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REVIEWS

Applications of ESI-MS in drug
discovery: interrogation
of noncovalent complexes

Mass spectrometry is increasingly perceived to be an
essential tool in the drug discovery process at many (if
not all) of the key steps in the development of novel
therapeutics, including lead identification, assessment
of compound purity, toxicology and pharmacokinetics,
and quality control of bulk drug substance. Indeed, a
number of recently published papers, books and special
issues of topical journals have been devoted to describ-
ing the many diverse roles mass spectrometry has in
the overall drug discovery and development process
(for examples, see REFS 1-5). Improvements in mass
spectrometry performance (in terms of sensitivity, reso-
lution and mass accuracy), coupled with increasingly
sophisticated sample purification and automation
approaches, have opened the door for many novel
analytical applications related to drug discovery and
development. Many of these methods, which often
couple high-performance liquid chromatography
(HPLC) or tandem mass spectrometry (MS/MS) with
electrospray ionization (ESI), are now well established
and accepted in industrial and academic research and
development laboratories around the world.

Less mature, but potentially even more valuable to the
drug discovery community, are mass spectrometry-based
methods for lead identification. In these methods the
inherent multiplexing capability and automatability of
the mass spectrometer can be exploited to rapidly screen

Steven A. Hofstadler and Kristin A. Sannes-Lowery

Abstract | For many years, analytical mass spectrometry has had numerous supporting roles
in the drug development process, including the assessment of compound purity;
quantitation of absorption, distribution, metabolism and excretion; and compound-specific
pharmacokinetic analyses. More recently, mass spectrometry has emerged as an effective
technique for identifying lead compounds on the basis of the characterization of
noncovalent ligand—-macromolecular target interactions. This approach offers several
attractive properties for screening applications in drug discovery compared with other
strategies, including the small quantities of target and ligands required, and the capacity to
study ligands or targets without having to label them. Here, we review the application of
electrospray ionization mass spectrometry to the interrogation of noncovalent complexes,
highlighting examples from drug discovery efforts aimed at a range of target classes.

drug candidates for specific interactions with targets
of interest (FIG. 1; TABLE 1). These approaches can be
separated into two primary categories: those that detect
ligands following interaction with a target and allow
inferences of affinity (and/or specificity) of interaction by
the abundance of the ‘free’ ligand; and those that directly
detect ligand-target noncovalent complexes in the gas
phase and allow inferences of affinity (and/or specificity)
of the ligand-target interaction by the abundance of the
noncovalent complex. Both of these approaches are
increasingly being utilized in the drug discovery process.
In this review, we highlight recent examples from our
laboratory and from the literature in which ESI-MS is
used to directly characterize noncovalent complexes
in support of drug discovery efforts against several
classes of target.

Interrogation of ligand-target complexes

Structured biomolecules remain the principal target for
drug discovery as they are at the core of most essential
biological processes. Protein function is dependent
on molecular conformation, which in turn modulates
intermolecular interactions. In drug development,
ligands that bind specifically to targeted proteins either
induce a conformational change or ‘outcompete’ the
active site for a natural ligand, thereby interrupting key
pathways associated with infection or disease. Similarly,
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lon mobility spectrometry
The separation of ions
according to their velocity
through a buffer gas under the
influence of an electric field.

Candidate compounds
Combinatorial libraries
Natural products
Diversity collections

Compound
Quality control
Solubility
Formulation

RNA molecules are a crucial component of a number of
core biological processes, including peptide synthesis,
mRNA splicing, tRNA processing, and regulation of
both transcription and translation. These processes can
be targeted with small molecules that bind to structured
regions of RNA to elicit a therapeutic effect. For example,
aminoglycoside antibiotics inhibit bacterial growth by
disrupting essential RNA-protein and RNA-RNA inter-
actions®’. Paromomycin, one of the most widely studied
aminoglycosides, binds to the decoding region of the
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Figure 1| Potential applications of ESI-MS in drug discovery. Candidate
compounds, which might comprise combinatorial libraries, archived diversity libraries
or natural product fractions, are first solubilized and possibly characterized by mass
spectrometry for purity. Macromolecular drug targets such as structured RNA motifs,
DNA constructs or protein targets could initially be analysed by mass spectrometry
for purity or solubility. After mixing the solubilized compound collection and
macromolecular target(s) in solution conditions that maintain the higher-order
structure of the targets to produce a primary screening panel, affinity-based techniques
such as multi-target affinity/specificity screening (MASS) can be used to select
compounds with favourable binding to the target(s) of interest. Once initial binders
are identified, the affinity and specificity can be optimized by multiple cycles of
medicinal chemistry and re-screening to produce a set of high-affinity compounds.
Structure—activity relationship determination by mass spectrometry (SAR by MS) can
also be used to analyse small molecules for cooperative, concurrent or competitive
binding; those molecules that bind the target concurrently or cooperatively can be
synthetically linked into new molecular constructs with improved binding
characteristics. In addition, compounds with unfavourable off-target binding
characteristics (which will likely result in adverse toxicity profiles) can be eliminated
using the DOLCE assay. Binding of hit compounds to targets can be further interrogated
using tandem mass spectrometry techniques (MS/MS) and ion mobility spectrometry®®*
(IMS) to gain additional insight into the location of ligand binding, as well as the affinity,
specificity and stoichiometry of binding. Compounds with favourable solubility and
binding profiles can be advanced to ‘lead’ status and placed in initial biological assays.
DOLCE, detection of oligonucleotide-ligand complexes by electrospray ionization;
IRMPD-MS, infrared multiple photon dissociation mass spectrometry.

prokaryotic 16S rRNA (the A-site), with a dissociation
constant (K,) of <200 nM, and induces misreading of the
genetic code during translation®.

Ganem et al.’ were the first to publish a paper dem-
onstrating that molecules that were noncovalently
associated in solution could be transferred into the gas
phase with ESI and detected as an intact complex. Most
importantly, in that initial study, the specificity of the
interaction between FK-binding protein (molecular mass
of 11,812 Da) and the ligand FK506 was maintained;
compelling evidence was presented that the ESI-MS sig-
nals arose from the intact, specific, noncovalent complex,
and not from nonspecific aggregation’. Although this
initial report was met with some scepticism by the mass
spectrometry community, the utility of ESI-MS for the
ionization, detection and characterization of noncova-
lent complexes of nearly every type of biomolecule has
now been described in ~300 publications and numerous
review articles (for examples, see REFS 10-16). ESI-MS
has been used to characterize various features of protein—
protein, protein—-DNA, protein-RNA and DNA-DNA
complexes, including macromolecular- and ligand-binding
stoichiometry and solution binding affinities'”. Mass spec-
trometry has a major advantage over other biophysical
tools — the identities of different complexes can be
determined directly, as the mass of each molecule serves
as the intrinsic detection ‘label’ In addition to exploiting
the “x axis’ of the mass spectrum (that is, the mass-to-
charge ratio, m/z), the ‘y axis’ of the mass spectrum (that
is, abundance/intensity) provides important information
about affinity and specificity. The combined information
from the x and y axes can be used to rapidly determine
which compounds from a mixture bind to which targets,
and with what relative affinity. Molecular interactions
with dissociation constants ranging from nM to mM have
been characterized using ESI-MS'"2".

