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1. Introduction

Since the first report appeared in 1996 describing
the use of NMR spectroscopy to screen for potential
drug molecules, the field of NMR-based screening has
evolved rapidly. Over the last several years, a variety
of novel approaches have been introduced and have
found widespread application in both pharmaceutical
and academic research settings. These NMR-driven
platforms have provided new pathways for inhibitor
design against an increasing number of therapeuti-
cally relevant drug targets. In pharmaceutical re-
search, NMR screening has become an important
component in an integrated arsenal of biophysical,
biochemical, and computational methods designed to
discover and optimize drug leads.

The advent of NMR screening as a new discipline
could not have come at a more opportune time. In
the early and mid-1990s, NMR research in preclinical
drug discovery had been relegated to a small niche,
its role primarily that of answering key structural
guestions for that small subset of NMR-accessible
(e.g. MW < 20 kDa; expressible in E. coli) drug
targets. However, drug design programs require a
substantial body of structural information beyond the
simple unliganded structure of the target protein.
Typically, an iterative loop of structure determina-
tion, modeling, and chemistry is carried out, followed
by biochemical and cell-based assays to validate the
chemical leads. In many cases, dozens of high-
resolution X-ray structures of a drug target, with
several distinct classes of chemical scaffolds, are
necessary to achieve the potency, selectivity, phar-
macokinetic, and toxicological properties required of
a preclinical drug candidate. Then, and still today,
NMR structural methods were simply not capable of
generating structural information at a useful (<2.5
A) resolution for drug design on a time scale compa-
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rable to that of X-ray crystallography. Consequently,
many structural biology groups have leveraged their
NMR resources to focus on the more critical path and
opportunistic approaches afforded by NMR screening.
Because NMR screening can in many cases provide
important clues regarding the best route to druglike
lead molecules early and rapidly in a drug discovery
program, these methods have all but replaced the
NMR structural strategies used during the past
decade in pharmaceutical research. Beyond NMR-
based screening, NMR practitioners are also branch-
ing into drug development. One of the most exciting
new areas of research is the field of metabonomics.
These methods rely on NMR spectroscopy of biofluids
such as urine, plasma, and CSF, followed by chemo-
metric analysis of the data, to classify xenobiotic
toxicities in animals and humans. These methods
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have been reviewed extensively?~> and are beyond the
scope of the present work.

In this review, we will focus on both theoretical
aspects and practical considerations for the most
commonly used NMR-based screening approaches,
combining literature review with our own experiences
in the laboratory. Because there are many excellent
reviews available on the subject,5~** we will focus on
more recent literature when possible. We will begin
by discussing the theoretical aspects of chemical
exchange phenomena that lay at the foundation of
NMR screening experiments, followed by a detailed
description of commonly used ligand and receptor-
based NMR approaches and their implementation in
the laboratory. Finally, using a framework based on
common ligand design strategies, we will review
examples of how these NMR methods have been
applied to generate and optimize new chemical
classes of ligands for real drug targets.

2. Binding Equilibria

As a framework for interpreting and implementing
NMR screening experiments, it is useful to review
basic facts concerning binding equilibria. More com-
plete treatments can be found in any introductory
text in biochemistry (see e.g. ref 12) or enzyme
kinetics and mechanism.3 By presenting these well-
known equations in the general forms given below,
they can be interpreted in the context of multiple
NMR observables. It also allows well-understood
principles of biology and physical chemistry to be
distinguished from new developments in NMR.

2.1. Simple One-Site Binding

The binding process underlying most NMR screen-
ing experiments can be described by

[E] + [L] - [EL] M
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Equation 1 represents a dynamic equilibrium involv-
ing three species: the free receptor E, the free ligand
L, and the receptor—Iligand complex EL. The unimo-
lecular rate constant kg is inversely proportional to
the mean lifetime g of the receptor—ligand complex.
The bimolecular rate constant k,, measures the
probability of a productive encounter between free
receptor and ligand. In many textbooks and literature
articles, ko, is often assumed to be the diffusion-
limited on rate. This “constant” value cited can vary
between 107 and 10° M1 s™%, It is important to note
that the assumption of a universal rate constant for
diffusion-limited encounters is an approximation that
does not account for the potential complexity of
intermolecular forces that may amplify or attenuate
the encounter frequency.'*

The binding affinity can be described by the tem-
perature-dependent equilibrium dissociation con-
stant, Kp = [E][L)/[EL] = ko#/kon. Combining the
definition of Kp with that of the bound receptor
fraction PE = [ELJ/([E] + [EL]) yields

e__ [L]
PE is the fractional occupation of the receptor bind-
ing site by ligand L. Equation 2 is essentially the
Langmuir isotherm rearranged.® Furthermore, eq 2
is a hyperbolic function of [L]; hence, increasing
[L] increases PE, although by progressively smaller
amounts. When [L] < Kp, PE is proportional to [L].
When [L] = Kp, the receptor is half-saturated; that
is, half of the receptor molecules exist in a one-to-
one complex with the ligand. When [L] > Kp, the
receptor is completely saturated and PE = 1.0. In
this limit, every receptor binding site is occupied by
a ligand, which on average exchanges with another
distinct ligand every ~1/kq S. The significance of Kp
is that ligands of weaker affinity have larger Kp and
thus require the addition of more ligand to saturate
the receptor binding site.

It is useful to rewrite the receptor—ligand concen-
tration [EL] in terms of the known experimental
parameters Er, the total receptor concentration, and
L+, the total ligand concentration. Substitution of the
constraints E+ = [EL] + [E] and Lt = [EL] + [L] into
Kp = [E][L)[EL] yields

[EL] = "5(Ex + Ly + Kp) —
Y (Er + Ly + Kp)2 — 4E1L; (3)

Figure 1 uses eq 3 to plot the bound receptor fraction

PE = [EL])/Et as a function of Ly for several values of
Kp. It is clear from the plots for the right and center
curves corresponding to Kp = 50 uM and Kp = 500
uM that the receptor is half-saturated when Lt ~ Kp.
However, under conditions where [E] ~ Kp, for
example, the curve corresponding to Kp = 5 uM, this
is only approximate, since depletion of the ligand
must also be taken into account.

The bound ligand fraction Pg = [EL]/Lt assumes
values in the range 0 < Pg < 1/¢, where ¢ = L+/Ex,
the ligand molar excess. The upper limit for the
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Figure 1. Simulation of the bound receptor fraction [EL]/
Er as a function of increasing ligand concentration L. The
plot assumes the single site equilibrium [E] + [L] < [EL].
The total receptor concentration E+ = 10 uM. Three ligand
affinities are plotted: double-dotted—dashed curve, Kp =
5 uM; solid curve, Kp = 50 uM; dashed curve, Kp= 500 M.
The horizontal line indicates the half-saturation condition.

— K= S
- = = Ky= 0uM
08 | |~ Kesoum

log,,[LIM

Figure 2. Simulation of the bound ligand fraction [EL]/
L+ as a function of increasing ligand concentration L+. The
plot assumes the single site equilibrium [E] + [L] < [EL].
The total receptor concentration E+ = 10 uM. Three ligand
affinities are plotted: solid curve, Kp =5 uM; dashed curve,
Kp = 50 uM; dotted—dashed curve, Kp= 500 uM. The
horizontal line indicates the half-saturation condition.

bound ligand fraction Pg occurs in the limit of low
L+, where the receptor binding site is saturated, that
is, when [EL] = Er. Note that saturation conditions
also occur in the opposite limit, Lt > Ey and Ly >
Kp; however, under these conditions Pg approaches
its lower limit of zero. Theoretical curves illustrating
Ps versus total ligand concentration Lt are shown in
Figure 2 for the same three Kp values and enzyme
concentration used in Figure 1. For simplicity, in this
review, Pg will always refer to bound ligand fraction,
while the bound receptor fraction will always be
denoted by PE.

By careful control of receptor and ligand concentra-
tions, it is possible to “select” the maximum Ky for
which Pg results in an observable NMR signal.
Although, for Lt > Er, reduction of the receptor
concentration Er reduces Pg more or less indepen-
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dently of Kp, this effect may be used to reduce relative
Pg values such that, for example, ligands with Kp ~
1 mM can no longer be detected, while those with
Kp ~ 10—100 uM may still be observed. This “tuning”
of the detection threshold is very useful in ligand-
based screening experiments such as the STD experi-
ment (section 5.5), particularly when screening large
compound libraries.

2.2. Competitive Binding Equilibria

Competition binding experiments are well-estab-
lished methods for determination of both ligand
binding affinity and specificity to macromolecules.
Recently, NMR-based protocols employing competi-
tion methods have been proposed.’~1°® These ap-
proaches expand the utility of existing experiments
to characterize binding for compounds of higher
affinity, for example, sub-micromolar binders, or
those compounds that are sparingly soluble. For this
reason, it is useful to review the binding equilibria
that apply in these situations. First, we consider the
simplest case, in which two ligands L and | compete
for the same binding site. We take L to be a previ-
ously characterized ligand. | represents a new ligand,
or “inhibitor”. We distinguish their equilibrium dis-
sociation constants using Kp = [E][L]/[EL] and K, =
[EI[1/[EI]. The appropriate equilibrium is written

[EN -~ [E]+ 0+ L - [EL (@)

Addition of | reduces [EL] through competitive
displacement. Using the constraints I+ = [EI] + [I],
K, = [E]II)/[EI], and Er = [E] + [EI] + [EL], it is
possible to write the perturbed bound receptor frac-
tion [EL)/Et as

[L]
PE =—+ 5
B [L] + Ko app ®)
Equation 5 has the same form as the unperturbed

fraction PE of eq 2 if we define the apparent dis-
sociation constant Kp app as

B [\ _ (Er — [ELD(L; — [EL])
Kpapp = KD(l + E) = =%

(6)

As expected, the factor (1 + [I]/K)) must be >1, and
thus Kpapp = Kp and Pg ,, < Pg. This higher value
reflects the reduction of available receptor sites for
L due to competitive interference from I.

If the inhibitor dissociation constant, K, = [E][I]/
[EI] is known, then it becomes possible to estimate
the Kp of L by assessing the displacement caused by
I. Following Cheng and Prusoff,?° we define Isq as the
value of [I] that causes Pg ,, = 0.5Pg. Then, setting
eq 5 equal to half of eq 2 yields

_[LIK,
Kp = - K (7)
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If the new ligand L is in molar excess, then [L] ~ L.
Kp can then be estimated from the values of Isy, K,
and [L] ~ L.

Again, it is useful to express [EL] and [EI] in terms
of the known experimental variables Er, L+, and I+
as well as the two dissociation constants K; and Kp.
Wang and Sigurskjold??? provide the desired expres-
sions for the fractions of bound L and I,

Xer = [ELVET = (Ly/EpXe{ (Kp/Er) + %} (8)

Xg) = [EN/Er = (I/EDXe{ (K{/Eq) + X} (9)
where xg is the free receptor fraction xg = [E]/Er.
Substitution of eqs 8 and 9 into the constraint xg +

XeL + Xgr = 1.0 yields a cubic equation in xge. The
relevant root is

_ 2va® — 3B cos(0/3) — a

Xe 3 (10)
where
_on3 _
© = cos 2a° + 905 — 27y (11a)
2¢/(a® — 3B)°
and

a=(VE))K, + Ky + Iy + Ly — E;) (11b)

p= (1/ET)2{ Ki(Ly — Eq) + Kp(ly — Eq) + K|Kp}
(11c)

y = —KKg/E;? (11d)

Substitution of the free fraction xg into eqs 8 and 9
yields xg. and xg,, and thus [EL] and [EI].

Figure 3 plots [EL]+/[EL]-, as a function of I+ for
four representative values of K, (K, = 0.1, 1.0, 10.0,
and 50.0 uM) with fixed values for Ey = 1 uM and
Kp = 50 uM. [EL]+/[EL]-, is simply the ratio of [EL]
in the presence of inhibitor to [EL] in the absence of
inhibitor. The x-axis plots I+ normalized to the fixed
total ligand concentration (L+ = 100 uM). The maxi-
mum value of [EL]+/[EL]-, = 1.0 and occurs when
no inhibitor is present. As inhibitor concentration
increases, [EL] decreases, as does the ratio [EL]+/
[EL]-1. For K, < Kp, the inhibitor | acts as a
“knockoff”, in the sense that it displaces L for I+ <
L+t. Such an inhibitor can be a very useful reagent; if
I is known to bind specifically and L is a test ligand,
this effect can be used to verify the binding specificity
of the test ligand. In addition, if L is a known specific
binder and I is the test ligand, this effect can be used
in NMR-based screens to identify previously un-
known tight binding ligands.

3. Accounting for Binding-Induced Chemical
Exchange

In section 2, we reviewed basic principles of simple
and competitive binding equilibria. In this section,
we will discuss how chemical exchange, driven by the
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Figure 3. Simulation of competitive displacement of
ligand L by inhibitor I. The plotted quantity is [EL]+/
[EL]-), which is [EL] in the presence of | over [EL] in the
absence of I. The ratio is plotted as a function of inhibitor
concentration normalized to a fixed ligand concentration
of L+ = 100 uM. The total receptor concentration Er is
1 uM, and the affinity of L is Kp = 50 uM. The four curves
correspond to four inhibitor affinities: double-dotted—
dashed curve, K, = 0.1 uM; dashed curve, K, = 1 uM;
dotted—dashed curve, K; = 10 uM; solid curve, K; = 50 uM.
The horizontal line indicates a reduction by 50% of [EL]
from the noninhibited state.

binding equilibria, modulates the NMR parameters
of the free and bound states of the ligand and
receptor. Observation of these modulated parameters
forms the basis for all NMR screening experiments.

In the two-state equilibrium given by eq 1, ligand
and receptor molecules will exist in either a free (L,
E) or complexed (EL) state. In the free state, both
receptor and ligand retain their intrinsic NMR
parameters (e.g. chemical shifts, relaxation rates,
translational diffusion coefficients). In each other’s
presence, the mutual binding affinity of ligand and
receptor drives an exchange process that toggles both
sets of molecules between the free and complexed
states. At equilibrium, they adopt free and bound
state populations ([E], [L], [EL]) consistent with eq
1. Under these conditions, the ligand transiently
adopts NMR parameters characteristic of the typi-
cally much larger receptor. Alternatively, from the
receptor’s perspective, the ligand transiently perturbs
the binding site microenvironment(s), which may
alter distribution of conformations sampled by the
ensemble of receptor molecules. In either case, the
exchange modulates the NMR parameters of both
molecules.

