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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 «
an important analytical tool in identification and characterization of protein targets, structure elucidation of synthetic compounds, and early dr
metabolism and pharmacokinetics studies. Two MS-based strategies, function-based and affinity-based, have been employed in recent years
screening and evaluation of compounds. In the function-based approach, the effects of compounds on the biological activity of a target molecul
are measured. In the affinity-based approach, compounds are screened based on their binding affinities to target molecules. The interaction betw:
targets and compounds can be directly evaluated by monitoring the formation of non-covalent target—ligand complexes (direct detectiathy or indirec
evaluated by detecting the compounds after separating bound compounds from unbound (indirect detection). Various techniques including hig
performance liquid chromatography (HPLC)-MS, size exclusion chromatography (SEC)-MS, frontal affinity chromatography (FAC)-MS and
desorption/ionization on silicon (DIOS)-MS can be applied. The recent advances, relative advantages, and limitations of each MS-based methc
as 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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1. Introduction with activity against target function, and optimization of these

hits using medicinal chemistry tools. The hit identification (HI)

Enzymes and receptors represent the most common dr@aseincludesscreening ofthe targetagainsta compound library
targets identified to date. Target based drug discovery is a#sing a primary assay, followed by a thorough evaluation of
important strategy for developing new therapeutic agents. Essefie hits that emerge from the primary screening employing
tial activities in the early phases of execution of this strategymultiple approaches. Two general assay strategies for screen-
typically comprise identification and validation of a biologi- iNg and hit evaluation (HE) are typically used. One comprises

cal target, development of assays to identify compounds (hitdf1€ use of an assay (or a set of assays), which monitors the
modulation of the biological activity of the target by com-

pounds, e.g. the catalytic activity of an enzyme. We will refer to
* Corresponding author. Tel.: +1 781 839 4576; fax: +1 781 839 4600. this approach as “function-based screening”. The second strat-
E-mail address: gejing.deng@astrazeneca.com (G. Deng). egy, which uses the binding affinities of compounds for targets
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to screen for potential hits, is referred to as “affinity-based Within the past decade, MS has become a powerful tool for
screening”. studying enzyme kinetics and mode of inhibition as it can detect
Mass spectrometry (MS) has been used in drug discovergt wide range of molecules with high sensitivity and molecular
for decades. With the advent of electrospray ionization (ESIkelectivity. It has been widely applied in steady state enzyme
and matrix-assisted laser desorption ionization (MALDI) tech-kinetics to determine Michaelis—Menten constarks ) and
niques, the use of MS as an analytical tool has extended tmrnover numberskta) [1-6] and in pre-steady state kinetics
all stages of drug discovery, including target identification andvhere transient enzyme reaction intermediates can be mon-
characterization, structure elucidation of synthetic compoundgored, yielding information about individual steps along the
and early drug metabolism and pharmacokinetics. Furthermoreatalytic pathway7,8]. Another noteworthy advantage of MS
in recent years, the potential of MS in compound screeningver many other techniques is that it can be used to monitor and
and HE has been explored. MS has certain distinct advantaggsiantify multiple components simultaneously. Piand Leary have
over conventional methods in function-based and affinity-basedeveloped a multiplex assay to study enzyme/substrate speci-
screening. Perhaps, the most attractive advantage of MS ovécity, from which multiple substrates can be evaluated simul-
other analytical techniques is its generic nature of detectiotaneously in one assd49]. As the MS technique detects native
based solely on the mass-to-charge ratio of a molecule. This substrates or products directly and quantitatively, the catalytic
measured with exquisite accuracy and high sensitivity in modermechanism of an enzyme can be studied conveni¢b@iyl 1]
day mass spectrometers, thereby providing an interference-fr@ée use of chromophores, radioactive labels or secondary enzy-

true fingerprint of the molecule. matic reactions irrelevant to the target enzyme reaction can be
eliminated. Method development for an MS-based assay is usu-
2. Function-based screening ally rapid (typically 1-2 days) with appropriate instrumentation.

