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Abstract

Mass spectrometry (MS) has been applied to drug discovery for many years. With the advent of new ionization techniques, MS has emerged as
an important analytical tool in identification and characterization of protein targets, structure elucidation of synthetic compounds, and early drug
metabolism and pharmacokinetics studies. Two MS-based strategies, function-based and affinity-based, have been employed in recent years for
screening and evaluation of compounds. In the function-based approach, the effects of compounds on the biological activity of a target molecule
are measured. In the affinity-based approach, compounds are screened based on their binding affinities to target molecules. The interaction between
t indirec
e ding high
p S and
d d method
a
©

K

C

528
529
532
2
3

535
536

1

t
i
t
t
c

e
I)
rary
of
ng
en-

es
the
-
to
trat-
ets

0
d

argets and compounds can be directly evaluated by monitoring the formation of non-covalent target–ligand complexes (direct detection) ortly
valuated by detecting the compounds after separating bound compounds from unbound (indirect detection). Various techniques inclu
erformance liquid chromatography (HPLC)–MS, size exclusion chromatography (SEC)–MS, frontal affinity chromatography (FAC)–M
esorption/ionization on silicon (DIOS)–MS can be applied. The recent advances, relative advantages, and limitations of each MS-base
s a tool in compound screening and compound evaluation in the early stages of drug discovery are discussed in this review.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Enzymes and receptors represent the most common drug
argets identified to date. Target based drug discovery is an
mportant strategy for developing new therapeutic agents. Essen-
ial activities in the early phases of execution of this strategy
ypically comprise identification and validation of a biologi-
al target, development of assays to identify compounds (hits)
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with activity against target function, and optimization of thes
hits using medicinal chemistry tools. The hit identification (H
phase includes screening of the target against a compound lib
using a primary assay, followed by a thorough evaluation
the hits that emerge from the primary screening employi
multiple approaches. Two general assay strategies for scre
ing and hit evaluation (HE) are typically used. One compris
the use of an assay (or a set of assays), which monitors
modulation of the biological activity of the target by com
pounds, e.g. the catalytic activity of an enzyme. We will refer
this approach as “function-based screening”. The second s
egy, which uses the binding affinities of compounds for targ

731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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to screen for potential hits, is referred to as “affinity-based
screening”.

Mass spectrometry (MS) has been used in drug discovery
for decades. With the advent of electrospray ionization (ESI)
and matrix-assisted laser desorption ionization (MALDI) tech-
niques, the use of MS as an analytical tool has extended to
all stages of drug discovery, including target identification and
characterization, structure elucidation of synthetic compounds
and early drug metabolism and pharmacokinetics. Furthermore,
in recent years, the potential of MS in compound screening
and HE has been explored. MS has certain distinct advantages
over conventional methods in function-based and affinity-based
screening. Perhaps, the most attractive advantage of MS over
other analytical techniques is its generic nature of detection
based solely on the mass-to-charge ratio of a molecule. This is
measured with exquisite accuracy and high sensitivity in modern
day mass spectrometers, thereby providing an interference-free
true fingerprint of the molecule.

2. Function-based screening

A protein target, such as an enzyme with a well-defined bio-
logical function, can be screened using functional assays to
search for compounds that would modulate its function. The
feasibility and success of such screening depend on develop-
ment of assay methodologies that allow rapid and quantitative
m ets,
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Within the past decade, MS has become a powerful tool for
studying enzyme kinetics and mode of inhibition as it can detect
a wide range of molecules with high sensitivity and molecular
selectivity. It has been widely applied in steady state enzyme
kinetics to determine Michaelis–Menten constants (KM) and
turnover numbers (kcat) [1–6] and in pre-steady state kinetics
where transient enzyme reaction intermediates can be mon-
itored, yielding information about individual steps along the
catalytic pathway[7,8]. Another noteworthy advantage of MS
over many other techniques is that it can be used to monitor and
quantify multiple components simultaneously. Pi and Leary have
developed a multiplex assay to study enzyme/substrate speci-
ficity, from which multiple substrates can be evaluated simul-
taneously in one assay[9]. As the MS technique detects native
substrates or products directly and quantitatively, the catalytic
mechanism of an enzyme can be studied conveniently[10,11].
The use of chromophores, radioactive labels or secondary enzy-
matic reactions irrelevant to the target enzyme reaction can be
eliminated. Method development for an MS-based assay is usu-
ally rapid (typically 1–2 days) with appropriate instrumentation.
False positives and false negatives are rare as the mass of an ana-
lyte or its fragments, generated by collision-induced fragmenta-
tion (CID) in a tandem mass spectrometer, is generally unique.
A direct comparison between a spectrophotometric assay and
an LC–MS assay for the same enzymatic reaction showed that
the latter has a better sensitivity, lower background, lower limit
o ility
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.g. by monitoring the time-dependent increase in the con

ration of a reaction product or the concomitant disappear
f a substrate for an enzyme target. Compounds that speci
odulate the function of a target are often the starting mole
ntities or “hits” from which “leads” and eventually “candid
rugs” may be potentially developed. These functional as

or studying target-compound interactions are used throug
he entire process of lead generation.