Although noncovalent complexes have been studied
by many methods — including ultracentrifugation,
surface plasmon resonance, calorimetry, fluorescence,
circular dichroism, light scattering, infrared spectros-
copy, Raman spectroscopy, electron spin spectroscopy,
NMR and crystallography* > — mass spectrometry
has several potential advantages over these more con-
ventional methods. First, mass spectrometry does
not require that the ligands or targets be modified by
labelling or binding to a surface. This is an advantage
because such modifications can have deleterious effects
on binding properties. Second, the sensitivity of mass
spectrometry allows microgram quantities of target to
be used instead of multi-milligram quantities typically
required by NMR and crystallography-based methods.
The use of small quantities of material is important as
it is sometimes not technically feasible, or the cost is
prohibitive, to generate large quantities of target for
screening. Third, methods based on mass spectrom-
etry are rapid and automatable. Each step, from sample
introduction to mass analysis to spectral interpretation,
can be fully automated to run around the clock — an
important attribute required for screening increasingly
large compound collections. Fourth, constraints on
the purity of both targets and ligands are significantly

586 | JULY 2006 | VOLUME 5

www.nature.com/reviews/drugdisc



REVIEWS

Table 1| Mass spectrometry techniques used in the drug discovery process

Technique

Multitarget affinity/
specificity screening

(MASS)

Structure—activity
relationship by mass
spectrometry (SAR by
MS)

Detection of
oligonucleotide—
ligand complexes by
electrospray ionization
mass spectrometry
(DOLCE-MS)

Nanospray mass
spectrometry

Dissociation constant
(K,) determination

Collisionally
activated dissociation
mass spectrometry
(CAD-MS)

Infrared multiple
photon dissociation
mass spectrometry
(IRMPD-MS)

lon mobility mass
spectrometry (IMS)

Stored waveform
inverse Fourier
transform (SWIFT)

Methodology Application Advantages Disadvantages References
Direct mass spectrometric High-throughput Can identify low- HTS/target size is 19,74,75
detection of noncovalent primary drug discovery  affinity compounds  limited by mass range of
drug-target complexes screen missed by traditional mass spectrometer
screens
Determination of Discovery of building Rapid way to Provides less 78,79
competitive, cooperative blocks that can be optimize ligands information about
and concurrent ligand linked together toform  using SAR ligand-binding sites
binders to a target better binding ligands than SAR by NMR
Direct mass spectrometric Differentiating between A fast, robust and Compound solubility 70
detection of non-covalent true hits and false- sensitive technique  can limit applicability
complexes between positives in traditional
ligand and single-stranded biological assays
and double-stranded
oligonucleotides
Use nanospray ionization Same general No sample-to- Cost per sample can be 83,85-88
in place of standard applications as sample carryover, prohibitive for HTS
electrospray ionization conventional small sample
electrospray ionization  volumes (1-3 pl)
Use mass spectrometry to Determine absolute High-throughput Limited use as best 17,20,25,48,51
determine relative amounts  dissociation constants K, determination results obtained for
of free and bound targets for  for rank ordering of possible ligands that interact
calculation of K values ligands electrostatically with
the targets
CAD of complexes Provides structural Useful for Only charged 30,37
information about differentiation of dissociated ligands
complexes as well as ligands with similar ~ detected
structure and identity mass and binding
of ligands modes, and the
determination of
binding sites
IRMPD of complexes Provides structural Useful for Only charged 46,47
information about differentiation of dissociated ligands
complexes as well as ligands with similar ~ detected
ligands mass and binding
modes, and the
determination of
binding sites
Use ion drift times to Information about Provides structural Requires fairly 90,91
determine cross section of target conformation information about sophisticated
complexes and ligand binding complexes theoretical modelling
site(s)
Complex excitation of Selection of precursor Accurate selection Requires FTICR-MS, 45

ion trajectories in trapped
ion cell

for MS/MS techniques

technique for
isolation of

which is expensive

precursor ions

HTS, high-throughput screening; MS/MS, tandem mass spectrometry.

reduced in the ESI-MS approach, because compounds
derived from reaction intermediates, degradation
products and other impurities are differentiated by
molecular mass (the exception being stereoisomers).
Such mixtures can be screened in such a way that inter-
actions between the target and any of the components
of the mixture are accurately captured. Importantly,
binding affinities and specificities are assigned on
a component-by-component basis, not on the basis
of the collective behaviour of the mixture. Here, we
highlight several bodies of work in which the presence
(or absence) of noncovalent complexes as detected by
ESI-MS provide key information that contributes to,
or drives, primary compound screening activities and
structure—activity relationship (SAR) optimization.

Interrogation of protein targets

ESI-MS has been used to study the binding of vanco-
mycin group antibiotics to bacterial cell wall peptide
analogues®. These antibiotics cause cell death by
binding to peptidoglycan precursors ending in the
sequence Lys-D-Ala-p-Ala and inhibiting bacterial cell
wall growth®. Heck and colleagues expanded the work
of Henion and co-workers by showing that the disso-
ciation constants of several different ligands could be
measured simultaneously, which facilitates the direct
screening of combinatorial libraries®. Importantly, dis-
sociation constants derived in that work were in agree-
ment with solution-phase values that were determined
individually for each ligand. It should be noted that the
vancomycin group antibiotics bind the peptide ligands
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Figure 2 | Application of ESI-FTICR mass spectrometry
in ligand screening. a| Spectrum acquired from a
solution containing 7 UM carbonic anhydrase (CAH)
holoprotein (that is, CAH with noncovalently bound
Zn(Il)) and an assortment of benzenesulphonamide
inhibitors with different amino acid constituents.

b | Following isolation and dissociation, the liberated
ligands are directly measured by ESI-FTICR, allowing
both identification and quantitation of the inhibitors.
c | Subsequent isolation and fragmentation of the
liberated ligands enabled structural interrogation and
discrimination of isobaric ligands. Reproduced, with
permission, from REF. 37 © (1995) American Chemical
Society. ESI-FTICR, electrospray ionization Fourier
transform-ion cyclotron resonance.

through several hydrogen bonds and that this type of
intermolecular interaction is well preserved in the gas
phase®*. However, differences in the binding affinity
of a molecule in the gas phase and solution phase have
been reported'>*, which highlights the importance of
hydrophobic interactions.

Single protein targets. Smith and co-workers demonstrated
that noncovalent complexes of various modified benzen-
sulphonamide inhibitors and carbonic anhydrase could
be characterized by ESI-FTICR (Fourier transform-ion

cyclotron resonance)” (FIC. 2). Libraries containing com-
pounds known to bind carbonic anhydrase with high
affinity were mixed in solution with carbonic anhydrase
under non-denaturing solution conditions. The intact
noncovalent complexes were detected using FTTICR-MS.
Collisionally activated dissociation (CAD) was subsequently
used to dissociate the noncovalent complexes in the gas
phase. As shown in FIC. 2b, ligands liberated from both
the dissociated noncovalent complexes and the free
protein are readily detected in the spectrum, enabling
accurate mass measurements and relative abundance
measurements of the previously bound ligands. Next, the
liberated (charged) ligands can be further analysed by
high-performance FTICR measurements (FIC. 2¢). The
FTICR platform is uniquely suited for this application
as it accommodates tandem mass spectrometry (broad-
band MS/MS of the noncovalent complexes in this
instance), highly accurate high-resolution mass meas-
urements of the ensemble of liberated ligands (which
allows many compounds to be assayed simultaneously),
and additional interrogation of the liberated ligands via
mass spectrometry’. In their initial work, Smith and
colleagues observed a strong correlation between the
measured solution-phase K, of the complex and the gas-
phase abundance of the ligands (dissociated from the
protein-ligand complexes). Additionally, it was shown
that the dissociated ligands could be further interrogated
by tandem mass spectrometry, thereby providing struc-
tural information about the affinity-selected ligands and
offering a method with which to discriminate between
members of a combinatorial library that could comprise
the same building blocks. Later work demonstrated that
the scheme was applicable to more complex libraries
and that relative binding affinities derived from these
measurements correlated with those derived from
conventional methods for determining K, values™. The
rank order derived from the relative binding affinities
was consistent with that derived from solution-phase
measurements®. This work demonstrated for the
first time that the affinity of multiple potential ligands
for a single macromolecular target could be evaluated
simultaneously using mass spectrometry, which
laid the foundation for subsequent high-throughput
screening approaches.