False positives and false negatives are rare as the mass of an ana-

A protein target, such as an enzyme with a well-defined biotyte or its fragments, generated by collision-induced fragmenta-
logical function, can be screened using functional assays tton (CID) in a tandem mass spectrometer, is generally unique.
search for compounds that would modulate its function. TheA direct comparison between a spectrophotometric assay and
feasibility and success of such screening depend on developn LC—MS assay for the same enzymatic reaction showed that
ment of assay methodologies that allow rapid and quantitativéhe latter has a better sensitivity, lower background, lower limit
measurement of biological activity of macromolecular targetspf quantitation, wider dynamic range and better reproducibility
e.g. by monitoring the time-dependent increase in the concerji?2].
tration of a reaction product or the concomitant disappearance For reactions in which target enzymes can function prop-
of a substrate for an enzyme target. Compounds that specificalbrly in simple reaction matrices, such as low concentrations of
modulate the function of a target are often the starting moleculavolatile buffer and salt, samples can be directly injected into
entities or “hits” from which “leads” and eventually “candidate a mass spectrometer without any column separdfig-11]
drugs” may be potentially developed. These functional assayldowever, for reactions involving high concentrations of salts
for studying target-compound interactions are used throughowtnd buffer, a fast LC separation before MS detection is highly
the entire process of lead generation. recommended to reduce ion suppression, which is a major cause

Among many methods applied for drug screening and HEof sensitivity loss. A divert valve is used to direct the salts eluted
spectrophotometric or spectroflurometric assays have probat the column front into waste to avoid contamination of the
bly been the most commonly used. These types of assaydS ion source. For a reaction conducted in a complex reaction
are usually fast, relatively simple to use and amenable tonatrix, a triple quadrupole mass spectrometer used at multiple
automation. However, optical detection methods require thateaction monitoring (MRM) mode is recommended to decrease
the analyte to be quantified has an intrinsic chromophore ogpossible chemical noise arising from the reaction matrix.
fluorophore, or is readily convertible to a compound exhibit- A common procedure applied in target-based functional
ing well-resolved absorbance or fluorescence of sufficientlyscreening is illustrated ifrig. 1. An enzyme reaction is per-
high signal at a desirable wavelength. An enzymatic couformed in a 96- or 384-well plate. After a defined reaction time,
pling reaction often has to be introduced for such a converthe reaction is stopped by addition of a chemical, which caninac-
sion. In this case, the inhibition data need to be deconvolutetivate the enzyme. Most enzymes can be inactivated by changing
to ascertain that inhibition of target enzyme rather than thehe solution pH or adding an organic solvent. Alternatively, a
coupling enzyme(s) is being detected. The major drawbacknetal chelator, such as EDTA can be used if a divalent cation,
of these assays is that a high background may be producesich as Mg(ll) is required for enzyme activity. The quenched
due to optical interference from reaction substrates, screemeaction mixture is then injected into an LC—MS system and the
ing compounds and/or other components required for enzymeeaction product is quantified by MS. These assays can be used
activity. Other commonly used assays are radioactivity-basetb screen a compound library at a defined concentration of each
assays. These assays are very sensitive and can be formattesnpound to obtain the percentage of inhibition (%l) or at a
to high throughput automation, but they require radiolabelederies of compound concentrations to obtain inhibition potency
substrates to be prepared and appropriate safety measures mofsh compound (16p).
be in place, including safe handling of hazardous radioactive LC-MS assays usually have a lower throughput compared to
waste. spectrophotometric or spectrofluorometric assays in which 96
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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) @actidtiple r
monitoring (MRM). Inhibition of a target enzyme can be evaluated at a single compound concentration to obtain %lInhibition. Heat map can be tseohtb loca
compare potency of compounds in a 96-well format. Compounds can be also evaluated at serial concentrations tgofothibit@r concentration required for
50% inhibition).

or 384 data points can be obtained simultaneously by a platento their respective columns in a staggered fashion. Each col-
reader. The reduction in throughput happens at the front-endimn utilizes its own set of pumps for mobile phase delivery. A
as the time spent in the LC step is rate limiting, although avalve selector is used to sequentially introduce the fraction of
short LC gradient is usually sufficient because MS providesnterest from each HPLC separation into the ionization source
another dimension of resolution. In addition to the time con-(Fig. 3A). In the second method, only one set of pumps is
sumed in the gradient, LC columns require a certain amount afised to produce the main flow, which is then split into multi-
time to be reconditioned and re-equilibrated after each analysiple sub-flows for individual columns. A four- or eight-channel
To address this issue, Agilent Technologies Inc. introduced amultiplexed electrospray (MUX) ionization source (Waters Inc.)
alternating column regeneration strate§yg( 2) in which two  utilizes an indexed sampling rotor to permit one spray at a time
identical columns are switched between an eluent pump andta be introduced into the sampling cone of a mass spectrometer.
regeneration pump using a 2-position/10-port valve. While onélthough fewer data points are collected during peak elution,
column is performing separation and analysis, the other colresulting in decreased sensitivity, the technigue allows analytes
umn is being regenerated and equilibrated. With an autosamplé&om multiple columns to be analyzed simultaneousiig( 3B)

of the Agilent 1100 Series, it is also possible to perform over{13].