Among many methods applied for drug screening and
pectrophotometric or spectroflurometric assays have p
ly been the most commonly used. These types of a
re usually fast, relatively simple to use and amenab
utomation. However, optical detection methods require

he analyte to be quantified has an intrinsic chromopho
uorophore, or is readily convertible to a compound exh
ng well-resolved absorbance or fluorescence of sufficie
igh signal at a desirable wavelength. An enzymatic
ling reaction often has to be introduced for such a con
ion. In this case, the inhibition data need to be deconvo
o ascertain that inhibition of target enzyme rather than
oupling enzyme(s) is being detected. The major draw
f these assays is that a high background may be prod
ue to optical interference from reaction substrates, sc

ng compounds and/or other components required for en
ctivity. Other commonly used assays are radioactivity-b
ssays. These assays are very sensitive and can be for

o high throughput automation, but they require radiolab
ubstrates to be prepared and appropriate safety measure
e in place, including safe handling of hazardous radioa
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f quantitation, wider dynamic range and better reproducib
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For reactions in which target enzymes can function p
rly in simple reaction matrices, such as low concentratio
olatile buffer and salt, samples can be directly injected
mass spectrometer without any column separation[1,9–11].
owever, for reactions involving high concentrations of s
nd buffer, a fast LC separation before MS detection is hi
ecommended to reduce ion suppression, which is a major
f sensitivity loss. A divert valve is used to direct the salts el
t the column front into waste to avoid contamination of
S ion source. For a reaction conducted in a complex rea
atrix, a triple quadrupole mass spectrometer used at mu

eaction monitoring (MRM) mode is recommended to decr
ossible chemical noise arising from the reaction matrix.

A common procedure applied in target-based functi
creening is illustrated inFig. 1. An enzyme reaction is pe
ormed in a 96- or 384-well plate. After a defined reaction ti
he reaction is stopped by addition of a chemical, which can
ivate the enzyme. Most enzymes can be inactivated by cha
he solution pH or adding an organic solvent. Alternativel
etal chelator, such as EDTA can be used if a divalent ca

uch as Mg(II) is required for enzyme activity. The quenc
eaction mixture is then injected into an LC–MS system and
eaction product is quantified by MS. These assays can be
o screen a compound library at a defined concentration of
ompound to obtain the percentage of inhibition (%I) or
eries of compound concentrations to obtain inhibition pot
f a compound (IC50).

LC–MS assays usually have a lower throughput compar
pectrophotometric or spectrofluorometric assays in whic
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Fig. 1. A schematic representation of an LC–MS based enzyme inhibition assay. Analytes can be quantified by selected ion monitoring (SIM) or multiple reaction
monitoring (MRM). Inhibition of a target enzyme can be evaluated at a single compound concentration to obtain %Inhibition. Heat map can be used to locate and
compare potency of compounds in a 96-well format. Compounds can be also evaluated at serial concentrations to obtain IC50 (inhibitor concentration required for
50% inhibition).

or 384 data points can be obtained simultaneously by a plate
reader. The reduction in throughput happens at the front-end,
as the time spent in the LC step is rate limiting, although a
short LC gradient is usually sufficient because MS provides
another dimension of resolution. In addition to the time con-
sumed in the gradient, LC columns require a certain amount of
time to be reconditioned and re-equilibrated after each analysis.
To address this issue, Agilent Technologies Inc. introduced an
alternating column regeneration strategy (Fig. 2) in which two
identical columns are switched between an eluent pump and a
regeneration pump using a 2-position/10-port valve. While one
column is performing separation and analysis, the other col-
umn is being regenerated and equilibrated. With an autosampler
of the Agilent 1100 Series, it is also possible to perform over-
lapping injections. This means that while one sample is being
analyzed, the next sample can be drawn into the sample loop and
held there until the next injection. With this system, about 40%
increase in throughput can be achieved. This system is inex-
pensive, simple to use and easy to maintain. To further increase
the throughput of LC–MS assays, multiple high performance
liquid chromatography (HPLC) coupled to a mass spectrometer
can be applied[13]. Multiple flows from the respective columns
can be introduced into a mass spectrometer interface sequen-
tially or simultaneously. In the first method, samples are injected