A complete discussion of how chemical exchange
modifies the NMR parameters (dynamic NMR) should
include a description of the modified Bloch equation
formalism of Hahn, Maxwell, and McConnell.2324
This formalism (HMM) provides an excellent theo-
retical framework to describe the majority of ex-
change phenomena that occur in NMR screening
experiments, under all exchange regimes. Such a
treatment is beyond the scope of the present work
but can be found in a previous review.” For most
experiments described here, it is sufficient to consider
only the case of fast exchange.
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3.1. Fast Exchange Approximation

The solutions to the HMM equations?32* describe
the behavior of system magnetization on arbitrary
exchange time scales. In NMR screening practice,
however, these equations are almost never solved,
and fast exchange is simply assumed. This assump-
tion is made for two reasons. First, the experimental
conditions for ligand-based NMR screening are often
well-suited to fast exchange. These experiments are
typically carried out with Lt/Et > 10, and the binding
compounds, or “hits”, have Kp = 100 uM. If Ko, is well-
approximated by a diffusion-limited value (107—10°
M1 s71), then the slowest ke, values lie in the range
1000 < kex < 100 000 s™*. Ligand-based NMR screen-
ing methods are primarily *H based; consequently,
kex exceeds most differences in intrinsic *H relaxation
rates and rotating frame precession frequencies, thus
providing assurance that the fast exchange assump-
tion is valid.

A second motivation for assuming fast exchange
is the resulting algebraic simplicity. Exchange-
modulated NMR parameters can be awkward.” How-
ever, the descriptions of these parameters under fast
exchange are simple sums. Generally, the NMR
parameters Q become the simple averages

Qavg = PQs + PeQe (12a)
Qavg = PeQp 1 PeQr + Qo (12b)

Here, Qay is the exchange-averaged parameter we
observe for the ligand/receptor in the presence of the
receptor/ligand. Observed differences between Qayg
and Qr provide a signature of receptor binding and
indicate a hit in a NMR screen based on that
parameter. In the case of eq 12a, Qayg is a simple
population-weighted average. For eq 12b, Qayg has an
additional offset term Q¢x. The form shown in eq 12a
applies to those parameters Q for which chemical
shift modulations are not relevant. These parameters
include longitudinal autorelaxation and cross-relax-
ation rates, rotating-frame spin-locking autorelax-
ation and cross-relaxation rates, and translational
diffusion coefficients. The bound state contribution
in egs 12a,b is PgQg. The ability to detect binding
with adequate sensitivity depends critically on PgQg
being significant relative to PrQr. However, typical
screening conditions where Lt > Etr make Pg < PE.
For this reason, it is much preferred to measure NMR
parameters Q that become amplified in the bound
state (i.e. Qg > QF).

The population-weighted average of eq 12a can be
related to ligand binding affinity. Since P =1 — Pg
and Pg = PE/e, we can write the difference €(Qavg —

Qr) as

(QB - QF)[L]

[L] + Ko (13)

€(Qavg ~ Qp) =

The functional form of eq 13 describes the now
familiar hyperbolic dose—response curve we have
already seen for PE in eq 2. To experimentally
determine Qay — Qr, the Q-related NMR signal
intensities are measured in the presence of receptor
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and then corrected for the free state contribution Q.
QF is determined either by performing a reference
experiment for the compound in the absence of
receptor or by designing an experimental protocol in
which Qr = 0. Equation 13 demonstrates that
€(Qavg — Qr) increases with ligand addition and then
plateaus at (Qs — Qf) when the binding site is
saturated (Lt > Kp). Provided ligand solubility is not
problematic, ligand titration data can be fitted to this
simple relation to estimate binding affinity. Specif-
ically, for a large ligand excess (¢ = Lt/Et > 1), we
can approximate [L] = Ly, and a fit of ligand titra-
tion data to eq 13 provides estimates for Kp and

(Qs — QF).

4. Ligand-Based versus Receptor-Based
Screening

Screening may proceed by ligand- or receptor-based
methods. Receptor-based methods observe and com-
pare the NMR parameters of the receptor molecule
resonances in the presence and absence of compound
mixtures. Thus far, the receptor-based methods have
focused mostly on proteins. Such methods incorporate
site specific characterization afforded by assigned
protein NMR spectra along with a priori knowledge
of the protein’s three-dimensional structure (either
from X-ray or NMR) to drive lead generation. By
identifying perturbations of assigned protein reso-
nances, not only are ligands identified, but also their
binding sites are localized. This site specific charac-
terization of binding suggests strategies for fragment-
based lead generation, in which lower affinity mo-
lecular fragments binding to distinct subsites can be
linked or elaborated to yield higher affinity com-
pounds.??® Localization of binding sites also enables
one to immediately distinguish specific from nonspe-
cific binding. Finally, unlike ligand-based methods,
receptor-based methods do not rely on fast exchange
to retrieve bound state information. Observation of
receptor resonances permits the characterization of
both higher and lower affinity hits.

A major caveat affecting receptor-based methods
is that many therapeutically important pharmaceuti-
cal targets are not amenable to NMR spectroscopy.
NMR methods demand physicochemical properties of
the protein target that present progressively more
difficult challenges. First, milligram quantities of
soluble, nonaggregated protein must be overex-
pressed and purified. Then, suitable expression hosts
must be found that permit isotope enrichment (e.g.
13C, 15N, 2H) critical for the resonance assignment of
typically large (>30 000 Da) therapeutic targets. For
example, the most popular NMR expression host, E.
coli, is often not an option for mammalian proteins
whose overexpression may prove to be toxic to the
host cell. After sufficient quantities of labeled protein
are available, it must be ensured that the sample is
stable for the time required for sequential resonance
assignment. Although new data acquisition ap-
proaches promise to accelerate resonance assign-
ment, it can still be a relatively lengthy process
(weeks) for the large monomeric proteins (>30 000
Da) routinely encountered in pharmaceutical re-
search. Unfortunately, the time required for NMR
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assignment of such targets inevitably favors other
approaches, such as X-ray crystallography, that can
provide high-resolution structural information to
medicinal chemistry on a faster time scale.

Alternatively, the typical implementation of ligand-
based methods compares the NMR parameters of a
mixture of compounds in the presence and absence
of the receptor molecules. This approach renders the
molecular weight of the receptor molecule irrelevant.
In fact, the most powerful ligand-based approaches
become more sensitive when dealing with larger
receptors. Additionally, ligand observation bypasses
the need to produce milligram quantities of isotope-
labeled receptor. Depending on the approach, less
than a milligram of unlabeled protein is required for
these experiments (receptor concentration is often
<1 uM, and no assignments are necessary). This
allows the spectroscopist to evaluate new targets
more rapidly. This is important not only for adapting
to constantly shifting priorities in drug discovery but
also for contributing on a time scale useful for
chemistry and high-throughput screens.

An obvious disadvantage of ligand-based ap-
proaches is the inability to localize the binding site
of the small molecule hits on the receptor. Also,
ligand-based approaches rely on the exchange-medi-
ated transfer of bound state information to the free
state. This requirement biases ligand-based methods
toward identification of weakly binding ligands (rapid
exchange) and the use of large ligand molar excesses
(L+/Er > 1). The consequent risk is that, under these
conditions, ligand may start to occupy weaker affinity
nonspecific binding sites. However, recent develop-
ments in ligand-based methods discussed below are
beginning to address these difficulties.t’~1°

Both receptor- and ligand-based approaches have
distinct advantages and disadvantages. Clearly, if
receptor-based methods are possible (low molecular
mass, efficient E. coli expression, available resonance
assignments), then the potentially higher information
content obtainable makes these the methods of
choice. However, due to the scarcity of low-molecular-
weight drug targets, ligand-based screening is, in
general, of broader applicability and places less
demands on other research disciplines and infra-
structure. For these reasons, we dedicate a consider-
able portion of this review to discussion of ligand-
based screening methods.

5. Ligand-Based NMR Screening Methods

The exquisite sensitivity of ligand NMR param-
eters to the differences between bound and free states
forms the basis for all ligand-based screening experi-
ments. Generally, NMR screening libraries consist
of molecules with masses < 500 Da. These com-
pounds exhibit small relaxation rates R, = 1/T; and
R, = 1/T,, vanishing or weakly negative 2D-NOESY
cross-peaks (due to vanishing or weakly positive
laboratory-frame dipole—dipole cross-relaxation rates),
and large translational diffusion coefficients Dx.
Bound compounds share the NMR properties of the
much larger receptor (mass > 30 000 Da). Therefore,
bound compounds have large R, (and large selective
R1), positive 2D-NOESY cross-peaks and highly
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efficient spin diffusion, and smaller molecular diffu-
sion coefficients D¢. These distinct differences imply
that changes in the ligand NMR spectral parameters
can be monitored as a means to assess target binding.
Most ligand-based NMR experiments detect binding
by one of two mechanisms: (i) exploiting the dif-
ferential mobility of the ligand in the free versus
bound state (hits will transiently experience the
much slower rotational and translational mobility of
the large receptor, manifested as altered relaxation
parameters and diffusion coefficients, respectively)
and (ii) exploiting a 'H magnetization transfer pro-
cess from the receptor (binders or hits will experience
this transfer while nonbinders will not).

Most ligand-based NMR screening experiments
employ *H NMR methods. Unless otherwise stated,
we assume this to be the case for the following
discussion. The chief relaxation mechanisms in *H
NMR are 'H—!H dipole—dipole (DD) interactions
between pairs of proton spins. For a given proton of
spin order V (V could be I;, Iy, multiple quantum
coherence, etc.), a DD relaxation rate can be written
as the double sum

1
R(V) = ;amjz S J,(ma) (14)
i

The inner sum goes over all other distinct protons
that have dipolar couplings to the proton of interest.
The outer sum represents a linear combination of
spectral density functions Jj(mw) evaluated at vari-
ous integral multiples m of the *H Larmor frequency
on. The weighting coefficients an depend on the spin
order V (e.g. V = I, I,) and attendant rate constant
(e.g. Ry = 1/T;, NOE, R, = 1/T,) being considered.
The spectral density functions Jj(w) are frequency
distribution functions whose shapes profile the ro-
tational motions of interproton vectors connecting the
proton of interest to proton j relative to the external
magnetic field Bo. Therefore, the complexity of Jj(w)
is dictated by the nature of the molecular dynamics
present. Usually, both structural and screening stud-
ies assume rigid receptor and ligand molecules that
undergo isotropic tumbling, so the only “dynamics”
to consider are those of overall molecular tumbling.
Accordingly, each Jj(w) becomes the familiar Lorent-
zian distribution function

Tc

1+ (wry)? (13)

) =2

7. is the effective overall rotational correlation time
that scales with the molecular mass. Therefore,
J(0) = ?/st.. When the ligand binds a large receptor
molecule, 7. increases and dramatically amplifies the
corresponding relaxation parameter. Thus, relaxation
parameters containing a J(0) dependence are highly
sensitive probes of binding.

As discussed, a significant practical advantage of
ligand-based approaches is that isotope labels are not
required. With this advantage, however, comes the
additional challenge of selective observation of the
ligand signal. Interference from receptor signals can
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compromise the accuracy and ease of data interpre-
tation. Fortunately, several strategies can be em-
ployed to enhance selective observation of ligand
resonances: (i) use a high L+/E+ and exploit the ligand
excess that overwhelms the receptor signals, (ii) use
transverse relaxation filters (e.g. Hahn echoes, spin-
locks) that preferentially eliminate the rapidly relax-
ing receptor resonances, and (iii) use translational
diffusion filters to select against rapidly diffusing
molecules. For experiments performed in H,O, water
is typically suppressed via excitation sculpting? or
various applications of WATERGATE.?"2 Since these
methods involve spin—echo segments, they simulta-
neously act as relaxation filters prior to detection.

5.1. Transverse Relaxation Rates

Comparison of the ligand transverse autorelaxation
rate R, = 1/T, in the presence and absence of receptor
is the most well-established, classic NMR binding
assay. R; is a highly attractive probe of binding due
to its nearly direct dependence on the overall molec-
ular rotational correlation time z.. This dependence
can be seen by expression of R, in terms of spectral
density functions. For a given ligand proton under
IH—1H DD relaxation, R, is given by

hZ,}/H4
R, =
> 8

N1
Z —{53,(0) + 93;(wy) + 63;(20,)}
=1, (16)

Given the form of Jj(w) in eq 15, the J;(0) dependence
in eq 16 infers that R, has a strong dependence on
.. When the ligand binds to the receptor, its 7.
transiently becomes that of the large receptor. Be-
Cause T¢ receptor > Tc,free—ligand, W€ have Rzg > R

Ligands that undergo sufficiently rapid exchange
will possess exchange-averaged relaxation rates that
reflect exchange-mediated transfer of R,g to the free
state. In the fast exchange limit, the exchange-
averaged rate Ry ayq IS the simple sum, derived from
the more general form of eq 12a

RZ,avg = PgRyp 1+ PeRye + Ry (17a)

where
Rex = (QF - QB)ZF)FF’B/kex (l7b)

The PgR2s term contains the information transferred
from the bound state that is characteristic of a
screening hit. Note that the evidence of binding
contained in Rjay becomes strong when PgRyg is
significant relative to PeR2:. However, the typical
screening conditions of Lt/Et > 1 result in Pg < PE.
It is clear that because R;s > Ry, the ligand R;
becomes amplified in the bound state, and PgR2g can
be significant even under a large excess of ligand.
This is a direct consequence of the J;(0) dependence
of R, in eq 16 and underscores the fact that relaxation
parameters containing a J;j(0) dependence are highly
sensitive probes of binding.

