms a disulfide bond with the protein.
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odology. Next we demonstrate how the technology can be used in the active sites

of enzymes to identify fragments, which can then be elaborated to more potent

inhibitors. The final section considers how Tethering can be used not only to iden-

tify fragments but also to link these fragments to more rapidly identify starting

points for drug discovery.

9.2

Reduction to Practice

9.2.1

Technique

To prepare a biological target for Tethering, the target protein must contain a cys-

teine residue near an area of interest (e.g. an enzyme active site or a ‘‘hot-spot’’ of

a protein–protein interface). If no native cysteines are in a suitable location, a cys-

teine can be introduced at an appropriate spot via site-directed mutagenesis. One

potential limitation of Tethering is this need to generate cysteine-containing mu-

tant proteins, but with site-directed mutagenesis and protein expression, this is

rarely a significant hurdle. Tethering does require sufficient knowledge about a

protein’s structure to inform where to place the cysteine; while a crystal structure

is not required, a good model of the protein is essential. The most labor-intensive

requirement for Tethering is the synthesis of a library of disulfide-containing

fragments: very few disulfide-containing fragments are commercially available,

and introducing a disulfide onto a fragment requires at least one additional

chemical step. Sunesis Pharmaceuticals has synthesized a library of roughly

18 000 disulfide-containing fragments. They are pooled into groups of roughly

ten fragments, each with a unique molecular weight in a given pool. The develop-

ment and production of our Cys-mutants and disulfide-containing library are re-

viewed elsewhere [12].

In Tethering, the protein target is screened by mixing the target with each pool

under reducing conditions that enhance disulfide exchange. 2-Mercaptoethanol

(in the low millimolar concentration range) is used as the reductant due to its

redox potential (�0.196 V at pH 7) [21]. Disulfide exchange allows a reduced

cysteine on the protein to react with each disulfide-containing fragment. After

equilibrium is established, the reaction mixture is injected into an LC/ESI-MS in-

strument, a system which is ideally suited for measuring protein modification by

allowing both rapid on-line sample clean-up and the ability to accurately measure

intact protein mass.

As we optimized Tethering we used a variety of mass spectrometers. In our ex-

perience, the sensitivity and high resolution of TOF analyzers has provided the

most rapid and accurate analyses of intact proteins. An example of an ESI-TOF

data set from a standard experiment is illustrated in Fig. 9.2. Figure 9.2A is the

deconvoluted mass spectrum of a Cys-mutant target protein after equilibration
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with a pool of ten disulfide-containing compounds from a single well in a 96-well

plate. The two peaks represent the unmodified protein (17 355 Da) and the pro-

tein oxidized with either 2-mercaptoethanol or cysteamine, the solubilizing func-

tionality that is common to all library members (17 431 Da). The detection of cys-

teamine modification indicates proper disulfide scrambling has occurred, and

time-course experiments demonstrate when the reaction mixture is at equilib-

rium. In this pool, none of the ten disulfide-containing fragments had any detect-

able affinity for the target. In contrast, Fig. 9.2B is the deconvoluted mass

spectrum representing a hit from a different pool of ten disulfide-containing

compounds. The mass of the protein has shifted 373 Da, due to a shift in the

complex equilibria towards a protein–fragment conjugate. The disulfide bond is

stabilized due to contributions from the affinity between the protein and the frag-

ment, and the covalently modified protein conjugate is easily identified by LC/

ESI-MS.

Tethering is also amenable to high throughput sample analysis, and analytical

methods have been streamlined to routinely investigate thousands of protein–

Fig. 9.2 (a) Deconvoluted ESI-TOF mass spectrum of a Cys-containing

target protein equilibrated with a pool of ten disulfide-containing

fragments with no hit discovered. Red. Reduced or unmodified protein;

Ox. protein oxidized by cysteamine. (b) Deconvoluted ESI-TOF mass

spectrum of the same protein representing a strong hit from a different

pool of ten disulfide-containing fragments. The mass of the protein has

shifted according to the mass of the fragment captured by the protein.
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fragment interactions on a daily basis. The reaction mixtures are set up in 96 well

plates and standard autosamplers inject the equilibrated reaction mixtures into

the LC/MS system. Ballistic HPLC gradients are used to rapidly load, desalt and

elute the proteins using C4 guard columns with a total run time of 2–3 min per

analysis. To expedite data handling, each LC/MS system has been integrated with

customized software to automatically deconvolute each spectrum, determine po-

tential protein conjugation, and obtain the structure of a hit by database search-

ing (Fig. 9.3). After the raw data set is collected, it is transferred to a processing

computer where the charge state distribution of the protein is located in the total

ion count (TIC), the spectra are averaged and each averaged charge state distribu-

tion spectrum is deconvoluted to a zero charge state spectrum, revealing the accu-

rate mass of the protein and any potential modifications.

Next, custom software is used to interrogate the deconvoluted data set to iden-

tify the protein’s mass and the intensity of the peak, determine any potential

modification above a user-defined intensity threshold and, if there is a hit, calcu-

late the mass and the relative conjugation of the fragment. In fact, the percent

conjugation is used as a measure of relative affinities of the fragment hits. Since

the library is mass encoded (all compounds in a well have a unique mass), the

calculated mass of any hits are queried into a database to identify their structures.

Fig. 9.3 Flowchart illustrating how data is automatically handled and

processed to yield the chemical structure of a hit. The LC/MS systems

have been integrated with software to automatically deconvolute each

protein charge state distribution and determine potential protein

conjugation and obtain the structure of a hit by database searching.
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9.2.2

Advantages

The reversible covalent bond formation in Tethering has both advantages and dis-

advantages. On the positive side, ESI/mass spectrometry detects hits rapidly. As a

‘‘positive’’ detection method, it is less prone to false positives than are typical in-

hibition assays [22]. Since the bond must be within several Ångstroms of the cys-

teine residue, it roughly indicates where fragments bind. Moreoever, the bond fa-

cilitates modeling and crystallography: if the fragment is not highly soluble, the

non-covalent complex may be difficult to crystallize and the disulfide-bonded

complex is more likely to yield a structure. A related advantage is that the stoichi-

ometry of the fragment in the complex is exactly one-to-one.

Of course, the very ability to detect real but weak binders is a double-edged

sword. Typical affinities for fragments are initially weak (in the millimolar range).

They can be improved through chemical optimization, but optimizing a very

weakly binding fragment can be challenging. However, a second-generation

version of the technology, Tethering with extenders, largely solves this problem

(see below).

9.3

Finding Fragments: Thymidylate Synthase Proof of Principle

We first applied Tethering to thymidylate synthase (TS). This enzyme converts de-

oxyuridine monophosphate (dUMP) to thymidine monophosphate (dTMP), an

activity essential for DNA synthesis. The cancer drug 5-fluorouracil irreversibly

inhibits TS, and a selective inhibitor of a non-human form of the enzyme could

yield a new antibiotic or antifungal drug [23].

In addition to its biological interest, TS was ideally suited for developing Tether-

ing [11]. It is well characterized both structurally and mechanistically, and the

many inhibitors developed for the enzyme demonstrate that it is a ‘‘druggable’’

target. Moreover, the active site contains a nucleophilic cysteine residue. Al-

though the Escherichia coli version of the enzyme we used contains four other cys-

teine residues, crystallography revealed these to be largely non-surface exposed,

and they did not interfere with our experiments.

Initial experiments screened pools of ten compounds, each present in roughly

ten-fold excess over TS, with a total disulfide concentration of about 2 mM and a

reducing agent (2-mercaptoethanol) concentration of 1 mM. After screening

about 1200 compounds, we saw a strong selection for N-phenyl-sulfonamide-

substituted proline fragments, as represented by N-tosyl-D-proline (Fig. 9.4). In

a separate experiment, this fragment could even be selected from a pool of 100

compounds, each present at roughly the same concentration as TS. However,

larger pools have more compounds with similar molecular weights, making data

more challenging to interpret. In practice, pools of five to ten compounds strike a

balance between throughput and unambiguous interpretation.
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A critical feature of Tethering is that thermodynamics govern disulfide bond

formation. To ensure that fragment selection was thermodynamic rather than

kinetic, we added a reducing agent (2-mercaptoethanol). Without reducing agent,

the active-site cysteine reacts with whichever disulfide it encounters first, usually

the solubilizing element common to all library members. Although even a small

amount of reducing agent allows disulfide exchange, the N-tosyl-D-proline frag-

ment could tolerate strongly reducing conditions. In fact, even in the presence of

Fig. 9.4 Improvements in potency of N-tosyl-d-proline. Structural

analyses revealed that the glutamate moiety from the mTHF cofactor

could be appended to the hit from Tethering, and further elaboration

led to a submicromolar inhibitor.

Fig. 9.5 Structures of TS with the N-tosyl-d-proline fragment bound

through two different cysteine residues (red, blue) or non-covalently

bound (green). Reprinted from [12] with permission.
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20 mM of 2-mercaptoethanol, where the ratio of reductant to disulfide was 10:1, a

mass corresponding to N-tosyl-D-proline conjugation was still prominent.

Screens with chemically similar fragments showed that although substitutions

around the aromatic moiety and in the stereochemistry of the proline residue did

not disrupt the fragment’s affinity, the proline residue itself was essential. Crystal-

lography of N-tosyl-D-proline covalently linked to TS explained these structure–

activity relationships (SAR): the proline residue sits snugly within a hydrophobic

pocket, and one of the sulfonamide oxygen atoms makes a hydrogen bond to Asn

177 on the enzyme, but the phenyl ring is in a relatively open area (Fig. 9.5).

To learn whether the disulfide bond itself changed how the fragment binds, we

determined the crystal structure of N-tosyl-D-proline bound non-covalently to TS.

As shown in Fig. 9.5, the ‘‘free’’ fragment binds in a nearly identical manner to

the disulfide-linked fragment, demonstrating that the covalent linkage does not

affect how the fragment binds.

To test whether nearby cysteines would be suitable for Tethering, we mutated

the active-site cysteine to a serine and introduced a new cysteine nearby (C146S,

L143C). When we performed Tethering on this mutant enzyme, we also strongly

selected N-tosyl-D-proline, and when we solved the X-ray crystal structure we

found that this fragment binds in a manner very similar to the other structures,

despite the very different trajectories that the disulfide linkage takes (Fig. 9.5).

The lack of influence of the disulfide attachment on the fragment’s binding

mode, along with the fact that the fragment could be strongly selected from more

than one cysteine residue, suggested the inherent fragment affinity was more im-

portant energetically than the specifics of how it was linked to the protein.

Enzymatic assays determined the inhibitory potential of N-tosyl-D-proline:

the fragment has a Ki of 1.1 mM, so weak that it likely would be missed in

any conventional screen. However, the crystal structure shows that the phenyl

group binds in a similar position to the para-amino-benzoic acid moiety of the

natural co-factor, methylenetetrahydrofolate (mTHF); by simply grafting the glu-

tamate moiety from this co-factor onto N-tosyl-D-proline, we boosted the affinity

40-fold to 24 mM. A small library of compounds with substitutions off the proline

yielded a compound with a Ki of 330 nM, three orders of magnitude more potent

than the original fragment (Fig. 9.4). Overall, applying Tethering to TS demon-

strated the capability of mass spectrometry to selectively discover weak, disulfide-

containing fragments that were optimized into lead-like compounds.

9.4

Finding and Linking Fragments in One Step: Tethering with Extenders

9.4.1

Caspase-3

One of the biggest challenges in fragment-based drug discovery is not finding

fragments but linking them. In the case of TS (above), we used structure-based
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drug design to improve the potency of a fragment identified from Tethering. How-

ever, the true combinatorial power of fragment-based approaches only becomes

apparent when two fragments are linked together to generate a potent inhibitor.

For a general method to link fragments, we invented Tethering with extenders [24].
Tethering with extenders (Fig. 9.6) takes a fragment that binds a protein at a

desired site, and modifies the fragment so that it becomes a platform for Tether-

ing. This fragment needs only to have modest affinity and could come from a pre-

vious experiment using Tethering or other sources. The fragment is modified to

contain an electrophile that reacts with a cysteine on the target protein, plus a po-

tentially masked thiol residue. The resulting modified fragment is called an ‘‘ex-

tender.’’ After the extender forms a covalent complex with the protein target, the

thioester (if present) can be deprotected to reveal the thiol for Tethering. Frag-

ments identified through these screens can be identified through the mass spec-

trometry and deconvolution process used for Tethering without extenders.

The two-dimensional connectivity between the extender and any fragments

identified from subsequent screens will be known, even if the exact placement

of both fragments is not. With this knowledge, binding elements from the ex-

tender can be easily connected to newly discovered fragments. In theory, the re-

sulting molecule should have two separate binding elements and bind the target

molecule more tightly than either fragment alone.

We tested this strategy on the enzyme caspase-3, a cysteine-aspartyl protease

that is one of the central ‘‘executioners’’ of apoptosis. Excess apoptosis is attrib-

uted to a variety of diseases, from stroke to Alzheimer’s Disease to sepsis, making

caspase-3 a popular drug target [25]. The enzyme also made an ideal starting

point for constructing extenders. It is well characterized both structurally and

mechanistically and contains an active site cysteine residue that is irreversibly al-

kylated by small molecule inhibitors.

The first extender we constructed is shown in Fig. 9.7. Mass spectrometry

showed we could modify caspase-3 cleanly and quantitatively with this molecule,

even though the large subunit of the enzyme contains four other cysteine resi-

dues. We could also fully deprotect the thioester to reveal a free thiol. Screens

Fig. 9.6 Tethering with extenders. An extender is used to modify a

residue in the protein; the extender has some inherent affinity for the

protein and also contains a thiol that can be used for Tethering. When a

complementary fragment is identified, this can be linked with binding

elements from the extender to generate a potent inhibitor.

(LG ¼ leaving group).
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against a library of about 7000 disulfide-containing fragments yielded one strong

hit, a sulfamoyl salicylic acid (Fig. 9.7). By simply replacing the disulfide bond

with two methylenes and replacing the irreversible warhead with a reversible

aldehyde, we created an inhibitor with Ki ¼ 2:8 mM. By rigidifying the linker, we

boosted the affinity to 200 nM. Further medicinal chemistry allowed us to obtain

20 nM inhibitors (Fig. 9.8) [24–26].

To ensure the technique could be generalized, we constructed a second

extender to explore a slightly different area of the protein. We modified caspase-

3 with this extender, deprotected the thioester, and screened the conjugate against

our fragment library. We did not rediscover the salicylic acid hit from our first

extender screen, but we did identify several other hits, including a thiophene

sulfone. When this fragment was linked to the extender, the resulting inhibitor

Fig. 9.7 Tethering with extenders on caspase-3. The extender (3)

covalently modifies the protein and can then be deprotected to reveal a

thiol for Tethering. One of the strongest hits is the salicylic acid

derivative shown.
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had Ki ¼ 330 nM [24]. These examples illustrate the speed with which Tethering

with extenders can lead to potent inhibitors. Moreover, these inhibitors are non-

peptidic, and so more useful as drug leads.

We used crystallography to understand the binding mode of these fragments.

The structure of the salicylic acid fragment bound through the disulfide is shown

in Fig. 9.9a, superimposed upon the structure of a tetrapeptide-based inhibitor.

Significantly, the two inhibitors occupy roughly the same volume, and make

many of the same contacts, but do so using very different chemical moieties.

Moreover, the S2 pocket in the salicylic acid structure is collapsed, while the S4

pocket expands to make room for the larger salicylic acid moiety. By introducing

a substituent that bound in the S2 pocket, we boosted affinity by nearly two

orders of magnitude (Fig. 9.8) [27].

All of these features contrast with the structure of the second extender–

fragment complex, shown in Fig. 9.9b. Here, the extender forces itself into the

S2 pocket, but the disulfide linker then curves back to place the thiophene sul-

fone into the S4 pocket. The sulfone makes some of the same hydrogen bonds

as the salicylic acid and the aspartyl residue in the tetrapeptide but with com-

pletely different chemistry. The flexibility of caspase-3 to accommodate different

Fig. 9.8 Evolution of a fragment from Tethering with extenders to a

potent caspase-3 inhibitor. Simple replacement of the disulfide linker

with an alkyl linker resulted in a low micromolar inhibitor (4), and

rigidification (5) and functionalization (6) of this linker led to

increasingly potent inhibitors. The salicylic acid hit itself (7) had no

detectable binding.
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inhibitors emphasizes the ability of Tethering to identify fragments that would

not have been easy to predict using structure-based design.

9.4.2

Caspase-1

Tethering with extenders was also used to identify inhibitors to the anti-

inflammatory target caspase-1 [28, 29]. In this case, one of the same extenders

previously designed for caspase-3 selected an entirely different set of fragments.

This is consistent with different substrate peptide sequence preferences: WEHD

for caspase-1 vs DEVD for caspase-3 [30].

As with caspase-3, these hits were converted into potent, soluble inhibitors by

replacing the disulfide linkage with a simple alkyl linkage (Fig. 9.10). As in the

case of caspase-3, rigidifying the linker could improve affinity, as could introduc-

ing a hydrophobic moiety at the S2 position. Several of these molecules demon-

strated activity in cellular assays and selectivity for caspase-1 over the closely re-

lated caspase-5. Crystallography of several of these molecules in complex with

caspase-1 revealed that they bind in an extended conformation as expected, but

that the S2 pocket that collapses in caspase-3 remains open in caspase-1.

9.5

Conclusions

This chapter has presented an introduction to Tethering with a focus on how

mass spectrometry enables the technology to rapidly find inhibitors to drug

Fig. 9.9 (a) Structure of the salicylic acid

fragment covalently bound to caspase-3

(gray), superimposed on a tetrapeptide-based

inhibitor (green). Note the collapse of the S2

pocket and the widening of the S4 pocket to

accommodate the salicylic acid moiety. (b)

Structure of a second fragment covalently

bound to caspase-3 (blue) superimposed on

the salicylic acid fragment. Here the S2

pocket is intact, and the linker takes an

alternative path to arrive in the S4 pocket.

Reprinted from [25] with permission. The

molecular graphics in this and all other

figures were done using the program PyMol

(see DeLano, W. L. (2004) PyMOL, available

at: http://pymol.sourceforge.net/).
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targets. The technology has also been employed to identify inhibitors to protein–

protein interactions and to identify fragments that bind to allosteric sites [31–34].

Although mass spectrometry has been critical in most applications of Tethering,

in some cases functional screens are sufficient, particularly where MS is challeng-

ing, such as membrane-bound proteins [35–36].

As a fragment-identification method, Tethering is one of many possible ap-

proaches. The technique is unique because it uses a covalent bond, which en-

sures that fragments bind in a stoichiometric fashion, and also allows rapid iden-

tification of low-affinity fragments through mass spectrometry. Tethering can

target specific sites and wide-ranging conformations of a protein. Moreover, there

is some evidence that by employing mass spectrometry, Tethering can identify

fragments that bind more weakly than those identified by other methods. For ex-

ample, the sulfamoyl salicylic acid fragment identified in caspase-3 showed no

detectable inhibition by itself. Although this increases the range of fragments

accessible to the medicinal chemist, it does raise the question of whether some

fragments may be so weak as to be essentially useless for further development.

Nonetheless, given the success observed thus far, we believe there are many un-

tapped opportunities for Tethering.

Fig. 9.10 Tethering with extenders to identify caspase-1 inhibitors. Two

of the hits from tethering are shown, as are inhibitors derived from

them.
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10

Interrogation of Noncovalent Complexes

by ESI-MS: A Powerful Platform

for High Throughput Drug Discovery

Steven A. Hofstadler and Kristin A. Sannes-Lowery

10.1

Analysis of Noncovalent Complexes by ESI-MS

There are a number of operating parameters that must be carefully optimized

and thoroughly understood if one is to analyze noncovalent complexes by mass

spectrometry (MS). While it is always a good idea to have a known model system

on which to optimize these parameters so that the ‘‘expected’’ complex is ob-

served, it is equally important (if not more important) that the final operating

parameters chosen are still able to distinguish specific complexation from non-

specific aggregation [1–5]. A carefully chosen (and biologically relevant) model

system, along with buffers, ionization parameters, and desolvation conditions

which maintain specific noncovalent complexes, and which do not produce non-

specific artifacts, is essential. As illustrated below, ion desolvation should be ac-

complished with minimal added energy to prevent unfolding and to minimize

dissociation of the ligand from the complex ions. The choice of appropriate ion-

ization mode is critical for both proteins and nucleic acids, since the location of

charges is a function of solution and gas-phase pKa values. For example, many

proteins can be ionized in positive or negative mode, but the choice of negative

or positive ionization for generation of the most ‘‘native’’ form depends on the

solution isoelectric point of the protein. Understanding the effect various experi-

mental variables will have on the results of a known system can provide valuable

insight into the applicability of the experimental parameters as applied to un-

known systems. This is particularly important in the area of high throughput

drug discovery where one clearly can not know a priori whether or not a given

substrate–ligand pair is ‘‘supposed’’ to bind.

10.1.1

Solution Conditions

The solution conditions must be adjusted to ensure that the macromolecule

of interest can adopt a native state and ligand–substrate complexes which are
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formed in the electrospray ionization (ESI) buffer will be relevant under physio-

logical conditions. While most buffers used in electrospray are highly dissimilar

to true biological environments (blood, intracellular matrices, cell walls, etc.),

electrospray-compatible buffer systems that maintain nondenatured macromolec-

ular structures have been derived for several target classes.

10.1.2

Proteins

Buffer systems are generally neutral or mildly acidic/basic aqueous solutions; ap-

propriate concentrations of buffer (b10 mM) are generally employed to avoid

fluctuations in pH during the desolvation process; aqueous solutions at pH 6–8

with 10–100 mM buffer are typical [6, 7].

In many cases, organic solvent is co-mixed with the solution to aid gas-phase

desolvation. Typical organic solvents such as methanol can alter the solution con-

formation of proteins dramatically [8]. The general rule of thumb for organic sol-

vents with proteins is that a little (5–10%) can significantly improve desolvation,

and therefore increase sensitivity, while a lot (>10%) will produce high signal-to-

noise spectra of denatured proteins to which complexation (if any) has no biolog-

ical significance.

These concepts are illustrated in Fig. 10.1 which shows the difference in ap-

pearance between myoglobin electrosprayed from denaturing and nondenaturing

solutions. Myoglobin is comprised of a monomeric protein (MW ¼ 16 951) which,

under physiological conditions, binds a single heme cofactor (MW ¼ 615.190).

The spectrum in Fig. 10.1a was acquired from a solution containing 2 mM myo-

globin in 50% MeOH, 49% H2O, and 1% HOAc. It is comprised of a wide distri-

bution of charge states representing apomyoglobin with charge states ranging

from (Mþ23H)23þ to (Mþ10H)10þ. Also clearly evident in the spectrum is a peak

at m/z 616.192 corresponding to the unbound, protonated heme group. There

are no peaks detected which correspond to the intact holomyoglobin species

(MW ¼ 17 566). The spectrum in Fig. 10.1b was acquired under the identical in-

terface and source conditions (see figure caption) and the same myoglobin con-

centration. The only difference between the conditions used to acquire the two

spectra in Fig. 10.1a, b is the composition of the buffer solution. The spectrum

in Fig. 10.1b was acquired from a solution containing 2 mM myoglobin in 10

mM NH4OAc (pH 7). In this spectrum only two primary charge states are ob-

served, corresponding to the (Mþ9H)9þ and (Mþ8H)8þ charge states of the holo-

myoglobin species. Note also the absence of the free heme moiety at m/z 616.192.

Finally, it is worth making note of the disparate signal-to-noise ratios of the two

spectra in Fig. 10.1a, b. While it may not be obvious in the normalized y-axis

of the spectra in Fig. 10.1, the two primary peaks corresponding to the holomyo-

globin in Fig. 10.1b are nearly 3-fold less intense than the peaks corresponding to

the most abundant peaks, the (Mþ17H)17þ and (Mþ18H)18þ charge states of the

apomyoglobin, in Fig. 10.1a. The more acidic environment and the presence of

MeOH increases the overall ionization efficiency of the myoglobin in Fig. 10.1a.
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The MeOH serves not only to denature the protein, exposing more charge-carry-

ing residues to the solvent, it also aids desolvation by reducing the surface ten-

sion of the microdroplets. Thus, the addition of organic solvents for the analysis

of proteins is a double-edged sword – the enhanced sensitivity is achieved by de-

naturing the protein to the extent that it can no longer bind the heme moiety. In

many cases (including the myoglobin system) 5–10% MeOH does not induce a

significant extent of denaturation but can enhance the ionization efficiency and

produce a more stable electrospray plume.