onto their respective columns in a staggered fashion. Each col-
umn utilizes its own set of pumps for mobile phase delivery. A
valve selector is used to sequentially introduce the fraction of
interest from each HPLC separation into the ionization source
(Fig. 3A). In the second method, only one set of pumps is
used to produce the main flow, which is then split into multi-
ple sub-flows for individual columns. A four- or eight-channel
multiplexed electrospray (MUX) ionization source (Waters Inc.)
utilizes an indexed sampling rotor to permit one spray at a time
to be introduced into the sampling cone of a mass spectrometer.
Although fewer data points are collected during peak elution,
resulting in decreased sensitivity, the technique allows analytes
from multiple columns to be analyzed simultaneously (Fig. 3B)
[13].

Desorption/ionization on silicon (DIOS) time-of-flight
(TOF) is a matrix-free technique, where analyte molecules
are trapped within a porous silicon surface from which they
are laser-desorbed and ionized[14–16]. Unlike matrix-assisted
laser desorption/ionization TOF–MS, the absence of matrix in
DIOS allows analysis of small molecules belowm/z 300. There-
fore, this technique is an excellent tool for small molecule
analysis. DIOS–MS without LC separation has been evalu-
ated for studying enzyme kinetics and inhibition[14,17]. It has
been shown that DIOS–TOF is as quantitative as LC–MS/MS,
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Fig. 2. Alternating column regeneration using a binary pump. In Position 1, Column 1 analyzes while Column 2 regenerates and flushes out to waste. In Position 2,
Column 2 analyzes while Column 1 regenerates and flushes out to waste. Reproduced with permission from the web site of Agilent Technology Inc.

provided that an internal standard is used[17]. Very small
amounts of sample, usually low picomoles are required for
DIOS–TOF analysis. With a 200 Hz laser, a sampling rate of 1.6 s
per sample can be achieved. In other words, a plate of 100 com-
pounds can be screened in 160 s[18]. With the incorporation of
electrospray sample deposition (ESD), more uniform deposition
is achieved and this allows improved accuracy and reproducibil-
ity for quantitative analysis[18]. However, all studies reported

Fig. 3. Schematic representation of a parallel HPLC column configuration. (A)
E gere
i to be
a ration
A UX).

so far involved enzyme reactions that can be carried out in very
simple reaction matrices, such as a low concentration of volatile
buffer (5–25 mM ammonium bicarbonate or ammonium citrate).
In reality, many enzymes require cofactors, non-volatile salts and
stabilizers to be fully functional. Without a separation step, or
at least a desalting step, ion suppression by the reaction matrix
could be severe, resulting in decreased sensitivity and reliability
of quantitation.

Currently, LC–MS is mostly used as an important tool in HE,
after primary screening of a large compound library against a
target using a non-MS-based high throughput assay. The number
of hits generated by the primary screening is much smaller than
those in the original library and is usually readily amenable to
MS analysis in terms of throughput. The MS assay applied at this
stage provides an independent and orthogonal confirmation of
the validity of the hits offered by the primary assay. For reasons
such as specificity and selectivity described earlier MS provides
a powerful assay platform for HE and aids the process of moving
forward with high quality hits that have the potential to become
or be transformed to lead compounds.

With the introduction of more and more high throughput plat-
forms, such as “Lab-on-a-tape” (BioTrove Inc.), MS is becoming
a suitable tool for primary screening of large compound collec-
tions. An integrated microfluidic system has been developed for
direct quantitation of analytes in complex reaction mixtures[19].
This system is designed for solution phase biochemical assays.
L gical
a s per
s

ach column uses its own set of LC pumps for mobile phase delivery. Stag
njection allows each analyte eluted at the defined retention time window
nalyzed sequentially by a single sprayer. (B) Parallel injection and sepa
nalyte from each column is analyzed with indexed multiplex sprayer (M
d

.

arge numbers of compounds can be screened for biolo
ctivity against an enzyme target at the throughput of 4–5
ample.
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3. Affinity-based screenings