R2,avg CONtains another potential signature of bind-
iNg: Rex. Rex is the familiar line broadening arising
from the nonequivalence of free versus bound chemi-
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Figure 4. Use of 'H line broadening (increased R, = 1/T5,)
to detect binding. Shown are 'H NOESY spectra of two
compounds in a mixture in the absence (top trace) and
presence (bottom trace) of the catalytic domain of p38 MAP
kinase, a protein of 42 kDa. Resonances from nicotinic acid
(top left structure) and 2-phenoxybenzoic acid (top right
structure) are marked with solid and dashed arrows,
respectively. The peak at 7.2 ppm consists of overlapping
resonances from both compounds. Line broadening, sup-
pression of fine structure, and attenuation of ligand
resonance peak height due to the relaxation filter in the
bottom spectrum indicate 2-phenoxybenzoic acid binds to
p38, while nicotinic acid does not. The sample contained
1 mM ligands, 0.2 mM p38 MAP kinase, 25 mM deutero-
Tris, 10% deutero-glycerol, 20 mM deutero-DTT at pD* =
8.4. Experiments were carried out at 278 K. A relaxation
filter was used after the preparatory delay to attenuate
broad resonances arising from the protein. Reproduced
with permission from ref 11. Copyright 2001 Elsevier.

cal shifts. From eq 1, Kex = [E]Kon + Koft. Kex * can be
considered as the correlation time for the complex-
ation reaction of eq 1.2° In this regard, the Rex term
also contains a J(0) dependence, where the salient
dynamic process is the two-state exchange instead
of molecular tumbling. This becomes more explicit
in Ry, = 1/T,, dispersion studies, where R;, repre-
sents the relaxation time of magnetization along the
effective spin-lock field in the rotating reference
frame.2° For the purposes of NMR screening, when
Rex is large, binding-induced enhancements of R, may
be observed even when PgR3g is insignificant. Alter-
natively, Rex becomes negligible if QF ~ Qg, if Kex i
too large, or if the populations are not evenly weighted
(i.e. PgPg < 1). This is often the case in 'TH NMR
screening. Working with stoichiometric amounts of
receptor and ligand minimizes the latter possibility,
but this is not practical if receptor concentration is
limited.

To detect small molecule binding, line shapes are
compared in the presence and absence of receptor.
The full-width half-maximum (fwhm) homogeneous
line width of a given compound resonance is Ry/x.
Its peak intensity is also proportional to 1/R,. Thus,
binding-induced R, enhancements may be visible as
simple broadening of proton resonance lines upon the
addition of receptor. Figure 4 shows an example from
our laboratory in which selective line broadening and
consequent peak-height attenuation clearly reveal
the binding compound in a mixture. More generally,
however, observation of line broadening can be dif-
ficult, especially if the effect is small (common for
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L+/Et > 1) or there is significant spectral crowding
from the receptor and/or other compounds in the
mixture.

An alternative approach is to compare compound
peak intensities in the presence and absence of
receptor using 1D 'H R, experiments.3! Such experi-
ments simultaneously reduce or eliminate receptor
resonances via relaxation filtering while relaxation
editing to detect compound binding. These experi-
ments typically monitor R, relaxation using a spin-
lock such as the Carr—Purcell—Meiboom—Gill (CPMG)
pulse train or continuous wave irradiation as in a
R1, = 1/T1, experiment.303233 The pulse schemes are
simply 90,—spin-locky,—y—acqx. Since radiofrequen-
cy irradiation is applied during the transverse re-
laxation period, the exchange-averaged relaxation
rates differ slightly from those given in eqgs 23a,b.
The general expressions are quite awkward, and we
write here only the fast exchange limits:3435

RSPMC = PLR,e + PgRyg +

2,avg
PePa(AQ)( 2 tanh(kexltcp)) (18)
kex \ kextcp
Ripavg = PeR1,F + PgRy,B +
P_P.(AQ)*(sin © ;)? Kk
F B( k) ( rf) / > ex 5 (19)
ex \kee? + Qg1

For Ry, avg, ON-resonance spin-locking corresponds to
O = 7/2 and J(w) ~ I(w £ Qs ), and so on-resonance
Ri1, & Ro. Thus, the main effect of spin-locking is to
give Rex a functional dependence on the spin-lock field
strength (~4/t;, for CPMG, Qg for Ry,). The Rex
function can be quenched by sufficiently large Qg ;
this is of course the basis for Ry, dispersion studies
aimed at measuring exchange rates. Note also that
the Rex function in eq 19 is the spectral density
function for the two-state exchange process alluded
to above. To avoid line shape distortions, it is
important to suppress the effects of homonuclear
scalar coupling Jun during the relaxation period. In
this context, the Ri, experiment may be preferable,
since it essentially quenches scalar coupling evolu-
tion. If the CPMG pulse train is used, then the delay
tcp between consecutive 180° pulses should satisfy
|4 Inntep] << 1.36 It is important to use sufficiently
long spin-locks to eliminate receptor signals. As a
benchmark, Hajduk et al.®' noted that a 400 ms
CPMG spin-lock was sufficient to completely elimi-
nate the majority of receptor proton signals for
FKBP12, a MW = 12.5 kDa protein.

Basic steps for identifying binders using R»-edited
experiments are as follows. First, the R, experiment
is recorded for the lone compounds (“—receptor”) at
a set transverse relaxation delay Tyx. The resulting
peak intensities are proportional to exp[—RzrTrx]. A
second R, experiment is then recorded on the com-
pounds in the presence of receptor (“+receptor”). For
the hits, the peak intensities are now proportional
to exp[—RzavgTrx]. Since Rzayg > Ror, the peak
intensities of the hits will be selectively attenuated.
Subtracting the +receptor spectrum from the —re-
ceptor spectrum thus reveals only the hits. Typically,
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however, the receptor R, values vary (e.g. due to
differential internal motion), and residual receptor
signals can hinder data interpretation. To correct for
this, a third control R, experiment on the lone
receptor can be subtracted from the +receptor spec-
trum. In the foregoing strategy, the usual risks
inherent with difference spectroscopy must be con-
sidered. Small chemical shift changes between samples
or due to binding as well as instrumental instabilities
due to the surrounding environment may corrupt the
difference spectra. It is therefore clearly advanta-
geous to design mixtures that minimize spectral
overlap to the extent that individual compound
resonances can be reliably integrated.

The amount of resonance attenuation can be used
to get a coarse estimate of binding affinity. Using egs
17a,b and 19 for Ry ayg and Ry, avg, Van Dongen et al.
have expressed the relative peak attenuation in
terms of the bound and free relaxation rates, the net
exchange rate constant key, and the applied rf field.%”
Assuming a receptor with MW ~ 15 kDa, their
calculations suggest Ry, spin-locks of 400 ms are
sufficient for the nearly complete elimination of
signals from compounds with Kp < 500 uM. Obvi-
ously, targets of higher molecular mass require
shorter spin-locks. Tighter affinity hits will have
more dramatic R, relaxation enhancements; thus,
shorter spin-locks can “tune” the experiment for
tighter binders, as long as fast exchange conditions
exist.

5.2. Longitudinal Relaxation Rates

NMR screening experiments employing R; mea-
surements comprise only a small subset of commonly
used approaches, and for this reason they are con-
sidered only briefly here. A primary consideration in
the design of any R;-based method is the need to
distinguish between and account for selective versus
nonselective R;. As described previously,” selective
R1, which possesses a J(0) dependence, is a sensitive
probe of binding, while nonselective R; (R;N) is not.

To measure 1D selective R;’s, a restricted set of
protons is inverted or saturated using frequency
selective or other discriminatory pulse sequences. In
practice, however, achieving selective spin perturba-
tions for a large library of diverse compounds, all
possessing different chemical shift patterns, is a
formidable task. To achieve this, a separate inversion
pulse would have to be defined for each compound.
A clever approach comes from the realization that
sufficient selectivity is achieved by inverting/saturat-
ing the ligand resonances relative to those of the
receptor. This underlies the “reverse NOE pumping”
experiments of Chen and Shapiro.3® Another use of
selective R; experiments is to monitor displacement
of a “reporter” or “probe” molecule in competitive
binding studies with higher affinity ligands.'” Bind-
ing information comes from analysis of the same
reporter molecule for a mixture of test molecules.
Since the same ligand (as opposed to an entire
compound library) is repeatedly observed, there is no
need for the constant recalibration of selective pulse
schemes.
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5.3. Paramagnetic Relaxation Enhancements

A variation of the exchange-averaged relaxation
parameter approach is the SLAPSTIC (spin labels
attached to protein side chains as a tool to identify
interacting compounds) method developed by Jahnke
and co-workers.3%40 In this approach, amplification
of bound state relaxation properties is achieved
through use of covalently attached spin labels on
selected protein side chain types (e.g. lysine, tyrosine,
cysteine, histidine, and methionine). The spin labels
used include paramagnetic nitroxide radical moieties
such as TEMPO. Attaching a spin label endows the
receptor with the strong paramagnetic relaxation
mechanism of an unpaired electron, such that com-
pounds that bind in spatial proximity to the spin
label experience enhanced proton relaxation due to
the electron—proton DD interaction with the un-
paired nitroxide electron. In the context of eq 12a,
Qs is enhanced chemically to ensure PgQg > PrQr.
In the fast exchange limit, the paramagnetically
enhanced R; relaxation is

Rz,avg = PBRZ,para + (PBRZO,B + PFRZO,F) + Rex (20)
where R para IS

theZ)/HZ N

1
R ,; rj—6{4Jj(0) +33 (0} (1)

2,para 3
The j sum in eq 21 runs over the N spin labels in
proximity to the ligand proton under consideration.
R, refers to all other sources of relaxation such as
the 'H—'H DD mechanisms already described above
for “conventional” R,. Re is the same contribution
seen in eq 17. The power of SLAPSTIC lies in the
comparatively large magnitude of the electron—
proton DD interaction. Because |ye/yn| ~ 658, Rz para
is effective over much longer interspin distances than
are typical for tH—H relaxation. This enhancement
allows a considerably lower bound ligand fraction Pg
to be used than would be possible in the absence of
spin labels. On the basis of their original proof-of-
concept work with FKBP, Jahnke et al. estimate that
the use of spin labels reduces the protein requirement
by ~50-fold.%®

In practice, SLAPSTIC experiments rely on the
availability of amino acid side chains near the bind-
ing site that are amenable to spin labeling. For the
approach to be successful, attachment of spin labels
should not compromise the structural integrity or
binding properties of the target receptor. In this
regard, SLAPSTIC requires considerable prior knowl-
edge of the receptor’s 3-dimensional structure. This
requirement could impose significant limitations in
the applicability of SLAPSTIC experiments to novel
targets. SLAPSTIC is also appealing for screening
second-site binders. Specifically, a spin label can be
attached to a known specific ligand. This altered first
ligand then serves to screen for new ligands binding
in a second proximal site. Again, it must be confirmed
that the addition of the spin label does not compro-
mise either receptor binding site. A distinct advan-
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tage is that the first ligand need not be present in
saturating amounts, owing to the dominance of
Rz,para-40

5.4. 19F Relaxation

Although most NMR screening experiments focus
mainly on 'H, the °F nucleus has a number of unique
properties that render it a highly effective relaxation
probe for NMR screening.*! First, and fortuitously,
medicinal chemists regard °F incorporation (e.g.
aromatic fluorines, trifluoromethyl groups) as an
established tactic for enhancing the pharmacokinetic
properties of drug leads. Second, the absence of
endogenous '°F in biological molecules permits clean
observation of ligand spectra, thus obviating the need
for relaxation filters and/or difference spectroscopy
to eliminate receptor or large solvent signals. Third,
F occurs at 100% natural abundance and has a
gyromagnetic ratio yg ~ 0.94yy; therefore, the sen-
sitivity of °F NMR is competitive with that of H.
Finally, and most relevant for transverse relaxation
methods, the chemical shift range of °F is much
larger than that of 'H (=900 ppm).*?> This larger
chemical shift range implies high sensitivity of the
F chemical shift to changes in microenvironment.
In contrast to the case of 'H, a large AQ = |QF — Qg|
associated with ligand binding can be expected. In
the context of eq 17 this suggests significant Re
despite low Pg. Thus, the spectral signatures of
binding can be more pronounced using *°F detection.

F relaxation is also useful for secondary screening
experiments aimed at estimating exchange rates and
equilibrium dissociation constants.**~*> More re-
cently, cross-correlation between the °F aromatic
chemical shift anisotropy (CSA) and 'H—'°F DD
relaxation mechanisms has been exploited to improve
the accuracy of Kp estimates.*!

A drawback of *°F relaxation as a primary screen-
ing method is that *°*F nuclei are not nearly as
ubiquitous in small molecules when compared to *H
nuclei. This creates difficulties, for example, when
attempting to choose a diverse set of compounds for
a screening library. However, useful screening infor-
mation can still be gained by looking at the °F
relaxation of a small set of compounds. An example
of this approach is the FAXS (fluorine chemical shift
anisotropy and exchange for screening) strategy of
Dalvit and co-workers.*®47 In this approach, the
relaxation properties of a small set of °F “spy”
compounds report on the binding of a larger set of
higher affinity binders via competitive displacement.

5.5. Saturation Transfer Difference (STD) Methods

Saturation transfer difference (STD) spectroscopy
is a highly versatile technique for NMR-based screen-
ing. There are several advantages STD experiments
possess over their counterparts that have led to
widespread adoption of the method. These benefits
include reduced protein (or receptor) consumption,
relative ease of implementation, and applicability to
large MW therapeutic targets.*® All of these benefits
will be discussed in more detail below. As the name
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Figure 5. Detection of binding using the saturation
transfer difference (STD) experiment.*® Frequency selective
irradiation (lightning bolt) causes selective 'H saturation
(shading) of the target receptor. Irradiation is applied for
a sustained interval during which saturation spreads
throughout the entire receptor via *H—H cross-relaxation
(spin diffusion). Saturation is transferred to binding com-
pounds (circles) during their residence time in the receptor
binding site. The number of ligands having experienced
saturation transfer increases as more ligand exchanges on
and off the receptor during the sustained saturation period.
Nonbinding compounds (stars) are unaffected.

suggests, STD takes the difference of two experi-
ments. In a first experiment (the “on-resonance”
experiment), receptor proton magnetization (M, = 0,
and AM; = M, — M, = —M,) is selectively saturated
via a train of frequency selective rf pulses. The rf
train is applied to a frequency window that contains
receptor resonances but for which compound reso-
nances are absent (e.g. 0.0 to —1.0 ppm for proteins).
The saturation propagates from the selected receptor
protons to other receptor protons via the vast network
of intramolecular *H—*H cross-relaxation pathways;
this process of spin diffusion is quite efficient due to
the typically large molecular weight of the receptor.
As sketched in Figure 5, saturation is transferred to
binding compounds via intermolecular *H—'H cross-
relaxation at the ligand—receptor interface. The
small molecules then dissociate back into solution
where the saturated state persists due to their small
free state R; values. At the same time, more “fresh”
unsaturated ligand exchanges on and off the receptor
while saturation energy continues to enter the system
through the sustained application of rf, thus increas-
ing the population of saturated free ligands. A
reference experiment (the “off-resonance” experi-
ment) is then recorded that applies the identical rf
train far off-resonance, such that no NMR resonances
are perturbed. The “on-resonance” and “off-reso-
nance” experiments are recorded in an interleaved
fashion and subtracted. The resulting difference
spectrum yields only those resonances that have
experienced saturation, namely, the receptor and the
binding compound resonances. Because they are
present at minimal concentration, receptor reso-
nances will usually not be visible and, if so, can be
eliminated by R, relaxation filtering prior to detec-
tion. The result is a simple 1D *H spectrum that
reveals only the binding compounds. Acquiring a
difference spectrum vastly simplifies data interpreta-
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Figure 6. Example of an STD pulse sequence.*® The upper
and lower staffs show proton rf and field gradient pulses,
respectively. Selective rf saturation occurs for a time
Tsat = 1—3 s via a train of N frequency selective rf pulses
(e.g. 50 ms Gaussian or Seduce-1*° 90° pulses separated
by an interpulse delay of ~1 ms). Two experiments are
performed, which apply saturation on and off resonance
with receptor protons in an interleaved fashion. The 1D
signals are stored in separate locations, and their spectral
differences are taken via inverting the receiver phase. A
WATERGATE-5%8 readout sequence polls the residual
z-magnetization. Suppression of receptor signals is achieved
by relaxation filtering during the spin—echo delay A and
the optional Ry, = 1/T4, spin-lock. An optional water flip-
back 90° pulse precedes the first hard 90° pulse (e.g. 2 ms
Seduce-1 90° pulse). Phase cycling is as follows: ®; =
(16x, 16 —x); @2 = (X, ¥, =X, —Y); ®3 = (4%, 4y, 4—X,
4—y); g = y; and Brec = 2(X, =X, X, =X, =X, X, =X, X),
2(=X, X, =X, X, X, =X, X, —X). Oy flips 180° between the on
and off resonance spectra.

tion compared to, for example, the case of differential
line broadening experiments, where line widths of the
compounds with receptor present must be carefully
compared with a reference spectrum of free com-
pounds.