Similarly, Marshall and co-workers used a combina-
tion of ESI, gas-phase isolation, gas-phase dissociation
and high-performance FTICR measurements to screen
a 324-member peptide library for Hck Src homology 2
(SH2) domain ligands®. Src SH2 domain protein (~12 kDa)
binds phosphorylated tyrosine-containing peptides and is
important in the signal transduction pathways of growth
factor, cytokine and antigen receptors*~**. In addition,
poor function of the Src SH2 domain has been associ-
ated with cell transformation and cancer*. As such, SH2
domains are potential drug targets for a wide variety of
biological processes. In the approach of Marshall et al.*’,
a solution containing the Hck SH2 domain and a 324-
member combinatorial peptide library (Ac-GpYEXX-
Eda) was ionized by ESI and the resulting noncovalent
complexes ‘pre-surveyed’ by FTICR-MS. The large
number of complexes in solution with nearly identical
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Figure 3 | Application of ESI-MS in determining binding modes. Plot shows ESI-MS
titration graphs for binding of an inhibitor to Src SH2 protein. Increasing concentrations
of inhibitor (X) were added to Src SH2 protein (8 UM in 200 mM NH,OAc, pH 5.5) and the
mixtures analysed by ESI-MS. The relative amount of complex (SH2-X/total SH2) formed
is plotted against concentration. Mass spectrometry showed that one ligand—one protein
complex is formed and so a one ligand-one binding site model was used to calculate K,
values. The calculated K values for N-1480, GIXXX259X, GIXXX334X and GIXXX563A are
3.2,5.3,7.9 and 101 UM, respectively. Reproduced, with permission, from REF. 51 © (2003)
Wiley InterScience. ESI-MS, electrospray ionization mass spectrometry.

mass led to a very complex spectrum in which the iso-
topic envelopes from individual noncovalent complexes
overlapped. It was therefore impossible to directly deter-
mine which ligands were responsible for the broad hump
of noncovalent complexes apparent in the spectrum. To
determine which ligands were bound to the target and
to establish the relative binding affinities of the ligands, a
single charge state of the noncovalent complexes was iso-
lated in the gas phase using the stored waveform inverse
Fourier transform (SWIFT) technique, as described in
REF. 45. This ensemble, which comprised a single charge
state of the noncovalent complexes, was subsequently
dissociated by the infrared multiple photon dissociation
(IRMPD) technique. Here, an infrared laser is used to
generate molecular dissociation®*’, which facilitates the
direct characterization of the ligands that were originally
components of the gas-phase noncovalent complexes.
In both approaches the relative affinities of the ligands
are inferred from their abundance in the gas phase post-
dissociation, on the assumption that all the complexes
are completely and uniformly dissociated.

In situations in which a relatively large library
containing many high-affinity ligands is to be screened,
this approach has potential advantages over those in
which intact noncovalent complexes are directly meas-
ured, because it is difficult, if not impossible, to ‘unwind’
such complex spectra and determine the relative
contribution of each ligand-target pair to the observed
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signal. Mixtures of large noncovalent complexes that dif-
fer by only a few Daltons will produce spectra in which
the isotopic envelopes of the noncovalent complexes
have significant overlap that can confound spectral
interpretation. Alternatively, because the dissociated
ligands are typically tens of thousands of Daltons lighter
than the target from which they were liberated, the iso-
topic complexity of the ligands is significantly less than
that of the intact complex, and the contributions from
individual ligands which differ in mass by less than a
Dalton can be unambiguously discerned.

Several other groups have also studied the non-
covalent complexes of Src SH2 domain protein®**-5!.
Loo and co-workers examined the binding of several
phosphopeptides to the Src SH2 domain protein*. The
dissociation constants of a series of phosphopeptides that
are sequence stereoisomers were determined by ESI-MS
and were in good agreement (within a factor of 2 or less)
with values derived from solution-phase experiments. It
was also shown that the peptide with the highest rela-
tive affinity (based on solution-phase assays) could be
identified from an equimolar mixture of six peptides
using ESI-MS. Robinson and co-workers have shown
that ESI-MS can be used to examine the role of water
in specific interactions between phosphopeptides with
Src SH2 and Fyn SH2 domain proteins***. Lowe and co-
workers examined the binding of inhibitors to the Src
SH2 domain protein® with small-molecule inhibitors
that mimic phosphotyrosine. Dissociation constants were
determined for each inhibitor by a titration method and
by a competitive binding method. Excellent agreement
was observed between the two ESI-MS methods, and the
ESI-MS-derived values were within a factor of 2 or less of
the values derived from the solution-phase experiments.
FIGURE 3 shows the ESI-MS titration graphs for four dif-
ferent inhibitors (N-1480, GIXXX259X, GIXXX334X
and GIXXX563A) of Src SH2 domain protein. Using
mass spectrometry, the relative amount of protein-ligand
complex is measured as increasing concentrations of the
ligand are added to the solution. For these four com-
pounds, only a 1:1 protein-ligand complex was formed,
based on mass spectrometric data, and therefore a one
ligand-one binding site model was used to determine
the K, values. A fifth ligand unexpectedly formed a 1:2
(protein-ligand) complex in addition to a 1:1 complex
(data not shown). Because the binding stoichiometry for
this ligand was evident from the mass spectrum, the data
were analysed by a one ligand-two binding site model.

ESI-MS can be used to measure the gas-phase stabilities
of protein-ligand complexes, which can then be compared
with solution-phase stabilities. Podjarny and co-workers
examined the gas-phase stabilities of inhibitors of aldose
reductase™, an NADP(H)-dependent enzyme believed to
cause degenerative complications associated with diabetes
mellitus™. Relative gas-phase stabilities of noncovalent
enzyme-coenzyme-inhibitor complexes were determined
with CAD-MS. Dissociation of the complex is caused by
collisions with the gaseous molecules in the interface
region where the pressure is relatively high (1-4 mBar) and
the degree of dissociation is controlled by the accelerating
cone voltage. The accelerating cone voltage at which 50%
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of the noncovalent enzyme-coenzyme-inhibitor complex
dissociates (Vc, ) was used as a measure of the gas-phase
stability of the complex. The gas-phase stabilities (Vc,))
and the solution-phase binding energies (IC, ) were deter-
mined for four noncovalent enzyme-coenzyme-inhibitor
complexes. The electrostatic and H-bond energies (E_ )
were calculated from crystallographic data for the same
four noncovalent enzyme-coenzyme-inhibitor com-
plexes. Although there was a good correlation between
Ve, and E |, no correlation between Ve, and IC_ values
was identified. This indicates that the gas-phase stabili-
ties measured by Vc,  reflect the electrostatic and H-bond
interactions of the inhibitor with the enzyme and not the
hydrophobic interactions of the inhibitor. It is common to
modify the electrostatic and H-bond contacts of inhibitors
during the drug development phase, and so the ability to
determine the strength of these interactions through gas-
phase stability measurements is useful®. Other studies
using different protein-ligand systems have produced
similar results — that is, in the gas phase, electrostatic
and H-bond interactions are favoured over hydrophobic
interactions™?***,

Multimeric protein targets. The studies described above
focused on ligand binding to a single protein target. It has
also been shown that mass spectrometry can be used to
study ligand binding to a multi-protein target***°. Using
ESI-MS, Robinson and co-workers examined 18 ligands
that bound to the hormone-binding protein transthyre-
tin in its homotetramer state™ (transthyretin is interest-
ing because it can be deposited as amyloid fibrils that
are associated with Alzheimer’s disease and spongiform
encephalopathies)**8. The authors were able to rank order
the binding of the 18 ligands and identified N-phenyl phe-
noxazine derivatives as the strongest binders, which corre-
lates with measurements from turbidity assays*. However,
there were differences in the rank order of the derivates
between the two methods, which were partly attributed
to the different concentrations of ligand used in the two
methods and to differences in the hydrophobicity of the
compounds. It was also shown that the inhibitors increase
the stability of the transthyretin tetrameric conformation
and do not prevent the binding of retinal-binding protein,
which is necessary for transthyretin to transport vitamin A
in humans. The ability to evaluate ligand interactions
with multi-protein systems broadens the applicability
of mass spectrometry to studying even more complex
systems that have biological relevance.