lapping injections. This means that while one sample is being Desorption/ionization on silicon (DIOS) time-of-flight
analyzed, the next sample can be drawn into the sample loop aidOF) is a matrix-free technique, where analyte molecules
held there until the next injection. With this system, about 40%are trapped within a porous silicon surface from which they
increase in throughput can be achieved. This system is inexare laser-desorbed and ioniZdd—16] Unlike matrix-assisted
pensive, simple to use and easy to maintain. To further increadaser desorption/ionization TOF—-MS, the absence of matrix in
the throughput of LC-MS assays, multiple high performanceDIOS allows analysis of small molecules bela#¢ 300. There-
liquid chromatography (HPLC) coupled to a mass spectrometefore, this technique is an excellent tool for small molecule
can be appliefiL3]. Multiple flows from the respective columns analysis. DIOS-MS without LC separation has been evalu-
can be introduced into a mass spectrometer interface sequeated for studying enzyme kinetics and inhibitidd,17] It has
tially or simultaneously. In the first method, samples are injectedbeen 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 wasie2,In Pos
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 uddd]. Very small  so far involved enzyme reactions that can be carried out in very
amounts of sample, usually low picomoles are required fosimple reaction matrices, such as a low concentration of volatile
DIOS-TOF analysis. With a 200 Hz laser, a sampling rate of 1.6 buffer (5—25 mM ammonium bicarbonate or ammonium citrate).
per sample can be achieved. In other words, a plate of 100 conir reality, many enzymes require cofactors, non-volatile salts and
pounds can be screened in 1§Q8]. With the incorporation of  stabilizers to be fully functional. Without a separation step, or
electrospray sample deposition (ESD), more uniform depositioat least a desalting step, ion suppression by the reaction matrix
is achieved and this allows improved accuracy and reproducibileould be severe, resulting in decreased sensitivity and reliability
ity for quantitative analysi§l8]. However, all studies reported of quantitation.
Currently, LC-MS is mostly used as an important tool in HE,
after primary screening of a large compound library against a

@ \ A A targ_et usinga non—MS—basgd high throu_ghp_ut assay. The number
v "F\ of hits generated by the primary screening is much smaller than
@ """ — O those in the original library and is usually readily amenable to

LC Pumps - 4 - MS analysis in terms of throughput. The MS assay applied at this
[LCPumps| 1 h 4 _j stage provides an independent and orthogonal confirmation of
(A) Autosampler 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

A or be transformed to lead compounds.
SN N With the introduction of more and more high throughput plat-
[£C Pumps HAutosampler@ ) forms, such as “Lab-on-a-tape” (BioTrove Inc.), MSis becoming
a suitable tool for primary screening of large compound collec-
M tions. An integrated microfluidic system has been developed for

(B) ) 9 . ; )
direct quantitation of analytes in complex reaction mixt(it&3.

Fig. 3. Schematic representation of a parallel HPLC column configuration. (A)This system is designed for solution phase biochemical assays.

Each column uses its own set of LC pumps for mobile phase delivery. Staggerqglarge numbers of compounds can be screened for biological
injection allows each analyte eluted at the defined retention time window to be