Figure 6 depicts an STD pulse scheme. Typical
saturation trains involve N repetitions of 50 ms
frequency selective pulses with Gaussian or Seduce-1
profiles.*®%0 The train lasts for a total duration of Ty
(typically 1-3 s), after which a pulsed field gradient
ensures that only z-magnetization remains. A 90°
(®,) pulse (with optional antecedent water flip-back
90°, e.g. Seduce-1 pulse of 1—-3 ms) then polls the
z-axis. A subsequent spin-lock serves as a relaxation
filter for residual receptor signals. The sequence
finishes with a WATERGATE-5 block that simul-
taneously suppresses water while further relaxation
filtering the residual receptor signal. On-resonance
saturation yields a spectrum of intensity Isat, while
off-resonance saturation yields the equilibrium value
lo. Appropriate phase cycling of the receiver subtracts
the two intensities to yield the STD response lstp =
lo — Isat. Figure 7 illustrates the generation of the
difference spectrum. The literature defines the frac-
tional STD response, which is of the same form as
the traditional steady-state NOE: #stp = (lo — Isat)/
|o = ISTD/IO-SO

The STD experiment has several attractive fea-
tures that warrant discussion. First, STD is ideally
suited to receptors with large masses (>30 000 Da)
typically encountered in drug discovery. Receptors
with large molecular masses possess large rotational
correlation times, 7, that enhance spin diffusion and,
consequently, saturation transfer within the receptor
and to the ligand. Second, STD experiments require
relatively low concentrations of receptor (~1 uM).
Assuming sufficiently fast ligand exchange, the popu-
lation of saturated ligand builds up during the
sustained rf pulse train (Tsat) due to the small free
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Figure 7. Schematic diagram depicting difference spec-
troscopy in the STD experiment. Circles and stars indicate
binding and nonbinding compounds, respectively. STD
involves two experiments: an off-resonance experiment and
an on-resonance experiment. Top panel, A: off-resonance
(reference) applies rf irradiation off-resonance from both
receptor and compound protons. Detection produces spectra
with intensity lo. Middle panel, B: In the on-resonance
experiment, the rf irradiation selectively saturates receptor
and any binding compounds (indicated by dark shading).
This manifests as the decreased signal intensity Isar.
Bottom panel, C: The STD response is the spectral
difference Istp = lo — Isat, Which yields only resonances of
the receptor and binding compounds. Receptor resonances
are usually invisible due to either low concentration or
relaxation filtering. The STD sensitivity depends on the
number of ligands receiving saturation from the receptor
and can be described in terms of the average number of
saturated ligands produced per receptor molecule (STD
amplification factor; see main text).

state R; values. Through this mechanism, a small
amount of saturated receptor can produce an ampli-
fied amount of saturated ligand. A third advantage
of STD is that only the signal from the bound state
of the ligand is observed. One does not need to correct
for free state contributions Qg (cf. eq 27a) that might
otherwise complicate interpretation. This is espe-
cially advantageous when an experimental design
with high ligand-to-receptor ratios Lt/Et > 1 is
employed. Figure 8 depicts an example from our own
laboratory using the same receptor—ligand system
as in Figure 4. The STD spectrum (lower trace)
reveals only the binding compound, greatly simplify-
ing data reduction.

Optimal setup, use, and interpretation of the STD
experiments require a familiarity with the exchange
processes at work and have been the subjects of
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Figure 8. Example of the STD experiment using the same
compound mixture and protein receptor (p38 kinase do-
main, 42 kDa) as in Figure 4. Top panel, A: 'H NMR
spectra of two compounds in the absence of receptor using
the 1D version of a standard NOESY. Resonances from
nicotinic acid and 2-phenoxybenzoic acid are marked with
asterisks and diamonds, respectively. Bottom panel, B:
Result of the STD experiment in the presence of receptor;
the resonances of the binding compound (2-phenoxybenzoic
acid) are present. Receptor protons are invisible due to
relaxation filtering. Sample conditions were as follows:
1 mM compounds, 35 uM receptor dissolved in D,O buffer
(25 mM d-Tris, 10% d-glycerol, 20 mM d-DTT, pD = 8.4).
Both spectra were acquired at 11.74 T. The 1D spectrum
(top) was collected using a standard NOESY pulse sequence
with 16K data points, 128 transients, and a relaxation
delay of 3 s. The STD spectrum (bottom) was recorded at
278 K, with 2K data points and 256 transients acquired
for both on- and off-resonance spectra. A 3 s train of 50 ms
Gaussian pulses separated by 1 ms was used for selective
receptor saturation. The proton carrier was placed at 0.74
and —20 ppm for on- and off-resonance saturation, respec-
tively. Excitation sculpting?® was used to eliminate residual
H,O and provide the aforementioned relaxation filtering.
Reproduced with permission from ref 11. Copyright 2001
Elsevier.

several methods development studies in the litera-
ture. To better quantitate the amplification of reso-
nances in the STD experiment, Mayer and Meyer®°
introduced the “STD amplification factor” Astp. Be-
cause the STD response arises directly from the
receptor—ligand complex, it is proportional to [EL].
Hence, Istp can be written as lstp = Castp[EL], where
C is a proportionality constant that makes the
appropriate unit conversions and astp is a dimen-
sionless scaling factor that represents the maximum
STD amplification. Note that Isrp corresponds to
Qavg IN eq 12a, since there is no contribution from
[L] (i.e. Qe = 0). The reference, or equilibrium,
intensity lo is just proportional to L+; thus, Io = CL+.
Then the ratio NsTD = lsto/lo = QSTD[EL]/LT = 0stpPB.
Since Pg = P5/e, where ¢ = L{/Er, we have

agrp[L]
Astp = engtp = €{lsrp/lo} = —[L] +Kp (22)

Equation 22 is just the hyperbolic dose—response
curve given in eq 13 and is analogous to the well-
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known equation for the Henri—Michaelis—Menten
enzymatic reaction rate vq:%15?

V S
VO — max [ ] (23)

[S]+ Ky
Using an analogy to enzyme Kinetics, Astp will act
in a manner similar to that of vo: it will increase with
increasing Lt until the maximum amplification astp
is reached when the receptor binding site is saturated
(Lt > Kp). After the point of receptor saturation,
continued increase of Lt will monotonically decrease
the fractional response #sto = Isto/lo. In principle, if
L+ well-approximates [L], ligand titration data can
be fitted to the form of eq 22 to estimate Kp and ostp.

Following the enzyme argument, Astp gives the
average number of saturated ligands “turned over”
per receptor. As such, it provides a convenient means
for gauging the inherent sensitivity of the experi-
ment. Mayer and Meyer provide an example in which
Asto = 10, which implies that a receptor concentra-
tion of 50 uM yields an effective saturated ligand
concentration of 500 «M.%® The latter concentration
is more than sufficient for sensitive detection by
current high-field magnets and probes. Additional
motivation for using Astp is that spectra from samples
having different receptor concentrations may still be
compared. This would be relevant for titration and
competition experiments that may involve samples
with variable amounts of receptor.

Assuming a diffusion-limited on rate, the Ky range
of the STD method has been estimated to be 1078 <
Kp < 1072 > M.*8 For weak binders having Kp > L,
over half of the receptor molecules will have no ligand
in the binding site. As Kp increases further, the
population of the ligand—receptor complex [EL]
decreases, which leads to a reduction and, ultimately,
disappearance of the STD signal. For the case of
strong binders, decreasing Kp increases the receptor—
ligand lifetime ko * and thus decreases the exchange
rate constant key. At sufficiently small Kp, the free
state residence times of the ligands can exceed their
free state R; values. Under these conditions, ex-
change is so slow that the free ligand magnetization
“forgets” its visit to the saturated receptor by relaxing
back to equilibrium at a faster rate than the receptor
is able to “turn over” newly saturated ligands. The
initial population of saturated ligands decreases and
ultimately disappears, thereby eliminating the STD
signal.

Recent applications of STD experiments demon-
strate their versatility beyond simple enzyme sys-
tems. For example, Benie et al.>® have used STD to
identify ligands targeting HRV2 (human rhinovirus
serotype 2), a macromolecular complex of 8.5 x 108
Da. Meinecke and Meyer have characterized the
interactions of peptide ligands binding to the extra-
cellular region of an integral membrane protein
(Integrin oypf33) reconstituted in liposomes.5* Other
examples of alternative targets include small RNA
fragments® and macromolecules immobilized on
solid-support beads.5®
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Figure 9. Schematic diagram of magnetization transfer
pathways during the STD experiment. The intended path-
way is initiated by irradiation (lightning bolt) that selec-
tively saturates a subset of receptor protons. Intrareceptor
spin diffusion ideally spreads the saturation condition
(indicated by shading) to all receptor protons and bound
ligands. Bound ligands then dissociate back into solution
and add to the growing pool of free saturated ligands.
Longitudinal proton relaxation of the ligand—receptor
complex (Rye for the receptor and R, g for the bound
ligand) and free ligand (R, ) limits the efficiency of the
intended transfer process. Additionally, the efficiency of
intrareceptor spin diffusion will vary according to the
overall tumbling time of the receptor and the local proton
density.

The intrinsic sensitivity of the STD experiment is
limited by the efficiency of the intended spin energy
transfer pathway from receptor (source) to ligand
(recipient). Figure 9 summarizes some of the prin-
ciple pathways that must be considered. The main
factor limiting magnetization transfer at the recipient
(ligand) end is the ligand R;. Since the ligands are
usually low-molecular-mass compounds (<1000 Da),
the free state R; values are small and therefore any
nonequilibrium magnetization state (like saturation)
dissipates quite slowly. In contrast, when bound to
the receptor, the ligand R; can be much larger.
Hence, efficient spin energy transfer requires that
the ligand dissociate from the receptor at a rate faster
than the bound state R;.

The source (receptor molecule) receives a constant
influx of energy by the applied rf saturation train.
This constant energy input is what enhances the
sensitivity of STD over other methods such as
transferred-NOE spectroscopy. In practice, one often
assumes 100% saturation of the receptor shortly after
application of the rf train due to intramolecular spin
diffusion. However, the actual extent of receptor
saturation depends critically on the competition
between energy influxes and the various R; relax-
ation and/or “leakage” mechanisms. Jayalakshmi and
Rama Krishna have recently emphasized the impor-
tance of exchange-mediated leakage.>” Receptor pro-
tons at the ligand—receptor interface cross-relax with
unsaturated ligand and solvent protons as well as
other distinct saturated receptor protons. As satura-
tion enters from the other receptor protons, it leaks
away via the exchanging ligand and solvent protons.
The leakage mechanism can be very important for
some systems. For example, Mayer and James have
demonstrated the effects of exchange-mediated leak-
age from solvent molecules by comparing the STD
responses of RNA-binding ligands in H,O versus
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D,0.% The overall STD response is significantly less
in H,O due to the additional DD interactions between
the RNA protons and hydration waters.

Another factor that can compromise saturation is
low receptor molecular mass. Although low mass
(<20000 Da) is a rare concern for therapeutic
targets, one occasionally encounters a target whose
rapid tumbling leads to inefficient spin diffusion and,
hence, poor saturation. In these cases, it is possible
to increase the effective 7. by applying longer satura-
tion trains or, alternatively, by addition of viscosity-
enhancing reagents (e.g. glycerol) and/or screens at
lower temperatures. If such approaches are not
feasible, then R, = 1/T, relaxation filtering methods
may prove more sensitive than STD experiments.3’

Finally, it should also be considered that weak-
nesses in the *H—H cross-relaxation network can
compromise saturation efficiency. Such weaknesses
can be due to local molecular motion that would
effectively scale down the DD interactions or simply
local paucities in proton density, such as in RNA
targets.%® Targets that have inherently low proton
density are suboptimal for STD. Instead, the follow-
ing approach may be much more effective.