Off-target proteins. In addition to using mass spectrom-
etry to identify potential drugs that noncovalently bind
proteins that cause disease, mass spectrometry can be
used to determine whether and where potential drugs
noncovalently bind to off-target proteins, such as human
serum albumin (HSA)®. Drug binding to HSA lowers
the active concentration of the drug, as well as affecting
the pharmacokinetic, pharmacodynamic and toxicologi-
cal properties of the drug. Using separate competition
experiments with warfarin (site I binder), iopanoic
acid (site II binder) and digitoxin (site III binder), it
was determined that two compounds specifically bind

to the warfarin binding site of HSA®. This is just one
example of the valuable information that this technique
can provide early in the drug discovery process.

Analysis of DNA-ligand complexes
Although proteins are the central focus of the vast
majority of drug discovery strategies, alternative targets
based on DNA and RNA are gaining prominence as they
often offer access to otherwise ‘undruggable’ targets.
Compounds that interact directly with DNA can pre-
vent tumour or microorganism growth, or inhibit gene
expression by preventing binding of necessary cofactors.
Such drugs can bind to single-stranded DNA, duplexed
DNA and higher-order structures of DNA. Such DNA
binders are grouped into two classes: minor-groove
binders and intercalators. Minor-groove binders typi-
cally interact with DNA through extensive H-bonding,
are often positively charged and generally have a pref-
erence for AT-rich sequences, whereas intercalators
insert between the stacked base pairs of the DNA and
interact with DNA through hydrophobic effects and van
der Waals forces. Therefore, rapid and robust screening
methods that can determine the binding stoichiometry,
specificity and affinity of lead compounds to DNA could
have an important role in the drug discovery process.
Several groups have investigated the binding of
known minor-groove binders and intercalators to duplex
DNA®-%. De Pauw and co-workers studied the binding
of five minor-groove binders to five different duplexed
DNAs that contained 12 base pairs with varying AT
compositions®. Four out of the five minor-groove bind-
ers (Hoechst 33258, Hoechst 33342, DAPI and berenil)
formed 1:2 DNA-drug complexes in addition to 1:1
complexes. Under the same conditions, Netropsin
was observed to form exclusively 1:1 complexes with
DNA, indicating that the 1:2 complexes observed with
the other drugs are specific and not due to nonspecific
aggregation. These investigations also showed that mass
spectrometry can be used to assess the preference of
drugs for binding to sequences with subtle difference,
such as ATAT compared with AATT sequences.

DOLCE-MS. As illustrated above, ESI-MS can be used to
identify ligands that bind to specific targets and to study
aspects of key interactions such as affinity, specificity
and stoichiometry. Interestingly, there are instances in
which it is advantageous to rule out ‘off-target’ binding
events that have the potential for downstream toxicity
or carcinogenicity. Greig and Robinson developed the
high-throughput screen DOLCE-MS (detection of oligo-
nucleotide-ligand complexes by electrospray ionization
mass spectrometry)”. In this approach multiple ligands
can be screened simultaneously against single-stranded
and duplexed oligonucleotides at a rate of 5 min per
sample, allowing ~200 samples to be screened in a single
day. This approach has several potential advantages
over other techniques such as NMR, circular dichroism,
gel-shift assays and surface plasmon resonance. Less sample
material is required, analysis times are shorter, and data
interpretation is more straightforward compared with
the other ‘conventional’ techniques. This approach was
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Figure 4 | Use of DOLCE-MS to determine binding characteristics of a compound. Spectra shown are from
DOLCE-MS analysis of a compound that binds to duplex DNA. ESI mass spectra of the drug candidate (molecular mass of
429.3 Da) were first recorded in positive ionization mode (a) and negative ionization mode (b): the signal was averaged
for 30 seconds. Both a and b show that the compound was the major product synthesized. The high-molecular-mass
region of the negative ionization mode mass spectrum depicted in ¢ (multiply charged state) was acquired in the presence
of a DNA substrate and clearly shows that the compound binds the duplex DNA target at two or more sites.
Reproduced, with permission, from REF. 70 © (2000) SAGE. DOLCE-MS, detection of oligonucleotide-ligand complexes
by electrospray ionization mass spectrometry; ESI, electrospray ionization.

recently applied to support a drug discovery effort in
which the intended protein drug target was known to
interact directly with duplex DNA”. DOLCE-MS was
used to identify compounds with high affinity for DNA,
and a concomitantly high toxicity potential, so that they
could be eliminated from consideration early on in the
drug discovery process (FIC. 4).

RNA-ligands. Because RNAs perform various crucial
functions in the cell, RNA is an attractive target for
therapeutic intervention in various diseases, includ-
ing bacterial and viral infections, metabolic disorders
and cancer. RNA serves as the intermediary transcript
between genomic information encoded in DNA and
gene products (proteins). RNA-based structural elements
are central to cellular and viral life, including alterna-
tive splicing, gene regulation, recognition and protein
translation in the ribosome”. For example, little or
no change can be tolerated at active sites in ribosomal
RNA (rRNA) and at protein-binding regions of mRNA.

Recent advances in the determination of RNA structure
and function make targeting unique RNA motifs with
small molecules a tractable problem”7.

MASS. We have developed a mass spectrometry-based
approach for the discovery of small-molecule ligands
that bind to structured regions of RNA. This approach is
called multi-target affinity/specificity screening (MASS)
and uses ESI-FTICR-MS'"7*7. In a single assay, MASS
can determine the chemical composition of ligands
that bind to an RNA target, the relative/absolute dis-
sociation constants, and the specificity of binding to one
RNA target relative to other RNA targets. Ligand-RNA
complexes with affinity ranging from 10 nM to greater
than 1 mM can be observed in the MASS assay>'*7*7>.
This technology has been used to evaluate the binding
of ligands to several RNA targets, including the 16S
ribosomal RNA A-site, internal ribosome entry site ITA
subdomain of the hepatitis C virus, and 1061 region of
the bacterial 23S rRNA”7.
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Figure 5 | Application of MASS in the identification of small-molecule ligands
that bind to structured regions of RNA. The mass spectrum shown is of one titration
point in the simultaneous determination of the dissociation constant (K, ) values.
K, values were determined for paromomycin (PM) with 16S and 18S. 16S and 18S are
both at 100 nM concentration and the paromomycin concentration is 250 nM. The
5-charge state (that is, [M-5H*]"") of the free RNAs and the complexes are shown.
The abundance of the 16S + PM complex relative to the free 16S compared with the
abundance of the 18S + PM complex relative to the free 18S indicates that PM has a
higher affinity for 16S than for 18S. The asterisk marks an impurity in the spectrum.
MASS, multi-target affinity/specificity screening.

The most common noncovalent interactions in biol-
ogy are low affinity and are difficult to detect directly
by traditional analytical methods. Identification of low-
affinity ligands (K, values of >100 uM) and informa-
tion about their binding sites can provide information
for the design of higher-affinity ligands. Low-affinity
ligands are identified with the MASS assay in a robust
and rapid manner. Griffey et al.’® demonstrated that
2-deoxystreptamine (2-DOS) binds to the 27-mer
prokaryotic 16S rRNA A-site construct (16S) at multiple
locations with K values ranging from 600 uM to 15 mM.
Molecular modelling showed that there were two high-
probability binding sites for 2-DOS on the 16S subunit
and that there were additional higher-energy binding
sites. This indicates that low-affinity ligands can bind
specifically to a target'. In addition, it was demon-
strated that the MASS assay could be used to examine
concurrent and competitive binding of low-affinity
compounds®®. For example, 2-DOS and 3,5-diamino-
triazole (3,5-DT) were shown to bind concurrently to
168, suggesting that 2-DOS and 3,5-DT bind the 16S
target in different locations. Alternatively, ESI-MS data
suggest that 2,4-diaminopyrimidine (DAP) and 2-DOS
bind 16S competitively, because DAP was not observed
to bind the 16S construct in the presence of 2-DOS.
It was therefore argued that 2-DOS and DAP bind to
16S in the same or overlapping locations. This infor-
mation can be used to build ligands from small motifs
and thereby increase ligand affinity and specificity
for a drug target.