analyzed sequentially by a single sprayer. (B) Parallel injection and separatioﬁcuvny against an enzyme target at the throthPUt of 4-5s per
Analyte from each column is analyzed with indexed multiplex sprayer (MUX). S&mple.
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3. Affinity-based screenings ing monitoring the dynamics of enzyme-catalyzed reactions
[22], enzyme-inhibitor complexef23], quadruplex structure
Another approach for target-based screening involves thef DNA [24], DNA—protein complexef25-29] RNA—protein
determination of the relative affinities of compounds for tar-complex [30—32] DNA-RNA interactions[33], drug—DNA
get macromolecules. Compared to function-based screeningspmplexeg34] and protein—protein interactidi35]. The use
which require characterization of macromolecular targets, idenef ESI-MS to monitor macromolecular complexes, which are
tification of appropriate substrates, and development of robushvolved in the chaperonin-assisted protein folding cycle has
assays for each target, affinity-based screenings do not requibeen demonstrated recenf{B6]. This adds an important new
knowledge of structure or function of a target, and do not requir@imension for the application of MS to basic biological sciences
the development of target-specific assays. The affinity-base@7].
screenings are, therefore, very suitable for the targets identi- However, to ensure that the native state of a complex is
fied and validated by strategies such as gene disruption andtained during MS analysis, appropriate ESI source parame-
siRNA from which the linkage between the targets and diseasters and solution conditions must be ugd8]. Experimental
phenotype have been confirmed but function of the genes aronditions need to be carefully optimized to achieve the right
the targets may still be unknow20]. Another advantage of balance between keeping the target—ligand complex intact and
affinity-based screening is that as the assay formats for diffetthe efficiency of MS analysis. For example, orifice potential must
ent targets are relatively invariant, the promiscuous, frequertie sufficient to ionize a protein complex but not too high to dis-
hitters can often be identified. On the other hand, the drawrupt the non-covalent interaction. Unfortunately, proteins often
back of this strategy is that it will identify compounds simply require non-volatile salts, co-factors, additives, surfactants and
based on their binding affinities for a target irrespective ofneutral pH to maintain their native conformation and biological
whether or not the biological function of the target is affected.activity. These conditions are not ideal and can be problem-
A variety of front-end affinity selection techniques have beeratic for MS detection where low pH and the presence of some
applied in conjunction with MS to identify potential ligands. organic solvent are usually preferred for efficient ionization. As
The screening process is initiated by forming a macromoleca result, this approach is usually limited to those targets whose
ular target—ligand complex under native conditions. The nonnative state can be preserved at a relatively acidic pH (e.g. pH
covalent complexes can then be characterized either by direbt5—6.5) and in low concentrations of volatile salts and buffers
detection of the complex by MS or by detection of bound com-e.g. 10-50 mM ammonium acetate, Tris acetate or ammonium
pound after the compound is dissociated from the complex dbicarbonate).
by detection of unbound compound after its interaction with the In order to identify specific binders, a screening method

target. should be carefully validated. Good correlation should exist
betweerky values measured in gas phase (by MS) and in solu-

3.1. Direct detection of non-covalent tion phase (by other techniques). A ligand with known solution

macromolecule-ligand complexes Kg can be used for method development. It has been noted