5.6. WaterLOGSY

The waterLOGSY (water—ligand observed via gra-
dient spectroscopy)®®® technique, like STD, relies on
excitation of the receptor—ligand complex through a
selective rf pulse scheme. However, waterLOGSY
achieves this indirectly by selective perturbation of
the bulk water magnetization as opposed to direct
perturbation of receptor magnetization. The intended
transfer of magnetization is therefore water — recep-
tor — ligand. Magnetization transfer may occur via
a number of mechanisms, which will be described in
detail below. The original presentation of water-
LOGSY proposed both selective saturation and inver-
sion of the water resonance.®® Selective water inver-
sion may be achieved either by [sel-90(,—x—hard—
90.4], as in the WEXII method of Mori et al.,5%62 or
by [90.x—sel-180¢x+y)—90+], as in the e-PHOGSY
method of Dalvit.®® The most recent publications
favor selective inversion via e-PHOGSY:; henceforth,
our discussion will emphasize this case.®®

Inverted water magnetization can be transferred
to the bound ligands via three simultaneous path-
ways shown in Figure 10. One pathway involves
direct 'H—'H cross-relaxation between the bound
ligand and “bound” waters within the binding site.
Such waters are bound in the sense that their
receptor residence times exceed the receptor rota-
tional correlation time. As a result, the rate constants
governing DD intermolecular cross-relaxation be-
tween the bound ligand and water molecules are
negative and tend to bring the ligand magnetization
to the same inverted state as that of the water. A
second pathway is direct cross-relaxation with ex-
changeable receptor NH and OH protons within the
binding site. Chemical exchange of these protons with
those of bulk water inverts their magnetization.
These NH/OH then propagate inversion to the bound
ligand protons via intermolecular DD cross-relax-
ation. The third pathway involves indirect cross-
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Figure 10. Magnetization transfer mechanisms underly-
ing waterLOGSY.%960 Magnetization transfer from bulk
water to ligand occurs via labile receptor protons within
and remote from the ligand-binding site as well as from
long-lived water molecules within the binding pocket. Dark
gray and light gray shading indicate magnetization trans-
fer from inverted water to ligand protons in the slow
tumbling (i.e. receptor—ligand complex) and fast tumbling
(i.e. free ligand) limits, respectively. Only the hits experi-
ence both types of magnetization transfer. The pool of free
ligands having experienced inversion transfer from bulk
water builds up as ligand continues to exchange on and
off the receptor.

relaxation with remote exchangeable NH/OH protons
via spin diffusion. The inverted magnetization is then
relayed to other nonlabile spins via spin diffusion.
Thus, NH/OH protons remote from the binding site
act as entry points for widespread spin inversion
throughout the receptor. While the above mechanism
deals with transfer of magnetization to bound ligands,
another mechanism exists for transfer of magnetiza-
tion to free ligands, which is via chemical exchange
of bulk water with exchangeable ligand protons, and
consequent intramolecular ligand dipole—dipole cross-
relaxation. This effect has the potential to complicate
interpretation of data but can be accounted for by
collecting control waterLOGSY spectra for free ligands,
as discussed below.

The above magnetization transfer schemes allow
binding compounds to pick up the bulk water inver-
sion while residing in the receptor binding site. The
ligands then dissociate into free solution, where,
analogous to the case of the STD experiment, their
perturbed magnetization state is maintained due to
their small free state R; values. The smaller these
Rj values are, the more time is available for ligands
to complex with the receptor, receive inversion trans-
fer from the receptor—ligand complex, and then
dissociate back into free solution, where they add to
the growing pool of spin-inverted ligands.

Distinguishing binding from nonbinding com-
pounds in the waterLOGSY experiment is slightly
different from the case of STD and is achieved by
observation of the differential cross-relaxation prop-
erties of these ligands with water. In the magnetiza-
tion transfer schemes described above, the bound
ligands interact directly or indirectly with inverted
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Figure 11. Example of the the preferred waterLOGSY
pulse sequence of Dalvit et al.’¢ The water resonance is
selectively inverted on alternate scans by 90° phase shifts
of the selective 180° refocusing pulse (e.g. 20 ms REBURP
pulse® between the delays ow.). To reduce inversion of
receptor protons having chemical shifts degenerate with
H,0O, ow. can be adjusted to ensure decay of receptor
magnetization via rapid transverse relaxation. Transfer of
inverted water magnetization to both bound and free ligand
occurs during Tiny (typically 1—3 s). A1 ms crusher gradient
(e.g. 40 G/cm) followed by a sustained weak gradient
(e.g. 0.5 G/cm) is applied during Tj,, to minimize radiation
damping effects. Phase cycling is as follows: @, =
X, Y, =X, —Y; ®; = X; O, = x; O3 = 4x, 4y, 4—X, 4—y; and
Drec = (2(X, —X), 2(—X, X))(2(X, —X), 2(—X, X)). Pulses without
explicit phase labels are along +x. The unshaded pulse in
the middle of the T, period is an optional nonselective
composite 180° pulse that serves to minimize magnetiza-
tion relaxing during Tin,. The phase of g depends on the
sign of the relaxed residual H,O magnetization at the end
of Tinv. An optional Ry, spin-lock (not shown) as in Figure
6 can be applied just after the third hard 90° pulse (with
phase ®,) for further relaxation filtering of the receptor.

water spins via DD interactions with sufficiently long
rotational correlation times z. (on account of being
associated with the large receptor) to yield negative
cross-relaxation rates. By contrast, nonbinders’ DD
interactions with water have much shorter 7, leading
to positive cross-relaxation rates. As a consequence,
binders and nonbinders display waterLOGSY peak
intensities of opposite sign, thus providing an easy
means to discriminate between them.

Figure 11 shows an example of a typical water-
LOGSY sequence. A key feature is the use of the
e-PHOGSY spin—echo at the beginning of the se-
guence to selectively invert the water resonance
while dephasing the off-resonant spins with pulsed
field gradients.®® The selective 180° refocusing pulse
is typically 5—20 ms long using, for example, RE-
BURP amplitude modulation.®* Concerns about in-
verting receptor protons having chemical shifts de-
generate with bulk water (e.g. protein a protons) are
addressed by setting the spin—echo delay sufficiently
long to filter out receptor coherences.® Phase cycling
of the second hard 90° pulse (®,) serves to place
water magnetization alternately on the +z and —z
axes. In the —z case, inverted water magnetization
transfers to the compounds via the routes described
above during Tin,. In the +z case, the water magne-
tization is nearly at equilibrium, and nothing hap-
pens. Toggling the receiver phase in concert with that
of the second hard 90° pulse yields a difference
spectrum between the +z water and —z water condi-
tions. The resultant signal, Iy, represent only those
resonances having experienced magnetization trans-
fer from water. Gradients are applied throughout Tin,
to prevent premature return of water magnetization
to the equilibrium condition via radiation damping.
Large magnetizations or magnetizations with sharp
lines relaxing during Tin, (e.g. free ligands) can lead
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Figure 12. Comparison of waterLOGSY versus STD
approaches for identifying binders of RNA. Sample and
experimental conditions are 0.77 mM ligands, 38 uM
RNA (P456, a 52 kDa ribozyme subdomain of 160 nucleo-
tides), 23% H,O at 278 K and 18.8 T. Top trace, A:
reference 1D spectrum of the ligand mixture. Middle trace,
B: waterLOGSY results using selective water inversion.
Water inversion was achieved using a 20 ms EBURP-2 90°
pulse®* on resonance with bulk H,O using a WEXII
[sel-90(+/-x—hard-90:,] sequence.®1.62 Resonances of nega-
tive sign are labile ligand protons. Bottom trace, C: STD
with selective saturation using 50 ms 90° Gaussian pulses
for 3 s on 5.5 ppm; the total experiment time is the same
as that for part B. Only the most intense ligand peaks
(~7.1-7.2 ppm) are barely distinguishable from noise.

to artifacts in the spectrum. The unshaded pulse in
the middle of Ti,, is an optional nonselective 180°
pulse that minimizes these artifacts by keeping the
large magnetizations close to their original null
condition.®® Because the nonselective pulse ideally
inverts all magnetization, to first order, it does not
disturb the prevailing differential z-magnetization
that drives the desired cross-relaxation.

The intrinsic waterLOGSY sensitivity is limited by
the efficiency of water inversion, as well as the
efficiency of the intended energy transfer scheme:
water — receptor — ligand. Care must taken to avoid
large translational diffusion losses during the e-
PHOGSY spin—echo period. For example, more closely
spaced gradients of moderate strength can be used.
Experimental conditions that decrease the water R;
are desirable, since they enable more “fresh” ligand
to exchange on and off the receptor. As with STD,
the bound and free state R; values of the ligand also
limit the amount of magnetization transfer. For
optimal sensitivity, the exchange rates should be
significantly faster than the bound state ligand R;.

As mentioned above, receptors having inherently
poor spatial proton density will experience inefficient
spin diffusion and thus poor STD sensitivity.5867
WaterLOGSY provides an attractive alternative for
such targets by using the surrounding water mol-
ecules as surrogate spins to compensate for the
inherent lack of proton DD cross-relaxation path-
ways. For example, in our laboratory, waterLOGSY
has proven to be more sensitive than STD for
screening nucleic acid targets. This is illustrated in
Figure 12, which compares the signals of the water-
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LOGSY and STD experiments run for the same
amount of time on a known binder of a ribozyme
domain.

Like all ligand-based screening experiments, wa-
terLOGSY is biased toward the detection of weakly
binding ligands. Ligands with tighter affinity will
have correspondingly longer residence times. Similar
to the case for STD, if the residence times become
too long, the transferred spin inversion will vanish
due to longitudinal relaxation before the ligand can
dissociate back into free solution. The estimated
lower limit on Kp for waterLOGSY is Kp ~ 0.1 uM.®0

However, unlike STD, waterLOGSY spectra reflect
both the free and bound states of a small molecule
ligand. In the fast exchange limit, the waterLOGSY
signal can be expressed as a weighted average

IWL = C{ [EL]Obound + [L]Ofree} (24)

C is a proportionality constant that accounts for the
appropriate unit conversions, and opoung @nd oyree are
the rate constants describing the net transfer of
magnetization between water and ligand protons in
the bound and free states. The linear dependence on
Opound @Nd orree reflects a first-order approximation
appropriate for shorter inversion times Tiny. FOr Ofree,
the rotational correlation time is that of a free small
molecule (Tree << 1 NS). FOr onoung, there is an effective
rotational correction time Test = TresTp/(Tres + Tp), Where
Tres 1S the ligand residence time and 7, is the rota-
tional correlation time of the receptor—ligand com-
plex. Typically, e > Tiee, Which leads to opposite
signs for gpounda @nd osee. If the spectrum is phased
such that [EL]owound Yields a positive peak, then
[L]otree Yields a negative peak at the same chemical
shift. This implies that if Lt > Er, then the negative
contribution from the free state [L]ofee Can over-
whelm that of bound state, resulting in a false
negative. To eliminate such confusion, large ligand/
receptor molar ratios should be avoided. In addition,
a reference spectrum, lw sree, Of the compounds in the
absence of receptor can be recorded. The reference
spectrum can then be subtracted from the original
lwL to better estimate the bound state contribution.

Correcting for the free state contribution also
permits estimates of the ligand binding affinity. The
difference lw. — lwiLfree 1S Simply the difference
Qayg — Qr in eq 13. In particular, if we identify
Qavg = IwL and Qe < lwi free, then

_ CE(0pound ~ Oiree)[L]
Twe = Wi free = [L] + K
D

(25)

The above expression differs trivially from that of
Dalvit et al.?% in that it is based on the bound receptor
fraction PE = [EL)/Et whereas Dalvit and co-work-
ers consider the free receptor fraction (1 — PE).
Fitting lw. — lwLfree iN @ ligand titration to eq 25
approximating [L] ~ Ly yields an estimate of Kp.
Dalvit and co-workers have used this approach to
estimate the binding affinity of L-Trp to human
serum albumin (HSA). Their results were of the same
order of magnitude as those estimated by equilibrium
dialysis. On the other hand, similar results (with
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larger uncertainties) were obtained by fitting “uncor-
rected” titration data (just Iy, ) directly to eq 24.

5.7. Exchange-Transferred NOE

Exchange-transferred oN°E measurements were
among the first parameters proposed for ligand-based
NMR screening.®®~7° In NOE-based screens, intramo-
lecular NOEs of compound mixtures are observed via
2D-NOESY spectra in the absence and presence of
the receptor. Binding compounds are identified by
NOE cross-peaks that have changed sign in the
presence of the receptor. Nonbinders show no change
upon the introduction of receptor and display either
zero or negative cross-peaks with respect to the
diagonal. The estimated range of binding affinities
that can be probed by transferred ¢"N°F is 100 nM <
KD <1 mMm."

Exchange-transferred oN°® methods have lower
sensitivity when compared to STD or waterLOGSY.
For example, 2D-NOESY experiments rely on a
comparatively short transient perturbation of mag-
netization (100—500 ms) to probe for binding-induced
changes of intraligand magnetization transfer. By
contrast, STD and waterLOGSY rely on a long period
of intermolecular magnetization transfer between
receptor and ligand that is sustained by the continu-
ous application of rf irradiation or the long T, of
water. This sustained period of magnetization trans-
fer affects the growth of a large pool of ligands each
“labeled” with a binding signature. This heightens
the sensitivity of these experiments over that of the
2D transferred NOESY. Furthermore, STD and wa-
terLOGSY are relatively simple 1D experiments that
reduce acquisition time and data storage burdens and
thus increase throughput. In our experience, the
same binding information can be obtained from a
0.5 h 1D STD experiment in place of a 4 h 2D
transferred NOESY. While selective 1D NOE meth-
ods are conceivable, one faces the aforementioned
challenge of frequency selective inversions for a
library of potentially diverse compounds. Thus, the
1D STD has largely supplanted the use of exchange-
transferred oN°F as a screening tool. Nevertheless,
the change of sign inherent in oN°E still makes it an
effective screening tool when other screening methods
give ambiguous answers. And, of course, o"NOF still
retains its original value as a method for determining
the bioactive conformations of weakly binding ligands.

5.8. Competition Binding Experiments

Competitive binding studies are a well-known set
of biochemical approaches for determining binding
specificity and affinity. The basic expressions rel-
evant for such studies have been given in section 2.
Recently, competition binding experiments have been
incorporated into several strategies for ligand-based
NMR screening. Following the literature, we use |
and L to denote two ligands that compete for the
same receptor site. Competitive displacement by a
known specific ligand | can be used to confirm the
specific binding of a new ligand L identified during
primary screening. Furthermore, if the inhibitor
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dissociation constant, K, = [E][I]/[EI], is known, then
it is possible to estimate the Kp of L by using eq 7
above. Meyer and Mayer have demonstrated this
approach using STD on two galactose-containing
ligands (B-GalOMe and NA;) of the 120 000 Da
tetramer Ricinus communis agglutinin. The Kp of
NA; was estimated to be 27 uM from a competition
study with S-GalOMe (K; = 260 uM).%°

Competitive binding also forms the basis for a
screening strategy that enables the detection of high-
affinity ligands using ligand-based methods. As
already described, a significant limitation of standard
ligand-based NMR screening is its dependence on fast
exchange and consequent limitation to weak binding
ligands (Kp typically > 1-10 uM). Tighter binding
ligands have slower exchange rates. If the exchange
rates are too slow, then the bound state information
relaxes away before its transfer to the free state. In
that case, only free state properties for the ligand
would be observed, and the tight binder could be
mistaken for a nonbinder, resulting in a false nega-
tive.