10.1.3

Oligonucleotides

For nucleic acid targets, buffer systems which maintain pH 6–8 with relatively

high concentrations of ammonium acetate (50–250 mM) and organic co-solvents

(10–50%) are generally effective [9–11]. The concentration of buffer/salt must

be high enough to allow proper base pairing of the strand(s) and to ensure that

the melting transition temperature is well above ambient. The buffer used most

widely in our laboratory for screening relatively small RNA motifs (18–50mers)

against compound collections or natural product fractions is comprised of 150

Fig. 10.1 Effect of buffer composition on the

ESI-FTICR-MS spectrum of myoglobin. The

spectrum in (a) was acquired from a solution

containing 2 mM myoglobin in 50% MeOH,

49% H2O, and 1% HOAc. Peaks

corresponding to apomyoglobin and free

heme dominate the spectrum. The spectrum

in (b) was acquired from a solution

containing 2 mM myoglobin in 10 mM

NH4OAc (pH 7) under otherwise identical

instrument conditions. In this spectrum only

two primary charge states are observed,

corresponding to the (Mþ9H)9þ and

(Mþ8H)8þ charges states of the

holomyoglobin species.
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mM NH4OAc, 33% isopropyl alcohol, and no more than 1.5% DMSO [12–14]. A

buffer system with the appropriate pH and ionic strength is equally important for

native folding in nucleic acids as for proteins as binding to a denatured oligonu-

cleotide, much like binding to a denatured protein, will not yield information rep-

resentative of the same molecules in vivo. Similarly, denatured oligonucleotides

generally exhibit a broad distribution of relatively high charge states, while

nondenatured nucleic constructs most often produce mass spectra which are

dominated by one or two distinct charge states at relatively high m/z. Denatur-
ing solution conditions are ideal for obtaining accurate mass measurements

of PCR products where it is desirable to thoroughly denature the duplex and ob-

tain mass measurements for the forward and reverse strands of the amplicon

independently, as opposed to a single mass measurement on a DNA duplex [15,

16]. Independent mass measurements of the forward and reverse strands allow

one to unambiguously determine the base composition of a given amplicon [17,

18] (or mixture of amplicons) which has significant relevance in ESI-MS based

microbial identification [16, 19], microbial forensics [20], and human forensic

strategies [21]. Alternatively, nondenaturing solution conditions and gentle desol-

vation are important for maintaining natively folded macromolecular targets with

which to form noncovalent complexes. The appearance and information content

of the spectra can differ drastically depending on the solution conditions em-

ployed. For example, Fig. 10.2 illustrates mass spectra obtained from solutions

containing the 27mer RNA construct which represents the 16S ribosomal A-site,

an important target for bacterial drug discovery [22]. The spectrum in Fig. 10.2a

was acquired from a solution comprised of 33% isopropyl alcohol with 25 mM

piperidine/imidazole with an approximate pH of 8.5. The spectrum in Fig. 10.2b

was acquired from a solution containing the same concentration of the 27mer

RNA construct and the same concentration of isopropyl alcohol, but with

150 mM NH4OAc with a pH of 7.0. The solution conditions employed in Fig.

10.2b allow the interrogation of specific interactions between the 27mer target

and small molecule ligands, as the solution allows the target to maintain a native

conformation amenable to the formation of specific noncovalent complexes (see

below).

A number of larger RNA motifs, which have more complex high-order struc-

tures in vivo, rely on divalent metal ions (e.g. Mg2þ) to adopt correct secondary

and tertiary structures. One such construct that represents a potentially valuable

antibiotic target is a 58-nucleotide domain of the 23S ribosomal subunit to which

the L11 protein binds. This structural motif is highly conserved among prokar-

yotes and participates in GTP hydrolysis reactions involving several ribosomal

factors. The crystal structure of the 58-nucleotide construct bound to the L11 pro-

tein was obtained by Draper and coworkers [23] and provides valuable insight into

the functional operation of this part of the ribosome. A naturally occurring anti-

biotic, thiostrepton (MW ¼ 1663 Da) is known to bind to this motif and to inhibit

key interactions at the GTPase center. While thiostrepton has poor drug proper-

ties, owing to low solubility, poor oral bioavailability, and synthetically daunting
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multi-ringed structure, it does serve as a proof-of-principle for what could be a

very significant strategy for new classes of antimicrobial agents [24–26]. A mu-

tant of this motif found in thermophiles (A1061) is particularly stable and thus

an ideal substrate for ESI-MS based affinity screening. The A1061–thiostrepton

complex was used to determine appropriate solution and interface conditions for

the system.

This construct was initially evaluated with the same buffer system used for

smaller RNA motifs and it was found that the ammonium acetate/isopropyl alco-

hol buffer provided only partial complexation of the thiostrepton and a relatively

wide charge state distribution, indicative of a partially denatured conformation

in solution. As Mg2þ was previously implicated as a key to proper folding in vivo
[27, 28], a study was undertaken to characterize the magnesium-dependent fold-

ing of the A1061 construct in solution as measured by thiostrepton binding. Fig-

ure 10.3 shows the (M-8H)8� charge state of the A1061 construct, and the result-

ing A1061–thiostrepton complex that results when Mg2þ is added. In the absence

of Mg2þ, only trace levels of the complex is observed and the spectrum is domi-

nated by the 8� charge state of the unbound RNA. At increasing concentrations

Fig. 10.2 Effect of buffer composition on the

ESI-FTICR-MS spectrum of a 27mer RNA

construct representing the 16S A-site. The

spectrum in (a) was acquired from a solution

comprised of 33% isopropyl alcohol and 25

mM piperidine/imidazole with an

approximate pH of 8.5. The spectrum in (b)

was acquired from a solution containing the

same concentration of the 27mer RNA

construct and the same concentration of

isopropyl alcohol, but with 150 mM NH4OAc

at pH 7. These buffer conditions facilitate

folding of the construct into a native

structure that can serve as a drug binding

substrate.
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of Mg2þ, the abundance of the complex increases as does the amount and extent

of Mg2þ adducts. These Mg2þ ions, while clearly assisting in the proper folding of

the RNA construct have unwanted side-effects in the mass spectrum in the form

of adducts. At 50 mM Mg2þ, a significant portion of the A1061 is unbound while a

nearly equal portion is complexed with thiostrepton. Interestingly, the signal

from the unbound A1061 is dominated by the unadducted species, while the

complex is dominated by the singly and doubly adducted species. Furthermore,

with 200 mM Mg2þ, the majority of the A1061 is in the form of the A1061–

thiostrepton complex and the signal is dominated by species containing five

Mg2þ ions. While such solution conditions allow the detection of the complex,

the relatively complex spectra and multiply adducted nature of the complexes lim-

it the utility for screening applications in which multiple compounds with un-

known binding properties are to be screened simultaneously.

In contrast, Draper and coworkers have shown that organic solvent such as

methanol can actually help larger RNA constructs fold properly under salt condi-

tions which would otherwise yield incompletely or improperly folded RNA con-

Fig. 10.3 (M-8H)8� charge state of the

58mer A1061 RNA construct (see text) in the

presence of an excess of thiostrepton. The

buffer solution contains 20% MeOH and 25

mM NH4OAc. In the absence of adequate

Mg2þ ion, the A1061 construct is denatured

and does not bind thiostrepton. At increasing

Mg2þ concentration, the A1061 adopts a

native conformation and binds a

stoichiometric amount of thiostrepton. The

peaks labeled ‘‘Nþ1’’ refer to a synthetic

impurity arising from a nontemplated

nucleotide. The even number of Mg2þ ions

bound to the RNA and complex is indicated

by ‘‘#Mg2þ: 0 2 4 6’’ above the

corresponding lines in the spectrum.
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structs [29]. This is an important observation as solution conditions in which

nonvolatile salts are employed to induce proper RNA folding (e.g. Mg2þ) yield
relatively complex mass spectra with poor signal to noise, as the peaks which rep-

resent the complexes of interest are spread over multiple states of adduction.

As organic solvents are directly compatible with electrospray ionization and are

completely removed during desolvation, an alternative buffer formulation lacking

divalent metal cations but containing higher proportions of methanol was eval-

uated. Figures 10.4, 10.5 illustrate the effect of increasing methanol concentration

on the A1061–thiostrepton complex in the absence of Mg2þ. In an aqueous solu-

tion containing 6 mM A1061 with a slight stoichiometric excess of thiostrepton

and 25 mM NH4OAc, the complex is not detected above the chemical noise back-

ground. When 20% methanol is added, a relatively weak signal consistent with

the complex is observed, while a solution containing 50% methanol produces a

spectrum that is dominated by the A1061–thiostrepton complex. The titration

profile in Fig. 10.5 suggests a relatively sharp transition in the A1061 structure

between 30% and 40% methanol. Note also that, other than a synthetic impurity

related to an additional nontemplated nucleotide (peak labeled Nþ1), the spec-

trum acquired with 50% methanol is relatively clean and readily interpretable –

a situation much more amenable to screening of compounds with unknown

binding properties.

Fig. 10.4 A1061 folding in the presence of

MeOH. In a solution containing 25 mM

NH4OAc and a molar excess of thiostrepton,

the A1061–thiostrepton complex is not

observed at significant abundance with less

than 25% MeOH. The spectrum acquired

from a solution containing 50% MeOH is

dominated by the A1061–thiostrepton

complex consistent with the properly folded

conformation. The peaks labeled ‘‘Nþ1’’ refer

to a synthetic impurity arising from a

nontemplated nucleotide.
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10.2

Multitarget Affinity/Specificity Screening

We have integrated high throughput sampling robotics and a custom fluidics

module to rapidly characterize noncovalent biological complexes in order to iden-

tify small molecules that bind RNA targets using ESI-FTICR [30]. The multitar-

get affinity/specificity screening (MASS) assay takes advantage of the ‘‘intrinsic

mass’’ label of each compound and target RNA by obtaining high resolution,

high precision mass measurements of intact RNA–ligand complexes [13, 31–

33]. The identity of the small molecule(s) which bind, the RNA target to which it

binds, and the compound-specific binding affinity can be determined in one set

of rapid experiments. We have demonstrated the applicability of the MASS assay

to screening natural product fractions for modified aminoglycosides that bind

preferentially to the 16S A-site [34, 35].

At the core of the MASS approach is the premise that, in a solution containing

multiple targets and multiple ligands, the molecular interaction between any

given target–ligand pair is independent of the presence (or absence) of other li-

gands and targets in solution. While FTICR is by no means the first or the only

platform on which noncovalent complexes have been detected, the performance

attributes of the platform make it well suited to analyze complex mixtures. Thus

multiple targets can be screened against multiple ligands simultaneously. This

concept is illustrated in Fig. 10.6. In a nondenaturing buffer solution a macromo-

lecular target (RNA construct, protein, or mixed complex) is allowed to interact

with a molecule, or a collection of molecules, of interest. The compound col-

lection might represent a ‘‘diversity’’ collection intended to explore a range of

hydrophilic/hydrophobic moieties, charge-carrying groups, and electron donor/

acceptor groups; it might represent a fraction from a natural product isolate for

Fig. 10.5 Proper folding of A1061 RNA construct (as measured by

thiostrepton binding) as a function of MeOH composition of the buffer.
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which the complexity and range of functional groups is not known; it might rep-

resent a series of engineered compounds derived from carefully synthesized vari-

ants of known high affinity ligands; or it might represent a random combinatorial

library or subset of a master compound collection. The target (or collection of tar-

gets) is allowed to interact in solution, under nondenaturing buffer conditions, with

the compound library. Ligands which have an affinity for a given target will bind

in solution with a compound-specific dissociation constant ðKdÞ and specificity.

10.3

Multitarget Affinity/Specificity Screening in a High Throughput Format

Instrumentation for laboratory automation is increasingly becoming a ‘‘plug and

play’’ operation. Many ancillary pieces of equipment, such as autosamplers, plate

handlers, chromatographic instruments, and many classes of spectrometers, have

Fig. 10.6 Concept of multitarget affinity

specificity screening (MASS). Macromolecular

targets (typically structured RNA constructs

or proteins) in nondenaturing buffers are

mixed in solution with a collection of

potential ligands derived from natural

product fractions, combinatorial libraries, or

other diverse compound collections. The

mixture is analyzed by ESI-MS under gentle

desolvation conditions that preserve

noncovalent complexes; the exact molecular

weight of compounds binding to targets

(which can be used to derive an elemental

composition), their relative (or absolute)

affinity, and binding specificity of compounds

are derived from the mass spectra.
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built-in communication ports and/or the ability to trigger (or be triggered by)

other pieces of equipment. Thus, it is now commonplace in most industrial

analytical laboratories to utilize various user-customized combinations of these

devices to increase sample throughput and facilitate unattended sample analysis.

It is often the case that, once an analytical protocol is in place and can be manu-

ally performed by a technician, it can be automated with standard (or customized)

robotics and control software and subsequently be performed more rapidly and

more reliably via an automated protocol. Thus, it is not surprising that, following

the initial success of the MASS assay to interrogate RNA–ligand binding in a

multiply-parallel format, a key push in our laboratory has been to fully automate

the approach and thereby, improve both the sample throughput and robustness

of the assay. There are two aspects of any analytical scheme which one must con-

sider when attempting to ‘‘scale up’’ a protocol from a research method to a high

throughput assay: data acquisition and data analysis. Both are essential to operate

in a true high throughput format [30].

Our general screening approach involves the simultaneous screening of three

RNA targets against 11 compounds, or 33 analyses per well. As each well requires

only 39 s per analysis and the assay can be run around the clock in an unattended

manner, a single ESI-FTICR mass spectrometer can perform in excess of 67 000

analyses per day. From the relative abundance of each noncovalent complex de-

tected, a one-point Kd is calculated that gives a semi-quantitative indication of

the binding for each ligand–substrate pair. For complexes that are not detected

above a given threshold, a minimum value for the Kd is calculated based on the

known concentration of the ligands and the targets – this is generally in the

Kd b 2:5 mM regime. As described in detail elsewhere, we have automated the

entire protocol from plate preparation to spectral acquisition to data interpreta-

tion. It has also been shown that these and related methods can be used to di-

rectly measure dissociation constants [14, 36–39].

10.4

Affinity/Specificity

When ESI-MS is used as a primary high throughput screening tool as in the

MASS assay [13, 31–33], the goal is to identify ligands with Kd values less than

100 mM and with some specificity relative to the other targets. These constraints

ensure that the ligands bind to a unique structural feature of the target and are

not just generic RNA binders. Although the ligands are screened only at a single

concentration in the high throughput mode, it is possible to estimate a one-point

Kd from the mass spectrometry data. A percent complex is calculated for each

identified ligand–target combination by calculating the ratio of the integrated

peak areas of the complexed and the free target and multiplying by 100. A one-

point estimated Kd is then calculated by dividing 100 by the percent complex of

the ligand and multiplying by the screening concentration. The one point esti-

mated Kd values can be used to classify compounds as weak, medium, and strong
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Fig. 10.7 ESI-FTICR mass spectra of three RNA targets at 2.5 mM each

screened against 11 compounds at 25 mM each. The percent complexes

and one-point Kd values are shown for each ligand complex. (a) An

example of a ligand that specifically binds target 2. (b) An example of a

ligand that nonspecifically binds to all targets.
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binders but cannot be used to accurately rank order compounds within the same

classification. As illustrated in Fig. 10.7a, a ligand binds target 2 with a one-point

estimated Kd of 37 mM (i.e. estimated Kd ¼ 100/67 � 25 mM). The ligand binds

target 2 with 3.4-fold greater specificity than target 1 and with 1.5-fold greater

specificity than target 3. This ligand would be a candidate for further structure–

activity relationship studies (SAR) by medicinal chemistry to improve both its

binding affinity and specificity. An example of a generic RNA binder is shown in

Fig. 10.7b. The ligand binds target 1 and target 2 equally well. In addition, com-

plexes formed by binding two ligands to the target are observed for both target 1

and target 2. This result indicates that there are multiple weak binding sites with

similar affinities for the ligand on the targets. It would likely be difficult to im-

prove the affinity and specificity of this ligand, and therefore, it would probably

not be pursued further as a drug candidate. Thus, MASS can be used to rapidly

identify promising compounds and/or structural motifs from large chemical li-

braries and guide the medicinal chemistry efforts required to create high-value

lead compounds [40–42].

10.5

SAR by MS

Because MASS can detect ligands with a wide range of Kds (10 nM to 1 mM) [12,

13, 30], we have developed a drug design approach utilizing the structure–activity

relationships (SAR) of weak ligand–target interactions to build ligands that show

increased binding affinity. We refer to this as SAR by MS [43]. In this approach, a

panel of motifs (small, rigid molecules with molecular mass less than 300 Da) is

initially screened against one or more targets. MASS identifies ligands that bind

the target and, if two ligands bind the same target at different sites, a ternary

complex is observed. Next, simple derivatives of the most interesting motifs are

synthesized to provide information about the target-binding site; and these com-

pounds are screened in another round of MASS to further probe the individual

and collective affinities of the compounds. For example, if the addition of a chem-

ical group changes a pair of ligands from concurrent to competitive binders, it

implies that the additional moiety sterically hinders the binding of the other com-

pound to the target and that the two compounds must share relatively close bind-

ing sites. Lastly, cumulative information is used to guide the linking of motifs

into a single structure with higher affinity for the target.

The SAR by MS method was used to identify a new class of ligands that bind to

the 1061 region of bacterial 23S rRNA which interacts with the L11 protein and is

the binding site for the antibiotic thiostrepton [44]. Even though there is a crystal

structure for the protein–RNA interaction [23], traditional structure-based ratio-

nal drug design approaches are difficult to perform since the interaction between

the protein and RNA is complex. Thus, it is an ideal target for the SAR by MS

strategy.
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A screen of compound libraries containing compounds from commercial

sources and RNA-directed combinatorial libraries, revealed two classes of motifs

that showed interesting SAR toward the 1061 region of bacterial 23S rRNA. The

first class consists of d-amino acids (series A). A positively charged side-group im-

proves binding relative to uncharged and unsubstituted side-chains. The second

class consists of the quinoxalin-2,3-diones (series B). Substitutions of the carboxyl

groups of the quinoxaline-2,3-dione are well tolerated, with large pendant groups

being preferred. Because A and B are structurally different, it was hypothesized

that the ligands bind at distinct sites on the target RNA. To further examine the

spatial relationships between the different motifs that bind the RNA, MS compe-

tition experiments were conducted with the different ligand classes. Ligand A and

Ligand B1 were shown to bind the RNA concurrently, as evidenced by the forma-

tion of a ternary complex between A, B1 and the RNA (Fig. 10.8). In contrast, Li-

gand A and Ligand B2 were shown to be competitive binders, as evidenced by the

lack of binding of B2 in the presence of A and the lack of a ternary complex (Fig.

10.8).

Based on these competition experiments, it was postulated that the furan por-

tion of A is separated from the carboxyl functional group of B1 by approximately

three atoms. To test this hypothesis, several fused compounds were made with

different linkages between the furan of A and the carboxyl functional group of

B1. The compounds were tested for affinity to the RNA target as well as for their

ability to inhibit bacterial transcription/translation in cell-free functional assay

(Fig. 10.8b, c). The fused compounds all bound tighter to the target RNA than

the parent motifs. The Kd measured by mass spectrometry for the fused com-

pounds were in the range of 6–50 mM, compared with >100 mM for the parent

motifs. The rigid biaryl-linked compound AB in Fig. 10.8a shows 20-fold en-

hanced affinity for the RNA target relative to the motif ligands. More importantly,

this compound shows similar activity in a functional assay (IC50 ¼ 14 mM) where-

as the motifs are not active in the functional assay [45]. Thus, this compound

may bind to the target RNA in a manner that interferes with ribosomal function.

While still a relative newcomer to the drug discovery tool kit, SAR by MS appears

to be a promising method for ligand-based lead discovery of specific, high affinity

ligands which have the potential to have significant therapeutic activities. As with

many newly emerging methodologies, time will tell which approaches have ‘‘stay-

ing power’’ in the drug discovery arena and provide the most value for lead iden-

tification and optimization.

10.6

Future Directions

Early stages of drug discovery continue to move further and further away from

biofunctional screening assays such as bacterial broths, cell cultures, and animal

models, and closer towards functional assays where specific (and targeted) inter-
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actions are interrogated at the molecular level. It is not surprising that mass spec-

trometry continues to play an expanding role in this area as gas-phase measure-

ments, which can be both highly automated and highly informative, can be used

to interrogate macromolecular interactions of many different target/ligand classes.

Fig. 10.8 SAR by MS applied to the A1061

construct (see text). (a) Structures of key

motifs screened against the RNA target.

Compound A is a d-amino acid. Compounds

B1 and B2 are quinoxalin-2,3-diones.

Compound AB is the rigid biaryl linked

compound. (b) Binding affinity for the motifs

when screened individually as well as binding

affinity for motifs when screened in

competition experiments are shown. Binding

is expressed as a normalized percent MS ion

intensity of the RNA–ligand complex relative

to the parent RNA such that a value of 100

indicates 50% of the ligand is bound to the

target. A and B1 bind concurrently while A

and B2 binding competitively. (c) MS

determined Kd values for the RNA target and

bacterial transcription/translation IC50 [T/T

IC50] values for selected structures.
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The increasing availability of high performance mass spectrometry systems based

on a number of different platforms (hybrid FTICRs, ESI-(Q)-TOFs, and novel

traps such as the linear ion trap and orbitrap) should increase the implementa-

tion and utilization of existing ESI-MS-based methods, such as those outlined

above, but should also catalyze the development of novel approaches to high

throughput screening. Furthermore, preliminary studies with ion mobility mea-

surements of macromolecular complexes [46] suggest that such measurements

may provide invaluable information to drug discovery researchers as the combi-

nation of experimentally derived collisional cross-sections and computationally

derived structure models hold great promise as rapid methods to interrogate

modes of binding and allosteric interactions among drug targets and drug candi-

dates. Several researchers have demonstrated that extremely large noncovalent

complexes can be ionized and measured as intact species; complexes comprising

the components of molecular machines such as megadalton protein complexes

[47], self assembling ring structures [48], even intact ribosomes [49, 50] and vi-

ruses [51–53] have been successfully characterized by ESI-MS. It is quite likely

that mass spectrometric analysis of these molecular machines and the small mol-

ecules with which they interact will be the ligand–substrate systems researchers

employ to find the next generation of antibacterial and antiviral compounds.

Might it be possible to discover new aminoglycosides by analyzing complexes

formed between drug candidates and intact ribosomes? Might next-generation

antiviral compounds be discovered by analyzing intact viruses in the presence of

compounds that selectively disrupt the viral capsids or selectively bind to struc-

tural elements of the intact viral genome? While only time will tell just how far

the mass spectrometric analysis of noncovalent complexes can push the envelope

of modern drug discovery methods, it is clear that, at the rate the underlying an-

alytical methods are evolving, the future of such methods has never looked better.
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Part IV

Studying target-ligand interactions analyzing

the target binding site by MS





11

Quantification of Protein–Ligand Interactions

in Solution by Hydrogen/Deuterium Exchange

(PLIMSTEX)

Mei M. Zhu, David Hambly, and Michael L. Gross

11.1

Introduction

Many important biological functions are mediated through protein–ligand inter-

actions and the concomitant conformational change of the protein. The binding

of therapeutic agents to the receptor sites of proteins is particularly important in

drug design [1–3]. Recent trends in the discovery and development of new medi-

cines demand new methods for rapidly screening protein–ligand binding proper-

ties in target selection and lead discovery, as well as for quantifying binding

affinities and resolving subtle differences for lead optimization and further devel-

opment [4]. Although computer modeling has been used to predict binding affin-

ities [2, 5, 6], the strengths of these interactions are normally determined by

experimental assays in which either equilibrium titrations, kinetic studies, or

stability measurements are involved (e.g. [7–10]). Although success has been

achieved in the determination of protein–ligand binding affinities by spectro-

scopic, calorimetric and other methods, limitations are often the large amounts

of specifically labeled ligand or protein that are required. Often needed are addi-

tional spectroscopic or reaction probes, denaturants, or measurements of equilib-

rium concentrations following a separation, which may perturb the equilibrium.

It remains of interest for biochemists and biophysicists to seek additional meth-

ods for quantification of protein–ligand binding that have general applicability,

high accuracy, relative simplicity, and high throughput.

In the past decade, mass spectrometry has played an important role in the char-

acterization of protein structure, differential expression, dynamics, and functions

[11–14]. Several new mass spectrometry-based methods were reported for the

characterization of protein–ligand binding [15–21]. Recently, we developed a

novel method [22] to quantify protein–ligand interactions in solution by mass

spectrometry, titration, and hydrogen/deuterium (H/D) exchange (PLIMSTEX).

This strategy can determine the conformational change, binding stoichiometry

and affinity in a variety of protein–ligand interactions including those involving

small molecules, metal ions, peptides, and proteins [22, 23]. The detailed model-
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ing procedures for the determination of binding constants using PLIMSTEX titra-

tion curves and the effect of model modifications on the precision and accuracy

were also described [24]. Combined with kinetic measurements of H/D exchange,

PLIMSTEX can provide insights on protein structure and protein–ligand interac-

tions, the effect of media and ionic strength [25], species specificity, mutations on

protein–ligand binding, and systematic changes in ligands [26]. The determina-

tion and interpretation of the titration curves will be described in this chapter.

More perspectives of PLIMSTEX and the advantages of this approach over con-

ventional methods and several other mass spectrometry-based methods will be il-

lustrated using several examples.

A complementary approach to PLIMSTEX that we are developing is to compare

the reactivity of hydroxyl radicals with a protein–ligand complex to that of the

protein alone. If appropriate reagents are used, the change in solvent accessibility

or conformation will alter the chemical reactivity of the target, typically the pro-

tein, enabling information regarding the location and affinity of the protein–

ligand interaction to be determined. Chance and Brenowitz [27] pioneered the

use of hydroxyl radicals for modifying Met, Cys or aromatic amino acid residues

to determine sites of protein interactions and to follow RNA folding [28] and pro-

tein conformational changes [29]. We are developing a faster method that gener-

ates and quenches the hydroxyl radicals in less than a microsecond while allow-

ing oxidation of more of the protein’s solvent-exposed residues than can be

achieved by other methods [30]. An example application shows that apomyoglo-

bin has a conformationally flexible F-helix, as also indicated by nuclear magnetic

resonance (NMR) [31] and that the porphyrin-binding pocket is closed in the ab-

sence of the ligand. Results from using this approach to the S-protein/S-peptide

interaction suggest that this method should also be useful for studying binding of

protein and ligands.