that this approach is especially useful for RNA targets as MS

Although mass spectrometry has been widely used to identif§friendly conditions, such as methanol, have been reported to
and analyze small molecules for decades, it only became postabilize the tertiary structure of RNR9] and up to 50% of
sible to analyze macromolecules such as proteins and nucleam organic solvent has been ugé€]. A number of MS-based
acids when two soft ionization techniques, MALDI and elec-assays for RNA targets have been developEd-43] These
trospray ionization (ESI), were introduced in the late 1980sassays are extremely sensitive and can detect RNA binders
ESI is capable of desorbing many non-covalent complexes, atith Kq values ranging from nanomolar to millimolar. The
close to their native solution state, into gas phase as chargdihding stoichiometry and dissociation constants for binding
ions. Samples are usually introduced to MS by direct infusiorof aminoglycoside antibiotics to ribosomal RNA have been
and the molecular weights of non-covalent complexes are meaetermined using these ass§48]. MS-based assays have also
sured directly. A mass accuracy of better than 0.01% can bbeen used in a relatively high throughput fashion for affinity-
usually achieved for protein complexes with molecular massebased screenings of compounds against a 27-mer nucleotide
of <35kD [21]. This high mass accuracy is far superior to RNA, an essential components of 16S rRNA A-site, which is
that of traditional native gel electrophoresis and size excluresponsible for binding of tRNA in translati¢a4,45] Further-
sion chromatography (SEC) methods. Therefore, ESI-MS isnore, these assays have helped to generate lead compounds that
ideal for the determination of masses of non-covalent comtarget ribosomal RNA, using structure—activity relations devel-
plexes from which the stoichiometry of these complexes can beped on the basis of binding affinities of known antibiotics to
accurately obtained. Compared to other biophysical techniquesRNA [46-50] The perspective of MS as a drug discovery plat-
such as NMR spectroscopy and analytical ultracentrifugationform against RNA targets has been comprehensively reviewed
the major advantages of using mass spectrometry for study51].
ing non-covalent complexes are its speed and sensitivity. Only Native proteins and protein—ligand complexes have far fewer
nanomole to picomole amounts of material are required and eaatharges than denatured proteins and, therefore, can be only
analysis can be conducted in a few minutes. ESI-MS has beatetected at high values af/z. Mass spectrometers capable
applied to studying various non-covalent interactions, includ-of high mass measurements, such as quadrupole time-of-flight
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(QTOF) instruments, are essential for studying non-covalendf equilibrium during complex separation, this approach is not
complexes. Fourier transform ion cyclotron resonance (FTtypically used to obtain binding stoichiometry. Competitive lig-
ICR) mass spectrometers have also been used for studyiramnd displacement experiments against a known specific ligand
non-covalent complexes of smaller protein targets and ligandsan be carried out to identify specific binders and to determine
Benner and coworkers have applied FT-ICR to identify andKy. The binding site can be further confirmed if site-specific
screen a 324-member peptide combinatorial library in a singlenutants of the target molecule are available.
experiment52]. Bound ligands can be unambiguously identi-  In an alternative method, the unbound or free compound is
fied following infrared multiphoton dissociation of non-covalent quantified by LC—MS after its separation from the macromolec-
complexes. Using a similar approach, the binding affinities ofular complex by SEC[67]. The unbound compound retained
more than 250 compounds can be ranked simultane@®3]y by SEC column are recovered and analyzed by MS. An excess
The promise, pitfalls and prognosis of using MS to study non-of target is typically used. The absence of a compound in the
covalent complexes have been reviewed extensjgly57] SEC retained fraction indicates strong affinity of the compound
A lot of effort has been made to improve the throughput oftowards the target, while detection of a significant amount of
affinity-based screening. A chip-based nanoelectrospray system,compound indicates weak or no binding of the compound.
NanoMate, introduced by Advion BioSciences, allows sampled his method, though effective in finding strong binders, requires
to be introduced into a mass spectrometer in a fully automatedhe recovery of unbound compounds from SEC, which usually