For the MASS approach to be a high-throughput assay; it
must be possible to screen multiple targets against multiple
ligands in a single well. This capacity requires that the
molecular interaction between any given target-ligand
pair is independent of the presence (or absence) of other
ligands and targets in solution. In previous work”, we
demonstrated that lividomycin specifically binds to the
27-mer 16S A-site construct in the presence of two other
RNA targets and 25 non-binding compounds that are
present at a 400x molar excess relative to the amount of
lividomycin. As is common practice in our laboratory,
three targets at 2.5 UM (each) were screened against 11
ligands, each of which has a concentration of 25 uM. The
RNA concentration ensures that there is enough RNA
available for all potential binders to interact with the RNA.
The relatively high ligand concentration ensures that
even ligands with K| values of the order of 1 mM will be
detected. Typically, one well is screened every 39 seconds
(~1 plate per hour): 33 seconds of data acquisition (20 co-
added scans) and 6 seconds of overhead associated with
the autosampler. This means that in a 24-hour period,
22,500 compounds are screened against 3 targets, result-
ing in the interrogation of ~67,000 potential ligand-target
interactions (for a detailed description, see REF. 75).

MASS is not only useful for finding new com-
pounds that bind the target with high affinity, but also
for thoroughly characterizing the binding properties of
ligand-target pairs to better understand the specificity
of a given interaction. For example, using the MASS
assay, the K, values for the aminoglycoside antibiotics
paromomycin and tobramycin were determined against
16S and a 27-mer construct of the eukaryotic 18S rRNA
A-site (18S). Both 16S and 18S were held at 100 nM
while the aminoglycoside antibiotics were screened at
concentrations of 250 nM, 750 nM, 2.5 uM and 7.5 uUM.
FIGURE 5 shows an example titration point for the K
determination of paromomycin against 16S and 18S. The
K, values for 16S determined for paromomycin (132 nM)
and tobramycin (352 nM) are consistent with solution-
phase determinations®**® and our previous ESI-MS
measurements®. The K values for 18S determined for
paromomycin (1.55 M) and tobramycin (266 nM) show
that paromomycin binds preferentially to 16S, whereas
tobramycin has equal preference for binding to 16S and
18S. A total of 380 seconds of data acquisition is needed
to collect the four concentration points for each K, deter-
mination, and so the MASS assay provides a robust way
to determine K, values for >100 compounds a day.

We recently extended the MASS assay to the screening of
natural product broths®. In a proof of principle study, frac-
tionated broths from Streptomyces rimus paromomycinus,
which is known to produce the aminoglycoside paromo-
mycin, were screened against a 27-mer 16S A-site RNA
construct (16S) with a three-nucleotide internal bulge, and
a 28-mer control RNA construct (16Sc), in which the 16S
construct was modified by replacing the internal bulge
with Watson-Crick base pairs. By screening against these
two targets simultaneously; ligands that bound specifically
to the internal bulge of 16S were identified, as were non-
specific ligands that bound equally well to both constructs
(based on the ratio of the 16Sc and 16S complexes).
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Figure 6 | Mass spectra of RNase A complexed with 2’-CMP and CTP. Spectra were
obtained in ammonium acetate (10 UM, pH 6.8) and generated using nanospray in a
fully automated modality. The use of the nanospray platform eliminates sample-to-
sample carryover, which can confound the sequential analysis of closely related
compounds. a | Mass spectrum of RNase A (10 uM). b | RNase A (10 uM) plus 2’-CMP
(10 uM). ¢ | RNase A (10 uM) plus CTP (10 uM). d | RNase A (10 uM) plus 2’-CMP (10 uM)
and CTP (10 uM). e | Same data from panel b but scaled to show that the ratio of free
RNase A ion intensity to RNase A-2"-CMP complex ion intensity varies with charge
state. Reproduced, with permission, from REF. 87 © (2003) American Chemical Society.

SAR by MS. Building on MASS, we developed SAR by
mass spectrometry (SAR by MS) as a ligand-based lead
discovery strategy’®”°. An initial panel of small molecules
consisting of various chemical motifs is screened against
a target using MASS. Motifs that bind the target at dif-
ferent locations are evident as ternary complexes in the
mass spectrum. Simple derivatives of the most interest-
ing motifs are made that will help to identify potential
linkage sites between motifs and then rescreened using
MASS. These data afford new insights into motif-binding
sites and orientation on the target. Using this informa-
tion, several motifs can then be linked together into a
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single structure with higher affinity for the target. Griffey
and co-workers used this technique to identify motifs
for the internal ribosome entry site IIA subdomain of
hepatitis C virus™ and the 1061 region of the bacterial
23S ribosomal RNA”. In the latter example, two different
classes of motifs were identified that generated profiles
of concurrent, competitive and cooperative binding for
the specific region of the bacterial RNA. By linking the
motifs together, a rigid biaryl linked compound was con-
structed that displayed a 20-fold enhancement in affinity
for the RNA target relative to the individual motifs.
A variation on the SAR-by-MS approach has also been
applied to the protein target stromelysin, which identified
novel inhibitors of this protein®.

Variation on a theme: nanospray

The studies described above used ‘conventional’ ESI in
which samples are infused at a rate of approximately 1-25 ul
per minute through a reusable electrospray needle with
an internal diameter of typically 50-150 pum. A variation
on this format, termed nanoelectrospray or nanospray,
uses a smaller-diameter ESI emitter (typically 2-20 um)
and offers several attributes that could be advantageous
to certain facets of ESI-MS-based drug discovery®. First
and foremost, significantly less sample is consumed in
an analysis, with meaningful measurements being made
from total sample volumes in the 1-3 pl range. Moreover,
it has been argued that nanospray is gentler than ESI in
a conventional format®*#!, Nanospray has been shown in
some instances to provide greater sensitivity than conven-
tional ESI (based on both less sample consumption and
more efficient ion desolvation) and to be more tolerant
of nonvolatile cations in solution®**-",

Recently, a microfabricated chip-based nanospray
platform has been introduced that overcomes some of the
difficulties associated with using nanospray in a routine
and robust manner. The automated chip-based nanospray
system has been used to determine dissociation constants
for two ligand—protein systems, to screen multiple ligands
against a protein and to examine ligand binding to a multi-
meric protein complex®#, Titration and competition
experiments using the nanospray chip gave dissociation
constants for 2’-CMP and CTP to ribonuclease A that
are consistent with literature values derived from solu-
tion-phase methods®. It was noted that the ratio of ligand
bound to ribonuclease A was dependent on the charge
state of the complex (FIC. 6). This observation was ration-
alized by the hypothesis that ligand binding induces a
conformational change in the protein, which in turn
affects the range of preferred charge states of the complex.
This difference was accounted for by integrating all charge
states in the dissociation constant calculations. In other
work the ESI chip was used to determine dissociation
constants for four oligosaccharide ligands to an inactive
endocellulase mutant (endocellulase hydrolyses cellulose
to cellobiose and glucose, and has potential commercial
value for producing ethanol)®. Accurate determination of
dissociation constants among closely related compounds
and targets can provide important information pertain-
ing to specificity of binding and can provide insights into
further optimization of lead compounds. In this instance,

NATURE REVIEWS | DRUG DISCOVERY

VOLUME 5 [JULY 2006 | 593




REVIEWS

the mass spectrometry-based method was able to deter-
mine values for cellotriose, cellotetraose and cellopen-
taose, as well as estimate the value for cellohexaose®.
Finally, the nanospray chip was used to investigate ligand
binding to the tetrameric plasma protein transthyretin®.
The binding of two thyroxines to transthyretin was
detected. It was clearly demonstrated that the nanospray
chip gave reproducible spectra, which enabled com-
parison between multiple spectra and determination
of relative binding affinities across multiple spectra.
Although a number of compelling results have been
obtained on this integrated microfabricated chip-based
platform, it remains to be seen how practical this plat-
form will be in a true 24/7 high-throughput screening
modality when consumables cost per sample and analysis
time per sample are often key value drivers.