11.2

The PLIMSTEX Method

11.2.1

A General Protocol of H/D Exchange and LC/MS Analysis for PLIMSTEX

The general protocol for a PLIMSTEX experiment (Fig. 11.1) starts with equilibra-

tion of the protein of interest with different concentrations of ligand in aqueous

buffer solutions. D2O containing the same concentrations of buffer and salts as

in the starting solution is then added to initiate H/D exchange. The protocol uti-

lizes a high D/H ratio in the forward and a high H/D ratio in the back exchange,

and carries the added advantage of in situ desalting. When the system reaches a

near steady state (1–3 h of exchange) where the fast exchangeable hydrogens

reach steady state while the slow exchangers have not (as determined by a kinetic

study conducted previously), the exchange is quenched by decreasing the pH to

@2.5. The solution is then loaded on a small C18 column (or C4 column for large
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protein), cooled to 0 �C, and the labile, non-amide sites of the immobilized pro-

tein are back-exchanged to the H form. The solution is desalted by washing with

ice-cold, aqueous formic acid (pH@ 2.5). The protein, which now bears an isoto-

pic exchange ‘‘signature’’ in its amide linkages reflecting its state at the time of

exchange, is introduced into a mass spectrometer, and its molecular weight is de-

termined. Rapid elution (by an isocratic flow of solvent at 30–35 mL min�1 with

high organic composition or with a fast pH 2.5 gradient) delivers the protein to

an electrospray ionization (ESI) source. Although the initial studies used ESI

(ion trap or quadrupole/time-of-flight analyzers) in the positive-ion mode,

matrix-assisted laser desorption ionization (MALDI)-MS may also be an appropri-

ate method.

11.2.2

Determination and Interpretation of the Titration Curves

Quenching and desalting cause the ligand(s) to dissociate, liberating the protein

for molecular mass measurements by mass spectrometry to afford the number of

deuteriums taken up by solvent-accessible amides. A plot of the mass difference

between the deuterated and nondeuterated protein (deuterium uptake) versus the

total ligand concentration (or the ratio of total ligand concentration to the total

protein concentration) gives the PLIMSTEX curve (Fig. 11.2). Usually, the deute-

Fig. 11.1 A general H/D exchange and LC/MS protocol for PLIMSTEX. P is protein, L is ligand.
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rium uptake values decrease with an increase in the ligand concentration, and a

decrease reflects increased hydrogen bonding (overall deuterium shift DD) of

some backbone amide protons upon forming the complex. Intermediate states

for multiple ligand binding may also be monitored when a species deuterium

shift (DDi) can be related to a specific binding species.

PLIMSTEX curves are sensitive to the total protein concentration. When the

protein is titrated at high concentration (@100 times the 1=Ka or Kd), a ‘‘sharp-

break’’ curve is obtained (see curve B in Fig. 11.2), and the ratio of [ligand]total to

[protein]total at the break clearly indicates binding stoichiometry. To quantify affin-

ity, PLIMSTEX requires that a change occurs in the extent of H/D exchange dur-

ing a titration at a protein concentration comparable to the dissociation constant

Kd (see curve A in Fig. 11.2). The change may be conformational and/or a stabil-

ity difference between the apo- and ligand-bound proteins.

To extract the binding affinity, the titration data are fitted using a 1:n protein:li-

gand sequential binding model, where n is the number of binding sites for the

same ligand. There are two assumptions for the modeling: (1) the ligand binds

the protein in a stepwise fashion, and (2) H/D exchange of each amide is inde-

pendent (i.e., does not depend on exchange at any other site of the protein). A

nonlinear least squares (NLLS) regression [32] is involved in a calculation of the

extent of change in the H/D exchange during the titration (DD) as a function [Eq.

(1)] of the total ligand concentration ([LigT]), the overall binding constants (bi,

which is the product of the stepwise macroscopic binding constants Ki, where

i ¼ 1 to n), and the species deuterium shifts (D0 and DDi, i ¼ 1 to n). D0 is the

shift in the molecular weight of the apo protein caused by H/D exchange (deute-

rium uptake). To minimize experimental errors, we do not accept the experiment

Fig. 11.2 Schematic illustration of a PLIMSTEX curve for 1:1

protein:ligand binding. P is protein, L is ligand. b1 is the binding

constant for binding one ligand; D0 is the deuterium level for apo-

protein, and DD1 is the difference between the average deuterium level

of one-ligand-bound protein complex and that of the apo-protein.
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value of D0 (the deuterium uptake of the apo-protein) but rather take it as a vari-

able or unknown parameter. DDi is the difference between the average deuterium

level of each protein–ligand complex and that of the apo-form (Fig. 11.2). It is

weighted by its binding fraction [Prot-Ligi]/[ProtT], which is a function of [LigT]

and bi ði ¼ 1� nÞ, the latter of which is the product of all the stepwise equilib-

rium binding constants ðbi ¼ K1K2 � � �KiÞ. A positive DDi indicates that binding

of i ligand(s) to the protein leads to more hydrogen bonding and less D uptake

as compared to the apo-form. A negative DDi points to the formation of a more

open structure with less hydrogen bonding relative to its apo form. When DDi is

approximately zero, little conformational change apparently occurs upon binding

although changes in one part of the protein may be compensated by changes in

another. If no net change occurs, PLIMSTEX may not be appropriate for deter-

mining the corresponding equilibrium constant ðbiÞ.

DDðb1; . . . ; bn;D0;DD1; . . . ;DDn; ½LigT�Þ ¼ D0 �
Xn

i¼1

DDi
½Prot-Ligi�
½ProtT� ð1Þ

The best fit is obtained by a search, which iterates through a sequence of trials to

minimize the error between the calculated overall deuterium shift, DD, and the

experimentally measured shift by varying the unknown parameters ðbi;D0;DDiÞ.
The average data (at least two runs) are used for the curve fitting to give mean

values for the unknown parameters ðbi;DDi;D0Þ. The macroscopic Ki values are

calculated from bi values. Finally, a resampling statistical analysis is used to eval-

uate the precision for each parameter in the search.

We described previously the detailed modeling procedure for analyzing PLIM-

STEX data [24]. For fitting the protein self-association data, we modified the mod-

eling to acknowledge that both ligand and protein are the same, and these modi-

fications were described at a recent conference [33]. All modeling procedures

were implemented with Mathcad 2001 Professional (MathSoft, Cambridge,

Mass.). This modeling process is not only a new tool for analyzing H/D exchange

data acquired by electrospray ionization–mass spectrometry (ESI-MS), but also

possesses some novel aspects in modeling experimental titration data to deter-

mine the affinity of ligand binding.

11.3

Applications of PLIMSTEX

11.3.1

Determination of Association Constant (Ka), Stoichiometry (n), and Protection (DDi)

To validate the method, we applied PLIMSTEX to determine the binding con-

stants ðKaÞ, stoichiometry (1 protein to n ligands), and the protection against H/D

exchange in various interactions. We chose as tests the binding of Mg2þ to gua-

nosine diphosphate (GDP)-bound human ras protein, of Ca2þ to apo calmodulin
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(CaM), of fatty acid carboxylate to intestinal fatty acid binding protein (IFABP),

and of peptides (e.g., melittin) to Ca2þ-saturated calmodulin (holo CaM)]. We also

extended PLIMSTEX to protein–protein interactions involving self-associations of

various insulins [33]. These are widely studied systems, and their individual K
values range from 104 M�1 to 108 M�1.

Modeling the titration results for the test systems (Table 11.1) gives the binding

stoichiometry from the best fit. The binding constants determined by PLIMSTEX

for the tested system are within a factor of six of those reported previously using

established methods (Table 11.1). The positive DDi values (Table 11.1) quantify

the increased hydrogen bonding (more protection to H/D exchange). The DDi

values in the case of insulin represent changes in the solvent accessibility of the

Table 11.1 Outcome of test systems for PLIMSTEX.

Protein (Ctotal)B ligand

(1 to n)

DD i
[a] PLIMSTEX Ka (M

C1)[a] Ka(Literature)

Ka(PLIMSTEX)
[b]

Human Ras-GDP

(1.5 mM)þMg2þ (1 to 1)

25:6G 0:6[c] K1: ð4:1G 0:2Þ � 104 1.7[d]

Porcine apo-CaM

(15 mM)þ Ca2þ (1 to 4)

12:6G 0:3[e] K3: ð7G 2Þ � 104;

K4: ð1:1G 0:4Þ � 105;

K3K4: ð9G 1Þ � 109

K3: 0.6[f ]

K4: 2.8[f ]

K3K4: 1.4[f ]

Rat IFABP

(0.3 mM)þOleate (1 to 1)

13:8G 0:7[c] K1: ð2:6G 0:6Þ � 106 1.2[g]

Porcine holo-CaM

(0.15 mM)þmelittin (1 to 1)

29:3G 0:8[c] K1: ð5:4G 0:9Þ � 107 6.1[h] or 0.2[i]

r-Human insulinþ r-human

insulin (mono- to

di- to hexamer)

14G 2[j]

23G 3[k]
K12: ð7G 1:2Þ � 105

K26: ð2G 0:7Þ � 109
K12: 0.2[l]

K26: 0.2[l]

aEach protein–ligand titration was done in duplicate. Values were

determined by fitting the average data at similar conditions. A

subsampling method was used to evaluate the second order statistics

of the parameters.
bKi (literature data) determined under comparable experimental

conditions (e.g., similar pH, ionic strength if available) were selected.
cDD1.
dFrom reference [41].
eDD4.
fFrom reference [47].
gFrom reference [51].
hFrom reference [58] for CaM from bovine brain.
iFrom reference [59] for CaM from wheat germ.
jDD12.
kDD26.
lFrom reference [72].
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oligomer compared to that of monomer. Each system is now discussed in more

detail.

11.3.2

Ras-GDP Interacting with Mg2B: A 1:1 Protein:Metal Ion Interaction

Human P21Ha-ras, a 21-kDa protein with 189 amino acid residues, plays a key role

in controlling cellular growth and acts as a molecular switch in signal transduc-

tion pathways by cycling between its biologically active ras-GTP and inactive ras-

GDP form [34]. The point mutations at several amino acid sites in ras account for

30% of human cancers. Mg2þ is an essential cofactor for the ras superfamily of

small GTPases and is necessary for both guanine nucleotide binding and GTP-

hydrolysis [35, 36]. We are interested in comparing the binding of apo-ras to

GDP and GTP with and without Mg2þ. The C-terminal truncated P21Ha-ras (resi-

dues 1–166) preserves crucial kinetic and structural properties [37–39] and, thus,

is a model for this study. We used PLIMSTEX to investigate the binding of Mg2þ

to ras-GDP to form a ternary complex; that is, the ras-GDP binary complex was

treated as the ‘‘apo’’ protein and Mg2þ was treated as the ligand.

11.3.2.1 Kinetic Study of Forward H/D Exchange Ras-GDP with Different [Mg2B]

To determine the appropriate H/D exchange time for the titration, we first deter-

mined the forward H/D exchange kinetics of ras-GDP (1.5 mM) as a function of

[Mg2þ]. We chose this protein concentration for the kinetics of H/D exchange at

different [Mg2þ] to [ras-GDP] ratios because we had a limited amount of protein

and the initiation of H/D exchange by diluting the deuterated buffer would not

cause significant dissociation of the ternary complex at this protein level [40]. Fig-

ure 11.3 shows the deuterium uptake versus the time of H/D exchange for three

Fig. 11.3 Forward H/D exchange kinetics for Ras-GDP with different

[Mg2þ]. Line (a), diamonds: [Mg2þ]free/[Ras-GDP]total ¼ 0. Line (b),

triangles: [Mg2þ]free/[Ras-GDP]total ¼ 15. Line (c), circles: [Mg2þ]free/
[Ras-GDP]total ¼ 500. Conditions: 1.5 mM Ras-GDP, in 50 mM HEPES/

100 mM KCl, apparent pH 7.4, 90% D2O, T ¼ 21:5 �C. Waters CapLC

and a Q-TOF Ultima were used for LC/ESI-MS analysis.
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concentration ratios (0, 15, 500) which represent, for a titration with Mg2þ: the
initial (no ligand), an intermediate point, and the end. The data were fitted using

a three-group, pseudo-first-order kinetics model [25] to give, for 162 amide hydro-

gens in C-terminal-truncated ras, the distribution of the fast-, intermediate-, and

slow-exchanging amide hydrogens under these three [Mg2þ]:[ras-GDP]tot ratios

(Table 11.2). As the ratio of [Mg2þ]:[ras-GDP]total increases, more binary ras-

GDP complex is transformed to the ras-GDP-Mg2þ ternary complex, and the

number of fast-exchanging amide hydrogens decreases monotonically from 79 to

65, whereas the number of slow-exchanging hydrogens increases from 48 to 76.

This distribution is a ‘‘signature’’ of ras protein’s conformation and should, in

general, be a useful indicator for an unknown protein to guide theoretical calcu-

lations of folding. Fast-exchanging hydrogens are likely to be involved in minimal

hydrogen bonding, whereas slow ones are protected by high-order structure and

hydrogen bonding. That more hydrogens shift from fast to intermediate and slow

groups upon Mg2þ-binding is consistent with a global folding of ras into a more

compact and stable, less solvent-accessible form. After 3 h of exchange, the deute-

rium uptake levels off for each of the three concentration ratios, indicating that

the H/D exchange of the fast and intermediate amides had arrived at a near

steady state. The small experimental errors in exchange time do not contribute

significantly to the measurement of deuterium uptakes. Pointing to a successful

application of PLIMSTEX are detectable differences between deuterium levels in

ras-GDP (no Mg2þ) and ras-GDP-Mg2þ complex at this time. Therefore, we chose

3 h as the exchange time for the PLIMSTEX titration (i.e., the time of the quench

in exchange).

11.3.2.2 PLIMSTEX Results for Ras-GDP Titrated with Mg2B

In the titration of 1.5 mM ras-GDP with Mg2þ, as the [Mg]:[ras-GDP]tot ratio

increases, the deuterium uptake decreases as the ternary complex is formed. Fit-

Table 11.2 Average rate constants and number of amide hydrogens in

each rate group for H/D exchange of ras-GDP under different Mg

concentrations. Measurements were made in 100 mM KCl/50 mM

HEPES, 90% D2O, apparent pH of 7.4, T ¼ 21:5G 0:5 �C. The final

[ras-GDP]tot in H/D exchange media was 1.5 mM. EDTA was used to

control [Mg2þ] in solution.

Rate constants and

number of amides

[Mg2B]/[ras-GDP]tot

Fast Intermediate Slow

k1 (minC1) No. of H1 k2 (minC1) No. of H2 k3 (minC1) No. of H3

0 1.9 79 0.032 35 0.0007 48

15 1.4 70 0.014 39 <0.000001 53

500 1.5 65 0.027 21 0.0005 76

Average 1.6 0.03 0.004
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ting the PLIMSTEX curve (Fig. 11.4) gives Ka, DD1, and D0 for ras-GDP as

ð4:1G 0:2Þ � 104 M�1, 25:6G 0:6 and 105:7G 0:5, respectively. The root mean

square (RMS) of the error between the predicted and the experimentally mea-

sured deuterium shifts is 0.7 Da. The results indicate a relatively weak 1/1 inter-

action between Mg2þ and ras-GDP, causing@ 26 backbone amide protons of the

binary complex to become protected with the binding to Mg2þ. The binding con-

stant agrees with the literature value (6:9� 104 M�1) obtained from an equilib-

rium unfolding stability study using circular dichroism [41]. The protection quan-

tified by PLIMSTEX ðDD1 ¼ 26Þ is also consistent with the difference between

the number of the slow exchanging amide protons of ras in its ternary complex

ras-GDP-Mg2þ (@76) and that in the binary complex ras-GDP (@48).

11.3.2.3 Interpretation of PLIMSTEX Results with H/D Exchange Kinetics

The PLIMSTEX curve is directly related to the H/D exchange kinetics of the pro-

tein (e.g. ras-GDP) and its protein–ligand complex (e.g. ras-GDP-Mg2þ). Taking a

certain sampling timepoint (e.g. 3 h) for the titration produces a view that is a

weighted superposition of all protein conformation concentrations as a function

of ligand concentration. If we were to choose a different time, we would obtain a

view with a different weighting. For example, at 3 h, where the H/D exchange be-

comes nearly constant, the fast and intermediate hydrogens are nearly at equilib-

rium so their weight in the superposition is approximately zero, but those in the

slow group are still exchanging so their weight is dominant. At the start of the

titration, ras-GDP is the main species, and it has the smallest number of slow ex-

Fig. 11.4 PLIMSTEX curve for 1.5 mM Ras-

GDP titrating with Mg2þ. Conditions: 90%
D2O, 50 mM HEPES buffer, 100 mM KCl, pH

7.4, H/D exchange time ¼ 3 h. EDTA was

used to control [Mg2þ] in solution. The error

bars shown for each data point were based

on the deviation from two independent runs.

[Mg2þ]free was calculated using the

‘‘Webmaxc Standard’’ program on the

internet [43]. The solid line was the fitted

PLIMSTEX curve for the average data using a

1:1 binding model and three-parameter

(b1;D0;DD1) fitting.
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changing hydrogens. As a result, we see the highest extent of exchange. At the

latter stages of the titration, the ternary complex ras-GDP-Mg2þ is predominant

and has the largest population of slow exchanging hydrogens. The middle part

of the titration curve (Fig. 11.4) represents a superposition of various ras-GDP

and ras-GDP-Mg2þ species. Differences in kinetics give different uptakes of deu-

terium as a function of sampling time; indeed, if no change in H/D exchange ki-

netics were observed for different ligand-binding species, the titration curve

would be a horizontal line. As mentioned previously, PLIMSTEX is applicable

only if there is a change in the D uptake as the ligand is added. When

the differences disappear at long time, methods such as pulsed labeling and

rapid mixing are better choices because these methods sample fast exchanges

(t0:5 < 1 s).

11.3.2.4 Application of PLIMSTEX to Relatively Weak Protein–Ligand Binding

The titration of ras-GDP with Mg2þ also demonstrates that PLIMSTEX is applica-

ble to those relatively weak noncovalent protein–ligand complexes that may be

difficult to detect by direct electrospray. Although ESI-MS can detect the 20 mM

of ras-GDP binary complex and its nonspecific sodium adducts in 2 mM ammo-

nium acetate, pH 5.2 [42], the ternary complex of ras-GDP-Mg2þ does not survive

under similar conditions because the constants ðKaÞ for Mg2þ binding are rela-

tively small. Even with ras-GDP, a relatively strong complex, the solvent pH and

electrospray source conditions are critical in a direct ESI-MS analysis. In the

PLIMSTEX protocol, the ligands release upon quenching at low pH to form ras-

GDP and allow an easy detection of apo-ras under normal ESI-MS conditions

(47.5:47.5:5.0 of CH3CN:H2O:CH3COOH, pH 2.6). PLIMSTEX does not rely on

the ability of MS to measure solution concentration from peak intensities but

rather to measure m=z. The two complexes are distinguishable by their different

H/D exchange kinetics, leading to different deuterium uptakes at certain ex-

change times.

11.3.2.5 Experimental Issues Regarding Using Metal Chelators

In most PLIMSTEX experiments, the total ligand concentration is used in the

curve fitting. The determination of free ligand concentration is not required be-

cause the relationship between the free and total ligand concentrations is resolved

in the modeling procedure [24]. For the ras titration, however, we had no Mg2þ-
free ras-GDP stock but only a limited amount of ras-GDP-Mg2þ stock solution

(1.5 mM ras, 10 mM MgCl2, in 64 mM Tris-HCl, 10 mM MgCl2, 1 mM sodium

azide, 1 mM DTT buffer, pH 7.6). After diluting by 100 times with 50 mM N-(2-
hydroxyethyl)piperazine-N 0-2-ethanesulfonic acid (HEPES) and 0.1 M KCl, pH

7.4 buffer, there was still excess of Mg2þ. To conduct the Mg2þ titration of free

ras-GDP, we added EDTA to control free [Mg2þ] in solution {free [Mg2þ] was cal-
culated using a WebChelators program (Webmaxc Standard) on the internet [43,

44]}.
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11.3.3

Apo-CaM Interacting with Ca2B: A 1:4 Protein:Metal Ion Interaction

With the success in studying 1:1 protein:metal ion binding, we applied PLIM-

STEX to the more challenging 1:4 protein:metal ion binding of calmodulin and

Ca2þ binding. Calmodulin, a small (@17 kDa), acidic, and highly conserved pro-

tein, is regulated by Ca2þ binding in most eukaryotic cells. When binding Ca2þ,
calmodulin undergoes conformational changes that enable it to bind to and acti-

vate other target proteins, an action that is critical to various aspects of cell metab-

olism [45, 46]. We wished to learn whether PLIMSTEX can determine the con-

formational changes, binding stoichiometry, and binding constants for Ca2þ

interactions with calmodulin (CaM) under varying conditions of electrolyte iden-

tity and ionic strength [25].

11.3.3.1 PLIMSTEX Results for CaM and Intermediate Protein–Ligand Binding

Species

The PLIMSTEX titration curve shows that CaM becomes more stable (more

hydrogen-bonded) upon Ca-binding (Fig. 11.5A). The formation of CaM-4Ca2þ

species is the biggest contributor to the shape of the titration curve and accounts

for the largest conformational change in the stepwise Ca2þ binding. The earlier

Fig. 11.5 Ca titration of porcine calmodulin and fractional species

calculation [25]. (A) Ca-titration for 15 mM of porcine calmodulin in 50

mM HEPES (pH 7.4, T ¼ 21:5 �C, 90% D2O). Error bars were based on

the deviation from two sets of Q-TOF data. The solid curve was the

best fit for the average data using the four-parameter model. (B)

Fractional species as a function of [Ca2þ] for CaM interacting with four

Ca2þ.
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interactions with the first and second calcium ions do not perturb CaM’s confor-

mation in any significant way. Therefore, we cannot obtain K1 and K2 from the

titration and took these constants from published fluorescence studies that were

done under comparable pH and ionic strength [47]. Modeling the titration curve

gave b3 and b4, from which we could calculate K3 and K4. The two literature se-

quential binding constants are: K1 ¼ 2:5� 105 M�1, K2 ¼ 5:0� 106 M�1 [47],

whereas K3 ¼ 7:1� 104 M�1, and K4 ¼ 1:1� 105 M�1 come from PLIMSTEX

(Table 11.1); the latter agree with the literature K3 and K4 within a factor of 3.

We then calculated the fractional-species of the Ca-bound CaM species, CaM-xCa
(x ¼ 0–4) using the macroscopic binding constants K3 and K4 that come from

the titration data and the literature values of K1 and K2 (Fig. 11.5B). The binding

polynomial shows that apo-CaM (CaM-0Ca) disappears quickly with an increase

of total [Ca2þ]. CaM-1Ca and CaM-3Ca never become abundant but give way

quickly to CaM-2Ca and CaM-4Ca, respectively, substantiating cooperativity in

the binding. The major changes in fractional species occur between the formation

of CaM-2Ca and CaM-4Ca, which is mirrored by the titration curve, where the

greatest difference in exchange also occurs as CaM-2Ca goes to CaM-4Ca. After

the fourth Ca2þ is bound, the extent of exchange drops to its lowest level and be-

comes nearly constant. None of the nonspecific binding of more than four Ca2þ

is registered in the titration, indicating that if further binding to Ca2þ occurs, it

does not cause any significant conformational changes in the protein. This result

demonstrates that PLIMSTEX can determine accurately the intermediate binding

species and related binding constants, which are often difficult to obtain by most

other mass spectrometry-based methods. It also bypasses any problems caused by

nonspecific binding, which is often encountered by direct ESI measurements

(complexes involving more than four Ca2þ can be seen by direct ESI).

11.3.3.2 PLIMSTEX in Biologically Relevant Media and High Ionic Strength

Physiological conditions of cellular solutions often include relatively high ionic

strength salt media with nonvolatile buffer and high concentrations of salt, which

make difficult the detection of protein and protein–ligand complex by direct ESI

or MALDI. Even with low ionic strength and a ‘‘mass spectrometry friendly’’ sol-

vent, nonspecific adducts may arise, confusing the stoichiometry and affinity

determinations. High sensitivity of mass measurements in PLIMSTEX can be

achieved because the pH is decreased to quench the exchange, and metal cations

and ligands normally dissociate and are removed by online chromatography prior

to MS analysis. Further, all forms of the protein revert back to the apo state, giv-

ing minimal signal dispersion and good signal-to-noise ratio. The clean up im-

proves the mass resolving power because metal-ion interference is removed. By

maintaining a high D/H ratio in the forward exchange and a high H/D ratio in

the back exchange, we find a narrow isotope distribution and concomitant im-

proved mass resolving power. Therefore, PLIMSTEX allows one to explore Ca2þ

binding to CaM in not only 15 mM of CaM in low ionic strength media (2 mM

NH4OAc) but also under conditions with buffer and high ionic strength (50 mM

HEPES or 50 mM HEPES with 100 mM KCl; Fig. 11.6).
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The DD4 decreases dramatically from low ionic-strength media (2 mM

NH4OAc) to high ionic-strength media (50 mM HEPES with 100 mM KCl). The

mid points of the curves shift from low [Ca2þ]total to higher [Ca2þ]total, indicating
that the Ca-binding affinity decreases as ionic strength increases. The Ca-binding

affinity ðK3K4Þ obtained from sequential ligand binding curve fitting, where the

ratio of protein:ligand is 1:4, decreases by approximately four orders of magni-

tude with increases in ionic strength and [Kþ], in agreement with results from

other methods [47, 48]. The binding is influenced by ionic strength and the pres-

ence of other cations, although many of these cations do not cause conforma-

tional changes in apo CaM. Both Ca2þ and Mg2þ bind to CaM with different af-

finities, causing different conformational changes. Kþ, if it does bind, causes no

detectable conformational change, and the interactions of Ca2þ with CaM in the

presence of Liþ, Naþ, and Kþ occur with similar affinities and associated changes

in solvent accessibility. These metal-ion effects point to nonspecific rather than

competitive binding of alkali metal ions, as was discussed in a full research article

[25].