Another approach for target-based screening involves the
determination of the relative affinities of compounds for tar-
get macromolecules. Compared to function-based screenings,
which require characterization of macromolecular targets, iden-
tification of appropriate substrates, and development of robust
assays for each target, affinity-based screenings do not require
knowledge of structure or function of a target, and do not require
the development of target-specific assays. The affinity-based
screenings are, therefore, very suitable for the targets identi-
fied and validated by strategies such as gene disruption and
siRNA from which the linkage between the targets and disease
phenotype have been confirmed but function of the genes or
the targets may still be unknown[20]. Another advantage of
affinity-based screening is that as the assay formats for differ-
ent targets are relatively invariant, the promiscuous, frequent
hitters can often be identified. On the other hand, the draw-
back of this strategy is that it will identify compounds simply
based on their binding affinities for a target irrespective of
whether or not the biological function of the target is affected.
A variety of front-end affinity selection techniques have been
applied in conjunction with MS to identify potential ligands.
The screening process is initiated by forming a macromolec-
ular target–ligand complex under native conditions. The non-
covalent complexes can then be characterized either by direct
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ing monitoring the dynamics of enzyme-catalyzed reactions
[22], enzyme-inhibitor complexes[23], quadruplex structure
of DNA [24], DNA–protein complexes[25–29], RNA–protein
complex [30–32], DNA–RNA interactions[33], drug–DNA
complexes[34] and protein–protein interaction[35]. The use
of ESI–MS to monitor macromolecular complexes, which are
involved in the chaperonin-assisted protein folding cycle has
been demonstrated recently[36]. This adds an important new
dimension for the application of MS to basic biological sciences
[37].

However, to ensure that the native state of a complex is
retained during MS analysis, appropriate ESI source parame-
ters and solution conditions must be used[38]. Experimental
conditions need to be carefully optimized to achieve the right
balance between keeping the target–ligand complex intact and
the efficiency of MS analysis. For example, orifice potential must
be sufficient to ionize a protein complex but not too high to dis-
rupt the non-covalent interaction. Unfortunately, proteins often
require non-volatile salts, co-factors, additives, surfactants and
neutral pH to maintain their native conformation and biological
activity. These conditions are not ideal and can be problem-
atic for MS detection where low pH and the presence of some
organic solvent are usually preferred for efficient ionization. As
a result, this approach is usually limited to those targets whose
native state can be preserved at a relatively acidic pH (e.g. pH
5.5–6.5) and in low concentrations of volatile salts and buffers
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arget.

.1. Direct detection of non-covalent
acromolecule–ligand complexes

Although mass spectrometry has been widely used to ide
nd analyze small molecules for decades, it only became
ible to analyze macromolecules such as proteins and n
cids when two soft ionization techniques, MALDI and e

rospray ionization (ESI), were introduced in the late 19
SI is capable of desorbing many non-covalent complexe
lose to their native solution state, into gas phase as ch
ons. Samples are usually introduced to MS by direct infu
nd the molecular weights of non-covalent complexes are
ured directly. A mass accuracy of better than 0.01% ca
sually achieved for protein complexes with molecular ma
f <35 kD [21]. This high mass accuracy is far superior

hat of traditional native gel electrophoresis and size ex
ion chromatography (SEC) methods. Therefore, ESI–M
deal for the determination of masses of non-covalent c
lexes from which the stoichiometry of these complexes ca
ccurately obtained. Compared to other biophysical techni
uch as NMR spectroscopy and analytical ultracentrifuga
he major advantages of using mass spectrometry for s
ng non-covalent complexes are its speed and sensitivity.
anomole to picomole amounts of material are required and
nalysis can be conducted in a few minutes. ESI–MS has
pplied to studying various non-covalent interactions, inc
r
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e.g. 10–50 mM ammonium acetate, Tris acetate or ammo
icarbonate).

In order to identify specific binders, a screening met
hould be carefully validated. Good correlation should e
etweenKd values measured in gas phase (by MS) and in

ion phase (by other techniques). A ligand with known solu
d can be used for method development. It has been n

hat this approach is especially useful for RNA targets as
riendly conditions, such as methanol, have been report
tabilize the tertiary structure of RNA[39] and up to 50% o
n organic solvent has been used[40]. A number of MS-base
ssays for RNA targets have been developed[41–43]. These
ssays are extremely sensitive and can detect RNA bi
ith Kd values ranging from nanomolar to millimolar. T
inding stoichiometry and dissociation constants for bin
f aminoglycoside antibiotics to ribosomal RNA have b
etermined using these assays[40]. MS-based assays have a
een used in a relatively high throughput fashion for affin
ased screenings of compounds against a 27-mer nucl
NA, an essential components of 16S rRNA A-site, whic

esponsible for binding of tRNA in translation[44,45]. Further-
ore, these assays have helped to generate lead compoun

arget ribosomal RNA, using structure–activity relations de
ped on the basis of binding affinities of known antibiotic
RNA [46–50]. The perspective of MS as a drug discovery p
orm against RNA targets has been comprehensively revi
51].