Past experience and future directions

It is clear from the examples highlighted above, and from
many more referenced above, that the utilization of mass
spectrometry in the drug development process is chang-
ing and is increasingly expanding into earlier stages of lead
discovery and compound optimization. The commercial
availability of increasingly sophisticated high-perform-
ance mass spectrometers (such as the quadrupole-FTICR,
and the linear ion trap-FTICR), and the falling costs
and improved performance of benchtop systems (for

example, ESI-time of flight, linear ion trap, high-capacity
quadrupole ion trap), have put the tools necessary for
ESI-MS analysis of noncovalent complexes in the hands
of many drug discovery researchers. It is likely that the
broad availability of these capabilities will create another
‘wave’ of ESI-MS applications that interrogate noncovalent
complexes, which will support existing strategies in drug
discovery, and enable the development of new ones.

In addition to the mass spectrometric techniques
described, other gas-phase methods for probing the
structure of biomacromolecules and noncovalent com-
plexes could have key roles in the drug discovery field.
For example, ion mobility spectrometry is re-emerging
as a method to rapidly interrogate higher-order struc-
ture of macromolecule and noncovalent complexes in
the gas phase®’!. Such approaches might provide drug
discovery researchers with new insights into ligand-
target interactions at the molecular level at earlier stages
in the drug discovery process, allowing the development
of compounds with undesirable binding characteristics
to be terminated earlier and at less overall expense. The
very small quantities of targets and ligands required, the
ease with which these assays can be automated, and the
broad applicability to diverse target classes bode well for
continued (and expanded) use of ESI-MS to characterize
noncovalent complexes as a flexible platform to support
the ever-changing landscape of modern drug discovery.

Lee, M. S. Integrated Strategies for Drug Discovery
Using Mass Spectrometry (John Wiley & Sons,
Hoboken New Jersey, 2005).

van den Heuvel, R. H. & Heck, A. J. Native protein
mass spectrometry: from intact oligomers to functional
machineries. Curr. Opin. Chem. Biol. 8, 519-526

One of the first papers to study antibiotic
interactions with peptides and provide insights
about the mechanism of action of the antibiotic.

2. Zhang, J., McCombie, G., Guenat, C. & (2004). 25. Jorgensen, T. J. D. & Roepstorff, P. Direct
Knochenmuss, R. FT-ICR mass spectrometry in the 15. Breuker, K. The study of protein—ligand interactions determination of solution binding constants for
drug discovery process. Drug Discov. Today 10, by mass spectrometry — a personal view. Int. J. Mass noncovalent complexes between bacterial cell wall
635-642 (2005). Spectrom. 239, 33—41 (2004). peptide analogues and vancomycin group antibiotics

3. Siegel, M. M. Early discovery drug screening using 16. Beck, J. L., Colgrave, M. L., Ralph, S. F. & Sheil, M. M. by electrospray ionization mass spectrometry. Anal.
mass spectrometry. Curr. Topics Med. Chem. 2, Electrospray ionization mass spectrometry of Chem 70, 4427-4432 (1998).

13-33(2002). oligonucleotide complexes with drugs, metals, and 26. Jorgensen, T. J. D., Delforge, D., Remacle, J.,

4. Hofstadler, S. A. & Griffey, R. H. Analysis of proteins. Mass Spectrom. Rev. 20, 61-87 (2001). Bojesen, G. & Roepstorff, P. Collision-induced
noncovalent complexes of DNA and RNA by mass 17. Kempen, E. C. & Brodbelt, J. S. A method for the dissociation of noncovalent complexes between
spectrometry. Chem. Rev. 101, 377-390 (2001). determination of binding constants by electrospray vancomycin antibiotics and peptide ligand

5. Hofstadler, S. A. & Griffey, R. H. Mass spectrometry ionization mass spectrometry. Anal. Chem. 72, stereoisomers: evidence for molecular recognition in
as a drug discovery platform against RNA targets. 5411-5416 (2000). the gas phase. Int. J. Mass Spectrom. 188, 63—-85
Curr. Opin. Drug Discov. Dev. 3, 423-431 (2000). 18. Griffey, R. H. et al. Characterization of low-affinity (1999).

6. De Stasio, E. A., Moazed, D., Noller, H. F. & complexes between rna and small molecules using 27. Jorgensen, T. J. D., Hvelplund, P., Andersen, J. U. &
Dahlberg, A. E. Mutations in 16S ribosomal RNA electrospray ionization mass spectrometry. J. Am. Roepstorff, P. Tandem mass spectrometry of specific
disrupt antibiotic--RNA interactions. EMBO J. 8, Chem. Soc. 122, 9933-9938 (2000). vs. nonspecific noncovalent complexes of vancomycin
1213-1216 (1989). 19. Griffey, R. H., Hofstadler, S. A., Sannes-Lowery, K. A., antibiotics and peptide ligands. Int. J. Mass Spectrom.

7. Bryan, L. E. in New dimensions in Antimicrobial Ecker, D. J. & Crooke, S. T. Determinants of 219, 659-670 (2002).

Therapy (eds Root, R. K. & Sande, M. A.) 17-35 aminoglycoside-binding specificity for rRNA by using 28. Jorgensen, T. J. D., Staroske, T., Roepstorff, P.,
(Churchill Livingstone, New York, 1984). mass spectrometry. Proc. Natl Acad. Sci. USA 96, Williams, D. H. & Heck, A. J. R. Subtle differences in

8. Wong, C.-H., Hendrix, M., Priestley, E. S. & 10129-10133 (1999). molecular recognition between modified gylcopeptide
Greenberg, W. A. Specificity of aminoglycoside Demonstrates that detailed information, including antibiotics and bacterial receptor peptides identified
antibiotics for the A-site of the decoding region of approximate binding sites, can be gained from by electrospray ionization mass spectrometry.
ribosomal RNA. Chem. Biol. 5, 397-406 (1998). studying noncovalent complexes with mass J. Chem. Soc., Perkin Trans. 2, 1859-1863 (1999).

9. Ganem, B, Li, Y.-T. & Henion, J. D. Detection of spectrometry. 29. van de Kerk-van Hoof, A. & Heck, A. J. Interactions of
Noncovalent Receptor-Ligand Complexes by Mass 20. Sannes-Lowery, K. A., Criffey, R. H. & Hofstadler, S. A. a- and B-avoparcin with bacterial cell-wall receptor-
Spectrometry. J. Am. Chem. Soc. 113, 6294-6296 Measuring dissociation constants of RNA and mimicking peptides studied by electrospray ionization
(1991). aminoglycoside antibiotics by electrospray ionization mass spectrometry. J. Antimicrob. Chemother. 44,
Seminal paper demonstrating that specific mass spectrometry. Anal. Biochem. 280, 264-271 593-599 (1999).
noncovalent complexes can be studied with ESI-MS. (2000). 30. van de Kerk-van Hoof, A. & Heck, A. J. R. Covalent and

10.  Smith, R. D., Light-Wahl, K. J., Winger, B. E. & Loo, J. A. 21. Hensley, P. Defining the structure and stability of non-covalent dissociations of gas-phase complexes of
Preservation of noncovalent associations in macromolecular assemblies in solution: the avoparcin and bacterial receptor mimicking precursor
electrospray ionization mass-spectrometry — multiply re-emergence of analytical ultracentrifugation as a peptides studied by collisionally activated
charged polypeptide and protein dimers. Organic practical tool. Structure 4, 367-373 (1996). decomposition mass spectrometry. J. Mass Spectrom.
Mass Spectrometry 27, 811-821 (1992). 22. Smith, D. L. & Zhang, Z. Q. Probing noncovalent 34,813-819 (1999).

11. Loo, J. A. Bioanalytical mass spectrometry: many structural features of proteins by mass spectrometry. 31. Coulson, C. J. Molecular Mechanisms fo Drug Action
flavors to choose. Bioconjug. Chem. 6, 644—665 Mass Spectrom. Rev. 13, 411-429 (1994). (Taylor & Francis, London, 1994).