11.3.4

Apo-IFABP and Oleate: A Protein–Small Organic Molecule Interaction

Intestinal fatty acid-binding protein (IFABP) belongs to a family of@15 kDa, pre-

dominately b-sheet proteins that bind a diverse group of polar lipids [49]. IFABP

Fig. 11.6 Ca titration of 15 mM porcine CaM in three different media

(99% D2O) [25]. Line(a): 50 mM HEPES/0.1 M KCl, apparent pH 7.4.

Line (b) 50 mM HEPES, apparent pH 7.4. Line (c): 2 mM NH4OAc,

apparent pH 7.0. Error bars were based on two sets of LCQ titration

data. Solid curves were taken from the four-parameter model and are

the best fit for the average data.
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consists of a helix-turn-helix motif and a b-clam topology surrounding a large cav-

ity into which a single fatty acid binds, permitting intracellular trafficking and

processing of dietary fatty acid in the intestine [50, 51]. A D34A-IFABP mutant

with a single-site mutation by replacing Asp 34 with Ala is available, and the

structure of its apo-form was solved by Ogbay and Cistola using NMR [52]. H/D

exchange kinetics and PLIMSTEX applied to wild-type rat IFABP (WT-IFABP)

and its D34A mutant (D34A-IFABP) add information on the differences in con-

formation and fatty acid-binding properties of this protein [53, 54].

The PLIMSTEX curve for 0.3 mM WT-IFABP titrated with potassium oleate fits

well with a 1:1 binding model [22, 24]. The K and DD1 (difference between the

average deuterium level of one-ligand-bound protein and that of apo protein) for

WT-IFABP are ð2:6G 0:6Þ � 106 M�1 and 13:8G 0:7 (Table 11.1), respectively, in-

dicating that a strong interaction between oleate and WT-IFABP occurs with pro-

tection of@14 backbone amide hydrogens.

The titration curve for 3 mM D34A-IFABP with oleate is more complicated and

fits well a 1:3 protein:ligand sequential binding model [54]. The binding affinities

of each oleate to D34A [Kdi ði ¼ 1@3) are between 6 mM and 140 mM] are lower

than that of the single binding constant for WT-IFABP [0.38 mM]. Complexes

with one and three oleates are more hydrogen-bonded than those of apo D34A-

IFABP (DD1 ¼ 25; DD3 ¼ 32); however, the two-oleate bound D34A protein is

less hydrogen-bonded than apo ðDD2 ¼ �9Þ. Mass profiles obtained in an FTMS

experiment showed that multiple components form during oleate titration. For

example, the pattern of peaks representing uptake of deuterium by D34A-IFABP

when the ratio of oleate to D34A is 15:1 fits three binomial distributions.

These results demonstrate that the disruption of the D34-R126 ion pair in

IFABP causes the D34A mutant to bind additional oleates (at least three) with

lower binding constants than for WT-IFABP binding the first oleate.

11.3.5

Holo-CaM and Melittin: A Protein–Peptide Interaction

Most physiological relevant targets for CaM are proteins, but CaM also binds to a

number of peptide hormones, toxins, and peptides, which represent CaM binding

domains, as well as small drug-like molecules [55–57]. Melittin, a small hydro-

phobic peptide from bee venom consisting of 26 amino acid residues, is known

to bind Ca2þ-saturated CaM (holo-CaM) in a 1:1 ratio with a range of Kd values

between 3 nM [58] and 110 nM [59]. The low molecular weight of melittin (MW

2845), its a-helical structure [60], and its high affinity for CaM make it a good can-

didate for detailed structural studies of CaM-target recognition. Although the me-

littin model has some drawbacks, there is phenomenological evidence [61, 62]

that the binding of melittin to CaM resembles that of myosin light-chain kinase

protein (MLCK) [63] and troponin I [64]. Binding the third and fourth Ca2þ be-

comes more endothermic, but the free energy coupling in the CaM-Ca2þ-melittin

system is entropically driven by hydrophobic interactions (i.e. by significant dehy-

dration of nonpolar groups in the Ca2þ-binding sites and in the two surface-
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accessible hydrophobic domains of CaM [62]). Melittin binding to Ca2þ-saturated
CaM (holo-CaM) appears to be a good test for PLIMSTEX.

11.3.5.1 PLIMSTEX Curves Under Different Holo-CaM Concentrations

As demonstrated earlier (Fig. 11.2), PLIMSTEX curves are sensitive to the total

protein concentration and do not yield reliable K values when the protein is ti-

trated at high concentrations (@100 times the 1/K or Kd). Nevertheless, when

the concentration is too high, ‘‘sharp-break’’ curves (curve B in Fig. 11.2, curve b

in Fig. 11.7) are obtained and can be used for stoichiometry determination. We

found the binding stoichiometry for holo-CaM: melittin binding to be 1:1 by ti-

trating a relatively high concentration of holo-CaM (15 mM) with melittin (Fig.

11.7, curve a). Interestingly, we found that the binding of mastoparan, which is a

14-amino-acid residue peptide from the wasp and is approximately half the size of

melittin, is accompanied by a greater loss of solvent accessibility for CaM than

that caused by binding of melittin (Fig. 11.7, curve b), ruling out a direct block

of the surface amides, and indicating significant conformational change (addi-

tional H-bonding) with the binding. The PLIMSTEX result is in accord with the

proposed structure of the holo-CaM:melittin complex [65] for which the holo-

CaM changes from an open dumbbell shape to a closed globular shape with

both domains interacting with the peptide. The conformational change induced

by mastoparan binding may cause the small peptide to be surrounded by the

two domains of CaM, whereas this full interaction may not be possible for the

longer peptide melittin. These two examples show the opportunity for PLIM-

STEX to suggest conformational changes associated with protein–ligand binding.

Fig. 11.7 Sharp-break PLIMSTEX curves at high protein concentration

[23]. Line (a): melittin (a 26-amino-acid peptide) titration. Line (b):

mastoparan (a 16-amino-acid peptide) titration of 15 mM Ca2þ-
saturated porcine calmodulin (CaM-4Ca) in 50 mM HEPES, 100 mM

KCl, 0.49 mM Ca2þ, 99% D2O, apparent pH 7.4. Data points are based

on the average of two runs for each titration system, and the breaking

point clearly indicates 1:1 protein–ligand binding stochiometry.
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Owing to the high sensitivity of mass spectrometers and the chromatographic

concentrating procedure in our protocol, we are able to measure a wide range of

protein concentrations in PLIMSTEX by simply adjusting the injection for MS

analysis. Small quantities (high picomolar) and low concentration (nanomolar)

of proteins are sufficient for mass measurement for each point in a titration. To

determine the binding affinity between the holo-CaM and melittin, we had to

lower the protein concentration from 15.0 mM to 0.15 mM and redo the titration.

The resulting K and DD1 for holo-CaM are ð5:4G 0:9Þ � 107 M�1 and 29:3G 0:3

(Table 11.1), respectively, indicating a strong interaction occurs in the binding of

melittin and holo-CaM accompanied by protection of@29 backbone amide hydro-

gens. Although there is a wide range of binding constants [ð0:93–33:0Þ � 107

M�1] in the literature [58, 59], the latter constant, which is commonly cited, was

determined by using an affinity column to separate free [3H] mono-acetyl-

melittin from CaM-bound melittin and quantify it by liquid scintillation counting

[58]. If the high affinity were correct, then the most appropriate protein concen-

tration for the titration would not be 150 nM, but 3 nM, a concentration that chal-

lenges current MS.

11.3.6

Self-association of Insulin: A Protein–Protein Interaction

Protein–protein interactions mediate the majority of life processes. An under-

standing of these interactions is critical to understanding cell regulation [66] and

to preventing human disease that can arise from errors in protein–protein inter-

actions [67]. A clear understanding of these interactions points the way to devel-

oping new targets and discovering new drugs [68]. Insulin, a protein with 51

residues in two chains [69], is a good model system for testing whether a

PLIMSTEX-like approach can determine protein self association. Oligomerization

of insulin also has implications in the treatment of type I diabetes. The large size

of the hexamer, which contains two Zn2þ, of insulin prevents its efficient absorp-

tion into the blood stream [70], whereas aggregation is prevented by using ana-

logs of insulins that are stable in monomeric form [71]. PLIMSTEX can be used

to study the self-association properties of various insulins [33] and may be a

promising method for investigating protein–protein interactions.

11.3.6.1 Modified Version of PLIMSTEX for Insulin Self-association

To obtain data similar to that from PLIMSTEX, the concentration of insulin in solu-

tion is varied and amide exchange is initiated, followed by quenching the exchange,

and injecting the ice-cold solution into the ESI source of a mass spectrometer.

After the quench, the oligomers dissociate into monomers, but the increase in

mass of the monomer (compared to the control) gives a weighted average of the

increase in mass of the various oligomers. These data can be used to obtain a

species-specific deuterium number for each oligomer and to calculate the associ-

ation constants for the oligomerization. For fitting the insulin self-association
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data, the modeling is modified to acknowledge that both ligand and protein are

the same [33].

The insulin amide exchange during the self-association shows that the number

of exchangeable hydrogens decreases with increasing concentration of insulin,

demonstrating that, as the self-association occurs, fewer amide hydrogens un-

dergo exchange. The DD values in the case of insulin represent changes in the

solvent accessibility of the oligomer compared to that of the monomer. Assuming

a monomer Ð dimer Ð hexamer model gives a good fit for the data. At conver-

gence, the dimerization constant, K12, is 7� 105 M�1 and the hexamerization

constant, K26 (from dimer to hexamer), is 2� 109 M�1, and these agree with the

literature values (1:4� 105 M�1 and 4� 108 M�1) [72] within a factor of 5. The

corresponding DD12 and DD26 are 14 and 23, respectively (Table 11.1), quantifying

the number of amide hydrogens in the dimer and hexamer (with respect to

monomer) that lose solvent accessibility in the self-associations.

A similar approach is fruitful for investigating insulin mutants that may be

under consideration as replacements for wild-type insulin in human therapy. For

lispro insulin (in which positions P28 and K29 in human insulin are reversed),

and for several other insulin mutants, PLIMSTEX clearly can distinguish the

self-association properties and binding constants of lispro and r-human insulins

[33].

11.4

Features of PLIMSTEX

11.4.1

Determines Ki, Stoichiometry, and Protection (DDi)

PLIMSTEX can determine the association constant Ki, stoichiometry, and protec-

tion ðDDiÞ in protein–ligand interaction. It is a general mass spectrometry-based

method that is applicable to a wide range of protein–ligand binding, including

binding of metal ions, small organic molecules, peptides, and proteins. Com-

bined with kinetic measurements of H/D exchange, PLIMSTEX also provides in-

sights on protein structure and its changes with ligand interactions.

11.4.2

Requires Low Quantities of Protein

NMR, X-ray crystallography, and calorimetry-based approaches typically require

millimolar concentrations and milliliter volumes, hindering their use for proteins

that are available only in low quantities and/or are difficult to purify. Further-

more, measuring affinity may require a concentration regime that is too low for

determining the free energy of binding [51]. Spectroscopy-based approaches such

as fluorescence or circular dichroism generally require less sample, but when the
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binding is weak, these methods also require more sample [73]. Owing to the high

sensitivity of mass spectrometers and the chromatographic desalting and concen-

trating procedure in the protocol, PLIMSTEX is applicable to a wide range of pro-

tein concentrations by simply adjusting the amount of solution injected into the

mass spectrometer. Small quantities (high picomole) and low concentration

(nanomolar) of proteins are sufficient to obtain each point in a titration or kinetic

run. Other direct or indirect MS methods (e.g. SUPREX [74]) also need only

small amounts of protein.

11.4.3

Relies Only on MS to Measure m/z And Not Solution Concentration

One asset of mass spectrometry in protein science is that ESI and MALDI [11, 75]

can introduce noncovalent complexes to the gas phase [12, 76, 77]. If one can as-

sume that the gas-phase ion abundances (peak intensities) for the complex, apo

protein, and ligand are directly related to their equilibrium concentrations in so-

lution, the relative and absolute binding affinities can be deduced [78–81]. Ex-

tended methods are now available that also make use of the intensity of the com-

plex and the protein at high ligand concentration to determine binding constants

[78, 82–84].

Unfortunately, ESI is discriminatory and peak intensities especially when mea-

suring a system at equilibrium may not be reliable [85, 86]. Electrostatic forces in

complexes are strengthened in the solvent-less environment of the mass spec-

trometer, making electrostatically bound protein–ligand complexes more stable

in the gas phase than in solution. Binding that is largely governed by hydropho-

bic interactions in solution, however, weakens in the vacuum of a mass spectrom-

eter, and complexes bound by hydrophobic forces break apart to an unpredictable

extent, leading to incorrect affinities [76, 87, 88]. One may correct for fragmenta-

tion of a noncovalent complex in the gas phase by using response factors that re-

late the mass spectrometer signal to the concentration of the complex in solution

and ultimately give the correct stability of the complex. A recently announced

method [89] cleverly uses only the signal intensity of the complex and follows it

in a titration, much the same way as PLIMSTEX takes only the changing mass of

the protein during a titration. Modeling the changing intensity as a function of

added ligand gives the response. Although use of response factors may avoid

some of the problems of direct measurements, the ionization process must still

bring detectable amounts of protein–ligand complex into gas phase, and this re-

mains problematic for weakly bound systems. Furthermore, for systems having a

small Ka, the titration must be performed at high concentration of ligand and

protein, regions where the response of ESI may be nonlinear [90–94].

An additional problem for all direct methods is that they cannot use high ionic

strength and nonvolatile buffers, which are needed to simulate physiological con-

ditions, because ESI does not work under these conditions. Thus, nonspecific ad-

ducts may be produced, confusing the stoichiometry and affinity determinations.
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Furthermore, if the affinity is to be measured in water, then ESI must be done

with solutions that have high contents of water, which is difficult or impossible.

Another problem is that different source configurations (e.g. normal vs nano

ESI), desolvation conditions, and instruments may give different results in affin-

ity determinations [95].

PLIMSTEX avoids these problems by following changes in H/D exchange by

using the mass shifts accompanying exchange; the signal intensities for the com-

plex are not required. As such, it takes advantage of the increasing ability of mass

spectrometers to measure accurately m=z, a measurement that is not compro-

mised by the discrimination in measuring signal intensities by ESI. The basis

for PLIMSTEX is reactivity, similar to footprinting [96], but there is a strong anal-

ogy to titration monitoring by spectroscopic methods (e.g. absorbance or fluores-

cence). SUPREX, another method for measuring the free energies of binding

from H/D exchange rates during unfolding (for some examples, see [20, 97]),

also takes a single parameter from the mass spectrum (i.e. the m=z) and avoids

the complications of relying on ESI signal intensities.

11.4.4

Works in Biologically Relevant Media at High Ionic Strength

The cleanup (desalting) and concentrating procedures allow one to use various

proteins, buffer systems, salts, and pH in the exchange protocol and make PLIM-

STEX able to measure protein–ligand binding in biologically relevant media at

high ionic strength, which is not possible for direct ESI measurements. More-

over, desalting permits the high sensitivity in the mass measurements to be

achieved by reducing interference from the ligand, buffer, and salt after quench-

ing and desalting. The high resolving power arises because the desalting eschews

formation of metal-ion adducts that disperse ionization. Furthermore, a high D/H

in the forward exchange and a high H/D ratio in the back exchange afford a nar-

row isotope distribution. Desalting on the guard column and eluting into the

mass spectrometer can be typically done in 1 min, minimizing back exchange.

11.4.5

Does Not Need Specially Labeled Protein or Ligand

Many conventional methods, particularly NMR, require that the protein be spe-

cially labeled so that it can generate the signals that are a measure of concentra-

tion. Radio-labeled materials are essential when scintillation counting is used. For

protein–ligand systems that do not contain chromophores or fluorophores, addi-

tional labels must be inserted into the molecules. Some affinity studies need spe-

cial chemical reaction probes, and these probes may be expensive or difficult to

obtain, thus hindering their application to a wide range of protein–ligand sys-

tems. PLIMSTEX, like other MS-based methods, relies on the hydrogen/
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deuterium exchange of amide hydrogens that are present in all protein systems;

therefore, no special labeling is necessary.

11.4.6

Avoids Perturbation of the Binding Equilibrium

The use of D2O as an exchange reagent produces the least perturbation of any

chemical method. No additional reagents are needed. No physical separations of

the free ligand or protein from the protein–ligand binding system are required as

in affinity chromatography, size exclusion chromatography, and ultra-filtration.

Certain methods that track stability of protein–ligand interactions (e.g. circular

dichroism and other spectroscopy methods [98–100] as well as SUPREX [20,

101]) require denaturants, and they may perturb the original binding equilib-

rium. ESI- or MALDI-based methods that attempt to measure directly the solu-

tion concentrations may also perturb the equilibrium during the ionization pro-

cess, causing inaccuracies in the determination [76, 87, 88].

11.4.7

Has Potential for Peptide Resolution

PLIMSTEX assays give H/D exchange profiles that provide a global view of the

intact protein. One of the advantages of using MS to measure exchange is that

the information can be extended to the peptide and even the amino-acid level by

enzyme digestion and/or by MS/MS analysis [102–107]. Once the binding affinity

and protection in the intact protein are determined by PLIMSTEX, the resolution

of the information can be increased by digesting the protein with pepsin after the

exchange is quenched (pepsin works at the low pH of the quench). The re-

sulting peptides can be analyzed by MALDI-MS, or LC/ESI-MS and MS/MS. We

compared different approaches for pepsin digestion [53] of IFABP, CaM, and ras

protein. The online digestion on a custom-built immobilized pepsin column [53,

108] followed by LC-MS and MS/MS may give the best sequence coverage and ex-

perimental control. Compared to a solution approach, there is less pepsin inter-

ference in the mass spectrum, more complete digestion, more reproducible cleav-

age sites, and less digestion time (leading to less back exchange). We applied this

online digestion to ligand binding of IFABP [53].

11.4.8

Current Challenges and Future Directions

Present successes in PLIMSTEX rely on a measurable deuterium shift upon li-

gand binding accompanying a conformational change or detectable shielding in-

duced by ligand binding region. PLIMSTEX procedures may be extended to pro-

teins that do not significantly change conformation during ligand binding by

using competition with a known protein that can serve as an indicator or by em-
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ploying a pulsed-labeling strategy to shorten exchange times and allow focus on

the fast exchanging amide hydrogens that may be affected by ligand binding but

do not show difference in longer H/D exchange time that are currently used.

Metal ions, small organic molecules, peptides and small proteins are the li-

gands tested thus far. PLIMSTEX should be applicable to other ligands including

nucleic acids and other proteins. PLIMSTEX should have utility for measuring

affinities of proteins in complexes as well as alone, and if this works, it may be

one of the few techniques that can probe interaction of a ligand with one protein

that is interacting with others.

The current modeling procedure is implemented using Mathcad, which may

not be efficient for more complicated protein–ligand binding systems than tested

thus far. Other programs (e.g. C or Cþþ) should increase the calculation speed

and be more user-friendly. A kinetics factor may be built into the model to accom-

modate different exchange times used for the titration and to assist the evaluation

of a best time-to-quench for a titration study. An example of a more complex sys-

tem is the binding of two different ligands to one protein or two proteins compet-

ing for a single ligand.

A key future direction is expanding PLIMSTEX to provide a higher resolved

view than the global view of the whole protein that is currently obtained. Diges-

tion with pepsin followed by peptide analysis by MS and MS/MS should allow ki-

netics and titrations to be measured for portions of a protein, giving PLIMSTEX a

view of the protein that currently emerges from NMR and X-ray methods.

Automation of sample handling and the LC/MS process may give PLIMSTEX a

higher throughput character and make it useful for screening the binding of

small libraries of drug candidates to target proteins.

11.5

Fast Radical Footprinting for Protein–Ligand Interaction Analysis

Another approach, fast radical footprinting, uses reactions of a radical (e.g. �OH)

with amino acid side-chains. It is complementary to PLIMSTEX because it ex-

ploits side-chain reactivity instead of exchange of backbone amides. It can be

readily expanded to locating the amino acid residue that has reacted, because it

introduces an irreversible modification (stable covalent bond) to the protein and

can utilize any protease to locate reaction sites, taking advantage of in silico pre-

diction of cleavage sites. Whereas PLIMSTEX must use pepsin to cleave the ana-

lyte under quenching conditions and necessitates rapid LC runs to minimize

back exchange, any proteomic method can be used when probing protein inter-

faces that are determined by chemical reactions that make an irreversible change

to the protein. A chemical reaction method such as hydroxyl radical footprinting

probes specific functions (e.g. hydrophobic and sulfur-containing amino acid

side-chains) whereas H/D exchange probes the exchange rate of every backbone

amide hydrogen in the protein.
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11.5.1

Rationale for Hydroxyl Radicals as a Probe

The hydroxyl radical is a small, highly reactive probe that is formed in water and

primarily targets hydrophobic residues [109]. This may be an ideal probe for

protein–protein interactions because tyrosine, tryptophan and phenylalanine are

most likely to be found at an interface [110, 111]. Although protein–DNA in-

terfaces are comprised of charged and hydrogen-bond donor side-chains, even

these residues may be probed by hydroxyl radicals [112].

The hydroxyl radical reacts at nearly a diffusion limited rate (k@ 1� 1010

M�1 s�1 to 5� 109 M�1 s�1) with the aromatic amino acids, as well as with me-

thionine, and cysteine [113]. Most other side chains are 10–100 times less reac-

tive, making the hydroxyl radical specific for residues that are typically located at

protein–protein interfaces yet sufficiently reactive to give a ‘‘snapshot’’ view of

the protein. Hydroxyl radicals have been successfully used to study protein–

DNA and protein–metal interactions [114–116].

11.5.2

Methods for Generating Hydroxyl Radicals

Hydroxyl radicals can be generated chemically by using the Fenton reagent [117]:

Fe2þ reduces H2O2 to hydroxide and hydroxyl radical, but this process is slow.

The radicals can also be generated by radiation: for example, synchrotron radia-

tion cleaves water into a proton, electron and a hydroxyl radical [118], whereas

UV light homolytically cleaves H2O2 into two hydroxyl radicals [119, 120]. As

these methods require tens of milliseconds to minutes [121], we utilized a UV

laser, which should have advantages for the fast photolysis of hydrogen peroxide

into hydroxyl radicals [30]. No significant oxidation should occur prior to the laser

pulse (traces of prior oxidation can easily be confirmed by performing a simple

peroxide-plus-protein control; Fig. 11.8A). We expect the laser-produced hydroxyl

radicals to react with the protein side-chains or recombine to reform H2O2.

Owing to these two pathways, the radical concentration drops to below 1 mM

within approximately 100 ms as determined by kinetic calculations using the

known rate constant for hydroxyl–radical recombination [122]. The protein oxida-

tion profile that is achieved in that timeframe shows considerable protein oxida-

tion (note the peaks separated by 16 Da in Fig. 11.8B).

By adding excess chemical quencher to the system prior to irradiation, the rad-

icals should react with the quencher according to first order kinetics. If 20 mM

phenylalanine were added to the system, the radicals would be consumed within

70 ns of the laser pulse, and the use of 20 mM glutamine results in complete re-

action of all radicals within 1 ms of the laser pulse (Fig. 11.8C). Given that protein

secondary structure packing does not unfold faster than 10 ms, for even the fastest

systems studied thus far [30, 123–125], a 1-ms reaction timescale eliminates

nearly all concerns about protein unfolding as a result of oxidation. The other

way of mitigating this concern is to conduct the footprinting under ‘‘single hit’’
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conditions, where each protein molecule reacts only once with the radical. ‘‘Sin-

gle hit’’ conditions, whereby each protein contains only one oxidation site, are dif-

ficult to achieve while still affording good coverage and sensitivity, however, and

concerns linger when any method deviates from being fast and/or ‘‘single hit’’

[126].

11.5.3

Fast Photochemical Oxidation of Proteins

To ensure that there is sufficient sample of protein to be oxidized and then ana-

lyzed, we employed a flow system instead of firing a single laser shot into a small

volume of protein [30]. In this fast photochemical oxidation of proteins (FPOP)

setup, the protein, which is mixed with 15 mM H2O2, is passed through fused

silica tubing, irradiated at a certain point, and collected. The laser pulse is intro-

duced into a region of the tubing where the polyimide coating is removed to af-

ford a UV transparent window. To ensure that no fraction of irradiated protein is

oxidized a second time (receives a second pulse of light), the laser frequency can

be carefully matched to the solvent flow rate and tubing diameter. Furthermore,

Fig. 11.8 (A) Laser irradiation of 10 mM apomyoglobin in 10 mM

NaH2PO4, pH 7.8, and 20 mM phenylalanine as a scavenger. (B)

Oxidation of 10 mM apomyoglobin in 10 mM NaH2PO4, pH 7.8, 15 mM

H2O2, and 20 mM glutamine as a scavenger, limiting the reaction to 1

ms. (C) Oxidation of 10 mM apomyoglobin in 10 mM NaH2PO4, pH 7.8,

15 mM H2O2 with no scavenger, resulting in up to 100 ms reaction

duration.
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by designing the flow so that@20% of the protein solution is not irradiated, one

is confident that all oxidations are from the first pulse of light, leaving unreacted

protein to serve as a reference point. This FPOP approach should allow one to

capture a fast ‘‘snapshot’’ of the protein in solution. To observe the oxidations

(Fig. 11.8) on the protein, one can load approximately 5 pmol (80 ng) of protein

onto a small trap column and desalt the protein with water. The mixture of oxi-

dized and unoxidized protein is then eluted into a mass spectrometer (e.g.