Recently, several groups have proposed highly
similar competitive binding strategies to extend the
range of ligand-based NMR screening to include high-
affinity binders.'’"1°® These strategies screen for
higher affinity hits I via the competitive “knockoff”
effects they exert on a previously characterized lower
affinity ligand L. Such competition strategies have
already been widely used in isothermal titration
calorimetry (ITC) studies, which are constrained by
similar binding affinity windows.??"* The principle
steps of the strategy are highlighted below.'”

1. First, a known binding ligand L is identified.
Various studies have described this reagent as the
“reporter”, “reference”, “spy”, or “probe” molecule. The
ideal phenotype for the reporter includes high solu-
bility, medium to weak binding affinity (Kp > 10 uM),
and an NMR parameter that displays a clear signa-
ture of binding even under large ligand excess.
Examples include R; or selective R; relaxation en-
hancements, STD, or waterLOGSY intensities. More
recently, the advantages of the high sensitivity of the
¥F R, and chemical shift have been exploited by
Dalvit and co-workers.*#

2. Next, a calibration curve is determined that
relates an observed magnitude of the monitored NMR
parameter of the reporter molecule to the bound
reporter compound fraction Pg = [EL]/Lt. This NMR
parameter can be measured for the reporter com-
pound in a titration of either Lt or Et (to vary [EL]/
Ly). It is also useful to have an independent estimate
of the reporter compound Kp = [E][L])/[EL] deter-
mined using an alternate method (e.g. ITC). Then,
substituting Kp into eq 3 with known values of Et
and Lt allows one to convert the titrated Lt (or E¥)
values into Pg. The observed NMR parameter is then
plotted as a function of the reporter compound Ps.
The resulting calibration curve can then correlate
subsequent perturbations of the monitored NMR
parameter to altered Pg.

3. For fixed values of Et and reporter compound
L+, a mixture of test compounds is then added to
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screen for displacement effects exerted on the re-
porter compound. Displacement manifests as a shift
of the reporter compound’'s NMR parameters toward
those intrinsic to the free state. For example, if the
monitored NMR parameter is R, or selective R;, then
a higher affinity hit will affect a decrease. The higher
affinity hits are the competitive “inhibitors” repre-
sented by [I] and I+ in eqs 4—11.

4. Using the calibration curve established in step
2, the perturbed magnitude of the NMR parameter
can be used to deduce the new decreased reporter
compound Pg 4+, = [EL]/Lr.

5. Since Pg4i, Ly, and Et are known, there is
sufficient information (i.e. L+, Et, and [EL]) to esti-
mate the apparent reporter compound Kp app USiNg
eq 6 above. Once Kp app is fixed, eq 6 can be used to
solve for K,. Note that the free inhibitor concentration
[1] can be estimated by referencing one of its peak
integrals to that of the reporter compound whose
concentration is known.

A competitive binding strategy is appealing be-
cause it not only identifies higher affinity binders but
also estimates their affinities (Kp) via a one-point
measurement. Dalvit and co-workers demonstrated
this competition technique using *H R, and selective
R; relaxation enhancements to probe kinase—ligand
interactions. The binding affinities obtained from the
“one-point” measurement correlated well with con-
current ITC studies.'” Standard Kp determinations
via exhaustive ligand titrations are not always
feasible due to poor compound solubility, or deterio-
ration of receptor integrity caused by continued
additions of concentrated DMSO stock solutions. A
potential drawback to this method is that it is capable
only of identifying binders at the site of the reporter
molecule (and not e.g. adjacent subsites that might
be of interest for drug design).

Recently, a modified competitive binding approach
using **F NMR has been reported. The FAXS method*’
uses a small **F-based compound library to serve as
“spy” and “control” molecules. The control molecules
are known nonbinders of the receptor, and changes
in their °F spectra enhance the accuracy of data
interpretation by accounting for changes unrelated
to specific binding. As stated above, °F detection
yields clean ligand selective spectra, high sensitivity
to chemical shift perturbations, and much larger Rex
relaxation enhancements than 'H detection. In par-
ticular, the inherently larger chemical shift range of
19F makes the intermediate exchange regime more
likely. Together, these features make FAXS highly
suited for sensitive and accurate probes of binding
displacement.

Another application of *°F NMR goes beyond mere
detection of binding. The 3-FABS method”? measures
enzymatic 1Cso values by comparing °F signatures
of CFs-labeled substrate before and after addition of
active enzyme. In settings where enzymology data
are limiting, the technique could be used by chemists
to directly obtain 1Csy values of their compounds.
Also, the method could be useful in academic settings,
where high-throughput-screening instrumentation is
not readily available.
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5.9. Troubleshooting Common Problems:
Aggregation and Nonspecific Binding

A basic challenge in ligand-based screening is
distinguishing the spectral signatures of bona fide
binding from those stemming from artifacts such as
aggregation and nonspecific binding. As with ligand
binding, compound aggregation increases the effec-
tive molecular mass, driving 7. upward and enhanc-
ing the J(0)-dependent relaxation rates. An easy
NMR check for aggregation is measurement of any
Te-sensitive NMR relaxation parameter of the lone
compound as a function of concentration. For the
typically low molecular masses (<1000 Da) of test
compounds, R, should be on the order of 1-2 s and
NOE cross-relaxation rates zero or positive (2D-
NOESY peaks of opposite sign relative to the diago-
nal) at Bo ~ 11.7—14.0 T. Of course, it is also possible
to use other biophysical methods, such as light
scattering, to assess aggregation tendencies.

Another problem that can occur is nonspecific
binding. It is important to define and distinguish
“nonspecific” versus “low-affinity” binding. Here, we
consider low-affinity binders to be ligands with Kp
values =10 uM and in fast exchange on the chemical
shift time scale. Low-affinity binders are therefore a
more general class of compounds than nonspecific
binders. While nonspecific binders may be low-
affinity binders, the converse certainly need not be
true. Low-affinity interactions may indeed be specific
for well-defined sites on the receptor. In some cases,
binding of a ligand to these sites will modulate
receptor activity. In other cases, binding could be to
a specific but distinctly separate site proximal to the
active site. As will be illustrated later in this review,
one of the key benefits of NMR screening is the ability
to detect low-affinity, yet specific, binders that might
be missed by an enzymological screen. Such ligands
may then be optimized to become higher affinity
novel inhibitors. The criterion for specificity for these
low-affinity binders is that they bind preferentially
to the targeted active site or to another site that
directly modulates receptor activity (e.g. through
allosteric interactions or linkage to an active site
ligand). In contrast, nonspecific binders usually bind
to receptor surface regions that have no direct effect
on receptor activity. These interactions result from
general interactions of the ligand with hydrophobic
patches on the protein surface (vide infra).

Nonspecific binding effects can be a serious concern
for ligand-based approaches that use large ligand-
to-receptor molar ratios. High ligand concentrations
encourage the occupation of lower-affinity nonspecific
binding sites. As mentioned in the previous para-
graph, these nonspecific binding processes correspond
to adsorption to hydrophobic patches on the protein
surface. High ligand concentrations can increase the
likelihood of this nonspecific surface adsorption.
Accordingly, Murali et al. have used dilution to
identify nonspecific binding.”® In this study, the
absolute concentrations of ligand were decreased
while the ligand-to-receptor ratio was maintained at
a constant value. Nonspecific binding was character-
ized by diminishment of the NMR binding signature
at lower ligand concentration. Although in the above



3658 Chemical Reviews, 2004, Vol. 104, No. 8

study ligand affinities had already been characterized
and thus it was straightforward to deduce nonspecific
binding, in the case of a binder of unknown affinity,
this information would not be available. Undoubt-
edly, a preferred method to expose nonspecific bind-
ing for ligand-based approaches is to test for dis-
placement effects upon addition of a known specific
and competitive binder. In addition, HSQC-based
chemical shift perturbation can be used to map the
ligand binding sites, provided that resonance assign-
ments are available. Another strategy is to specifi-
cally label the active site of the receptor in such a
way that only the active site can transfer energy to
a compound. Examples of this strategy include the
SLAPSTIC approach,® in which spin labels are
judiciously placed at the active site. Alternatively,
selective protonation of active site residues can be
introduced in otherwise deuterated receptor proteins.
STD experiments on such systems provide signals
only for those compounds that bind to the active
site.” In both cases, a priori information about the
active site structure is needed, and in the last
example, one relies on the facile overexpression of
the deuterated receptor. To reduce the risk of non-
specific binding, it is helpful to work at lower receptor
and ligand concentrations. By keeping Er low, only
the higher affinity binders (those that can saturate
the binding site with minimal Lt due to low Kp) will
have bound ligand fractions of significance, and thus
detectable NMR signals. Finally, it is worthwhile to
consider alternative expressed forms of the target for
screening. For example, working with full-length
proteins rather than truncated domains might present
fewer exposed hydrophobic patches that attract “pro-
miscuous” compounds.

5.10. Epitope Mapping via Ligand-Based
Approaches

To provide more information for lead generation
beyond the simple detection of compound binding,
NMR researchers have sought to determine the
specific portions of the ligand and protein critical for
molecular recognition. This has been referred to as
“epitope mapping” in reference to the original mean-
ing of identifying antigen regions necessary for
antibody or T-cell recognition. Epitope mapping can
help guide lead optimization, especially if structural
information for the target is not available (e.g.
transmembrane proteins). A knowledge of which
parts of the ligand are involved in the binding
interface can help chemists decide how binding
scaffolds should be elaborated, linked, or both. Ap-
plication of epitope mapping to ligands is discussed
below. Characterization of receptor binding site
interactions is discussed under Receptor-Based Ap-
proaches (section 6).

5.10.1. Group Epitope Mapping

Mayer and Meyer have reported the GEM (group
epitope mapping) protocol for identifying binding
surfaces on the ligand using STD methods.®® This
approach compares the STD response Istp = lo — Isar
for different protons within a ligand. In 1D STD and
2D TOCSY-dispersed STD spectra, various lstp in-
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tensities (or peak volumes for 2D spectra) are nor-
malized to the largest Istp response within the ligand.
The variation of normalized STD responses is related
to ligand proton proximity to the receptor binding
site. Stronger STD responses are interpreted as
evidence of closer contact between ligand and recep-
tor protons, taking into account the distance depen-
dence of the intermolecular NOE underlying the
saturation transfer process. To establish proof-of-
concept, Mayer and Meyer performed a GEM analy-
sis of galactose-containing ligands (NA; and 3-Gal-
OMe) of the 120 000 Da R. communis lectin agglutinin
I. Their results were consistent with the known
binding regions of galactose-containing ligands using
other methods.

There are several caveats to be aware of when
interpreting GEM experimental data. First, the mean
lifetime of the receptor—ligand complex ko' must
be sufficiently short (ligand Kp sufficiently large), or
spin diffusion within the bound state will equalize
the ligand proton magnetization before its dissocia-
tion into free solution. Accordingly, epitope mapping
is better suited for weaker binders (large k) and/or
for sufficiently short saturation transfer times TsarT.
Second, it has been documented by Jayalakshmi and
Rama Krishna®’ that interpretation of differential
STD responses purely in terms of intermolecular
cross-relaxation (NOE) can be an oversimplification.
Understanding how this occurs is straightforward if
we recall that the STD experiment is simply a 1D
truncated, driven NOE (TOE) experiment.” In the
TOE experiment involving a simple dipolar-coupled
“I-S” two-spin system, the S magnetization is satu-
rated, and the effects on the | spin magnetization are
observed as a function of time. The | magnetization
reaches a steady-state that is directly proportional
to the cross-relaxation rate between the two spins
and inversely proportional to the I-spin Ry = 1/T;.
Thus, the magnitude of the TOE steady-state re-
sponse reflects a competition between both cross-
relaxation and autorelaxation. In this regard, inter-
preting the final | spin magnetization solely in terms
of cross-relaxation can lead to erroneous conclusions.
Jayalakshmi and Rama Krishna®" carried out a
rigorous complete relaxation and exchange matrix
approach (CORCEMA)® for multispin systems en-
gaged in chemical exchange. Their analysis confirms
that the STD response, as in the simpler two-spin
case, reflects a competition between the two effects:
(i) cross-relaxation with the saturated receptor pro-
tons powered by the applied rf; (ii) autorelaxation
that would dissipate energy to the lattice.

Because GEM maps not only intermolecular cross-
relaxation but also the local R; values, caution must
be exercised when interpreting smaller STD re-
sponses within a ligand. Smaller Istp values do not
necessarily imply remote locations from the receptor;
rather, they may simply imply larger local R; values.
Confusion of these two effects could lead to incorrect
or incompletely characterized binding epitopes. In-
dividual ligand proton R; values depend on several
factors, such as the proton moiety considered (e.g.
methine, methylene), local proton density, mobility,
and the ligand conformation(s). Methylene protons,
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for example, are more likely to exhibit smaller STD
responses due to the strong mutual dipolar R;
relaxation between proximal geminal protons. Quan-
titative interpretations of differential STD effects
should therefore be treated with caution. If all of the
ligand protons fortuitously have similar R; values,
then these effects could be neglected. Alternatively,
if the appropriate R; values could be measured, then
the product of the STD intensities and the R; values
should be proportional to the effective intermolecular
cross-relaxation rate constant. It should be noted that
the proof-of-concept experiment by Mayer and Meyer
relied heavily on aliphatic methine protons within
sugar rings, where the R; values could conceivably
be quite similar.

5.10.2. Diffusion-Based Epitope Mapping

An alternative method of epitope mapping is based
on the popular BPP—STE experiment (bipolar pair
pulsed field gradient stimulated echo). This well-
established method is used to measure molecular
translational diffusion coefficients.””-8° Comparisons
of translational diffusion coefficients of small mol-
ecules in the presence and absence of receptor can
be used to screen mixtures for receptor binding. Chen
and Shapiro® have shown that intermolecular cross-
relaxation between small ligand molecules and their
protein receptors during the diffusion delay can give
rise to erroneous estimates of the translational dif-
fusion coefficient of the ligands. Recently, Yan et al.®
have exploited this phenomenon to provide a novel
method for epitope mapping. This method takes
advantage of what would be considered an artifact
in one experiment (intermolecular cross-relaxation),
to provide an elegant solution to another problem.
Because the artifact stems purely from intermolecu-
lar cross-relaxation, diffusion-based epitope mapping
bypasses the problem of R; contributions discussed
in the previous section for GEM.