Native proteins and protein–ligand complexes have far f
harges than denatured proteins and, therefore, can be
etected at high values ofm/z. Mass spectrometers capa
f high mass measurements, such as quadrupole time-of
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(QTOF) instruments, are essential for studying non-covalent
complexes. Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometers have also been used for studying
non-covalent complexes of smaller protein targets and ligands.
Benner and coworkers have applied FT-ICR to identify and
screen a 324-member peptide combinatorial library in a single
experiment[52]. Bound ligands can be unambiguously identi-
fied following infrared multiphoton dissociation of non-covalent
complexes. Using a similar approach, the binding affinities of
more than 250 compounds can be ranked simultaneously[53].
The promise, pitfalls and prognosis of using MS to study non-
covalent complexes have been reviewed extensively[54–57].

A lot of effort has been made to improve the throughput of
affinity-based screening. A chip-based nanoelectrospray system,
NanoMate, introduced by Advion BioSciences, allows samples
to be introduced into a mass spectrometer in a fully automated,
reproducible and robust manner. Each sample is processed using
a separate tip and nozzle, achieving zero carry-over between
samples. Using this system, a reproducible screening can be
performed at a speed up to 50 times faster than NMR[58,59].

3.2. Indirect detection of non-covalent
macromolecule–ligand complexes

The interaction between macromolecular targets and screen-
ing compounds can be indirectly evaluated by detecting the
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of equilibrium during complex separation, this approach is not
typically used to obtain binding stoichiometry. Competitive lig-
and displacement experiments against a known specific ligand
can be carried out to identify specific binders and to determine
Kd. The binding site can be further confirmed if site-specific
mutants of the target molecule are available.

In an alternative method, the unbound or free compound is
quantified by LC–MS after its separation from the macromolec-
ular complex by SEC.[67]. The unbound compound retained
by SEC column are recovered and analyzed by MS. An excess
of target is typically used. The absence of a compound in the
SEC retained fraction indicates strong affinity of the compound
towards the target, while detection of a significant amount of
a compound indicates weak or no binding of the compound.
This method, though effective in finding strong binders, requires
the recovery of unbound compounds from SEC, which usually
involves serial washing steps, an elution step, and a subsequent
sample-concentrating step before the sample can be analyzed by
LC–MS.

To improve throughput, 96-well plates filled with preswollen
Sephadex G-25 beads (0.35 mL per well, BHK Laboratories
Inc.) and a 96-well plate bench-top centrifuge (Eppendorf) have
been used for fast, parallel separation of the high MW non-
covalent complex from unbound low MW molecules[67]. A
similar method has been validated and developed into a lead
discovery platform (SpeedScreen) for selection of high-affinity
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etermination of bound ligands requires the dissociation o
omplex. Non-covalent complexes can be disrupted by d
uring conditions, such as 3% acetic acid in acetonitrile–w
nd subjected to MS analysis by direct infusion[61]. The com-
lexes can be also directly injected onto a reversed phase H
RP-HPLC) column where the dissociation of the complex
ccomplished by raising the column temperature to, e.g. 6◦C,
nd by mobile phases used for RP-HPLC (usually acidic s

ions, e.g. pH 2, containing organic solvent). Binding affini
an be measured at a constant protein concentration and
oncentrations of a compound or vice versa. A Scatchard
r, for more accurate results, non-linear fit of a binding c
an be used to obtain theKd value. One should keep in mind th
he equilibrium between target macromolecule, compound
on-covalent complex is disturbed to some extent during
xclusion or ultrafiltration procedure. Therefore, binding c
tants determined by this method are usually somewhat h
han those obtained by equilibrium methods, such as iso
al titration calorimetry (ITC) and equilibrium dialysis. F

xample, theKd value determined by SEC spin column sep
ion followed by reversed phase LC–MS for warfarin bindin
uman serum albumin is about four times higher than that d
ined by ITC (39�M by MS versus 10�M by ITC; Deng, G
t al. unpublished data). To minimize the perturbation of e
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inders in an industrial screening environment[68]. Up to 600
ompounds per well at 7�M concentration each compou
ere incubated with 10�M target in a 96-well pinhole plat
he samples were rapidly centrifuged through the pinhole
n SEC plate. The protein-bound ligands were then pa

nto the collection plate for subsequent LC–MS analysis.
ample handling steps and the analytics are rapid, robus
argely automated. Another high throughput technology
orm, termed ALISTM, has been introduced by NeoGene
harmaceuticals Inc. ALISTM is an integrated inline syste
omprising incubation of the compound mixture, separatio
inders from non-binders by parallel SEC columns, separ
f binders from protein by reversed phase chromatography
SI–MS. Up to 300,000 compounds per day per screening
an be screened[69]. High throughput ultrafiltration-based affi
ty screening has been also described[70].