QTOF), enabling analysis of the unmodified and modified protein as shown in

Fig. 11.8.

11.5.4

Locating the Sites of Oxidation

To determine the location of a protein–ligand interface, for example, it is neces-

sary to probe separately the solvent-exposed side-chains of the protein alone and

of the protein–ligand complex. Side-chains that are modified in the protein alone,

and not in the complex, indicate areas of decreased solvent accessibility due to

ligand binding. After the protein is modified, standard proteomic analytical

methods can be applied to pinpoint the oxidized amino acids by comparing the

product-ion spectra of the unmodified peptides with those of oxidized peptides.

Most oxidations can be located by searching for peptides whose m=z values are

þ16, þ32, þ48, �22 or þ5 Da compared to those of the parent ion. These mass

shifts correspond to addition of one, two or three oxygens to any residue, except

for histidine, which undergoes other side-reactions to afford mainly þ5 and �22

end-products.

11.5.5

Application of FPOP to Apomyoglobin

We tested FPOP by applying it to apomyoglobin [30], a protein that is well char-

acterized in the holo form [127] and is often used as a model in the field of pro-

tein folding [128–130]. Radical footprinting by FPOP in the presence of 20 mM

phenylalanine, a concentration that is 2000 times greater than that of the protein,

should be complete in@70 ns [30]. Indeed, virtually no protein oxidation occurs

with this high concentration of scavenger (Fig. 11.8A). In the presence of 20 mM

glutamine, a less reactive scavenger, the reaction duration lengthens from 70 ns

to 1 ms, and oxidation occurs (Fig. 11.8B). In the absence of scavenger, the reac-

tion duration lengthens to >100 ms, and now considerable oxidation occurs (Fig.

11.8C). These trends suggest that the kinetics of oxidation can be followed, at

least roughly, by varying the nature and concentration of the scavenger.

The next step is to digest the protein and analyze the peptides for sites of oxi-

dation. If the reactions indeed modify residues at the surface of the protein, one

should find a correlation between reactive sites and those that are predicted to
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have significant solvent exposure. To test the hypothesis, one can calculate side-

chain solvent accessibility using the X-ray structure and a 1.1-Å probe in the pro-

gram GetArea 1.1, available on the web [131]. For apomyoglobin, the only protein

tested thus far, the correlations are good [30].

The ability to measure the change in oxidation as a protein is titrated with its

ligand may, like for PLIMSTEX, enable the characterization of the binding affin-

ity. We know, for example, that hydroxyl radicals are suitable reagents for follow-

ing the denaturation-induced unfolding of apomyoglobin [132]. Although fast

radical footprinting has not yet been extended to affinity measurements, Fig.

11.9 shows one example where we can see large changes in the extent of oxida-

tion of a peptide and protein when the protein is unligated and when it is inter-

acting with the ligand (peptide). For S-peptide, Fig. 11.9A shows the extent of ox-

idation for the peptide in the absence of its binding partner, RNase S protein. In

Fig. 11.9B, we see that the extent of oxidation of the peptide is attenuated because

the peptide is now complexed with the S-protein. Similar changes are observed

when the order of addition is reversed; that is, when S-protein is in solution in

the absence of S-peptide, there is considerably more oxidation of the protein

(Fig. 11.9C) than when the peptide is added to form the complex (Fig. 11.9D). Fol-

lowing the extent of oxidation as the protein is titrated with the peptide may af-

ford the binding affinity of the complex, S-peptide/S-protein, as well as simulta-

neously reveal the residues involved in complex formation.

Fig. 11.9 Deconvolved mass spectra

[deconvolution by a maximum entropy

algorithm (MaxEnt) supplied by instrument

manufacturer] for S-peptide and S-protein,

showing differences upon oxidation with 15

mM H2O2 using 15 mM Gln as scavenger.

(A) S-peptide oxidized in absence of protein.

(B) S-peptide oxidized while bound to RNase

S protein, showing less oxidation. (C) RNase

S protein oxidized in absence of peptide. (D)

RNase S-protein oxidized while bound to S-

peptide.
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11.5.6

Advantages of FPOP

One of the major advantages of using an irreversible reagent to probe protein

interactions is that the sites of reaction can be readily determined by standard

proteomic procedures. When the method is fully developed, one may be able to

determine the Kd, binding stoichiometry, and the residues involved in ligand

binding. As with PLIMSTEX, the hydroxyl radical method measures a change in

the m=z and, therefore, is not susceptible to variations in ESI efficiency. With the

ability to use any enzyme for digestion of the protein, FPOP can be used under

any solution conditions including high salt, with denaturants and at low concen-

trations (we successfully applied this method to 100 nM protein). Current tech-

nology permits minute sample amounts to be used. In our experiments, approxi-

mately 50 pmol (800 ng) of apomyoglobin is loaded onto a protein trap. The

sequencing stage requires only a few picomoles; thus, these experiments can be

carried out on less than 80 ng of protein, a quantity that is less than the amount

that can be observed on an SDS-PAGE gel using Coomassie staining. Given that

analytical proteomic methods are being utilized, this method can be carried out

in heterogeneous solutions, although multiple proteins in solution would compli-

cate data analysis. Additionally, no specially labeled proteins are required, and

this method, like PLIMSTEX, enables significant information to be gleaned from

wild-type proteins; that is, no mutants are needed. Finally, although PLIMSTEX

and other H/D exchange methods certainly have no significant effect on the equi-

librium of the system, this method has not yet undergone significant testing to

confirm the same property. FPOP, however, when properly carried out with suit-

able chemical scavengers in solution, should produce oxidized proteins that are

modified before the protein complex can change conformation owing to the

changes caused by modifying the protein or its substrate.

Finally, it is likely that this method can be adapted for high throughput drug

screening studies. This may be particularly relevant for systems where activity as-

says cannot be readily developed. Conceptually, the protein complex would be

mixed with a compound designed to disrupt the interface, irradiated, and di-

gested online with trypsin or other proteases. The resulting peptides would be

collected on column and eluted with a fast gradient into the mass spectrometer.

Having previously mapped the interface, one can predict those oxidations that in-

dicate a disrupted interface and set up the instrument to monitor selected ions.

When observed, data-dependent fragmentation would confirm that a particular

residue was modified, confirming that the test compound disrupted the protein

interaction.

Additional developmental milestones for FPOP include the demonstration of

Kd determination and development of dose-dependent radical foot printing by

using different scavengers and concentrations to vary and then quantify the loss

of unmodified peptide signal and the increase of modified peptide. Further ad-

vances can be made by determining with certainty the reaction timescale. At the

366 11 Quantification of Protein–Ligand Interactions in Solution



present time, our calculations are worst case scenarios, so the reaction with 20

mM glutamine may be complete significantly before 1 ms. Direct analysis of the

reaction timescale may be performed using a tandem laser setup that records in

time the signal of a probe molecule sensitive to hydroxyl radical attack, or by fol-

lowing the formation and reaction of various aromatic amino acid residues on

the protein for a direct reading of the longest possible reaction duration. Finally,

with significant resources now being directed towards locating inhibitors by

using novel methodologies, FPOP may soon be used to identify new drugs and

targets.

11.6

Potential Applications in Drug Discovery

With the introduction of combinatorial chemistry, many high throughput screen-

ing technologies are being developed for discovering drugs, for screening the af-

finities of these many drug candidates with target proteins, and for determining

protein–protein binding interactions. Associated analytical measurements include

NMR, X-ray crystallography, mass spectrometry, chemical microarrays [133, 134]

and protein microarrays [135, 136]. An automated approach for the analysis of

protein structure by H/D exchange and MS was reported recently [137] (see also

Chapter 12). A more recent publication utilizes a fully automated system to differ-

entiate partial and full agonists of the ligand binding domain of the nuclear re-

ceptor PPARg [138]. Other relatively new mass spectrometry-based methods are

SUPREX [80, 139], frontal affinity chromatography with MS (FAC-MS) [19] (see

also Chapter 6), MS-based diffusion measurements [18], ‘‘SpeedScreen’’ by size

exclusion chromatography (SEC) and LC-MS [21], affinity capillary electropho-

resis MS (ACE-MS) [140], and pulsed ultrafiltration–mass spectrometry (PUF-

MS) [17] (see Chapter 4), and they have the potential for high throughput. High

throughput is achieved by using automated sample preparation with robot sys-

tems and parallel LC/MS with autosampling and online desalting. These may be

adapted for PLIMSTEX and FPOP.

Although PLIMSTEX and FPOP were originally developed using LC/ESI-MS, it

does not eliminate the possibility of using MALDI for the protein–ligand titra-

tion. A different desalting procedure is needed, and the conditions for quench

(PLIMSTEX) and analysis would be controlled differently than when using

LC/ESI-MS. If successful, automated procedures for MALDI-MS could also be

immediately adopted for PLIMSTEX and FPOP. Nevertheless, we are not recom-

mending these approaches for fast screening of libraries containing thousands or

millions of compounds as there are simpler assay methods available, including

direct MS measurements of complexes. In the subsequent lead optimization

phase of drug development, a cluster of related compounds may be selected. Their

subtly different activities need to be quantified or defined more accurately, which

may be a role for PLIMSTEX and FPOP.
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12

Protein-targeting Drug Discovery Guided

by Hydrogen/Deuterium Exchange Mass

Spectrometry (DXMS)

Yoshitomo Hamuro, Stephen J. Coales, and Virgil Woods

12.1

Introduction

Most pharmaceuticals in clinical use target proteins and the number of potential

protein targets has dramatically increased with the availability of the sequences of

all human proteins. There is a large gap, bridged only with much investment in

effort and time, between the discovery of a protein target for potential therapeutic

intervention in a disease and the development of small molecules that can modu-

late the protein’s activity in a clinically useful manner. A protein’s high-resolution

three-dimensional structure is typically determined by crystallographic means, its

binding partners identified (other proteins/metabolites/signaling small mole-

cules), and the precise manner in which these several entities bind to each other

and modify each other’s activity and conformation characterized. Small-molecule

therapeutic candidates must then be produced and iteratively refined for their

ability to interfere with or promote these activities.

While the well established protein structure determination methods of X-ray

crystallography and nuclear magnetic resonance (NMR) are being pushed to

meet the challenge, both technologies have limitations in their applicability and

throughput. Crystallization is a major obstacle for X-ray analysis: most eukaryotic

proteins are difficult to crystallize without lengthy experimentation, or may be in-

herently noncrystallizable. NMR has size limitations and sensitivity issues. X-ray

crystallography can study a protein only in the solid state and NMR requires that

the study protein be at high concentration. Both techniques require that the pro-

tein be highly purified.

Enhanced hydrogen/deuterium (H/D) exchange mass spectrometry (DXMS)

has emerged as an effective tool free of these limitations, which promises to

speed many of the steps from therapeutic target discovery to the development of

drugs ready for clinical evaluation. In the early 1990s, Zhang and Smith de-

scribed a methodology, in which H/D exchange reactions were followed by steps

involving proteolysis, HPLC separation, and mass spectrometric (MS) analysis

[1]. In this approach, medium-resolution information could be obtained by mea-
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suring the deuterium incorporation within each proteolytically generated peptide

fragment. Since then, improvements to their fundamental method have been

used to study protein structure/dynamics [1–15], protein–ligand interactions

[16–19], and protein–protein interactions [20–29]. Reflecting the increased activ-

ity and advances in this field, several comprehensive reviews have been published

[4, 30–33].

DXMS can now be used to dramatically improve the crystallizability of proteins

for structure determination, characterize the binding interactions between the tar-

get protein and its binding partners, and rapidly determine the conformational

changes that often accompany such binding events. Most importantly, DXMS

has considerable potential to guide the development of clinically useful small-

molecule therapeutics that can target protein–protein interaction surfaces – a

notoriously difficult task. In this review, the experimental methodologies of

enhanced DXMS technology are described, and examples given of its ability to

speed the steps of the translational process.

12.2

Theory of H/D Exchange

12.2.1

Amide H/D Exchange

The exchange rate of a peptide amide hydrogen reflects its precise and unique

environment within the protein’s three-dimensional structure, and there is one

such hydrogen for each amino acid in the protein, except for proline. A backbone

amide hydrogen can exhibit highly variable exchange rates with solvent hydrogen,

with rates ranging over eight orders of magnitude in folded proteins [4]. In con-

trast, amide hydrogen exchange rates in peptides lacking secondary and tertiary

structure vary only about 100-fold, depending primarily on neighboring amino

acid side-chains [34].

The exchange kinetics of amide hydrogens can be followed by deuterium or tri-

tium isotope labeling with exchange times ranging from seconds to days. The ex-

change rates of hydrogens on aOH, aSH, aNH2, aCOOH, and aCONH2 groups

and the amino and carboxy termini are much faster. Carbon-centered hydrogens

do not exchange under normal conditions, and undergo isotope substitution only

following activation by chemical treatment, such as reaction with hydroxyl radi-

cals [35].

12.2.2

Protection Factor

Several features affect the rate of amide hydrogen exchange, which reflect the

protein’s structure and dynamic properties. These include an amide’s participa-

tion in hydrogen bonding [36], its distance from the protein surface [3], and the
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flexibility of the peptide chain [37]. The degree of retardation in amide hydrogen

exchange rate that results from the amide’s physical environment is termed its

‘‘protection factor (pf )’’:

pf ¼ kch=kex ð1Þ

where kex is the observed exchange rate and kch is the ‘‘intrinsic’’ exchange rate

calculated at a given pH and temperature in unstructured peptide chain [34].

12.2.3

Backbone Amide Hydrogens as Thermodynamic Sensors

Formalisms to relate the observed rates of amide hydrogen exchange to thermo-

dynamic stabilization of proteins have been developed [38]. Amide hydrogens of

proteins in the native, folded state are proposed to exchange according to the fol-

lowing equation:

closed >
kop

kcl
open !kch exchanged ð2Þ

kex ¼ kop � kch=ðkcl þ kchÞ ð3Þ

where kop is the rate at which amide hydrogen converts from closed state to open

state. Conversely, kcl is the rate amide hydrogen converts from open state to closed

state. For most proteins at or below neutral pH, amide H/D exchange occurs by

an EX2 mechanism [39], where kcl g kch and Eq. (3) becomes:

kex ¼ kop � kch=kcl ¼ kch=Kcl ð4Þ

The closing equilibrium constant at each amide ðKcl ¼ kcl=kopÞ is equal to the

protection factor (pf ) and can be translated into the stabilization free energy of

closed state ðDGclÞ by Eq. (5).

DGcl ¼ �RT lnðKclÞ ¼ �RT lnðpf Þ ¼ �RT lnðkch=kexÞ ð5Þ

The measured H/D exchange rates in the folded protein ðkexÞ can be compared

with the calculated ‘‘intrinsic’’ rates ðkchÞ to probe the extent of tertiary structure

and resulting dynamics. Frequently, the hydrogen exchange rates of two or more

physical states of a protein, such as with and without ligand (here represented by

kex2 and kex1), are measured to locate stabilization free energy changes upon the

perturbation ðDDG1!2Þ:

DDG1!2 ¼ DG2 � DG1 ¼ �RT lnðkex1=kex2Þ ð6Þ

Thus, the measurement of exchange rates of backbone amide hydrogen serves as

a precise thermodynamic sensor of the local environment.
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12.3

Overview of H/D Exchange Technologies

Dramatic advances in mass spectrometry and improvements in the various steps

within the experimental hydrogen exchange procedures have resulted in the de-

velopment of automated systems for high-throughput, high-resolution H/D ex-

change analysis [6, 8, 40–44].

The system (Fig. 12.1), described in this section, incorporates the latest of these

enhancements, including solid phase proteolysis, automated liquid handling and

streamlined data reduction software [8].

12.3.1

On Exchange Reaction

To initiate an H/D exchange reaction, a protein sample, initially in non-deuterated

buffer, is incubated in a buffer with 50–90% mole fraction deuterated water.

There are almost no restrictions on reaction conditions which allow exchange be-

havior to be studied as a function of protein and buffer composition, solution pH,

and in the presence and absence of ligands. To follow the deuterium buildup of

individual amide hydrogen or sets of hydrogens, several on exchange time points

are sampled for each condition.

12.3.2

Quench of Exchange Reaction

Following incubation in a deuterated environment for a defined interval, the ex-

change reaction is ‘‘exchange quenched’’ by diluting the protein sample with a

cold, acidic solution (pH@ 2:5 and 0 �C). The quench conditions significantly

Fig. 12.1 Overall H/D exchange experiment.
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slow the amide exchange reaction and limit undesirable back exchange. Subse-

quent experimental procedures are conducted near the quench conditions to min-

imize the loss of incorporated deuterium.

12.3.3

Protein Fragmentation by Proteolysis

To localize the rate of deuterium buildup to specific amides, the analyte protein

is fragmented into a collection of peptides using combinations of endo- and exo-

proteases. Due to the low pH of the quench conditions in which the protein and

peptide samples are maintained after deuterium labeling, acid-reactive proteases

such as pepsin must be employed. Studies with combinations of acid-reactive en-

doproteinases and carboxypeptidases have been employed to achieve greater se-

quence coverage and higher amide resolution [42, 45].

12.3.4

Digestion Optimization

The digestion conditions are optimized prior to conducting multiple H/D

exchange experiments, to ensure high sequence coverage. Calculation of the dif-

ferences in deuterium content between overlapping peptides is the preferred

method to localize incorporated deuterium atoms [6, 22]. Variable digestion pa-

rameters include the type and bed volume of the protease columns, the transit

time of the protein over the protease column, the type and concentration of dena-

turant [6], and inclusion of reducing reagents such as Tris(2-carboxyethyl)phos-

phine hydrochloride (TCEP) [46].

12.3.5

HPLC Separation

The peptides generated by proteolysis are separated using reverse-phase HPLC to

minimize mass overlap and ionization suppression caused by ion competition in

the electrospray source [40]. The optimized LC gradient parameters efficiently

separate peptides while minimizing loss of deuterium through back exchange

with solvent. Increased sensitivity can be achieved by using capillary HPLC col-

umns and nanoelectrospray methods [47].

12.3.6

Mass Analysis

The majority of H/D studies that have been reported employ quadrupole ion trap

(QIT) instruments due to their ease of use, excellent sensitivity, ability to perform

MS/MS experiments, compact size, and low cost. Other reports discuss the use of

instruments with higher mass-resolving power such as the hybrid QqTOF instru-

ments [47]. A few groups have utilized FT-ICR mass spectrometry, which offers

ultra-high mass-resolving power and improved mass accuracy [48, 49].
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12.3.7

Automation of H/D Exchange by MS

A fully automated system for performing detailed studies has been developed

to improve the reproducibility and throughput (Fig. 12.2) [8]. It consists of two

functional components; a sample-deuteration device and a protein processing

unit. The preparation operations (shown at the top of Fig. 12.2) are performed

by two robotic arms equipped with low volume syringes and two temperature-

controlled chambers, one held at 25 �C and the other held at 1 �C. To initiate the

exchange experiment, a small amount of protein solution is mixed with a deuter-

ated buffer and the mixture is then incubated for a programmed period of time in

the temperature-controlled chamber. This on-exchanged sample is immediately

transferred to the cold chamber where a quench solution is added to the mixture.

Fig. 12.2 Diagram of a fully automated

system for acquiring H/D exchange MS data

starting with a stock solution of the

nondeuterated protein. In this system [8], the

liquid handler mixes a small amount of

concentrated protein solution with a selected

deuterated buffer and the mixture is

incubated for a programmed period of time.

The exchange reaction is conducted in a

temperature-controlled chamber held at 25
�C. The mixture is then transferred to an

acidic quench solution held at 1 �C. After
quenching the exchange reaction, the entire

sample is injected onto an LC-MS system

which includes injection loops, protease

column(s), a trap, an analytical column, and

isocratic and gradient pumps. The injector,

columns, and electronically controlled valves

reside in a low temperature chamber to

minimize the loss of deuterium by back-

exchange. The quenched protein solution is

pumped in series over a column containing

immobilized protease and a reverse-phase

trap to capture the peptide fragments. The

gradient pump is activated following the

digestion and the peptides captured on the

trap are eluted into the mass spectrometer

after separation in the analytical column.
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The exchange-quenched solution is then injected onto the protein processing sys-

tem which includes injection loops, protease column(s), a trap column, an analyt-

ical column, electronically controlled valves, and isocratic and gradient pumps.

The injector, columns and valves reside in a low temperature chamber to mini-

mize the loss of deuterium by back exchange (Fig. 12.2). The quenched protein

solution is pumped in series through a column containing an immobilized pro-

tease and a trap column to capture the peptide fragments. The gradient pump is

activated following digestion and the peptides captured on the trap column are

eluted and separated over an analytical reverse-phase HPLC column directly into

the mass spectrometer.

12.3.8

Automated Data Analysis

A software system capable of extracting and cataloging the large number of data

points obtained during each experiment has been developed [8]. The automated

system streamlines most data handling steps and reduces the potential for errors

associated with manual manipulation of large data sets. In the first processing

step, the centroid mass value is obtained for the isotopic envelope of each peptide

ion observed in every LC-MS data file associated with the experiment. This step

includes peak detection, selection of retention time window, selection of m=z
range, and calculation of envelope centroid. The second step involves correction

for deuterium losses subsequent to sample quench by reference to measured

peptide-specific losses [1, 8]. After calculating the percent deuterium incorpora-

tion for each peptide at each time point, H/D exchange data is displayed in a

number of formats, often as a stacked bar chart that is aligned with the protein

primary sequence.

12.4

DXMS-guided Design of Well Crystallizing Proteins

12.4.1

Disordered Regions and Protein Crystallography

Structure-based drug design is one of the most powerful strategies for current

drug discovery. While this strategy requires a high-resolution structure of a target

protein, most drug target proteins are not readily crystallizable. Many generally

well structured proteins have disordered regions [50] that may inhibit crystalliza-

tion and/or cause poor diffraction. The identification of disordered regions can

help in designing new constructs that retain structure and biological function,

but are depleted of disordered regions. While a number of approaches to identify-

ing disordered regions are available, ranging from computational stability calcula-

tion to limited proteolysis, none of them have provided reliable identification of

disordered regions at the pace required.
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Since the exchange rates of backbone amide hydrogens are most influenced

by their involvement in hydrogen bonding to other portions of the protein, mea-

surement of exchange rates allows direct identification/localization of ordered/

disordered regions in the protein. Amide hydrogens in disordered regions ex-

change very rapidly because the hydrogen bonds to amides in such regions are

predominantly with solvent water most of the time. We have recently shown that

suitably performed DXMS studies can rapidly localize such disordered regions,

and guide the design of well crystallizing constructs selectively depleted of disor-

der [44].

12.4.2

Poorly Crystallizing Proteins Contain Substantial Disordered Regions

To demonstrate the utility of DXMS analysis for crystallographic construct opti-

mization, the exchange patterns of 21 different Thermotoga maritima proteins

were measured in collaboration with the Joint Center for Structural Genomics

(JCSG) [44]. Among the 21 proteins studied, 12 crystallized readily and the

remaining nine crystallized poorly. While most of the crystallizable proteins

contained no substantial disordered regions, four of the nine poorly crystallizing

proteins contained 10% or more of their sequence in disordered regions. The ex-

change pattern of TM0160 is an example of disorder within a poorly crystallizing

protein (Fig. 12.3a). The largest disordered region of this protein was seen to be at

its C-terminus, suggesting a straightforward route to construct optimization by

deletion of the disordered C-terminus.

12.4.3

Disorder-depleted Mutant Preserved Ordered Structure

Four slightly differing deletion mutants of TM0160 devoid of the C-terminal dis-

ordered region were designed and prepared (Fig. 12.3a). It was important to de-

termine if the truncated versions had the same folding patterns as the full-length

protein in the regions with retained sequence. To answer the question, the ex-

change patterns of full-length TM0160 and its D3 deletion mutant were com-

pared (Fig. 12.3b). Virtually identical exchange patterns of the two proteins in

the retained regions indicated the preservation of native folded structure in the

deletion mutant D3.

12.4.4

Disorder-depleted Mutant Improved Crystallization Efficiency and Produced High

Resolution Structure

Despite multiple screening attempts, the TM0160 full-length construct gave only

three marginal hits from 2400 individual crystallization tests. In contrast, each of

the four TM0160 mutants crystallized well. The TM0160 D3 mutant gave 78 hits
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from 1920 individual tests, including numerous crystals of sufficient size and

quality for diffraction studies. The crystallographic structure of TM0160 D3 was

subsequently determined at a resolution of 1.9 Å [51]. This application of DXMS

analysis was further validated by the successful crystallization and structure deter-

mination of other proteins in a similar manner [51, 52].

12.5

Rapid Characterization of Protein Conformational Change with DXMS

DXMS can rapidly define the nature of protein conformational changes that

result from small molecule binding, protein–protein interactions, and other

perturbations [9–15, 19, 25–29, 44, 51]. Below we present an example in which

Fig. 12.3 (a) The H/D exchange results of

full length TM0160 after 10 s exchange

reaction at 0 �C. Each line indicates a peptide

fragment analyzed. Red is the region

exchanged and blue is the region not

exchanged. Long stretches of contiguous

sequence (four or more residues) that are

rapidly exchanging are indicative of disorder.