Yan et al. compared the results of both GEM and
diffusion-based epitope mapping for dihydrofolate
reductase (DHFR) with those of a known ligand,
trimethoprim (TMP). While the diffusion and GEM
epitope maps were in agreement for most of the TMP
protons, the diffusion-based approach gave a more
accurate overall map. In particular, GEM incorrectly
excluded the TMP methylene protons from the bind-
ing interface while the diffusion-based approach did
not. This result can be rationalized on the basis of
the large local R; of the methylene protons, which
would lead to reduced STD intensities for these
protons.

A disadvantage of diffusion-based epitope mapping
relative to GEM is that the experimental method is
considerably more cumbersome. In particular, the
BPP—STE experiment uses a stimulated gradient
echo, which incurs a mandatory loss of half the
available magnetization, thus resulting in lower
sensitivity. Finally, measurement of the intermolecu-
lar NOE artifact requires a series of 1D BPP—STE
measurements, increasing experiment time and re-
ducing throughput. Accordingly, this method is best
suited to highly soluble receptors and ligands.
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6. Receptor-Based Approaches

The first NMR-based screening approach to be
described in the literature, the “SAR by NMR”
method, monitored changes in the >N—'H hetero-
nuclear correlation spectra of a target to identify hits
from a mixture of compounds.® These methods have
found widespread application, especially in the phar-
maceutical industry, since they were first published.
Numerous applications and “tweaks” to the method
have been published® -8 and have been covered in a
number of excellent reviews.5-1987-89 Many of these
studies are discussed in the applications sections of
the present review. Despite the wealth of information
generated from these methods thus far, crowded
spectra and resonance assignment of large mono-
meric proteins (>30 000 Da) remain bottlenecks that
continue to limit the utility of receptor-based screen-
ing methods. However, recent progress has begun to
address some of these bottlenecks. Advances in
isotope-labeling strategies and data interpretation
show promise in expanding the general applicability
of receptor-based approaches. Several examples of
recently published methods are discussed below. In
the first example, site specific isotope labeling is
employed to identify a ligand binding site resonance
without performing a full sequential resonance as-
signment.®® The second example employs a quantita-
tive approach to characterize chemical shift pertur-
bations due to ligand binding and localize sites of
interaction to a much higher resolution than previ-
ously demonstrated.®* While the following approaches
cannot be classified as NMR-based screening meth-
ods, they are nonetheless enabling strategies that
allow the researcher to use screening hits to generate
earlier and better models for ligand design.

6.1. Selective Active-Site Isotope Labeling

For receptor-based screening of larger protein
targets (=30 000 Da), it would be highly advanta-
geous if binding site resonances could be identifed
without undergoing the lengthy and tedious process
of making sequential resonance assignments. To
address this goal, Weigelt et al. have proposed a
scheme that selectively labels pairs of sequential
amino acid residues.?® Selective labeling is achieved
by first identifying unique pairs of residues, for
example, amino acid X and amino acid Y, which
reside exclusively within the protein active site. If
such a pair can be identified, then a strategy that
labels amino acid X with *3C and amino acid Y with
5N can in principle selectively mark the active site,
as these residues will be the only source of signals
in a multiple resonance experiment that edits ac-
cording to scalar coupling between *C=0 and amide
15N_

Weigelt et al. performed proof-of-concept studies on
the 14 700 Da fatty acid binding protein FABP-4.
First, residues VVal114 and Val115 were identified as
a unique pair of sequential amino acids within the
FABP-4 binding pocket. Subsequent labeling with
B3C/'5N Val in prototrophic bacteria yielded a sample
that displayed a single cross-peak in the 2D *N—H
projection of an HNCO experiment. Upon addition
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of a known binder, this cross-peak displayed the
expected chemical shift perturbations. Comparison
of this peak with peaks in a conventional >N—'H
HSQC spectrum of the same sample (which shows
all valines) allowed the binding site Valll5 to be
assigned. In turn, this allowed one to pinpoint
perturbations remote from the binding site.

The advantage of this method is also its drawback.
Since only one cross-peak probes the binding site, it
becomes impossible to account for indirect effects
from location(s) distinct from the binding site. Alter-
natively, compensatory binding-induced changes may
accidentally sum to no net perturbation, thus gen-
erating a false negative. As a precaution, the authors
recommend identifying additional distinct residue
pairs. Another factor to consider when choosing
amino acid pairs will be the presence of amino acid
types that may undergo scrambling when expressed
in E. coli. Complications may arise when attempting
to use these amino acids (e.g. Ser, Asp, Asn) even
when appropriate auxotrophic strains are used.

A new approach that combines aspects of selective
isotope labeling, STD NMR, and epitope mapping has
been recently described by Hajduk et al.®? This
method uses STD to examine a panel of target
samples that have been uniformly deuterated except
for certain amino acid types. By examining the
relative effects on ligand protons for differentially
protonated proteins, the amino acid composition of
the ligand binding site can be defined. If a high-
resolution structure of the protein is known, the
structure of the protein—ligand complex can be
inferred from all of the above data. In this case, no
protein resonance assignments are necessary. The
approach was validated with two test proteins,
FKBP-12 and MurA. As much as this method is
elegant, it may also be impractical for most labora-
tories for several reasons. First, multiple protein
samples must be expressed and deuterated in a
bacterial host and then purified in milligram quanti-
ties. Depending on expression levels, this can be very
expensive from the perspectives of both manpower
and cost. Second, unless there is no structural
information available for a target, the structures of
weakly binding ligands do not, for most chemists,
present an attractive starting point for drug design.
Finally, in our experience, if a protein can be ex-
pressed in the quantities needed for these studies,
then it is highly likely that the target will be
amenable to crystallization and X-ray structure de-
termination. On the other hand, these methods
provide a useful alternative for those targets that
evade crystallization, or for proteins where crystal
packing is known to induce structural artifacts.

6.2. Ligand Localization from J-Surface Analysis
of Chemical Shift Perturbations

Chemical shift perturbation experiments have been
the primary source of information enabling localiza-
tion of ligand interactions with the receptor. Pertur-
bations in **N chemical shifts, while indicating which
amide protons are perturbed by ligand binding, do
not provide precise information regarding binding
geometry. McCoy and Wyss have developed an al-
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Figure 13. Schematic of ring current shifts caused by
ligand aromatic groups on receptor NH protons. Left panel,
A: Geometric parameters describing the influence of a
ligand aromatic group on the NH chemical shift. The
aromatic group is modeled as a magnetic point dipole. 6 is
the relative angle between a unit vector normal to the
aromatic plane and passing through its center, and a vector
R (with associated distance R) pointing from the ring center
to the receptor NH in question. Right panel, B: The ob-
served perturbation is quantified in terms of a maximum
radius according to eq 26 in the main text. A sphere with
this radius is constructed about the NH. Dots are distrib-
uted randomly throughout the sphere to represent potential
ligand aromatic ring locations. Reprinted with permission
from ref 91. Copyright 2002 American Chemical Society.

ternative, higher resolution method for localizing
ligand binding sites by using previously unexploited
information contained in binding-induced protein
chemical shift perturbations.®® The method recog-
nizes the high prevalence of aromatic rings in drug-
like molecules and that chemical shift perturbations
of the protein upon binding must be due in part to
ring current shifts induced by the ligand. By quan-
tifying the spatial dependence of the ligand ring
current field, and the consequent effects on the local
magnetic fields of neighboring spins, the ligand
binding site can in principle be more accurately
characterized. Since localization proceeds from an
analysis of shift perturbations alone, there is no need
for a lengthy structure determination of the protein—
ligand complex.

For receptor protons remote from a ligand aromatic
ring, the local magnetic field stemming from the
aromatic ring current can be approximated by that
of a point or “perfect” magnetic dipole (infinitesimal
current loop) located at the center of the ring.%°* This
dipolar field can perturb the local magnetic field of a
nearby protein proton i, causing a binding-induced
chemical shift perturbation ACS(i), where ACS(i) =
CS(i)+1igand — CS(i)-1igana- I this perturbation is taken
to be proportional to the perturbing ring current field,
then ACS(i) becomes

ACS(i) = —2(By;/R;*)P,(cos 6;) (26)

where P,(cos 0) is the familiar second-order Legendre
polynomial Pj(cos 0) = /5(3 cos? 6§ — 1). R; is the
magnitude distance of a displacement vector R;
pointing from the ring center to the position of
protein proton i. Both 6 and R are illustrated in
Figure 13A. Byip is a proportionality constant, and 6
is the angle between the ring plane normal (through
the planar center) and R;. The sign and magnitude
of ACS(i) will obviously depend on 6;. ACS(i) extends
from a minimum of —2(Bgip/Ri®) to a maximum of
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Figure 14. Consensus location of ligand aromatic ring by
the method of overlapping spheres.®! The overlap produces
a localized volume for the ring location consistent with the
observed chemical shift perturbations of multiple NHs. Left
panel, A: Overlap of two spheres. Right panel, B: Overlap
of three spheres. Reprinted with permission from ref 91.
Copyright 2002 American Chemical Society.

+1(Baip/Ri®). At 6 = 54.7° (the magic angle),
ACS(i) = 0.

To translate the ACS(i) information into ligand
localization, McCoy and Wyss use spherical dot-
density representations; an example of which is given
in Figure 13B. Specifically, spheres are constructed
centered on each perturbed proton i that has a radius
Ri consistent with eq 26. If the observed ACS(i) > O,
then the maximum R; possible must obey ACS(i) =
(Baip/Rimax®). On the other hand, if ACS(i) < 0, then
the maximum R; must obey ACS(i) = —2(Buip/Rimax’)-
The spheres are then filled randomly with dots,
where each dot represents a possible location for the
center of the aromatic ring. Smaller and larger ACS(i)
will lead to larger and smaller R; max, respectively. To
compensate for this, the same number of dots is used
for each sphere. Hence, the dot-density will vary from
sphere to sphere, depending on the magnitude of the
ACS(i).

The emergence of a consensus volume created by
overlap of multiple dot-density spheres from multiple
perturbed protein protons serves to localize the
ligand. Those ACS(i) consistent with a single ligand
(common source of perturbation) produce a localized
consensus volume with high dot-density on the
surface of the protein. Figure 14 illustrates this
principle. Inconsistent ACS(i) data (i.e. data that
cannot be linked to a common perturbing source)
yield diffuse dot-density data that point to no specific
region of the protein. Sufficiently high dot-density is
defined as being greater than 2—3 standard devia-
tions above the mean dot-density, with the additional
requirement that this be above the mean density of
nonoverlapping spheres. The surfaces of these con-
sensus volumes are called “j-surfaces”, where j refers
not to scalar spin—spin coupling constants but,
rather, to current-density, analogous to the case of
electromagnetic theory. In this case, the current-
density referred to is the ligand ring current respon-
sible for the ACS(i).

Ligands often contain more than one aromatic ring.
Ligands with multiple rings separated by linkers of
sufficient length (>5 A) behave as linear systems;
influences from separate ring systems can be added
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to achieve the net ACS(i). However, this treatment
is not accurate for fused rings, and some error will
be introduced into the resulting dot-density spheres.
But, a key aspect of j-surface mapping is the reliance
on multiple ACS(i)'s for a given ligand. The greater
the redundancy, the less vulnerable the conclusions
are to approximate treatments of the current-density.

McCoy and Wyss have demonstrated the j-surface
method using the HCV NS3 protease and helicase
systems.! In both cases, j-surfaces from multiple
ACS(i)’s were able to localize ligands to surface
positions consistent with those seen in X-ray crystal
structures. The authors also used the HCV NS3
protease data to investigate whether j-surfaces could
still correctly localize the ligand in the absence of
sequential resonance assignments. A simulation was
carried out in which the protein structure was
known, and ACS(i) data were available for several
systems with amino acid specific isotope labeling. The
results were encouraging and suggested that such a
procedure should be feasible. Clearly, bypassing
sequential resonance assignment would greatly im-
prove the general applicability of receptor-based
screening in lead generation.

7. Applications of NMR-Based Screening

Pharmaceutical lead discovery has historically been
dominated by high-throughput screening (HTS). De-
spite considerable advances in HTS methods, screen-
ing large numbers of compounds can still fail to
deliver leads with acceptable potency, molecular
diversity, novelty, or physicochemical properties.
Fragment-based lead discovery has gained recent
interest as an alternative approach capable of ef-
ficiently searching chemical diversity space. By screen-
ing relatively small libraries of molecular fragments,
functional groups can be found that bind to each
subpocket within an active site, and that information
can then be used to guide synthesis. This approach
circumvents the combinatorial problem that compli-
cates screening library design. To illustrate this
problem, consider a protein with two subpockets
within the active site. One thousand fragments can
be easily screened for binding at the two subsites,
whereas a library of compounds containing 1000
different fragments at each subsite with a common
connecting linker would require 1 million members
(1000 x 1000). In fact, when possible linkage isomers
are considered, the required library would be much
larger. The fragment-based screen in effect models
the chemistry space of the fully enumerated library
without requiring the purchase or synthesis of enor-
mous numbers of compounds. Furthermore, smaller
molecules represent better starting points for me-
dicinal chemistry because they can be built into
larger, more potent compounds without exceeding the
limits of certain physicochemical properties (e.g.,
molecular weight, polar surface area, clogP) known
to correlate with oral bioavailability.®>% Because
NMR-based methods are capable of detecting even
very weak binding, they are very well-suited to
screening small molecular fragments.