Another procedure for detecting low molecular m
ompounds non-covalently bound to macromolecular ta
nvolves the use of an immobilized target. Three methods
e used. In the first method, MS is coupled to frontal affi
hromatography (FAC). A column is prepared containin
xed amount of immobilized biological receptor or enzyme
ample containing potential ligands or inhibitors is continuo
nfused through the column. The order of compound elu
arallels their affinities for immobilized receptor or enzy
Fig. 4A). The tightest binding ligand elutes last while co
ounds, which do not interact with the target elute at the
olume of the column. A target can be directly immobiliz
nto a stationary phase through reductive amination bet

he protein’s primary amines and the aldehyde functi
roups on beads, such as Aminilink coupling gel (Pier
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Fig. 4. Schematic diagrams of extracted ion chromatograms of compound a,
b, c and d monitored by FAC–MS (A) and instrument configuration (B). FAC
column is firstly equilibrated with buffer from syringe 2. The flow selection
valve is then switched to syringe 1 (injection) to collect ion chromatogram.

Alternatively, the target can be indirectly immobilized onto the
stationary phase via avidin. The latter method requires that the
target molecule is pre-biotinylated before it is immobilized onto
avidin beads. The apparatus used for FAC–MS analysis contain
a multisyringe pump, which delivers three solutions in parallel,
a switching valve, and a mass spectrometer (Fig. 4B). Two of
the three syringes and a switching valve are used to delive
either the elution buffer or the compound solution into the mass
spectrometer. The third syringe is used to deliver a make-up
solution, through a post FAC column tee, which facilitates
MS detection of compounds eluted from the column. The
dissociation constants (Kd) of individual ligands in the mixture
can be determined based on the FAC theory[71]. A void volume
marker, a compound with no affinity for the immobilized target,
is required to determine the column capacity, which is used
to calculate theKd value of an unknown ligand. By using an
“indicator”, a compound known to bind to a specific site on
a protein target with a known affinity, such as a substrate of a
target enzyme, competitive inhibitors in a compound mixture
can be readily identified by the shifted elution volume of the
indicator[72]. Other applications of using an indicator include:
(1) determining if an individual ligand has a higher or a lower
Kd value than the indicator, based on the shape of FAC–MS
elution profile (for example, a “roll up” elution profile of a
compound usually indicates that the compound binds to the
target at lower affinity than the indicator[73,79]); (2) indirectly
s ete
a usly
u ntly
d uish
b s o
a

icro
s

used for screening. This approach is capable of measuringKd
values from low nanomolar to high micromolar, using sub-
picomolar amounts of immobilized proteins. A number of drug
targets including antibodies[75], lectins [76], growth factor
receptor mimics[77] and enzymes[78,79] have been success-
fully used for ligand or inhibitor screening. FAC–MS can be
also applied to differentiate the binding affinities of isomeric
compounds without using an expensive separation process. A
“multiple front” elution profile is usually observed if multiple
isomeric compounds bind to a target with different affinities
[79].

However, it should be noted that the FAC–MS approach is
not applicable for ligands with very low on and off rates.Kd
values measured by this approach may deviate from those mea-
sured in solution if a target protein cannot fully retain its native
structure after immobilization. To minimize activity loss of a
target, the number of sites on each target molecule used for
immobilization should be controlled at a low level. The active
site of a target should be protected during the immobilization
process by using a known ligand, such as a substrate of an
enzyme.Kd values of multiple compounds in a mixture can be
estimated in a single experiment. However, the values obtained
may be underestimated if several ligands in the mixture compete
for the same binding site. It is suggested that forKd measure-
ment, each compound should be analyzed individually while
for ranking purpose a group of compounds may be analyzed
s f
v ough
t eth-
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b s can
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m ently
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s n is
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t can
b be
creening compounds that do not “fly” in the mass spectrom
nd (3) screening multiple binding site binders simultaneo
sing multiple indicators. Slon-Usakiewicz et al. have rece
emonstrated that FAC–MS has the ability to disting
etween competitive ligands for ATP and for substrate site
protein kinase C independently in the same experiment[74].
To reduce the consumption of screening compounds, m