(1995). 23, Lakey, J. H. & Raggett, E. M. Measuring protein— 32. Robinson, C. V. et al. Probing the nature of

12. Loo, J. A. Studying noncovalent protein complexes by protein interactions. Curr. Opin. Struct. Biol. 8, 119 noncovalent interactions by mass spectrometry.
electrospray ionization mass spectrometry. Mass (1998). A study of protein-CoA ligand binding and assembly.
Spectrom. Rev. 16, 1-23 (1997). 24, Lim, H. K., Hsieh, Y. L., Ganem, B. & Henion, J. J. Am. Chem. Soc. 118, 8646-8653 (1996).

13. Bruce, J. E. et al. Bio-affinity characterization mass Recognition of cell-wall peptide ligands by vancomycin 33. Wu, Q.Y. et al. Carbonic anhydrase-inhibitor binding:

spectrometry. Rapid Commun. Mass Spectrom. 9,
644—650 (1995).

group antibiotics: studies using ion spray mass
spectrometry. J. Mass Spectrom. 30, 708-714 (1995).

from solution to the gas phase. J. Am. Chem. Soc.
119, 1157-1158 (1997).

594 [JULY 2006 | VOLUME 5

www.nature.com/reviews/drugdisc



34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

Rogniaux, H. et al. Binding of aldose reductase
inhibitors: correlation of crystallographic and mass
spectrometric studies. J. Am. Soc. Mass Spectrom.
10, 635-647 (1999).

Nesatyy, V. J. Gas-phase binding of non-covalent
protein complexes between bovine pancreatic trypsin
inhibitor and its target enzymes studied by
electrospray ionization tandem mass spectrometry.

J. Mass Spectrom. 36, 950-959 (2001).

Daniel, J. M., Friess, S. D., Rajagopalan, S., Wendt, S.
& Zenobi, R. Quantitative determination of noncovalent
binding interactions using soft ionization mass spec-
trometry. Int. J. Mass Spectrom. 216, 1-27 (2002).
Cheng, X. et al. Using electrospray ionization FTICR
mass spectrometry to study competitive binding of
inhibitors to carbonic anhydrase. J. Am. Chem. Soc.
117, 8859-8860 (1995).

Demonstrates how high-resolution mass
spectrometry can be used to simultaneously screen
multiple compounds against a target.

Gao, J. et al. Screening derivatized peptide libraries
for tight binding inhibitors to carbonic anhydrase Il by
electrospray ionization-mass spectrometry. J. Med.
Chem. 39, 1949-1955 (1996).

Gao, J. et al. Probing the energetics of dissociation of
carbonic anhydrase-ligand complexes in the gas
phase. Biophys. J. 76, 3253-3260 (1999).

Wigger, M., Eyler, J. R., Benner, S. A., Li, W. &
Marshall, A. G. Fourier transform-ion cyclotron
resonance mass spectrometric resolution,
identification, and screening of non-covalent complexes
of Hck Src homology 2 domain receptor and ligands
from a 324-member peptide combinatorial library.

J. Am. Soc. Mass Spectrom. 13, 1162-1169 (2002).
Grucza, R. A., Bradshaw, J. M., Futterer, K. &
Waksman, G. SH2 domains: from structure to energe-
tics, a dual approach to the study of structure-function
relationships. Med. Res. Rev. 19, 273-293 (1999).
Koch, C. A., Anderson, D., Moran, M. F,, Ellis, C. &
Pawson, T. SH2 and SH3 domains: elements that
control interactions of cytoplasmic signaling proteins.
Science 252, 668-674 (1991).

Courtneidge, S. A. Protein tyrosine kinases, with
emphasis on the Src family. Semin. Cancer Biol. 5,
239-246 (1994).

Courtneidge, S. A. Role of Src in signal transduction
pathways. The Jubilee Lecture. Biochem. Soc. Trans.
30, 11-17 (2002).

Guan, S. H. & Marshall, A. G. Stored waveform inverse
Fourier transform (SWIFT) ion excitation in trapped-
ion mass spectometry: theory and applications. Int. J.
Mass Spectrom. lon Process. 158, 5-37 (1996).
Little, D. P., Speir, J. P., Senko, M. W., O’Connor, P. B.
& McLafferty, F. W. Infrared multiphoton dissociation
of large multiply charged ions for biomolecule
sequencing. Anal. Chem. 66, 2809-2815 (1994).
Dufresne, C. P., Wood, T. D. & Hendrickson, C. L.
High- resolution electrospray ionization Fourier transform
mass spectrometry with infrared multiphoton disso-
ciation of glucokinase from Bacillus stearothermophilus.
J. Am. Soc. Mass Spectrom. 9, 1222-1225 (1998).
Loo, J. A., Hu, P., McConnell, P. & Mueller, W. T. A
study of Src SH2 domain protein-phosphopeptide
binding interactions by electrospray ionization mass
spectrometry. J. Am. Soc. Mass Spectrom. 8,
234-243 (1997).

Chung, E. et al. Mass spectrometric and
thermodynamic studies reveal the role of water
molecules in complexes formed between SH2
domains and tyrosyl phosphopeptides. Structure 6,
1141-1151 (1998).

Chung, E. W. et al. Probing the nature of interactions
in SH2 binding interfaces--evidence from electrospray
ionization mass spectrometry. Protein Sci. 8,
1962-1970 (1999).

Bligh, S. W., Haley, T. & Lowe, P. N. Measurement of
dissociation constants of inhibitors binding to Src SH2
domain protein by non-covalent electrospray
ionization mass spectrometry. J. Mol. Recognit. 16,
139-148 (2003).

Larson, E. R., Lipinski, C. A. & Sarges, R. Medicinal
chemistry of aldose reductase inhibitors. Med. Res.
Rev. 8, 159-186 (1988).

Nesatyy, V. J. Mass spectrometry evaluation of the
solution and gas-phase binding properties of
noncovalent protein complexes. Int. J. Mass
Spectrom. 221, 147-161 (2002).

McCammon, M. G. et al. Screening transthyretin
amyloid fibril inhibitors: characterization of novel
multiprotein, multiligand complexes by mass
spectrometry. Structure 10, 851-863 (2002).
Demonstrates the potential to examine binding of
ligands to large complex multi-protein systems.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

McCammon, M. G., Hernandez, H., Sobott, F. &
Robinson, C. V. Tandem mass spectrometry defines
the stoichiometry and quaternary structural
arrangement of tryptophan molecules in the
multiprotein complex TRAP. J. Am. Chem. Soc. 126,
5950-5951 (2004).

Pepys, M. B. et al. Targeting C-reactive protein for the
treatment of cardiovascular disease. Nature 440,
1217-1221 (2006).

Kelly, J. W. Amyloid fibril formation and protein
misassembly: a structural quest for insights into
amyloid and prion diseases. Structure 5, 595-600
(1997).

Koo, E. H., Lansbury, P. T, Jr. & Kelly, J. W. Amyloid
diseases: abnormal protein aggregation in
neurodegeneration. Proc. Natl Acad. Sci. USA 96,
9989-9990 (1999).

Petrassi, H. M., Klabunde, T., Sacchettini, J. &

Kelly, J. W. Structure-based design of N-phenyl
phenoxazine transthyretin amyloid fibril inhibitors.

J. Am. Chem. Soc. 122, 2178-2192 (2000).
Benkestock, K., Edlund, P. O. & Roeraade, J.
Electrospray ionization mass spectrometry as a tool
for determination of drug binding sites to human
serum albumin by noncovalent interaction.

Rapid Commun. Mass Spectrom. 19, 1637—-1643
(2005).

Gabelica, V., De Pauw, E. & Rosu, F. Interaction
between antitumor drugs and a double-stranded
oligonucleotide studied by electrospray ionization
mass spectrometry. J. Mass Spectrom. 34,
1328-1337 (1999).