reproducible and robust manner. Each sample is processed usiimgolves serial washing steps, an elution step, and a subsequent
a separate tip and nozzle, achieving zero carry-over betweesample-concentrating step before the sample can be analyzed by
samples. Using this system, a reproducible screening can heC—MS.

performed at a speed up to 50 times faster than NBER59] To improve throughput, 96-well plates filled with preswollen
Sephadex G-25 beads (0.35mL per well, BHK Laboratories

3.2. Indirect detection of non-covalent Inc.) and a 96-well plate bench-top centrifuge (Eppendorf) have

macromolecule—ligand complexes been used for fast, parallel separation of the high MW non-

covalent complex from unbound low MW moleculgsy]. A

The interaction between macromolecular targets and screesimilar method has been validated and developed into a lead
ing compounds can be indirectly evaluated by detecting theliscovery platform (SpeedScreen) for selection of high-affinity
compounds, after separating bound and unbound compoundsinders in an industrial screening environmgg&]. Up to 600
A number of techniques including SH60-63]and molecular compounds per well at M concentration each compound
weight cut-off membranef54—66] have been applied to sep- were incubated with 1M target in a 96-well pinhole plate.
arate the non-covalent complexes from unbound compound3he samples were rapidly centrifuged through the pinhole into
Determination of bound ligands requires the dissociation of then SEC plate. The protein-bound ligands were then passed
complex. Non-covalent complexes can be disrupted by denanto the collection plate for subsequent LC-MS analysis. All
turing conditions, such as 3% acetic acid in acetonitrile—watersample handling steps and the analytics are rapid, robust, and
and subjected to MS analysis by direct infusjé]. The com-  largely automated. Another high throughput technology plat-
plexes can be also directly injected onto a reversed phase HPLfGrm, termed ALISM, has been introduced by NeoGenesis
(RP-HPLC) column where the dissociation of the complexes i$harmaceuticals Inc. ALY is an integrated inline system
accomplished by raising the column temperature to, €.§C60 comprising incubation of the compound mixture, separation of
and by mobile phases used for RP-HPLC (usually acidic solubinders from non-binders by parallel SEC columns, separation
tions, e.g. pH 2, containing organic solvent). Binding affinitiesof binders from protein by reversed phase chromatography, and
can be measured at a constant protein concentration and varie&l-MS. Up to 300,000 compounds per day per screening line
concentrations of a compound or vice versa. A Scatchard platan be screend@9]. High throughput ultrafiltration-based affin-
or, for more accurate results, non-linear fit of a binding curvety screening has been also descriljed.
can be used to obtain tli& value. One should keepinmindthat ~ Another procedure for detecting low molecular mass
the equilibrium between target macromolecule, compound andompounds non-covalently bound to macromolecular targets
non-covalent complex is disturbed to some extent during sizéwolves the use of an immobilized target. Three methods can
exclusion or ultrafiltration procedure. Therefore, binding con-be used. In the first method, MS is coupled to frontal affinity
stants determined by this method are usually somewhat highehromatography (FAC). A column is prepared containing a
than those obtained by equilibrium methods, such as isothefixed amount of immobilized biological receptor or enzyme. A
mal titration calorimetry (ITC) and equilibrium dialysis. For sample containing potential ligands or inhibitors is continuously
example, th&y value determined by SEC spin column separa-infused through the column. The order of compound elution
tion followed by reversed phase LC-MS for warfarin binding to parallels their affinities for immobilized receptor or enzyme
human serum albumin is about four times higher than that detefFig. 4A). The tightest binding ligand elutes last while com-
mined by ITC (39uM by MS versus 1M by ITC; Deng, G.  pounds, which do not interact with the target elute at the void
et al. unpublished data). To minimize the perturbation of equivolume of the column. A target can be directly immobilized
librium during SEC, the chromatographic separation should bento a stationary phase through reductive amination between
carried out fast (e.g=1 min) and at a relatively low temperature the protein’s primary amines and the aldehyde functional
(e.g. 4°C). It should also be noted that due to the perturbatiorgroups on beads, such as Aminilink coupling gel (Pierce).