cale columns with column volume of 20–40�L are typically
s

r

r

f

-

imultaneously. It has been shown that the ranking order oKd
alues of compounds in a mixture is usually correct even th
he Kd values deviate from those determined by other m
ds [78]. It has been reported that up to 200 compounds
e analyzed in a single experiment and 10,000 compound
e screened per day per FAC–MS instrument (LeadFindTM

creening platform, Protana Inc.). A blank column contai
o target protein should be prepared and used to evaluate
pecific binding of compounds to the stationary phase o
olumn and the biotin–avidin complex, if the latter were u
or target immobilization. The advantages of this approac
creening combinatorial compound mixtures as well as the
culties inherent in this screening method have been disc
80].

FAC–MS can be also applied to evaluate the catalytic a
ty of an immobilized enzyme if the turn over of a substrat

onitored and quantified by MS. In these studies, reaction
trates along with a void volume marker of a fixed concentra
re infused into a column for a defined time. The flow is t
witched back to the elution buffer. The reaction product e
rom the column as a peak from which the amount of the p
ct can be quantified. The void volume marker used her
easuring elution volumes of ligands can be also conveni
sed as an internal standard. Kinetic constants and mod

nhibition can be studied if the flow rate and the reaction
re controlled under conditions of <10% of substrate con
ion ensuring that the initial velocity of an enzyme reactio
easured[78].
The second method is to “fish” for interactions of interest w

arget molecules immobilized on a platform from which MS
e performed directly. Affinity DIOS–TOF MS has proven to
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very promising for screening small ligands. In this method, a
target protein is immobilized on the porous silicon (pSi) probe.
The probe is then incubated with a mixture of compounds before
it is subjected to a washing step to remove unbound compounds.
Subsequently, the probe is inserted into a mass spectrometer for
analysis. The bound compound is desorbed and ionized directly
from the immobilized probe and is analyzed by TOF–MS[81].
Zou et al. have demonstrated that bovine serum albumin (BSA),
which was immobilized on pSi, could be used for identifying
BSA binding ligands, such as ketoprofen. Sulpride, known to be
a non-binder of BSA, was not detectable by affinity DIOS–MS
[81]. A more delicate affinity DIOS system that contains a cleav-
able linker, which can be cleaved by the DIOS laser pulse, has
been developed recently[82]. This system, combined with the
tethering technology[83], has been demonstrated to be suitable
for profiling enzyme active sites[84].

A number of on-chip affinity purification and mass detec-
tion of this type have also been described for MALDI–TOF MS
[85–92]. However, the matrix used for desorption and ionization
in MALDI usually generates strong matrix-related background
which can obscure or even suppress signals from low-mass
molecules. Affinity MALDI–TOF MS is therefore, generally,
limited to identifying larger interacting partners of immobilized
proteins, such as peptides and proteins. The examples include
rapid identification of the antigenic determinant for an antibody
using a monoclonal antibody immobilized to agarose beads after
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However, the procedure of recovering unbound ligands, which
involves multiple washings and centrifugations, is tedious and
time consuming. Similar to the FAC–MS method, non-specific
binding occurring between the ligands, especially by hydropho-
bic compounds, and gel beads can occur[93] and should be
evaluated by a control experiment where compounds are incu-
bated with blank gel beads containing no immobilized target
molecules. Strategies discussed above for FAC–MS approach,
such as protection of active site of a target during immobiliza-
tion and controlling the number of immobilization site on each
target molecule should be as well applied here to reduce the loss
of activity of the immobilized target.

4. Summary

Target based screening is one of the most important strate-
gies in the early phase of a drug discovery effort to generate
lead molecules. Mass spectrometry has become an important
tool for target characterization, compound screening and hit
evaluation. Two strategies have been discussed in this review.
One measures the effects of compounds on the biological activ-
ity of a target molecule (function-based screening) and the
other determines the binding affinities of compounds for tar-
get molecules (affinity-based screening). Methods that have
been used for these two screening strategies are summarized in
Table 1.
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n situ proteolysis of the immobilized antigen–antibody comp
ollowed by MALDI–TOF MS[91], and identification of com
onents in urine which displayed the carbohydrate binding m
y lectin-based affinity capture and MALDI–MS analysis[92].