There are substantial disordered regions at C-

terminal of this full-length construct. Four

truncated constructs, D1–D4 were designed

by eliminating the C-terminal disordered

regions. (b) The repeat H/D exchange results

of full-length TM0160 and D3 mutant after

10 s exchange reaction at 0 �C. They showed
virtually identical patterns in retained

sequence, but are depleted of the disordered

regions at the C-terminus of the parental

construct.
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pH-induced alterations in protein structure were rapidly characterized at high

resolution.

12.5.1

Human Growth Hormone

Human growth hormone (hGH) is a 191-amino-acid polypeptide that is released

from anterior pituitary somatotrope cells. The hormone functions to promote lin-

ear growth during adolescence and modulate many physiological functions after

completion of growth. Since 1984, somatropin (recombinant DNA-derived hGH)

therapy has been applied in the treatment of growth hormone-deficient children.

hGH is known to exhibit a distinct conformation at an acidic pH when compared

to neutral pH [53]. Although the molecular conformations at acid and neutral pH

share virtually identical extents of secondary structure, differences in the tertiary

structure have been observed. The less stable acidic conformation is also impli-

cated as the intermediate for undesirable aggregation [53].

12.5.2

H/D Exchange of hGH

The H/D exchange results of hGH at two different pHs are summarized in Fig.

12.4. There are four regions in hGH for which amide H/D exchange rates are very

slow at both pH conditions tested. These regions include amino acids 15–35, 78–

87, 113–124, and 159–182, corresponding to the four helix bundle, a structural

fold frequently found in protein hormones and other signaling proteins. High

levels of deuterium incorporation are observed for the loop regions of hGH so

that, at the later time points, greater than 90% deuteration is observed at both

pH 7.0 and pH 2.6. Overall the H/D-Ex results for hGH correlate with the exis-

tence of secondary structure, with the helical regions of high local secondary

structure showing lower rates of exchange [36].

12.5.3

Free Energy Change upon Folding of hGH

The sampling of deuterium buildup at time points ranging from 30 s to 100,000 s

allows estimation of the free energy change upon folding using Eq. (5). This anal-

ysis eliminates effects arising from differences in intrinsic amide hydrogen

exchange rates by accurately modeling these rates and allowing for correction

among different pH [34]. This becomes important considering the amide hydro-

gen exchange reaction is primarily base catalyzed near neutral pH. By correcting

for these differences this approach is useful for the analysis of pH-dependent

structural changes. Fig. 12.5a, b show the localized free energy changes upon

folding at pH 7.0 and pH 2.6, respectively. The data clearly show that the overall

386 12 Protein-targeting Drug Discovery



hGH structure is significantly more stable at neutral pH. At pH 7.0, interactions

between helix B and the central portions of helices A and D were sufficiently

stable that several peptide fragments derived from this region showed no deute-

rium incorporation, even after incubation for 100,000 s. It was estimated that

free energy changes upon folding in these regions is greater than 7 kcal mol�1

residue�1 at pH 7.0. Overall, the loop regions are the least stable.

Regions of greatest stabilization in the helix bundle shift as a function of pH

(Fig. 12.5a, b). At neutral pH, regions of high stability were located at the central

portion of the helix bundle. At pH 2.6, the region of highest stability in the struc-

ture had markedly shifted so that most of the stabilizing interactions are located

near the end of the bundle containing the N- and C-terminus. In contrast to the

Fig. 12.4 H/D exchange analysis of hGH at

pH 7.0 and 2.6 [8]. Each block represents a

pepsin-generated peptide. Each block

consists of eight rows that represent eight

distinct on-exchange time points, shown at

the right. The level of deuteration in each

peptide at each time point is represented by

color according to the diagram displayed at

the top right. Blocks representing on-

exchange at pH 7.0 are on the top row, while

blocks representing on-exchange at pH 2.6

are shown on the bottom. Light blue

cylinders above the sequence indicate the

helices identified from the X-ray crystal

structure of hGH (protein data bank ID:

1HGU). Peptides that contain mostly slow

exchanging amide hydrogens are represented

by blue bars, while red bars represent

peptides that contain mostly rapidly

exchanging amide hydrogens. Regions of the

protein that contain amides that were not

observed in the experiments are indicated in

white. These gaps are primarily due to the

fact that the first two residues of each

peptide lose the deuterium during the

analysis [34].
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stabilization energies of larger than 7 kcal mol�1 residue�1 at pH 7.0, stabiliza-

tion energies approach only 5 kcal mol�1 residue�1 at pH 2.6.

12.6

Application of H/D Exchange to Protein–Small Molecule Ligand Interactions

The ability to localize the physical interactions of proteins with candidate small

molecule ligands plays a central role in current small molecule drug discovery

efforts. Until recently, only X-ray crystallography and NMR could provide the

submolecular details of such interactions. Unfortunately, both techniques have

applicability limitations: NMR is applicable only for relatively small proteins at

relatively high concentration and not all protein–ligand interactions can be co-

crystallized. The hydrogen exchange perturbation of a target protein upon ligand

binding can be measured with DXMS as long as over 90% of the protein is in

ligand-bound form in solution. No crystallization is necessary and micromolar

binding affinities for ligand are sufficient for study. As for sensitivity, a few nano-

moles of a protein is usually enough to complete the analysis, and recent develop-

ments have decreased protein requirements 100-fold or more [47].

12.6.1

p38 Mitogen-activated Protein Kinase

Protein kinases phosphorylate other proteins, and this action functions as a con-

trol switch for various cell activities. The switching functions make this family of

proteins a very promising target for novel therapeutics. p38 mitogen-activated

protein (MAP) kinase controls the production of growth factors and inflammatory

cytokines, the molecules produced by the immune system that cause inflamma-

tion [54].

Fig. 12.5 Free energy change (expressed in kcal mol�1 per amino acid)

upon folding of hGH: (a) at pH 7.0, and (b) at pH 2.6 [8]. Folding free

energies are mapped on the X-ray structure (1HGU) by colored

segments according to the key at the right. Gray indicates residues that

were not analyzed [34].
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12.6.2

H/D Exchange of p38 MAP Kinase

To determine how an inhibitor interacts with this target protein and changes its

dynamics, H/D exchange of p38 MAP kinase was conducted with or without a

small molecule inhibitor, SB203580 [55, 56]. The top row of Fig. 12.6 shows the

H/D exchange pattern for unliganded p38 MAP kinase. p38 MAP kinase is orga-

nized about conformationally stable helices that include residues 74–86, 128–155,

203–213, 233–238, and 338–343. In contrast, residues 241–270 are especially mo-

bile, even though they form a helix in the crystal structure [55, 57] (see also Fig.

12.7a).

A comparison of the exchange data for the unliganded (top row of Fig. 12.6)

and liganded forms (middle row of Fig. 12.6) showed that in the SB203580 com-

plex, two segments of p38 MAP kinase, residues 106–110 and 148–155, exhibited

significant reductions in H/D exchange rates (bottom row of Fig. 12.6). The seg-

ments are separated in the amino acid sequence but adjacent in the folded struc-

Fig. 12.6 H/D-Ex results of p38 MAP kinase

at pH 7.0 at 25 �C with or without SB203580

[56]. Each block represents a pepsin-

generated peptide. Each block has six time

points and the level of deuterium

incorporation is indicated by colors that vary

according to the legend at the bottom right.

Upper and middle blocks show the results

without and with SB203580, respectively.

Lower blocks are the difference of the two

deuterium incorporations. Dark blue

indicates no difference with or without the

ligand. The regions showing the difference

are highlighted by black rectangles. Regions

of the protein that contain amides that were

not observed in the experiments are

indicated in white [34].
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ture, and encompass the ATP-binding residues and most of the activation loop

(Fig. 12.7b). This kinase appears conformationally poised for this inhibitor, as no

changes in dynamics were measured in other regions. The highly localized effects

of SB203580 binding to p38 MAP kinase contrast with the global conformational

changes induced by interactions with nucleotide substrates and protein partners

that have been observed in other kinase systems [17, 22, 58].

12.6.3

Peroxisome Proliferator-activated Receptor g

Peroxisome proliferator-activated receptor g (PPARg) is a ligand-dependent tran-

scription factor that is involved in glucose homeostasis and adipocyte differentia-

tion, and is the molecular target of anti-diabetic agents, such as rosiglitazone.

Many studies on this class of receptors indicate that the binding to agonists or

antagonists induces different conformational changes in the ligand binding do-

main (LBD) [59–63]. These conformational changes induced by various biological

modulators have been proposed to have key roles in the biological responses of

nuclear receptors [62].

12.6.4

H/D Exchange of PPARg

The hydrogen exchange patterns of PPARg LBD were measured with or without

various biological modulators [64]. The presence of ligands significantly changes

Fig. 12.7 (a) Average deuteration level of each segment in apo p38

MAP kinase overlaid on the crystallographic structure (protein data

bank ID: 1A9U) [56]. Blue indicates the region exchange slow and red

the region exchange fast. (b) Ligand binding site identified by H/D

exchange. Orange is the segment perturbed most. Dark blue is the

regions that showed no H/D exchange perturbation. Light blue is

SB203580. Gray indicates residues that were not analyzed [34].
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the dynamics/conformation of PPARg LBD and consequently perturbs hydrogen

exchange in various regions of the protein (Fig. 12.8). The degree to which dif-

ferent kind of ligands perturb PPARg LBD is distinguishable through H/D ex-

change. Three types of ligands were tested: (1) full agonists, rosiglitazone and

GW1929; (2) partial agonist, nTZDpa; and (3) covalent antagonist, GW9662. Full

agonists slowed exchange in wider regions and did it more strongly than either

the partial agonist or the antagonist. This indicates the full agonist rigidifies the

PPARg LBD more extensively than the other two, and is consistent with the NMR

cross-peak analysis [61]. One very interesting observation is that the two full ago-

nists rigidified helix 12 significantly while the partial agonist and the antagonist

did not perturb the H/D exchange of that region.

12.7

DXMS-guided Design of Small Molecules that Target Protein–Protein Interaction

Surfaces

Development of small molecule inhibitors of protein–protein binding interac-

tions has been notoriously difficult. The tremendous investment that the pharma-

ceutical industry has made in the development and marketing of whole protein

Fig. 12.8 Average difference in deuteration levels of PPARg LBD

between ligand bound form and apo form [64]. Dark blue indicates the

segment exchanges about the same rate with or without the ligand.

Other colors indicate the segment exchanges slower with the ligand.

Gray is the region not covered by the current experimental set [34].
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therapeutics such as monoclonal antibodies and recombinant proteins is testa-

ment to the strength of the belief that small molecule replacements for these ‘‘ex-

pensive to produce and administer’’ biologics will not soon be forthcoming. Mul-

tiple noncovalent interactions between a protein and a ligand are required for

sufficient affinity and specificity. Typical ‘‘druggable’’ proteins usually have identi-

fiable cavities or crevices on their surfaces that allow direction of multiple interac-

tions to a resident small molecule ligand, that is typically less than or equal to 500

Da in size. In protein–protein binding, these multiple interactions do not need to

be focused to a single small area, but typically are spread across a broad, fairly flat

binding surface that is devoid of identifiable ‘‘druggable’’ cavities [65].

Fortunately, it has been found that many protein–protein binding surfaces con-

tain a small number of amino acid residues (binding surface ‘‘hot spots’’) that

predominantly contribute to the binding energy between partners. This was first

demonstrated by Wells and collaborators in studies of the complex formed be-

tween hGH and its cellular receptor protein [66, 67]. Unfortunately, the method-

ology that demonstrated this phenomenon (site-directed mutagenesis-induced

perturbation of binding affinity) has not proven to be a robust guide to small-

molecule development to binding surfaces. One reason for this failure is sug-

gested by the observation that small, but important, highly localized conforma-

tional changes are induced in apparently bland interaction surfaces when protein

ligands bind to each other [65, 68]. Protein–protein binding may induce the for-

mation of localized topography that focuses binding energy by way of induced

crevices. Mutagenesis approaches may not allow these small conformational

changes to be induced or localized with sufficient precision. These inducible

crevices, if they could be reliably localized, might serve as targets for small mole-

cule design efforts to protein binding surfaces. DXMS analysis can provide pre-

cisely the information required to identify protein–protein binding surface hot

spots, and then guide the design of small molecules that precisely target such

‘‘hot spot’’ regions, all without the use of mutant proteins.

A United States patent describes how this can be accomplished [69]. First,

DXMS analysis is performed on the interacting proteins, separately and com-

plexed to each other. Measurement of the magnitude of exchange slowing (protec-

tion factor) in the complexed versus unbound state, for each of the amides partic-

ipating in the protein–protein binding surface, allows direct identification of

‘‘hot spots’’. The hot spots are the areas of the binding surface with the highest

protection factors. Protein–protein binding surfaces are not rigid structures, but

undergo continuous flexible movement, as does the entire protein. Protein–

protein binding surfaces are bound together most tightly at their thermodynamic

hot spots, and the bulk solvent has little opportunity to interact with the amides

in such tightly bound regions. Indeed, the amide hydrogens in the hot spots serve

as highly localized sensors of binding-induced free energy change, where binding

free energy (DG) at such amides is related to specific measured amide protection

factors according to Eq. (5).

Once binding hot spots are identified by DXMS analysis, combinatorial li-

braries can be generated, based in part on structural information available that

may suggest the nature of the peptidic features of the interacting proteins that
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are present at the exchange-localized hot spot. Libraries are screened against the

protein target, not with conventional binding or activity assays, but by performing

repeat high-throughput DXMS studies in which the target protein is functionally

deuterated in the presence of an excess of each test compound. Small molecules

that, by virtue of their protein binding, can induce exchange slowing selectively at

the previously identified protein–protein binding surface hot spots are identified.

These are then selected for further combinatorial perturbation, and repeat DXMS

screening against the target protein. In this manner, DXMS analysis provides an

almost real-time guide to the identification of library elements in each round of

selection that are capable of binding to the protein–protein interaction-defined

binding hot spots.

An analogy can be made to oil well drilling. Initial DXMS analysis of a clinically

important protein–protein interaction provides the equivalent of a seismic map

of an oilfield, showing where the oil may be located (hot spots). Further high-

throughput DXMS analysis of protein–small molecule mixtures at each round of

selection is analogous to having a sensor in the oil drilling rig that measures the

proximity of the drill tip to the targeted oil deposit in real time. The numerous

whole protein therapeutics that have proven to be great successes in the clinic

make tempting targets for this small-molecule design strategy.

12.8

Optimal Formulation and Quality Control of Whole Potein Therapeutics with DXMS

Whole proteins, including monoclonal antibodies, are the fastest-growing class of

therapeutics. Compared with traditional small molecule drugs, much additional

analysis is necessary for their development and production due to their large

size and complex structure. The protein construct and its formulation have to be

optimized during development, and its structural integrity must be closely moni-

tored during production.

DXMS is the ideal analytical tool to monitor protein’s structural integrity in the

development and production of whole protein therapeutics. During development,

DXMS data can rapidly determine the effects of mutation, chemical modification,

and/or formulation change on protein folding/dynamics, and localize any changes

at the submolecular level. During production, DXMS can be a rapid and sensitive

method to identify batch-to-batch variation in protein folding. The foregoing

studies of hGH exemplify the use of this technology for formulation optimiza-

tion. In this case, the H/D exchange data allowed close monitoring of the changes

induced by pH alteration.

Many blockbuster protein therapeutics will soon be coming off-patent. It is un-

clear how regulatory agencies might best evaluate and approve generic versions of

these complex pharmaceuticals. Inventor companies assert that the production

process must be precisely reproduced for biophysical and pharmaceutical equiva-

lence, and argue that experimentally proving equivalence of their formulation

versus potential generic whole protein therapeutics is impossible. From this per-

spective, generic protein therapeutics have to undergo costly clinical trials for
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demonstration of efficacy and safety. Generic companies assert that experimen-

tally demonstrating the equivalence between original and generic protein thera-

peutics by biophysical and biochemical measurements in the laboratory is possi-

ble as is now done with small molecule generics, a much less costly proposition.

It is possible that DXMS will prove to be capable of establishing the structural

equivalence (or lack thereof ) between original and generic versions of these pro-

tein therapeutics.

12.9

Conclusions

With the increased number of new protein sequences obtained by genomic and

proteomic efforts, a high-throughput and widely applicable protein structure anal-

ysis technology such as DXMS is needed. Recent improvements of MS instru-

mentation, fluidics, automation, fragmentation chemistry, and data analysis soft-

ware have made this technology sensitive, robust, high-throughput, and capable

of achieving near single-amide resolution. Examples cited here demonstrate that

DXMS has exceptional potential to facilitate many steps of the drug discovery pro-

cess. First, DXMS can guide construct optimization to speed X-ray crystallo-

graphic structure determination. Second, the nature of binding sites and bind-

ing-induced conformational changes can be determined for the target protein

with DXMS. Third, the unique high-resolution thermodynamic information pro-

vided by DXMS allows the focusing of discovery efforts to evolutionarily selected

binding hot spots in what otherwise appear to be bland protein–protein binding

surfaces. Finally, DXMS can be very useful in the characterization and quality

control of whole protein therapeutics.
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Mass Spectrometry in Early Pharmacokinetic

Investigations

Walter A. Korfmacher

13.1

Introduction

One of the challenges for the medicinal chemist in the new drug discovery pro-

cess is the need to find a new chemical entity (NCE) that has the right combina-

tion of properties that satisfies the long list of requirements that is put on any

molecule that is being brought forward as a compound that is suitable for devel-

opment. In the past, if a compound showed pharmacological activity in the

animal model, that was sufficient for progressing the NCE into development.

Currently, lead optimization includes subjecting the current lead compounds to

a series of drug metabolism and pharmacokinetic (DMPK) tests in order to im-

prove the chances that the NCE selected for development will not fail for pharma-

cokinetic (PK) reasons when it gets into the clinic.

This newer strategy of testing the PK parameters as part of the lead optimiza-

tion phase of new drug discovery has proven to be effective. As reported recently

by Frank and Hargreaves [1], the reasons for attrition of new chemical entities

(NCEs) during the clinical development phase changed between 1991 and 2000.

In 1991, the major reason for failure of an NCE in clinical development was due

to (human) PK issues, which accounted for 40% of the failures. In 2000, PK is-

sues accounted for less than 10% of the failures in the clinical phase. This dra-

matic shift was due in large part to the fact that most major pharmaceutical com-

panies added DMPK requirements to the lead optimization phase of new drug

discovery, thereby improving the DMPK characteristics of the NCEs that were

subsequently recommended for development.

One view of how to implement this newer strategy of adding DMPK require-

ments to the new drug discovery process is shown in Fig. 13.1. Figure 13.1 shows

the stages of new drug discovery that lead up to the clinical phase. In this view,

compounds must pass through a series of screens that sift out the problem com-

pounds until a small number have been selected for more rigorous testing in the

development phase. The series of screens is organized so that the earlier screens

are higher throughput assays while the later screens are those that require signif-

icantly more resources to complete the study. One common feature that most of
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these screens share is that the analytical step in the screen is typically performed

via high performance liquid chromatography–tandem mass spectrometry (HPLC-

MS/MS) [2–11].

From a DMPK perspective, a common goal is to be able to compare multiple

compounds based on their absorption, distribution, metabolism and excretion

(ADME) properties as well their preclinical PK properties [8, 12–22]. Therefore,

lead optimization typically is performed as an iterative process that uses the

DMPK data to select structural modifications that are then tested to see whether

the DMPK properties of the series have been improved. This iterative process is

shown schematically in Fig. 13.2. Clearly an important element for the successful

lead optimization of a series of NCEs is the ability to perform the DMPK assays

in a higher throughput manner. The focus of this chapter will be to discuss ways

that mass spectrometry (MS), particularly HPLC-MS/MS can be used to support

the early PK studies for NCEs in a higher throughput manner.

13.2

HPLC-MS/MS Overview

HPLC-MS/MS has been described as the premier analytical tool for drug metabo-

lism participation in the new drug discovery process and has been applied to a

Fig. 13.1 Stages of new drug discovery. This figure shows the various

screens that could be used to select the compounds that proceed into

development. At the top is Chemistry where many compounds are

produced. After each screen, fewer compounds remain. Adapted from

[6], used with permission from Taylor and Francis Group.
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variety of DMPK samples [4, 6, 8, 9, 11, 23–27]. A description of HPLC-MS/MS

principles and instrumentation can be found in Chapter 1 of this book as well

as in some recent review articles and books [2, 3, 9, 11, 23, 26, 28–31]. Briefly,

as shown in Fig. 13.3, HPLC-MS/MS systems combine an HPLC system with a

mass spectrometer with the whole system under the control of a personal com-

puter. While the most commonly used MS/MS system is the triple quadrupole

mass spectrometer, there are now a variety of additional ‘‘hybrid’’ MS/MS sys-

tems that can be utilized for various drug discovery applications, including some

DMPK applications. A discussion of various ‘‘hybrid’’ MS/MS systems can be

found in Chapter 1 as well as in recent articles and other book chapters [9, 11,

32–38].

Fig. 13.2 Schematic diagram showing the various stages and the

iterative steps involved in the lead optimization process from a DMPK

perspective. This schematic represents the iterative process that is an

important part of the lead optimization process. The in vitro and in vivo

screens refer to DMPK assays. Reprinted from [12], with permission

from Taylor and Francis Group.
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For the analysis of samples from discovery PK studies, the HPLC-MS/MS sys-

tem will typically be based on a triple quadrupole mass spectrometer for the MS/

MS part of the system [4, 6]. The reason that a triple quadrupole mass spectrom-

eter is commonly used for bioanalytical assays is because it has the capability of

operating in the selected reaction monitoring (SRM) mode. In SRM, analyte mol-

ecules are ionized by the atmospheric pressure ionization (API) source and the

first quadrupole (Q1) is used to select the analyte ion (typically this will be the

protonated molecule); the analyte ion is then fragmented in the collision cell

(Q2) and the selected product ion is monitored via the third quadrupole (Q3).

This mode of operation and its high degree of selectivity was first reported by

Brotherton and Yost [39] in 1983; SRM has been used in conjunction with the

separation capabilities of HPLC to produce an analytical tool that can be utilized

to produce high quality data in a high throughput environment (see Chapter 1 for

more on this topic).

Fig. 13.3 Elements of an HPLC-MS/MS system including the

autosampler, the HPLC, a switching valve, the API ionization source

and the MS/MS system. Typically, these are all controlled by a single PC

that also serves as the data collection tool.
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13.3

In Vitro Applications

As shown in Fig. 13.1, part of the DMPK lead optimization process would include

various in vitro assays used to screen out compounds before they would be con-

sidered for the (in vivo) PK studies [14, 40–42]. Kassel has provided an overview

of strategies that can be used for increasing the throughput of these in vitro as-

says [16]. Typical in vitro screens would include microsomal stability, Caco-2 assay

and p450 enzyme inhibition studies [14, 15, 18, 20, 22, 43–48]. Microsomal stabil-

ity is used to give an indication of a compound’s metabolic stability (this can also

be done by using hepatocytes) [18, 22, 44, 49]. An early example of a higher

throughput microsomal stability assay was described by Korfmacher et al. [50] in

1999; in this assay, the HPLC-MS analysis step was automated and the system

was able to handle 75 compounds per week. A more recent example is described

by Di et al. [51] who used robotic separation and a rapid HPLC-MS/MS system. A

very high throughput highly automated microsomal stability assay has been

reported by Xu et al. [52]; this assay had the capacity to handle up to 176

compounds per day. This system used a high throughput eight-channel parallel

HPLC system along with intelligent software to process the data.

The Caco-2 cell monolayer permeability assay is one of the standard in vitro

assays that are used to predict human absorption of NCEs [16, 22, 40, 43, 53–

55]. The Caco-2 cell assay measures the permeability potential for a compound

and can be used to help sort through large numbers of compounds. While vari-

ous robotic procedures have been developed to perform the Caco-2 assay, it is

now common to use HPLC-MS/MS to assay the samples that are produced in

the procedure [53]. There have been several reports in the literature on various

ways to use HPLC-MS/MS for Caco-2 assays [56–60]. For example, Fung et al.

[57] described a procedure for higher throughput Caco-2 sample analysis that

made use of the multiplexed electrospray interface (MUX) that can handle four

parallel HPLC systems that are then monitored by a single MS/MS system. By

using generic fast gradient HPLC conditions and special software for data pro-

cessing, the one LC-MS/MS system could be used to assay the samples from 100

NCEs per week. In another example, Hakala et al. [58] discussed the possibility of

performing Caco-2 assays on a mixture of compounds instead of the normal sin-

gle compound studies. In addition, Hakala et al. [58] compared the utility of us-

ing electrospray ionization (ESI) to atmospheric pressure photoionization (APPI)

for this application; the authors concluded that APPI provided a bigger linear

quantitative range than was obtained from ESI (3–4 orders of magnitude vs 2–3

orders of magnitude, respectively).

Another higher throughput in vitro assay is the human cytochrome P450 en-

zyme inhibition assay. This assay is used to make sure that a compound does

not have the potential for producing drug–drug interactions in a clinical setting

due to the inhibition of one or more human P450 isozymes [61–66]. Often, these

P450 assays are carried out in a higher throughput manner using 96-well plates
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for sample preparation and combining multiple isozyme measurements into one-

sample analysis. For example, Chu et al. [67] described an analysis based on

HPLC-MS/MS that measured CYP2D6 and 3A4 using human liver microsomes.