534 G. Deng, G. Sanyal / Journal of Pharmaceutical and Biomedical Analysis 40 (2006) 528-538

Injection used for screening. This approach is capable of measiiing
values from low nanomolar to high micromolar, using sub-
picomolar amounts of immobilized proteins. A number of drug
targets including antibodie’5], lectins [76], growth factor
receptor mimicg77] and enzyme$78,79] have been success-
fully used for ligand or inhibitor screening. FAC-MS can be
(A) ElutionTime (min) 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
waste [79]
However, it should be noted that the FAC—MS approach is
not applicable for ligands with very low on and off ratég;
FAC column values measured by this approach may deviate from those mea-

Relative Intensity

flow selection

buffer
(5mM NH Ae)

; sured in solution if a target protein cannot fully retain its native
_ ESI- MS structure after immobilization. To minimize activity loss of a
(B) (MeOH) target, the number of sites on each target molecule used for

Fig. 4. Schematic diagrams of extracted ion chromatograms of compound Immobilization should be controlled at a low level. The active
b,gc and d monitored gy FAC-MS (A) and instrument cgnfiguration (BF;. FAC%Ite of a target_ShOUId be pro.teCted during the immobilization
column is firstly equilibrated with buffer from syringe 2. The flow selection process by using a known ligand, such as a substrate of an
valve is then switched to syringe 1 (injection) to collect ion chromatogram. ~ €nzyme Kq 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
Alternatively, the target can be indirectly immobilized onto thefor the same binding site. It is suggested thatKgrmeasure-
stationary phase via avidin. The latter method requires that thement, each compound should be analyzed individually while
target molecule is pre-biotinylated before it is immobilized ontofor ranking purpose a group of compounds may be analyzed
avidin beads. The apparatus used for FAC—MS analysis contaissmultaneously. It has been shown that the ranking ordéfjof
a multisyringe pump, which delivers three solutions in parallel,values of compounds in a mixture is usually correct even though
a switching valve, and a mass spectromekeg.(4B). Two of  the Ky values deviate from those determined by other meth-
the three syringes and a switching valve are used to delivesds[78]. It has been reported that up to 200 compounds can
either the elution buffer or the compound solution into the mas$e analyzed in a single experiment and 10,000 compounds can
spectrometer. The third syringe is used to deliver a make-upe screened per day per FAC-MS instrument (LeadFiftter
solution, through a post FAC column tee, which facilitatesscreening platform, Protana Inc.). A blank column containing
MS detection of compounds eluted from the column. Theno target protein should be prepared and used to evaluate non-
dissociation constantk() of individual ligands in the mixture specific binding of compounds to the stationary phase of the
can be determined based on the FAC thgdty. A void volume  column and the biotin—avidin complex, if the latter were used
marker, a compound with no affinity for the immobilized target, for target immobilization. The advantages of this approach in
is required to determine the column capacity, which is usedcreening combinatorial compound mixtures as well as the dif-
to calculate theky value of an unknown ligand. By using an ficulties inherent in this screening method have been discussed
“indicator”, a compound known to bind to a specific site on[80].
a protein target with a known affinity, such as a substrate of a FAC—-MS can be also applied to evaluate the catalytic activ-
target enzyme, competitive inhibitors in a compound mixtureity of an immobilized enzyme if the turn over of a substrate is
can be readily identified by the shifted elution volume of themonitored and quantified by MS. In these studies, reaction sub-
indicator[72]. Other applications of using an indicator include: strates along with a void volume marker of a fixed concentration
(1) determining if an individual ligand has a higher or a lowerare infused into a column for a defined time. The flow is then
Kq value than the indicator, based on the shape of FAC-MSwitched back to the elution buffer. The reaction product elutes
elution profile (for example, a “roll up” elution profile of a from the column as a peak from which the amount of the prod-
compound usually indicates that the compound binds to thect can be quantified. The void volume marker used here for
target at lower affinity than the indicatpt3,79)); (2) indirectly  measuring elution volumes of ligands can be also conveniently
screening compounds that do not “fly” in the mass spectrometarsed as an internal standard. Kinetic constants and modes of
and (3) screening multiple binding site binders simultaneouslynhibition can be studied if the flow rate and the reaction time
using multiple indicators. Slon-Usakiewicz et al. have recentlyare controlled under conditions of <10% of substrate conver-
demonstrated that FAC-MS has the ability to distinguishsion ensuring that the initial velocity of an enzyme reaction is
between competitive ligands for ATP and for substrate sites ofneasured78].
a protein kinase C independently in the same experirfiTet The second method is to “fish” for interactions of interest with
To reduce the consumption of screening compounds, micraarget molecules immobilized on a platform from which MS can
scale columns with column volume of 20—40 are typically  be performed directly. Affinity DIOS—TOF MS has proven to be
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very promising for screening small ligands. In this method, aHowever, the procedure of recovering unbound ligands, which
target protein is immobilized on the porous silicon (pSi) probeinvolves multiple washings and centrifugations, is tedious and
The probe is then incubated with a mixture of compounds beforéme consuming. Similar to the FAC—-MS method, non-specific
itis subjected to a washing step to remove unbound compoundsinding occurring between the ligands, especially by hydropho-
Subsequently, the probe is inserted into a mass spectrometer fioic compounds, and gel beads can oc@8] and should be
analysis. The bound compound is desorbed and ionized directivaluated by a control experiment where compounds are incu-
from the immobilized probe and is analyzed by TOF—[8%].  bated with blank gel beads containing no immobilized target
Zou et al. have demonstrated that bovine serum albumin (BSA)nolecules. Strategies discussed above for FAC-MS approach,
which was immobilized on pSi, could be used for identifying such as protection of active site of a target during immobiliza-
BSA binding ligands, such as ketoprofen. Sulpride, known to beion and controlling the number of immobilization site on each