Similar to the method mentioned earlier by which unbo
ompounds are analyzed by LC–MS after its separation
he macromolecular complex by SEC[67], the third metho
nvolving immobilized target molecules is based on comp
on of MS spectra before and after compounds interact wit
mmobilized macromolecular target. The compound mixtu
rstly sprayed into a mass spectrometer, and spectrum s
ng the masses of all compounds is obtained. The mixtu
ubsequently incubated with target molecules immobilize
eads. The incubation mixture is then centrifuged. An ali
f the supernatant is again analyzed by ESI–MS. Potentia
nds are identified by comparison of the spectra before and

ncubation with the immobilized enzyme. Inactive compou
how no change in ion intensity after incubation whereas a

igands exhibit a visible decrease in ion abundance or total d
earance from the spectrum. To ensure efficient ionization
etection of all compounds in a mixture, MS analysis sh
e performed in a positive/negative polarity switching mo
his approach has been applied to screen combinatorial lib
f up to 19 compounds in a single experiment[93]. Potentia
inders withKd of approximately 100�M or lower can be iden

ified by this approach. Again, a molar excess of immobil
arget molecule relative to the total molar concentration of c
ounds in a library should be used so that ample binding
re available for ligand binding during incubation. The adv

ages of this method are that it does not require dissociati
he target–ligand complex and chromatography is not nece
e

-
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Both function and affinity-based screenings are impo
pproaches in target based drug discovery. The two stra
omplement each other. A lack of correlation between inhib
ctivity and binding can be used as a diagnostic tool for c
ound deprioritization. To increase the level of confidence
ompounds identified by function-based screenings shou
valuated to ensure that the inhibitory activity seen is not
o inappropriate mechanisms, such as compound aggreg
nteractions with substrates or detection reagents, and
pecific binding to or precipitation of the target of interest. On
ther hand, compounds identified by affinity screening sh

deally be evaluated by a function-based assay to ensure th
inding of the compounds to the target results in the modul
f the target function.

Although a lot of progress has been made in improving
hroughput of mass spectrometry-based assays, they are st
ted mostly to screenings of small compound libraries. They
ot yet routinely achieve the throughput of many commonly u
igh throughput screening assays, such as spectropho
ic, fluorometric and Scintillation Proximity Assays. Howev
hey are especially useful as secondary assays in hit ev
ion following a primary high throughput screening campa
n orthogonal, secondary assay is critical to identificatio

alse positives and confirmation of true hits. MS-based as
re also valuable for monitoring enzyme kinetics when no
le spectrophotometric assay is feasible or in situations w
ery high sensitivity and specificity are desired. With the in
uction of more and more high throughput MS platforms,
xpected that mass spectrometry will play increasingly im
ant roles in target-based screenings in early stages of
iscovery.
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Table 1
MS-based screening methods

Analytes Methods Notes and applications

Function-based
Reaction product(s) or substrate(s) MS For reactions conducted in complex matrix, LC–MS is

recommended
LC–MS I% and IC50 measurements[12,17,18]

Studying enzyme kinetics[1–8]
DIOS–MS High throughput platforms: MUX[13]; “Lab-on-a-tape”

[19]; DIOS–MS plate reader[18]

Affinity-based
Direct detection

Non-covalent target/compound complex MS by direct infusion To obtain binding stoichiometry andKd [36,48,52,53,42]
Ensure to keep complex intact during analysis[40]
High throughput platform: NanoMate[38,39]

Indirect detection
Free targets

Bound compounds SEC or ultrafiltration→ inject non-covalent
complex to (RP-HPLC)–MS

Ligand screening andKd estimation[60–66,68]

Fast SEC/ultrafiltration separation required
Dissociate non-covalent complex by PR-HPLC or by, e.g.
3% HAc in 50/50 ACN/H2O
High throughput platforms: SpeedScreen[68]; ALISTM

[69]

Unbound compounds SEC→ recovers from SEC→ MS Ligand screening[67]
Ensure excess target used
Binders show decreased MS intensity or not show at all

Immobilized targets
All compounds FAC–MS Kd measurement[71]

Screening ligands and ranking ligand binding orders
[75–79]
Use indicators to study specific bindings and to screen
compds. that do not “fly” in MS[72–74]
Study binding affinities of isomeric compds[79]

Bound compound Affinity DIOS-MS Target directly immobilized on DIOS or MALDI probe
Affinity MALDI-MS Ligand screening[81]

Affinity MALDI–MS is used to identify larger binders
[91,92]

Unbound compound Centrifugation→ MS Binders identified based on MS spectra obtained before
and after compounds interact with target immobilized on
beads[93]
Ensure excess target used
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