Bu et al. [68] reported that they were able to evaluate the inhibition potential for

five P450 isozymes (CYP2D6, 3A4, 2A6, 2C9, 2E1) using a single assay based on

human liver microsomes and five probe substrates. In another example, Testino

and Patonay [69] validated an analysis for the high throughput inhibition screen-

ing of the five major P450 isozymes (CYP1A2, 2C9, 2C19, 2D6, 3A4) using

human liver microsomes and HPLC-MS/MS for the assay [64]. Peng et al. [70]

reported on the use of monolithic HPLC columns as part of an HPLC-MS/MS

system that was used for high throughput screening of the same five major

human cytochrome p450 isozymes; their HPLC-MS/MS assay was able to be

completed in just 24 s, due to the higher flowrate capabilities of the monolithic

column. Recently, Kim et al. [71] described a high throughput P450 enzyme inhi-

bition assay based on HPLC-MS/MS that measures a compound’s inhibition po-

tential for nine p450 enzymes.

13.4

In Vivo Applications

While there are several high throughput in vitro screens as described above, there

is still a significant need for in vivo assays as shown in Fig. 13.1. Several recent

reports have discussed using HPLC-MS/MS for the bioanalytical step in discovery

PK studies [5, 6, 8, 23, 72–74]. In the following sections, various aspects of the

strategies that can be utilized in these in vivo studies are discussed. While the fo-

cus of this section will be on PK studies, another aspect of the lead optimization

process is the understanding of the PK/pharmacodynamic (PD) relationships.

While the topic of PK/PD is outside the scope of this chapter, the interested

reader is directed to articles by Rohatigi or Chaikin et al. [75–77] for more infor-

mation on this important topic. Finally, a discussion of metabolite identification

methods and new technologies will also be included.

One of the issues that is still debated is whether or not to use cassette dosing as

a way to increase the throughput for discovery PK studies. As shown in Fig. 13.4,

cassette dosing (also called N-in-one dosing) is the practice of dosing multiple

NCEs into one laboratory animal and then collecting blood samples from the an-

imal and using HPLC-MS/MS for analysis of the samples [78]. It is the ability of

HPLC-MS/MS to assay multiple compounds in one sample that has allowed this

technique to be utilized. As discussed recently by Manitpisitkul and White [78],

although cassette dosing is still used by about half of the major pharmaceutical

companies, it does have problems that should be considered before implement-

ing it as part of a drug discovery strategy. For example, drug–drug interactions

between the multiple compounds dosed into one animal can lead to erroneous

PK conclusions for one or more of the dosed compounds. Indeed, the possibility

of drug–drug interactions from cassette dosing was proposed previously by White
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and Manitpisitkul [79], who predicted that cassette dosing would lead to both

false positive as well as false negative values for certain PK parameters. This pre-

diction was confirmed recently by Smith et al. [80], who reported on problems

with using cassette dosing to assess PK parameters for a group of compounds in

mice. There are also practical issues with the cassette dosing approach. For exam-

ple, it is important to make sure that the dosed compounds are not isomers that

would likely be difficult to assay in a mixture. Some researchers also try to make

sure that compounds are not within 14–16 Da from another dosed compound, so

that þ16 Da or �14 Da metabolites cannot interfere with the assay of a co-dosed

compound [81]. There can also be formulation issues – often single compounds

produce poor oral suspensions such that a mixture of these poorly soluble com-

pounds might result in a formulation that is not suitable for dosing.

In spite of these concerns, there are still groups that find cassette dosing to be a

useful strategy. For example, Ohkawa et al. [82] described using cassette dosing

for 200 compounds in 50 cassettes. Zhang et al. [83] have reported the use of cas-

sette dosing for measuring brain and plasma levels as part of new drug discovery.

In their study, three or four compounds were grouped in a cassette and were

dosed as a mixture to rats. Tamvakopoulos et al. [81] reported on the use of cas-

sette dosing in rats in order to measure brain/plasma (B/P) ratios as part of a

screening process; in their study, they found that the B/P ratios were largely un-

Fig. 13.4 Conventional dosing vs cassette dosing. In conventional

dosing, only one compound is dosed in each rat; in cassette dosing,

multiple compounds are dosed in each rat. Adapted from [78], with

permission from Elsevier.
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affected when using the cassette dosing method. More recently, Zhang et al. [83]

discussed the use of cassette dosing in rats in order to get B/P ratios for a series

of discovery compounds; in this work, they also described the use of a fast chro-

matographic separation as part of the HPLC-MS/MS assay. Another recent exam-

ple of cassette dosing was provided by Sadagopan et al. [84]; in their work, rats

were dosed with a mixture of compounds either by intravenous (IV) or oral (PO)

routes.

An alternative to cassette dosing, Korfmacher et al. [85] described the use of the

cassette accelerated rapid rat screen (CARRS). CARRS uses cassettes of six com-

pounds as the basis for a systematic higher throughput rat oral PK screen. The

six compounds in a given cassette are selected by the medicinal chemists from

one drug discovery team. This is not cassette dosing; instead, each compound is

dosed into two rats that are sampled at six timepoints (0.5, 1, 2, 3, 4, 6 h) by the

serial-bleeding procedure. The plasma samples from the two rats are pooled at

each timepoint, so that each dosed compound results in six plasma samples to

be assayed by HPLC-MS/MS. As described by Korfmacher et al. [85], all the sam-

ples and standards that are needed for the assay for the six dosed compounds in

one cassette can be placed in a single 96-well plate. With current fast HPLC-MS/

MS methods, the methods can be developed and the 96-well plate can be assayed

in no more than a few days. The CARRS system was set up to accept multiple

(originally five and recently up to eight) cassettes of six compounds on a weekly

basis [78]. Therefore, this system allows multiple (currently up to eight) drug dis-

covery teams to be able to select six NCE’s for testing in this rapid PK screen each

week [78]. Each week, all of the selected compounds are dosed by the drug discov-

ery dosing group and the resulting plasma samples are delivered to the discovery

bioanalytical group for analysis during the following week. Within two weeks of

the compound selection request, electronic PK summary reports are issued to the

discovery teams that requested the compounds to be dosed. The PK report shows

the individual plasma concentrations for the six timepoints as well as the calcu-

lated area under the curve (AUC) for each dosed compound in an Excel format.

Because it is a discrete dosing procedure, it avoids the potential problems of cas-

sette dosing (vide supra) while still providing a systematic process for testing mul-

tiple NCEs in an in vivo PK model. This higher throughput assay has continued

to be very useful as a rat oral PK screen; in the first four years that it was in place,

CARRS was used to screen over 7000 compounds [78].

13.5

Rapid Method Development

A stepwise procedure for rapid HPLC-MS/MS method development that was de-

scribed recently by Xu et al. [10] is shown in Fig. 13.5. As shown in Fig. 13.5,

there are three proposed checkpoints that are used to test the assay before it is

used for the actual PK samples. If the assay (HPLC-MS/MS procedure) passes a
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checkpoint, then it moves to the next checkpoint; if it fails, then there are poten-

tial remedies to address the problem as shown in the schematic. The concept

behind this schematic is that most discovery PK assays will pass all of the three

checkpoints and can then be used for the sample analysis. When the method is

used for sample analysis, then there needs to be additional rules to determine

whether or not the assay is suitable, so that the results can be reported. While dis-

covery PK assays are not bound by the rules of good laboratory practice (GLP),

Korfmacher [6] has proposed a set of rules (vide infra) that can be used for various

types of discovery PK assays.

Fig. 13.5 A schematic diagram showing the stepwise procedure for

rapid method development of HPLC-MS/MS methods for discovery PK

assays. Adapted from [10], with permission from the American

Chemical Society.
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13.6

Increasing Throughput in HPLC-MS/MS

Several reports have discussed the utility of increasing the speed of HPLC-MS/

MS by using various techniques [6, 28, 72, 86–96]. Typical strategies make use

of advances in chromatographic columns. For example, Hsieh et al. [97] describe

the use of small HPLC columns and a fast HPLC gradient to provide a method

for assaying a compound in a discovery PK study in about one minute per sam-

ple. In a report by Tiller and Romanyshyn [98], the authors stated that fast gra-

dients were generally better than isocratic HPLC systems at keeping the HPLC

column clean. Recently, Dunn-Meynell et al. [99] reported on the development

of a fast generic HPLC method that could be used for discovery PK studies;

the method was tested specifically for its ability to be used for CARRS samples.

The method used a generic 1-min ballistic gradient and an optimized autosam-

pler method that results in an 85-s cycle time (time from injection to injection).

Using this methodology, one could assay a set of 96 samples in less than 2.5 h.

Another area of some interest has been the development of monolithic HPLC

columns. These columns are unusual in that they can be used under higher flow

rate conditions [86, 95, 100–107]. In some applications, these columns have been

used for HPLC-MS/MS assays where the flow rate was set to 5–6 mL min�1. This

higher flow rate allows one to get higher sample throughput by reducing the gra-

dient time. For example, Hsieh et al. [86] demonstrated that HPLC gradients

could be completed in 30 s by using monolithic columns. One disadvantage of

these columns is that the high flow rates translate into a much higher use of mo-

bile phase solvents and the need to dispose of them as waste solvents after they

have been used.

Another approach for speeding up sample throughput has been the use of

parallel HPLC columns. This was first explored by Korfmacher et al. [108], who

demonstrated that the effluent from two HPLC systems could be combined and

assayed by using the SRM capabilities of the MS/MS system. Jemal et al. [109]

also demonstrated that two parallel HPLC systems could be combined for analy-

sis using one MS/MS system. This parallel HPLC technology was further en-

hanced by the development of the MUX system, in which four HPLC columns

could be assayed by a single triple quadrupole MS/MS system [52, 57, 110]. An-

other variation that has been used more recently is the staggered parallel analysis

strategy. Using the staggered strategy, multiple HPLC columns (typically four) are

used to assay samples, but the injection time is staggered so that the ‘‘analytical

window’’ (the portion of the chromatographic procedure) can be selected sequen-

tially in order to maximize the use of the MS/MS system and increase sample

throughput [111, 112]. For example, King et al. [112] described a four column

staggered HPLC-MS/MS system that was able to be validated to meet GLP stan-

dards for a bioanalytical assay. In this example, the assay throughput was in-

creased almost four-fold while still maintaining good chromatographic resolution

[112].
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In addition to increasing throughput, researchers are finding ways to utilize the

increased sensitivity of the new HPLC-MS/MS systems. For example, Xu et al.

[113] recently described the development of a low sample volume assay for

preclinical studies. In this assay, only a 10-mL plasma sample volume is re-

quired for the analysis. The small volume is prepared by protein precipitation

(1:6 ¼ plasma:acetonitrile) using a special low volume 96-well plate. Only 5 mL of

the precipitated sample is injected onto the HPLC-MS/MS system. In spite of

these low volumes, the example assay is reported to have a limit of quantitation

(LOQ) of 0.1 ng mL�1. It can be predicted that there will be more reports of im-

proved LOQs and reduced sample volumes as new LC-MS/MS instrumentation is

introduced to more laboratories.

13.7

Matrix Effects

As scientists have shortened assay times by using shorter columns or higher mo-

bile phase flow rates (vide supra), a new problem has become more apparent. This

problem is often referred to as ‘‘matrix effects’’. Matrix effects can be described as

a component in the sample that is injected into the HPLC-MS/MS system that

results in a reduction of the analyte signal (aka ion suppression) or an increase

in analyte signal. There have been multiple papers written on various aspects of

matrix effects in recent years [97, 114–124]. The problem that can be caused by

matrix effects (if undetected) is that they can lead to erroneous results in a bio-

analytical assay. One of the best ways to test a bioanalytical method for matrix

effects is to use the post-column analyte infusion method as shown schematically

in Fig. 13.6. The post-column infusion method was described by King et al. [121]

in their report on ionization suppression and the possible causes and solutions of

this problem. Briefly, in the post-column infusion method, one has a constant in-

fusion of the analyte into the post-column eluant, this provides a steady signal of

the analyte; the comparison is made by injecting either a mobile phase aliquot or

a sample from control matrix that has been prepared using the sample prepara-

tion procedure [6, 97, 121, 124]. The resulting two chromatograms can be pre-

pared and the difference is attributed to matrix effects. For example, as shown in

Fig. 13.7, Dunn-Meynell et al. [99] used the post-column infusion technique to

ensure that a generic ballistic gradient would be free from matrix effects in

the part of the chromatogram where the analytes would be expected to elute; in

this example, the generic HPLC-MS/MS method should be unaffected by matrix

effects.

While matrix effects are generally attributed to sample constituents, sample

preparation can also lead to matrix effects. Mei et al. [115, 124] demonstrated

that matrix effects could be caused by the brand of sample tubes that are used in

the sample storage step of the assay. In this example, the solution was to switch

to a different supplier for the tubes. In addition, while it is generally reported that
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Fig. 13.6 Post-column infusion technique as part of the HPLC-MS/MS

system. Adapted from [9], with permission from Elsevier.

Fig. 13.7 Post-column infusion study of a ballistic gradient. The matrix

effects can be seen at the early part of the chromatogram, but the later

part of the chromatogram where the analytes should elute did not show

matrix effects. Adapted from [99], with permission from John Wiley and

Sons.
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ESI is more likely to exhibit matrix effects than is atmospheric pressure chemical

ionization (APCI), Mei et al. [115, 124] reported that matrix effects could be seen

in both APCI and ESI assays. In general, these matrix effects can be detected by

using the post-column infusion technique as described above.

More recently, there have been reports of matrix effects that were caused by the

formulation that was used in a preclinical PK study [6, 9, 119, 125–127]. For ex-

ample, Shou and Naidong [125] used the post-column infusion technique to

show that Tween 80 and PEG 400 (both commonly used as part of preclinical dos-

ing formulations) could lead to significant matrix effects. As an example, they

showed that if they used a fast HPLC-MS/MS method in a dog study where PEG

400 was used in the dosing formulation then a significant matrix ion suppression

resulted and the analytical results were significantly in error for the plasma sam-

ples collected at timepoints up to 2 h. The authors reported that correct results

could be obtained by extending the HPLC gradient so that the analyte and its

internal standard eluted later and were outside of the matrix ion suppression

‘‘window’’.

Xu et al. [119] discussed the problem of matrix effects caused by dosing formu-

lation components in PK studies in a recent publication. Xu et al. [119] showed

that using either Tween 80 or PEG 400 could lead to matrix effects for analytes

that are very polar and elute early in a fast HPLC reversed phase method. In ad-

dition, Xu et al. [119] showed that these matrix effects were time-dependent; gen-

erally, early PK timepoints were more susceptible to these effects than were later

PK timepoints. For example, as shown in Fig. 13.8, there was a time-dependent

nature to the matrix effects caused by the Tween 80; the reason for this is that

the amount of the Tween 80 in the plasma samples changed over the 24-h sam-

pling time [119]. As shown in Fig. 13.8, the matrix effects were also dependent on

the instrument vendor and the route of dosing the formulation. As discussed by

Xu et al. [119], this problem could be avoided by not using Tween 80 or PEG 400

in formulations for PK studies. If these compounds have to be used in the formu-

lation, then one should be careful when performing the HPLC-MS/MS assay on

the samples that are obtained from the PK study. Generally, the matrix effect

problem can be avoided by using a longer HPLC gradient or by doing a more

extensive sample cleanup before performing the HPLC-MS/MS assay.

13.8

Discovery PK Assay Rules

While the rules that need to be followed when developing and using a bioanalyt-

ical assay in a GLP setting are well documented [128, 129], there is no standard

set of rules to follow when one is developing or using a bioanalytical assay in a

drug discovery setting. It is generally agreed that these nonGLP bioanalytical

methods do not need to be validated before they can be used for the analysis of

discovery (nonGLP) PK samples. This is important because the validation proce-

13.8 Discovery PK Assay Rules 413



Fig. 13.8 Time-dependent MS response for

pseudoephedrine when 0.1% Tween 80 was

used in the formulation that was dosed in

the rats via either intravenous (IV) or per os

(PO) routes. The HPLC-MS/MS assay was

performed in the ESI mode using: (a)

Thermo-Finnigan Quantum MS; (b) AB Sciex

3000 MS; (c) Waters-Micromass Quattro

Ultima MS. The PK samples were spiked with

the pseudoephedrine after they were

collected from the rats. The dip (below

100%) in the profiles shows the time-

dependent nature of this type of matrix effect.

It can be seen that the effect varied not only

with time, but was also dependent on the

instrument vendor and the dosing route.

Adapted from [119], with permission from

John Wiley and Sons.
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dure can take 1–2 weeks to complete. Recently, Korfmacher [6] published a set of

rules that can be followed for drug discovery PK assays. These rules are based on

the concept of increasing the requirements that must be met depending upon the

stage in the discovery process where the bioanalytical assay is to be utilized. Korf-

macher [6] describes four stages in the drug discovery process (see Fig. 13.1):

level I (compound screening), level II (lead optimization), level III (lead qualifica-

tion) and level IV (development). When the compound is in the level IV develop-

ment stage, GLP rules need to be followed in most cases (exceptions may be for

certain exploratory studies or ‘‘bridging to development studies’’ where nonGLP

assays can be used).

The rules for level I (screening) assays are shown in Table 13.1. An example of

the type of samples where a level I assay could be used is the CARRS samples

[85] that can be used for screening NCEs using a rat PK model (vide supra). The
concept behind this assay is that it should use a small number of standards and a

simple linear extrapolation. For level II assays (see Table 13.2) that might be used

for discovery PK studies in preclinical species, a complete standard curve is re-

quired. In this case a complete standard curve is defined as 10–15 standards in

duplicate assayed with at least five standards used in the final calibration curve.

Neither level I nor level II assays require the use of quality control (QC) stan-

dards. When a compound is in the lead qualification stage, then a level III assay

would be required. As shown in Table 13.3, the main distinction for level III as-

says is that they are required to include at least six QC standards. As described

in Tables 13.1–13.3, these rules show the requirements for how an assay should

be set up before the samples are assayed and then these rules describe the accep-

tance criteria for the assays after they have been performed.

13.9

New Technology in LC-MS

As with any scientific endeavor, the field of LC-MS is continuing to evolve. New

instrumentation and new technology provide new opportunities for increasing

sample throughput or providing improved data quality. In this section, I will dis-

cuss some of these new technology advances and briefly state how they might be

used for discovery DMPK applications. The types of advances that are described

include those in either chromatography or mass spectrometry.

One of the more exciting new advances in the chromatography field is ultra-

performance liquid chromatography (UPLC) [130, 131]. UPLC is a system where

higher (than HPLC) pressure can be used, which allows one to use smaller (<2

mm) particles in the column with a resulting improvement in the chromato-

graphic resolution. UPLC was introduced as a commercial product recently and

was quickly adapted for use as part of the LC-MS field. Several recent reports on

the utility of UPLC-MS/MS have been published [132–137] in the literature. For

example, Castro-Perez et al. [136] describe the utility of UPLC-MS/MS for the

analysis of in vitro drug metabolism samples; in their examples, it is clear that
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Table 13.1 Rules for discovery (nonGLP) ‘‘screen’’ assays (level I).

Adapted from [6], with permission from Taylor and Francis Group.

1 Samples should be assayed using HPLC-MS/MS technology.

2 Sample preparation should consist of protein precipitation using an appropriate internal

standard (IS).

3 Samples should be assayed along with a standard curve in duplicate (at the beginning

and end of the sample set).

4 The zero standard is prepared and assayed, but is not included in the calibration curve

regression.

5 Standard curve stock solutions are prepared after correcting the standard for the salt

factor.

6 The standard curve should be three levels, typically ranging over 25–2500 ng mL�1 (they

can be lower or higher as needed for the program). Each standard is 10� the one below

(thus, a typical set would be 25, 250, 2500 ng mL�1). The matrix of the calibration curve

should be from the same animal species and matrix type as the samples.

7 QC samples are not used and the assay is not validated.

8 After the assay, the proper standard curve range for the samples is selected. This must

include only two concentrations in the range that covers the samples. A single order of

magnitude range is preferred, but two orders of magnitude is acceptable, if needed to

cover the samples.

9 Once the range is selected, at least three of the four assayed standards in the range

must be included in the regression analysis. Regression is performed using unweighted

linear regression (not forced through zero).

10 All standards included in the regression set must be back-calculated to within 27.5% of

their nominal values.

11 The limit of quantitation (LOQ) may be set as either the lowest standard in the selected

range or as 0.4� the lowest standard in the selected range, but the LOQ must be greater

than three times the mean value for the back-calculated value of the two zero (0)

standards.

12 Samples below the LOQ are reported as zero (0).

13 If the LOQ is 0.4� the lowest standard in the selected range, then samples with back-

calculated values between the LOQ and the lowest standard in the selected range may be

reported as their calculated value, provided the S/N for the analyte is at least three (3).

14 Samples with back-calculated values between 1.0� and 2.0� the highest standard in the

selected range are reportable by extending the calibration line up to 2� the high

standard.

15 Samples found to have analyte concentrations more than 2� the highest standard in the

regression set are not reportable. These samples must be reassayed after dilution or

along with a standard curve that has higher concentrations so that the sample is within

2� the highest standard.
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Table 13.2 Rules for discovery (nonGLP) ‘‘full PK’’ assays ( level II).

Adapted from [6], with permission from Taylor and Francis Group.

1 Samples should be assayed using HPLC-MS/MS technology.

2 Sample preparation should consist of protein precipitation using an appropriate internal

standard (IS).

3 Samples should be assayed along with a standard curve in duplicate (at the beginning

and end of the sample set).

4 The zero standard is prepared and assayed, but is not included in the calibration curve

regression.

5 Standard curve stock solutions are prepared after correcting the standard for the salt

factor.

6 The standard curve should be 10–15 levels, typically ranging from 1 to 5000 or 10 000

ng mL�1 (or higher as needed). The matrix of the calibration curve should be from the

same animal species and matrix type as the samples.

7 QC samples are not used.

8 After the assay, the proper standard curve range for the samples is selected; this must

include at least five (consecutive) concentrations.

9 Once the range is selected, at least 75% of the assayed standards in the range must be

included in the regression analysis.

10 Regression can be performed using weighted or unweighted linear or smooth curve

fitting (e.g., power curve or quadratic), but is not forced through zero.

11 All standards included in the regression set must be back calculated to within 27.5% of

their nominal values.

12 The regression r 2 must be 0.94 or larger.

13 The limit of quantitation (LOQ) may be set as either the lowest standard in the selected

range or as 0.4� the lowest standard in the selected range, but the LOQ must be

greater than three times the mean value for the back-calculated value of the two zero (0)

standards.

14 Samples below the LOQ are reported as zero (0).

15 If the LOQ is 0.4� the lowest standard in the selected range, then samples with back-

calculated values between the LOQ and the lowest standard in the selected range may

be reported as their calculated value provided the S/N for the analyte is at least three (3).

16 Samples with back-calculated values between 1.0� and 2.0� the highest standard in the

selected range are reportable by extending the calibration curve up to 2� the high

standard as long as the calibration curve regression was not performed using quadratic

regression.

17 Samples found to have analyte concentrations more than 2� the highest standard in

the regression set are not reportable. These samples must be reassayed after dilution or

along with a standard curve that has higher concentrations so that the sample is within

2� the highest standard.
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the improved chromatographic resolution provided by the UPLC system allows

the scientist to obtain better data from the sample analysis.

Another recent innovation is the QTrap mass spectrometer. The QTrap MS sys-

tem combines the capabilities of a triple quadrupole mass spectrometer and a lin-

ear ion trap mass spectrometer into one MS system. Initially, the QTrap MS was

used primarily as a tool for metabolite identification studies [34, 35, 38]. As re-

ported by Li et al. [138], the QTrap MS can also be used as an excellent system

for the quantitative analysis of discovery PK samples. The advantage of the QTrap

MS system for quantitative analysis is that it can be used to look for plasma me-

tabolites of the NCE and provide an easy way to monitor them while providing

the quantitative data on the NCE.

Two more MS-related innovations are worth noting here: (1) higher mass reso-

lution on a triple quadrupole mass spectrometer and (2) atmospheric pressure

Table 13.2 (continued)

18 The assay is not validated.

19 The final data does not need to have quality assurance (QA) approval. This is an

exploratory, nonGLP study.

Table 13.3 Additional rules for discovery (nonGLP) PK assays requiring

QC samples (level III). Adapted from [6], with permission from Taylor

and Francis Group.

1 Use all the rules for ‘‘full PK – level II’’ assays (except rule 7) plus the following rules.

2 Quality control (QC) standards are required and a minimum of six QCs at three

concentrations (low, middle, high) are to be used. The QC standards should be frozen

at the same freezer temperature as the samples to be assayed.

3 The QC standards need to be traceable to a separate analyte weighing from the one

used for the standard curve standards.

4 The standard curve standards should be prepared on the same day the samples are

prepared for assay – the standard curve solutions needed for this purpose may be

stored in a refrigerator until needed for up to six months.

5 At least two-thirds of the QC samples must be within 25% of their prepared

(nominal) values.

6 If dilution of one or more samples is required for this assay, then an additional QC

at the higher level must be prepared, diluted and assayed along with the sample(s)

needing dilution – this QC should be run in duplicate and at least one of the two

assay results must meet the 25% criterion.
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photoionization (APPI). The higher mass resolution on a triple quadrupole mass

spectrometer has been described in detail recently [88, 139, 140]. This new instru-

mentation provides an additional mass filtering capability that is not available on

conventional triple quadrupole MS systems. It has been demonstrated that this

enhanced mass resolution can be very helpful for discovery PK assays when one

is approaching the limit of quantitation [88, 139, 140]. The APPI is a new ioniza-

tion system that uses ultraviolet radiation as part of the ionization step [141–

151]. The APPI source has the potential to provide improved sensitivity for

those compounds that do not ionize well with either APCI or ESI. In a recent

study by Cai et al. [143], the authors stated that APPI worked well for many non-

polar compounds, including those that did not ionize well with either APCI or

ESI sources.