a non-binder of BSA, was not detectable by affinity DIOS—MStarget molecule should be as well applied here to reduce the loss
[81]. A more delicate affinity DIOS system that contains a cleav-of activity of the immobilized target.
able linker, which can be cleaved by the DIOS laser pulse, has
been developed recenf82]. This system, combined with the 4. Summary
tethering technologjB3], has been demonstrated to be suitable
for profiling enzyme active sitd84]. Target based screening is one of the most important strate-
A number of on-chip affinity purification and mass detec-gies in the early phase of a drug discovery effort to generate
tion of this type have also been described for MALDI-TOF MSlead molecules. Mass spectrometry has become an important
[85-92] However, the matrix used for desorption and ionizationtool for target characterization, compound screening and hit
in MALDI usually generates strong matrix-related backgroundevaluation. Two strategies have been discussed in this review.
which can obscure or even suppress signals from low-mag3ne measures the effects of compounds on the biological activ-
molecules. Affinity MALDI-TOF MS is therefore, generally, ity of a target molecule (function-based screening) and the
limited to identifying larger interacting partners of immobilized other determines the binding affinities of compounds for tar-
proteins, such as peptides and proteins. The examples includet molecules (affinity-based screening). Methods that have
rapid identification of the antigenic determinant for an antibodybeen used for these two screening strategies are summarized in
using a monoclonal antibody immobilized to agarose beads aftdrable 1
in situ proteolysis of the immobilized antigen—antibody complex Both function and affinity-based screenings are important
followed by MALDI-TOF MS[91], and identification of com- approaches in target based drug discovery. The two strategies
ponents in urine which displayed the carbohydrate binding moti€omplement each other. A lack of correlation between inhibitory
by lectin-based affinity capture and MALDI-MS analyf82]. activity and binding can be used as a diagnostic tool for com-
Similar to the method mentioned earlier by which unboundpound deprioritization. To increase the level of confidence, key
compounds are analyzed by LC-MS after its separation fronsompounds identified by function-based screenings should be
the macromolecular complex by SHG7], the third method evaluated to ensure that the inhibitory activity seen is not due
involving immobilized target molecules is based on compari-to inappropriate mechanisms, such as compound aggregation,
son of MS spectra before and after compounds interact with thimteractions with substrates or detection reagents, and non-
immobilized macromolecular target. The compound mixture isspecific binding to or precipitation of the target of interest. On the
firstly sprayed into a mass spectrometer, and spectrum showther hand, compounds identified by affinity screening should
ing the masses of all compounds is obtained. The mixture igeally be evaluated by a function-based assay to ensure that the
subsequently incubated with target molecules immobilized ominding of the compounds to the target results in the modulation
beads. The incubation mixture is then centrifuged. An aliquobf the target function.
of the supernatant is again analyzed by ESI-MS. Potential lig- Although a lot of progress has been made in improving the
ands are identified by comparison of the spectra before and aftéiroughput of mass spectrometry-based assays, they are still lim-
incubation with the immobilized enzyme. Inactive compoundsited mostly to screenings of small compound libraries. They can-
show no change in ion intensity after incubation whereas activaot yetroutinely achieve the throughput of many commonly used
ligands exhibit a visible decrease inion abundance or total disagitigh throughput screening assays, such as spectrophotomet-
pearance from the spectrum. To ensure efficient ionization andc, fluorometric and Scintillation Proximity Assays. However,
detection of all compounds in a mixture, MS analysis shouldhey are especially useful as secondary assays in hit evalua-
be performed in a positive/negative polarity switching modetion following a primary high throughput screening campaign.
This approach has been applied to screen combinatorial librarigdn orthogonal, secondary assay is critical to identification of
of up to 19 compounds in a single experimgd]. Potential false positives and confirmation of true hits. MS-based assays
binders withKy of approximately 10Q.M or lower can be iden- are also valuable for monitoring enzyme kinetics when no sim-
tified by this approach. Again, a molar excess of immobilizedple spectrophotometric assay is feasible or in situations where
target molecule relative to the total molar concentration of comvery high sensitivity and specificity are desired. With the intro-
pounds in a library should be used so that ample binding siteduction of more and more high throughput MS platforms, it is
are available for ligand binding during incubation. The advan-expected that mass spectrometry will play increasingly impor-
tages of this method are that it does not require dissociation dént roles in target-based screenings in early stages of drug
the target—ligand complex and chromatography is not necessauiscovery.
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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 1% and 1Go measurementd2,17,18]
Studying enzyme kinetidd—8]
DIOS-MS High throughput platforms: MUKL3]; “Lab-on-a-tape”

[19]; DIOS-MS plate readdd.8]

Affinity-based
Direct detection
Non-covalent target/compound complex MS by direct infusion To obtain binding stoichiometkyd86,48,52,53,42]
Ensure to keep complex intact during analy4ig]
High throughput platform: NanoMa{88,39]

Indirect detection
Free targets
Bound compounds SEC or ultrafiltraties inject non-covalent Ligand screening anky estimation60-66,68]
complex to (RP-HPLC)-MS
Fast SEC/ultrafiltration separation required
Dissociate non-covalent complex by PR-HPLC or by, e.g.
3% HAc in 50/50 ACN/HO
High throughput platforms: SpeedScrdés]; ALIS™
(69]

Unbound compounds SEG recovers from SEG> MS Ligand screeninfs7]
Ensure excess target used
Binders show decreased MS intensity or not show at all
Immobilized targets
All compounds FAC-MS Kg measuremerj1]
Screening ligands and ranking ligand binding orders
[75-79]
Use indicators to study specific bindings and to screen
compds. that do not “fly” in M$72-74]
Study binding affinities of isomeric comp{#9]

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
beadq93]

Ensure excess target used
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