Rosu, F.,, Gabelica, V., Houssier, C. & De Pauw, E.
Determination of affinity, stoichiometry and sequence
selectivity of minor groove binder complexes with
double-stranded oligodeoxynucleotides by
electrospray ionization mass spectrometry. Nucleic
Acids Res. 30, e82 (2002).

Demonstrates how mass spectrometry can be used
to assess the preference of drugs for binding to
sequences that have only minor differences.
Kapur, A., Beck, J. L. & Sheil, M. M. Observation of
daunomycin and nogalamycin complexes with duplex
DNA using electrospray ionization mass spectrometry.
Rapid Commun. Mass Spectrom. 13, 2489-2497
(1999).

Gupta, R., Kapur, A., Beck, J. L. & Sheil, M. M.
Positive ion electrospray ionization mass spectrometry
of double-stranded DNA/drug complexes. Rapid
Communications in Mass Spectrometry 15,
2472-2480 (2001).

Gupta, R., Beck, J. L., Ralph, S. F, Sheil, M. M. &
Aldrich-Wright, J. R. Comparison of the binding
stoichiometries of positively charged DNA-binding
drugs using positive and negative ion electrospray
ionization mass spectrometry. J. Am. Soc. Mass
Spectrom. 15, 1382-1391 (2004).

Wan, K. X., Gross, M. L. & Shibue, T. Gas-phase
stability of double-stranded oligodeoxynucleotides
and their noncovalent complexes with DNA-binding
drugs as revealed by collisional activation in an ion
trap. J. Am. Soc. Mass Spectrom. 11, 450-457
(2000).

Wan, K. X., Shibue, T. & Gross, M. L. Non-covalent
complexes between DNA-binding drugs and
double-stranded oligodeoxynucleotides: a study by
ESI ion-trap mass spectrometry. J. Am. Chem. Soc.
122, 300-307 (2000).

Oehlers, L., Mazzitelli, C. L., Brodbelt, J. S.,
Rodriguez, M. & Kerwin, S. Evaluation of complexes of
DNA duplexes and novel benzoxazoles or
benzimidazoles by electrospray ionization mass
spectrometry. J. Am. Soc. Mass Spectrom. 15,
1593-1603 (2004).

Triolo, A., Arcamone, F. M., Raffaelli, A. & Salvadori, P.
Non-covalent complexes between DNA-binding drugs
and double-stranded deoxyoligonucleotides: a study
by ionspray mass spectrometry. J. Mass Spectrom.
32,1186-1194 (1997).

Greig, M. J. & Robinson, J. M. Detection of
oligonucleotide-ligand complexes by ESI-MS
(DOLCE-MS) as a component of high throughput
screening. J. Biomol. Screening 5, 441-454 (2000).
Describes a mass spectrometry-based method for
screening ligand binding to single-stranded or
double-stranded DNA.

Hermann, T. & Patel, D. J. Adaptive recognition by
nucleic acid aptamers. Science 287, 820-825
(2000).

Ramos, A., Gubser, C. C. & Varani, G. Recent solution
structures of RNA and its complexes with drugs,
peptides and proteins. Curr. Opin. Struct. Biol. T,
317-323 (1997).

REVIEWS

73. Conn, G. L. & Draper, D. E. RNA structure. Curr. Opin.
Struct. Biol. 8, 278-285 (1998).

74. Hofstadler, S. A. et al. Multiplexed screening of
neutral mass-tagged rna targets against ligand
libraries with electrospray ionization FTICR MS:

a paradigm for high-throughput affinity screening.
Anal. Chem. 71, 3436-3440 (1999).

Describes the simultaneous screening of multiple
macromolecular targets against multiple ligands.

75. Sannes-Lowery, K. A, Drader, J. J., Griffey, R. H. &
Hofstadler, S. A. Fourier transform ion cyclotron
resonance mass spectrometry as a high throughput
affinity screen to identify RNA-binding ligands. Trends
Anal. Chem. 19, 481-491 (2000).

Reports a highly automated ESI-MS-based high-
throughput screening approach to find ligands that
bind to structured RNA targets.

76. Wang, X., Migawa, M. T, Sannes-Lowery, K. A. &
Swayze, E. E. The synthesis and 16S A-site rRNA
recognition of carbohydrate-free aminoglycosides.
Bioorg. Med. Chem. Lett. 15, 4919-4922 (2005).

77. He, Y. et al. Synthesis and evaluation of novel bacterial
rRNA-binding benzimidazoles by mass spectrometry.
Bioorg. Med. Chem. Lett. 14, 695-699 (2004).

78. Seth, P. P. et al. SAR by MS: discovery of a new class
of RNA-binding small molecules for the hepatitis C
virus: internal ribosome entry site IIA subdomain.

J. Med. Chem. 48, 7099-7102 (2005).

79. Swayze, E. E. et al. SAR by MS: A ligand based
technique for drug lead discovery against structured
RNA targets. J. Med. Chem. 45, 3816-3819 (2002).
Describes the use of the SAR-by-MS technique.

80. Recht, M. I, Fourmy, D., Blanchard, S. C., Dahlquist,
K. D. & Puglisis, J. D. RNA sequence determinants for
aminoglycoside binding to an A-site rRNA model
oligonucleotide. J. Mol. Biol. 262, 421-436 (1996).

81. Cummins, L. L. et al. 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. 66, 1186—1190 (2003).

82. Ockey, D. A. et al. Structure—activity relationships by
mass spectrometry: identification of novel MMP-3
inhibitors. Bioorg. Med. Chem. 12, 3744 (2004).

83. Gabelica, V. et al. Advantages and drawbacks of
nanospray for studying noncovalent protein-DNA
complexes by mass spectrometry. Rapid Commun.
Mass Spectrom. 16, 1723-1728 (2002).

84. Rostom, A. A. & Robinson, C. V. Disassembly of intact
multiprotein complexes in the gas phase. Curr. Opin.
Struct. Biol. 9, 135—141 (1999).

85. Benkestock, K., Sundqvist, G., Edlund, P. O. &
Roeraade, J. Influence of droplet size, capillary-cone
distance and selected instrumental parameters for the
analysis of noncovalent protein-ligand complexes by
nano-electrospray ionization mass spectrometry.

J. Mass Spectrom. 39, 1059-1067 (2004).

86. Keetch, C. A. et al. Use of a microchip device coupled
with mass spectrometry for ligand screening of a multi-
protein target. Anal. Chem. 75, 4937-4941 (2003).

87. Zhang, S., Van Pelt, C. K. & Wilson, W. D. Quantitative
determination of noncovalent binding interactions
using automated nanoelectrospray mass
spectrometry. Anal. Chem. 75, 3010-3018 (2003).
Describes the use of an automated microfabricated
nanoelectrospray platform to characterize
noncovalent complexes.

88. Benkestock, K. et al. Automated nano-electrospray
mass spectrometry for protein-ligand screening by
noncovalent interaction applied to human H-FABP and
A-FABP. J. Biomol. Screen. 8, 247-256 (2003).

89. Sun, Y. & Cheng, J. Hydrolysis of lignocllulosic
materials for ethanol production:review. Bioresour.
Technol. 83, 1-11 (2002).

90. Gidden, J. et al. Application of ion mobility to the
gas-phase conformational analysis of polyhedral
oligomeric silsesquioxanes (POSS). Int. J. Mass
Spectrom. 222, 63-73 (2003).

91. Koeniger, S. L., Merenbloom, S. I. & Clemmer, D. E.
Evidence for many resolvable structures within
conformation types of electrosprayed ubiquitin ions.
J. Phys. Chem. B 110, 7017-7021 (2006).

Competing interests statement
The authors declare no competing financial interests.

DATABASES

The following terms in this article are linked online to:
Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=gene

Aldose reductase

Access to this links box is available online.

NATURE REVIEWS | DRUG DISCOVERY

VOLUME 5 [JULY 2006 | 595



	Applications of ESI-MS in drug discovery: interrogation of noncovalent complexes
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