13.10

Conclusion

The field of higher throughput discovery PK assays continues to evolve as new in-

strumentation and new challenges arise. It can be predicted that new technology

will continue to improve the researcher’s capabilities in this important step in the

drug discovery process. Instrumentation will continue to get more sensitive and

will be easier to automate in the future.
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a
absorption, distribution, metabolism and

excretion (ADME) properties 402

accurate mass 9, 35, 38, 45, 47, 55, 324

7-acetoxy-1-methyl quinolinium iodide

(AMQI) 195 f.

acetylcholine 292

acetylcholinesterase (AChE) 191ff., 292ff.

N-acetylglucosamine 297

N-acetylglucosaminyltransferase V (GnT-V)

230 f.

adipocyte differentiation 390

affinity capture-MS 160

– noncovalent 160

affinity competition experiment

– ACE50 140ff., 150

– – definition 140

affinity ranking 134 f., 140 f.

affinity screening 157, 162, 165, 325, 367

– primary 164, 173

– ultra-high throughput 163ff.

affinity selection 121, 174, 179

– – MS (AS-MS) 123, 151, 162ff., 176,

179, 254, 305

affinity size exclusion 159

agonist 391

allele-specific expression 54

Alzheimer’s disease 194, 313

D-amino acids 333
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– DL-3-amino-n-butyric acid 274

– transporter (GAT) 269

– – mGAT1 268ff.

trans-4-aminocrotonic acid (TACA) 273 f.

aminoglycosides 328

DL-4-amino-3-hydroxybutyric acid 273 f.
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(AMC) 188ff.
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antagonist 391

anterior pituitary somatotrope cell 386

anthrax lethal factor 298

antibiotic drug 310

antibody-antigen interaction 205

antidigoxigenin FAb 209 f.

antifungal drug 310

anxiety 269

apovinpocetin 46

area under the curve (AUC) 408

arterial hypertension 25

atmospheric pressure

– ionization (API) 11 ff., 34, 56, 404

– – chemical (APCI) 12, 17 ff., 42 f., 57,

81 f., 89, 226, 413, 419

– photoionization (APPI) 12, 19, 42, 57,

405, 419
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ATP 137, 242, 390

automated ligand identification system (ALIS)

121, 125ff., 135 f., 141, 148ff., 254

automatic gain control (AGC) 27

automation software 85ff.

average mass 55

b
background spectrum 85 f.

background subtraction 85 f.

bacterial transcription 333 f.

base peak 56

bicuculline 264

binding

– affinity 72, 97, 103, 274, 341, 357

– – perturbation 392

– – quantitative 130 f.

– assay 200, 247ff., 260ff., 272ff.

– competition 134 f., 249ff., 261, 272ff.
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– isotherm 218ff., 227 f., 249

– site classification 136

– stoichiometry 341, 345

bioactivity screening 193 f., 204, 212

bioanalysis 41 ff., 285, 289, 292, 299

bioanalytical assay 404, 413

bioinformatics 41, 54

biological efficacy 121, 134, 142

biological media 352, 359

biological response 390
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– acoustic 253
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biotin 188, 201ff.

– derivatives 204

blood 322

bosentan 9 f., 25 f., 29

bovine serum albumine (BSA) 76ff., 294 f.

brain 407

breakthrough 233, 237 f., 241

– volume 221, 229, 241

buffer 74ff., 160, 188, 194 f., 201ff., 211,

224 f., 257ff., 269, 343, 349
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see also restricted access
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Caco-2 402, 405
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calcium 346 f., 351ff.
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calibration factor 132

calmodulin (CaM) 351, 360

– apo 345 f., 351 f.

– holo 346, 354ff.

calorimetry 253, 357
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– drug 310

– hepatocellular 231

– invasion 188
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– affinity (ACE) 367
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(TCEP) 381

carboxypeptidase 381

– A 287 f.

caspase-1 316 f.

caspase-3 312ff.

caspase-5 316
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402, 408ff.

cathepsin B 188ff., 200
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257

centrifugation 67ff., 80 f., 259, 261, 268
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chemical ionization (CI) 10ff.

– negative (NCI) 12, 56

– positive (PCI) 12, 56

chemical noise 76, 85

chemotypes 168

Cheng-Prusoff equation 272

chinese herbs 243

chlorpromazine 258ff.
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CI 966 273 f.

circular dichroism 349, 357

collagenase 106

collision cell 24 f., 35, 404

collision energy 25

collision gas 35

collision-induced dissociation (CID) 13, 25,

29, 31, 37, 57

continuous-flow system 185 f., 200

– on-line 202ff.
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– blue 50
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a-cyano-4-hydroxycinnamic acid 286

cyanuric chloride 294 f.
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cysteamine 306ff.

cysteine 306ff., 342, 362

cytochrome c 294

cytochrome P450 178, 405 f.

cytomegalovirus protease (CMVP) 67 f., 84,

99ff., 108ff.
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daidzein 19 f.

DAMGO 266

DAPI 93
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data reduction 85

deconvolution 16, 167 f., 173ff., 307, 365

dehydroisoandrosterone 229

deoxyuridine monophosphate (dUMP)

310

dependent scan 46

depression 269

desorption electrospray (DESI) 12, 20 f.

desorption/ionization on porous silicon

(DIOS) 23, 116, 285, 289ff., 299

detection 4 f.

– photo diode array 20

detection emitter plate 36

detector 38

detector dead time 35

diagnostic monitoring 54

dibromoquinazolone (DBQ) 99, 108ff.

difluoromethyl ketone inhibitor (DFMK)

67 f., 84

digestion 360, 381

– enzymatic 50
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digoxigenin 205 f.

digoxin 205 f., 209ff.

dihydrofolate reductase (DHFR) 127ff., 137,

237 f.

2,5-dihydroxy benzoic acid 286ff.

direct analysis in real time (DART) 12, 20

direct current (DC) potential 23, 30

direct liquid interface (DLI) 3

discharge lamp 19

distamycin 93

disulfide linker 306ff., 315

DMSO 75

DNA 90 f., 219, 324, 362, 386

– synthesis 310

doping control 41

dosing 407

– cassette 407

drug discovery 157 f., 185, 217, 289, 292,

298, 312, 321, 367, 377ff., 401 f., 413ff.

– fragment-based 305ff.

drug metabolism 45ff.

– pharmacokinetic tests (DMPK)

401ff., 415

drug-protein

– complex 65 f.

– molar ratio 109ff.

drug screening 65

– primary 89, 94 ff.

– – Amgen 98

– – Novartis 98

– report 86 f.

– secondary 89

– – Amgen 94

– – Novartis 94

dual spray 35

duel endothelin receptor antagonist 25

dwell time 44

dynamic background subtraction (DBS) 46

dynamic range 33

e
EC50 100

– MS EC50 111ff.

EIC see extracted ion current

electron impact (EI) ionization 10ff., 56

electrophoresis 50

– two-dimensional 50, 53

electrospray deposition (ESD) 291

electrospray ionization (ESI) 12 ff., 22, 38,

42 f., 49, 51, 56, 65ff., 76 f., 81ff., 89ff.,

106ff., 123, 137, 161, 164, 186ff., 200,

203ff., 224ff., 243, 254, 257ff., 268, 272,

305ff., 321ff., 342, 360, 367, 413 f.

– electrophoretic cell 16

– multi-sprayer (MUX) technology 82 f.,

98, 405, 410

– nanoelectrospray 14, 57

– nanospray 123

– – chip 47, 198ff.

– negative mode 18, 91

– positive mode 16, 26, 91

electrostatic mirror see mass reflectron

elemental composition 9

ELISA 242 f.

ELSD 190

endoproteinase 381

enhanced multiply charged (EMC) 32

enhanced product ion (EPI) mode 32, 46 f.

enhanced Q3 single MS (EMS) 32, 46 f.

enhanced resolution Q3 single MS (ER) 32

enzymatic activity 103, 289

enzyme 46, 185ff.

– inhibition assay 405 f.

– substrate complex 186, 296

EphB2 242 f.

epilepsy 269

esterase 292

b-estradiol 89 f., 233

ethidium bromide 92 f.

ethylmethoxyacetate 287

exact mass 55

exact molecular weight (EMW) 130

exchange, H/D 342 f., 349

– amide 378

– automation 382
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exchange, H/D (cont.)
– MS (DXMS) 377ff.

excitation emitter plate 36

extender 310, 312ff.

extracted ion current (XIC) 56, 129, 187,

206, 230

f
Faraday cup 38

fast atom bombardment (FAB) 4, 21, 205

fast photochemical oxidation of proteins

(FPOP) 363ff.

fast radical footprinting 361ff.

fatty acid analysis 292

fatty acid carboxylate 346

Fenton reagent 362

fetal calf serum 170

flow-injection 67, 164, 199

fluorescein 201ff.

fluorescence 186, 190, 194, 202 f., 223, 255,

357

– correlation spectroscopy (FCS) 253

– labeling 122

– polarization (FP) 253

– resonance energy transfer (FRET) 253

– time-resolved (TRF) 253

5-fluorouracil 310

foreground spectrum 85 f.

forensic studies 41, 324

forgetfulness 194

Fourier transform

– mass spectrometry (FTMS) 37, 354

– ion cyclotron (FT-ICR) 5, 9, 30, 36 f.,

47 f., 57, 213, 325, 328ff., 381

fractionation range 74

fragmentation 11

free energy 388

– stabilization 379

free induction decay (FID) 37

frontal analysis (FA) 218 f.

frontal-affinity chromatography (FAC) 159,

217ff., 367

full-scan 41, 46, 209

g
G alpha protein 94ff.
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b-galactosidase 234 f.

b-1,4-galactoxyltransferase 297

galanthamine 194ff.

gallamine 197

galvanostatic etching 290

gas chromatography mass spectrometry

(GC-MS) 3 f., 41

gas phase affinity 123, 160

gel permeation chromatography (GPC)

65ff., 83 f., 89ff., 108ff.

– Gyros 116

gel type 74

genotyping 54

gluconolactone 287 f.

glucose 287ff.

– homeostasis 390

glucose oxidase 287 f.

glucosidase 292

– mannosidase II 292

glucosone 289

glutamate 311

glutamine 362 f.

glycerol 286

glycopeptide antibiotics 254

gold 297 f.

good laboratory practice (GLP) 409, 413

– non 413, 416ff.

GSIB4 234 f.

GTP hydrolysis 324

GTPase 94 f., 324

guanosine diphosphate (GDP) 345ff.

guanosine triphosphate (GTP) 347

Guvacine 273 f.

h
haloperidol 258ff.

haplotyping 54

a-helical structure 354

helix 386, 389ff.

– F- 342

high throughput screening (HTS) 82, 114,

124, 135, 157, 162, 168, 180, 185, 231, 244,

294, 305ff., 321, 402

hippuric acid 288

hippuryl-L-phenylalanine 287 f.

histidine 104 f.

(R)-homoproline 273 f.

HPLC 44, 51, 67, 75, 82ff., 98, 113ff., 185ff.,

208, 259ff., 277, 309, 377, 381ff., 402ff.

human gamma interferon 16

human growth hormone (hGH) 386 f.,

392 f.

human serum albumine (HSA) 133ff.

human urine 45

Huntington’s chorea 269

Huperzine A 194, 197

hydrophilic interaction chromatography

(HILIC) 231, 241

hydroxyl radical 361 f., 367

7-hydroxy-1-methyl quinolinium iodide

(HMQI) 194

8-hydroxyquinoline 109

4-hydroxypicolinic acid 286
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3-hydroxyretinoic acid

– phase II metabolite 18

hyphenation 4

i
IC50 77, 88 f., 98 ff., 140, 149, 171, 197, 200,

227 f., 260ff., 288, 334

– definition 111

identification 54, 263

immune system 388

in silico 403

in vitro 402 f., 405, 415

in vivo 403, 405 f.

incubation 259, 261, 271, 296 f.

indicator 232ff., 242

inflammation 388

inhibition assay 185

inhibitor 143, 147ff., 186, 190ff., 242, 274,

288 f., 298, 305, 310, 313ff.

insulin 346, 356 f.

– lispro 357

– r-human 357

– wild-type 357

insulin-like growth factor receptor (IGFr)

protein 74, 100ff.

internal standard (IS) 43, 270, 416

intestinal fatty acid binding protein (IFABP)

346, 353 f., 360

– apo 353

– rat 346

– wild-type (WT) 354

intracellular matrix 322

intravenous 408

ion evaporation model (IEV) 16 f.

ion intensity 35

ion mobility (IM) 116

– high field asymmetric waveform ion

mobility spectrometry (FAIMS) 226

ion modulator 35

ion source 4ff.

ionic strength 352

ionization gas, methane 12

isoelectric focusing (IEF) 51

isotope 56

isotopic abundance

– bromine 6, 9

– carbon 5ff.

– chlorine 6 ff., 171

– hydrogen 6

– nitrogen 6, 9

– oxygen 6

– sulfur 6, 9

isotopical labeling 42, 122, 136, 288, 291,

299, 378

IUPAC 58

k
kinetic

– assay 250 f., 272ff.

– first-order 70, 143

– Michaelis-Menten analysis 131

– pseudo-first order 348

– second-order 68

– study 341

l
lab-on-a-chip 151

Langmuir equation 241

lanthanide chelates 253

laser 285, 362 f.

– infrared 117

– Nd:YAG 21

– nitrogen 21

– ultraviolet 117

leupeptin 191 f.

library 89, 231, 308, 329

– NGL127A443 127ff.

– Optiverse 235

– screening 157ff., 169 f., 242, 263ff.,

393

ligand binding domaine (LBD) 390 f.

limit of detection (LOD) 190, 200

limit of quantitation (LOQ) 416 f.

lipase 287, 292

– phospholipase A2 292 f.

Lipinski’s rule 95

liposome 238

liquid chromatography 185 f.

– mass spectrometry (LC-MS) 3 f.,

12 ff., 22, 32, 41 ff., 54, 126, 166, 177,

207, 230, 255, 307 f.

– – MS/MS 41 f., 52, 123, 257ff., 268,

270ff., 360, 402ff.

– two-dimensional (2D-LC) 51ff., 240

lock spray see dual spray
low reactive molecular mass (LRMM)

compounds 22 f.

lower limit of quantitation (LLOQ) 267ff.

luciferace yeast pheromone 95

luteolin 243

m
magnesium 347ff.

magnetic field strength 36

magnetic sector 5

p38 MAP kinase 388 f.

marker 248ff., 263, 266 f.

– bound 255 f., 266, 273

– free 255

mass accuracy 381

mass analyzer 4 ff., 14, 23ff., 57
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mass defect 55

mass range 7, 28 f., 55

mass reflectron 33 f.

mass resolving power 56

– ultra-high 381

mass spectrum

– negative mode 18, 173

mastoparan 355

matrix 21, 286, 296 f.

– cobalt 21

– a-cyano-4-hydroxycinnamic acid 295

– glycerol 21

matrix assisted laser desorption ionization

(MALDI) 12, 20 ff., 33 f., 49, 57, 116, 161,

224ff., 239 f., 254, 285ff., 342, 367

– MALDI-TOF 50, 211ff., 240, 285,

289

– post source decay (PSD-MALDI) 51

– principle 285 f.

matrix effects 43, 411 f.

Matthieu’s equation 27

maximum entropy algorithm (MaxEnt)

365

melittin 346, 354ff.

2-mercaptoethanol 307 f., 310 f.

metabolic profiling 185

metabolite identification 418

metabolites 41, 45 ff., 178, 377

metabolomics 54

metalloproteinase-1 (MMP-1) 77, 79, 88,

106 f.

metastable ion 56

metastasis 188

methadone 264ff.

methionine 342, 362

2-methoxy-N-[(1R)-1-phenylethyl]-acetamide

287

methyl orange (MO) 76ff.

N-methyl scopolamine (NMS) 149 f.

methylenetetrahydrofolate (mTHF) cofactor

311 f.

microarrays, chemical 367

microbial identification 324

microbore column 222

microcoil reactor 187, 208

microfluidic compact disc (CD) 116 f.

microfluidic system 116

microsomal stability 402, 405

microsome 178

mitogen-activated protein (MAP) 388

molecular mass

– relative 15, 55

molecular weight 66

morphine 264 f.

MRM 227, 240

MSn 25, 28, 31 f., 37 f., 41, 47, 57, 198, 209,

240, 403

– in space 28

multi channel plate detector (MCP) 33, 40 f.

multiple ionization source 19 f.

– combined ESI-APCI (ESCi) 19 f.

multitarget affinity/specificity screening

(MASS) 328ff.

muscarinic acetylcholine receptor 134

mutagenesis 307, 392

mutant 384

mutation 357

– point 347

myoglobin 322 f.

– apo- 323, 363ff.

n
nafoxidine 229

naloxone 264ff.

nebulization gas 15

nefazodone 48

neurotransmitter 269

neutral loss (NL) 25 f., 32, 48, 57

new chemical entity (NCE) 401ff.

nicotinic acid 286

(R)-nipecotic acid 273 f.

NO 711 269ff.

nominal mass 56

nonlinear least squares (NLLS) regression

344

norethindrone 229, 233

nortryptiline 219

nuclear magnetic resonance (NMR)

spectroscopy 45, 101, 105, 109, 122, 135,

171, 211, 253, 305, 342, 359ff., 377, 388

– – 2D 1H-15N HSQC 95, 106

nucleotide 327

o
oleate 353 f.

oligo(ethylene glycol) 296

oligonucleotides 323 f.

oligosaccharides 224, 231

omeprazole 48

oral 408

orbitrap 5, 9, 30, 37, 47

p
paromomycin 93

Parkinson 269

– Morbus 257

particle beam (PB) 4

pepsin 360, 387ff.
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peptide 14, 35, 50, 53, 224, 285, 294 f., 341,

346, 355, 365, 378 f.

– mass finger print (PMF) 34, 50 f.

per os 414

peroxisome proliferator-activated receptor g

(PPARg) 390 f.

pH shock 209 f.

pharmaceutical compounds 41

pharmacodynamic (PD) relationships 406

pharmacokinetic (PK) investigations 401ff.,

413 f.

phenotypic effect 157

phenylalanine 288, 291, 293, 362 f.

– hydroxylase (PAH) 293

phenylethylamine 287

N-phenyl-sulfonamide fragment 310

phospholipid 292

– lyso- 292 f.

– triacylglycerol 292 f.

photodissociation 81 f.

photographic plate 38

photoluminescence 290

photon multiplier detector 40

physostigmine 194

pig striatum 257, 260

pimozide 258ff.

plasma 407

– human 43

pleckstrin homology (PH) 138 f.

PLIMSTEX 123, 341ff.

– definition 161

polyacrylamide 74 f.

polyethylene glycol 292

porcine 346, 353

porphyrin-binding pocket 342

post-source decay (PSD) 34, 57

precursor 48

– ion scan (PC) 25 f., 32, 35 f., 57

predictive fragmentation software 48

product ion scan (PIS) 25 f., 32, 57

proline 310, 378

promiscuous compound filter (PCF) 168ff.

protection factor 378 f.

protein 14, 22, 48ff., 65 f., 285, 306ff., 331,

341

– apo- 344 f., 347

– conformational change 385, 390

– denaturation 75, 164, 174

– fragmentation 381

– glyco- 231

– kinase A (PKA) 76 f., 80, 98

– kinase C-a 288 f.

– light-chain kinase protein (MLCK)

354

– membrane 256, 317

– protein interaction 385

– ras 345 f., 347ff., 360

– RNase S 365

– b-sheet 353

– targeting 377ff.

– turnover, interacellular 188

protein-ligand

– complex 70, 135, 143ff., 201, 207,

344 f., 349 f.

– dissociation 142ff., 207ff.

– – simulation 145ff.

– interaction 200

proteolysis 381ff.

proteomics 51, 287

pseudoephedrine 414

pull-down assay 298 f.

pumping

– differential stage 12, 14

– diffusion 13

– high vacuum cryogenic 13

– single stage 12 f.

– turbomolecular 13

pyranose oxidase 288 f.

pyridine 288

pyrimethamine 238

q
quadrupole ion trap (QIT) 4 f., 27 ff., 57,

199, 208, 211 f., 342, 381, 418

– linear (LIT) 30ff., 57, 335

– – LTQ-FTMS 37

– – LIT-orbitrap 48

quadrupole mass spectrometer 4 f., 23 ff.

– QqTOF 35 f., 48, 57, 381

– triple (QqQ) 24ff., 57, 403, 418

– QqQLIT 31 f., 57

quality control (QC) 43, 415ff.

quantitative analysis 42 ff., 54

quenching 146, 296 f., 348ff., 360ff., 380,

382

quinoxalin-2,3-diones 333 f.

r
radiofrequency (RF) potential 23, 27 f., 30

radiolabeling 45

radioligand binding assay 247ff., 260ff.,

270ff.

radionuclides 252

rapid array informed structure evolution

(RAISETM) 160

receptor 255

– benzodiazepine 255

– dopamine 256ff.
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receptor (cont.)
– estrogen 89

– G protein-coupled (GPCRs) 125,

135, 149, 256 f.

– nicotinic acetylcholine 255

– opioid 263ff.

regression 417

remikiren 48 f.

resolution 7ff., 24, 33, 35, 56, 418

response 132

restricted access (RA) column 207ff.

reversed phase chromatography (RPC) 51,

82ff., 190, 259, 383

– MS 123ff., 133

ribosome 324, 335

Rivastigmine 194

RNA 54, 67, 90 ff., 323ff., 342

robotic instrumentation 80 f.

rosiglitazone 391

s
salicylic acid 314ff.

salt bridge 105

sample introduction 4 f.

sample preparation 43

SARS-Coronavirus 243

saturation

– assay 247, 268ff.

– binding 272

– isotherm 271

scavenger 364 f.

SCH 23390 257ff.

schizophrenia 257, 269

scintillation 252, 255

score 85 f.

screening assay 68, 415

selected reaction monitoring (SRM) 25 f.,

29, 32, 44, 57, 404, 409

self-assembled monolayers (SAMs) 295 f.,

299

self-assembled monolayers for MALDI-MS

(SAMDI) 285, 295ff.

– principles 295 f.

sensitivity 35, 54, 74, 84, 116, 137, 198, 200

sephadex 74

sepsis 313

serine 104 f.

SGALDI 116

silicon 289ff.

silver staining 50

sinapic acid 286

single ion monitoring (SIM) 26, 201, 204

single nucleotide polymorphism (SNP) 54

size exclusion

– chromatography (SEC) 123ff., 132 f.,

367

see also reversed phase chromatography

– membrane 164

SKF 83566 258ff., 273 f.

SNAP 5114 273 f.

sodium dodecyl sulfate polyacrylamide gel

(SDS-PAGE) 51, 366

solid phase extraction (SPE) 43, 260ff.

solvent 66

sorbitol dehydrogenase 228

spectra interpretation 48 f.

spermicides 292

spin column 65ff., 73 f., 83 f., 89 ff., 108ff.,

159

spiperone 258, 261ff.

staircase method 224 f.

staurosporine 76 f., 80, 133, 137ff., 148

streptavidin 202ff.

Streptococcus pneumoniae 163

stroke 313

strong cation exchange column (SCX) 51

structure activity relationship (SAR) 158,

171, 311, 331ff.

structure elucidation 11, 45

succinic acid 286

sulfamoyl fragment 317

sulpiride 258ff.

SUPREX 123, 358ff.

– definition 161

surface enhanced laser desorption/ionization

(SELDI) 23, 49

surface plasmon resonance (SPR) 122, 160,

219, 239, 253

survey scan 46

synaptic cleft 269

system monitoring compounds (SMC) 187,

191 f., 197 f.

t
tamoxifen 229

tandem chromatographic methods 114

tandem mass spectrometry 11, 409

– MALDI-TOF/TOF 51

Tardive dyskinesia 269

target 248ff., 268ff., 313

– ligand interactions 63ff., 254

tethering 305ff.

tetra-O-galloyl-b-D-glucose 243

therapeutics 393

therapeutic monitoring 54

thermodynamic sensors 379
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thermospray (TSP) 4

Thermotaga maritima 384

thioflavin T 197

thiol 306, 313

thiophene sulfone 314 f.

thiostrepton 324ff.

thymidine monophosphate (dTMP) 310

thymidylate synthase (TS) 310ff.

tiagabine 269, 273 f.

time delayed fragmentation (TDF) 32

time of flight (TOF) 5, 22, 30, 33 ff., 47,

69ff., 90, 98, 195ff., 203ff., 243, 290, 307 f.,

343, 347, 364

– TOF-TOF 36, 57

titration 108ff., 131ff., 341, 342 f., 348ff.

N-tosyl-D-proline 310ff.

total ion current (TIC) 56, 190ff., 309

toxicology 41

transferrin-binding protein B (TbpB)

240

transmission 24, 33

2,4,6-trichloro-1,3,5-triazine see cyanuric
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trifluoromethylene ketone (TFMK) 99ff.

trifluperazine 258ff.

trimethoprim 137

troponin I 354

trypsin 294 f.

tryptophan 362

tyrosine 291, 293, 362

u
UDP-Mur-Nac-pentapeptide synthetase

enzyme (MurF) 163, 166, 169ff.

ultrafiltration 157ff.

– membrane 179

– pulsed (PUF) 159, 177ff., 367

ultraperformance liquid chromatography

(UPLC) 115 f., 415, 418

UV detection 98, 122, 126, 190, 223

v
vancomycin 254

Vero-E6 cells 243

virus 335

w
warfarin 133ff.

x
X-ray crystallography 135, 171, 311, 357,

361, 365, 367, 377, 387 f., 394

z
Zap-70 kinase 143, 147ff.

Z-FR-AMC 188ff.
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