Independent of the experimental methods used,
NMR screening applications are shaped by the strat-
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Figure 15. Basic strategies for constructing leads from NMR screening hits. (A) Combination strategies. In fragment
linking, primary screening hits are mapped to specific binding sites and the relative orientations are determined for
fragments that bind in close proximity to one another. Linked compounds are designed using structural and SAR
information. In fragment fusion, the SARs for two fragments with overlapping binding sites are merged into one hybrid
molecule. The relative orientations of the functional groups in the merged molecule are deduced from the topology of the
fragments. In “blind” fragment fusion, there is no information regarding functional group orientations, so compounds
containing random combinations of fragments are used. (B) Elaboration strategies. In analogue searching, elaborated
analogues of the primary screening hits are found by searching databases of commercially available compounds using
similarity and substructure-based computational searches. Information about active compounds is used to direct the selection
of analogues for the next round of screening. Successive rounds of screening produce increasingly complex and potent
inhibitors. In needle screening, small fragments capable of probing for specific interactions in the active site are screened.
Structural information is obtained for bound hits, and nearby sites are identified that can be accessed by building from
the starting fragment. SAR and structural information is used to guide the synthesis of more complex molecules.
(C) Variation strategies. Using directed combinatorial libraries, in the central scaffold approach, a library of scaffolds
containing multiple sites for substituents is screened. Hits are followed up by combinatorially varying the substituents. In
the linked scaffolds approach, the screening library consists of compounds with two or more scaffolds connected by linkers
that are amenable to combinatorial chemistry. Hits are followed up by combinatorially varying the scaffolds. Under fragment
optimization, an undesirable substituent is removed from a lead compound. A screen is then carried out in the presence
of the truncated lead compound to find replacement fragments that bind in the vacated site. The new fragments are oriented
relative to the original scaffold, and linked compounds are synthesized.

egy used to direct information flow through the lead to be particularly effective. Virtual screening is used
discovery process. The strategy dictates the selection as a filter to remove molecules with inappropriate
of compounds to be screened, the choice of screening shapes and functionality to bind to an active site, as
experiments and conditions, and the means by which well as to provide a relative ranking of candidates
information from the screen is used to find more and models for bound orientations. NMR screening
desirable molecules. NMR screens are almost never provides complementary experimental validation re-
run in isolation but are integrated with a wide garding which molecules actually bind and their
variety of other techniques both to design screening relative affinities and binding modes.

libraries (e.g., virtual screening, physicochemical The discussion of experimental techniques in the
property-based selection, retrosynthetic fragmenta- preceding sections was organized according to the
tion of known drugs) and to follow up screening hits methods used to detect ligand binding (i.e., protein
(e.g., crystallography, enzymology, modeling, combi- vs ligand-based). For the following review of NMR
natorial chemistry). Many different permutations of screening applications, it is useful to categorize the
these methods have been used; for example, HTS has examples according to the strategies used to develop
been used to validate NMR screening hits, and NMR the primary screening hits into leads. According to
screening has been used to validate HTS hits. The the classification scheme outlined previously®”-°” and
integrated use of virtual screening, NMR screening, illustrated in Figure 15, primary screening hits may

enzymology, and X-ray crystallography has proven be developed into more potent leads by (1) combining,
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(2) elaborating, or (3) varying their molecular cores.
Whatever the methods that are used to follow up on
screening hits, the underlying strategy invariably
falls into one of these categories. In practice, the
distinctions between the three strategies can be
subtle, and several strategies may be combined in one
application. The following sections review each of the
three strategies in turn and illustrate the methods
used to complement the NMR screen, with emphasis
on more recently published examples.

7.1. Applications Using a Combination Strategy

The combination strategy entails combining mo-
lecular fragments that have been demonstrated to
bind individually to the target. This approach takes
advantage of the fact that many drugs are modular,
with groups that bind to distinct subpockets within
an active site. When multiple, weakly binding frag-
ments are combined into a single, more complex
molecule that contacts the same set of subsites,
potency can be dramatically enhanced. The combined
molecule possesses a binding energy roughly equal
to the sum of the binding energies of the fragments,
but it pays a lower entropic cost by binding only
one species. Thus, combining three fragments with
millimolar affinities could create a molecule with
mM x mM x mM = nM affinity.! In practice, the
actual improvement in potency is difficult to predict
due to entropic factors and changes in binding
orientation upon linking.

Fragments may be combined either by linking
them together or by merging chemical features from
multiple fragments into one molecule. To combine
fragments with a linker, one must know their relative
orientations and proximities when bound. Chemical
shift perturbation experiments have been used to
determine the binding sites and orientations of bound
ligands,1091.98-100 ywhile NOE experiments can be used
to identify ligand—protein and interligand con-
tacts.59.74101102 Crystallography has been widely used
to determine the bound structures of weakly binding
fragments, either soaked or cocrystallized with pro-
tein targets.7.1037109 Proximity information can also
be inferred from differential relaxation induced by a
spin-labeled protein or ligand.!° Alternatively, when
fragments containing two or more functional groups
bind at overlapping subsites, the relative position of
their functional groups is apparent from the topology
of the fragments, and it is possible to merge them
together without having specific information about
their bound orientations (Figure 15), an approach
called “fragment fusion”.%®

7.1.1. SAR by NMR

The first reported fragment linking method, SAR
by NMR,! consists of a screen for binders at a first
site, followed by a screen for binders at a second,
proximal site carried out in the presence of saturating
amounts of a first-site binder. Prior knowledge
regarding known inhibitors is often used to bias the
choice of fragments screened for the first binding site.
The first application of this method used the FK506
binding protein (FKBP-12) as a model system.! A
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Figure 17. Construction of stromelysin inhibitors by
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ligands; (bottom) resulting linked compounds, with linkers
containing one, two, or three methylenes.!11

fragment with Kp = 2 uM (from a family of known
inhibitors) was connected by a methylene linker to a
Kp = 100 uM fragment found via >N HSQC-based
NMR screening, producing an inhibitor with Kp =
19 nM (Figure 16). The linkers were designed using
a model for the ternary complex calculated from
ligand—protein NOEs. The same approach was used
to build a stromelysin inhibitor with 1Cso = 25 nM
by linking acetohydroxamic acid (a known inhibitor
with ICsp = 17 mM) to a 20 uM biphenyl fragment
found by second site screening in the presence of
saturating amounts of the hydroxamate (Figure
17).25111 The linked compound was more potent than
expected from the sum of the binding energies of the
fragments. Thermodynamic analysis®® revealed that
binding of the linked compound was augmented by
cooperative contacts between the two fragments,
entropy gained by reducing the number of compo-
nents, and enthalpically favorable linker—protein
contacts (the latter being very sensitive to the length
of the linker). This example underscores the basic
rules of linker design summarized by Jahnke:110112
(1) preserve the relative orientations of the bound
fragments; (2) use a rigid linker; and (3) optimize
contacts between linker and protein.
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Figure 18. Construction of HPV-E2 inhibitors by frag-
ment fusion. Primary screening hits (top) binding at
overlapping sites on the protein were independently opti-
mized (middle). The optimal features of each fragment were
then merged into a hybrid molecule (bottom).113

Examples of combination by fragment fusion in-
clude the discovery of inhibitors of the DNA-binding
domain of human papilloma virus E2 protein.''® The
SARs of two lead series were optimized indepen-
dently and then merged into one molecule (Figure
18). Although the potency only increased by 8-fold
when the fragments were linked, this case is note-
worthy because it was the first published example
in which the search was not biased by the use of
fragments from known inhibitors. An example of
“blind” fragment fusion (merging fragments without
any prior information on their relative orientations)
is the design of inhibitors for Jnk3 MAP kinase.67:104
In this application of the SHAPES method, small
ATP site-binding fragments with very weak (0.5—1
mM) affinities were identified by tNOE-based screen-
ing and followed up using two independent strategies
(Figure 19). First, molecules containing any combina-
tion of two binding fragments were identified in a
database of commercially available compounds using
substructure and similarity searching. In the second
strategy, the screening hits were computationally
docked into the ATP site of the X-ray structure, and
four fragments were found to give energetically
reasonable bound orientations. Compounds contain-
ing those fragments were then docked, and the most
promising were purchased. Of 300 follow-up com-
pounds that were tested, 8 had potencies better than
20 uM, a hit rate 10-fold higher than that observed
in the prior Jnk3 HTS screen. The X-ray structures
of the three principal leads revealed that all placed
scaffolds with hydrogen bonding groups in the site
occupied by the adenosine ring of ATP, and each
extended a functional group into one of two different
adjacent pockets that are not contacted by ATP. This
SAR was merged to create a compound contacting
all three subsites that had a K; = 26 nM (Figure 19).
It is interesting to note that none of the three classes
of lead compounds had been identified as hits in the
previous HTS screen, even though all were repre-
sented in the HTS library. Presumably, the relatively
low detection threshold (ICsp < 30 uM) of the enzyme
assay caused those compounds to be missed. These
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Figure 19. Construction of Jnk-3 inhibitors by fragment
fusion. Primary screening hits (top row) were followed up
by screening compounds containing random combinations
(left and center columns) and variations (right column) of
active fragments. Crystal structures of the three lead
classes (middle row) revealed three subsites (hinge, fluo-
rophenyl pocket, and lower hinge pocket) that were filled
by functional groups on the leads. The thiazole amide (left
column) and isoxazole (right column) classes each contact
two of the three subsites; a merged molecule (bottom) was
synthesized that contacts all three.67:104

two cases illustrate the ability of NMR screening to
discover leads even after conventional HTS screening
of many thousands of compounds has been unsuc-
cessful.

Successive rounds of screening can be used to
systematically construct linked inhibitors. Nonpep-
tidic inhibitors of the Syk C-terminal SH2 domain
were recently assembled using an iterative, modular
approach.'** Separate virtual screens were used to
identify fragments capable of binding to each of the
three principal SH2 domain subsites: the phospho-
tyrosine site (pY), pY+1, and pY+3. Compounds were
manually selected from highest-scoring fragments for
each subsite (including pTyr-mimetic malonates for
pY and carboxylates to bind to the basic lysine in
pY+1) and tested for binding using a subsite-
competitive surface plasmon resonance assay. The pY
malonates were ICsp = 6—12 mM inhibitors (for
comparison, pTyr has 1Csp = 14 mM), and the best
pY+1 ligand had ICsp = 8 mM. The hydrophobic Y+3
subsite did not bind fragments well, possibly due to
a scarcity of residues capable of making specific
interactions (such as hydrogen bonds) with ligands.
Weak intermolecular NOEs between fragments bound
in pY and pY+1 were used to design a linked
compound from the best-binding fragments (Figure
20) that had an 1Csp = 350 uM. Guided by a docking
model, a hydrophobic group was then attached to
interact with pY+3; this increased the potency to
38 uM. Although NMR was not used for screening in
this case, it demonstrates the practicality of using a
systematic, structure-based fragment linking ap-
proach.

A recent series of papers from Abbott Labora-
tories!> 118 describes a particularly elegant applica-
tion of iterative fragment linking to the design of
protein tyrosine phosphatase 1B (PTP1B) inhibitors.
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Figure 20. Iterative fragment linking approach to as-
sembly of Syk SH2 domain inhibitors. The best hits from
independent fragment screens of the pY and pY+1 subsites
(top) were linked together (middle). The linked compound
was then elaborated by adding a hydrophobic group to
access the pY+3 pocket (bottom).114

The principal challenges in designing PTP1B inhibi-
tors are to (1) find functional groups that bind to the
phosphotyrosine site without introducing excessive
charge on the molecule (since this reduces cell
permeability) and (2) achieve selectivity over other
phosphatases, particularly T-cell PTPase (the closest
PTP1B homologue, with 74% identity in the catalytic
domain'®6), 13C and >N HSQC-based NMR screens
of 10 000 small molecules (MW < 350) were carried
out to search for novel phosphotyrosine mimetics that
could be used as starting points for lead develop-
ment.1*% A simple diaryloxamic acid was found to
bind at the pTyr catalytic site with K, = 93 uM
(Figure 21). This lead was followed up using a
variation strategy to test 2,3-dimethylaniline ana-
logues, producing the slightly more potent 2-ethyl-
aniline and 7-hydroxynaphthalene derivatives. The
X-ray structure of the latter compound (K, = 17 uM)
revealed that it binds with the oxamate in the
phosphate site and the naphthyl in the same position
as that of the phenyl ring of pTyr, causing the flexible
WPD loop, which normally closes over the substrate,
to remain in an “open”, apo-protein-like position. This
structure suggested that a linker from the naphthyl
ring could be used to reach a second, noncatalytic
pTyr binding pocket that has lower homology among
tyrosine kinases, offering a possible means to achiev-
ing selectivity. Incorporation of a diamide linkage and
polymethylene chain improved potency to 1 uM,
increased bioavailability, and improved selectivity
against five other phosphatases (LAR, SHP-2, CD45,
CDC25, calcineurin) with the exception of TCPTP.
A second NMR screen identified ligands for the
second binding site, leading to the synthesis of
polymethylene-linked salicylate analogues with po-
tencies of about 20 nM (Figure 21B). Although these
compounds showed some (2- to 3-fold) selectivity for
PTP1B versus TCPTP, their cell permeability was
poor and could only be improved by use of a methyl
ester prodrug. Similarly, the 7-hydroxynaphthalene
derivative was connected to a 2-naphththoic acid
fragment in the second pTyr site!*® (not shown).
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Figure 21. Iterative fragment linking approach to as-
sembly of PTP1B inhibitors. (A) First step. The phospho-
tyrosine mimic identified in the primary NMR screen
(upper left) was optimized by testing various analogues
(upper right). A polymethylene linker was then attached
(bottom) to access the second phosphotyrosine binding
site.’’5 (B) Second step. A second NMR screen identified
fragments binding to the second pTyr site. The best of these
fragments was attached to the pTyr mimic-linker com-
pound from the first step (top row), yielding a bivalent
linked compound (bottom).116 (C) Third step. A third NMR
screen identified a monoanionic pTyr mimic (left) that was
optimized by testing analogues (center) and then connected
to the previously identified salicylate fragment in the
second pTyr site to make a bivalent linked compound
(right).117

This linked compound had a similar potency (PTP1B
Ki = 22 nM) to that of the salicylate-linked compound
and was likewise selective against a panel of phos-
phatases but only 2-fold selective against TCPTP. In
an effort to find novel phosphotyrosine mimetics with
improved cell permeability, a fragment-optimization
approach was used: a third NMR screen was carried
out using only monocarboxylic- or non-carboxylate-
containing fragments.'*” An isoxazole carboxylic acid
(Figure 21C) was found to be a weak (Kp = 800 uM)
binder at the first pTyr site, and the X-ray structure
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of a more potent (K, = 148 uM) analogue suggested
that a four atom linker would be ideal for linking to
the previously identified salicylate fragment bound
in the second site. The linked compounds had K,
values of 6—7 uM, and although not as potent as the
previous lead series, they were approximately 30-fold
selective for PTP1B versus TCPTP, were >50-fold
selective against the panel of other phosphatases, and
showed moderate cell permeability. The preceding
example was not the first attempt by the Abbott
group to find phosphotyrosine replacements with
improved pharmacological properties. They previ-
ously screened 3500 compounds against the Lck SH2
domain for this purpose,’® and even though novel
phthalamate-based replacements were found, no
attempts to link them using SAR by NMR were
reported.

7.1.2. Bifunctional Ligands

Fragment linking has also been used to design
bifunctional ligands intended to target entire gene
families of proteins by incorporating common ligand
mimics. This approach is a slight variation of SAR
by NMR in which the first site ligand simply mimics
a cofactor of the target (e.g., NADH for a reductase
or ATP for a kinase). Two examples using this
approach have been published.” “NMR-DOC” (NMR
docking of compounds) uses amino acid type specific
isotopic labels in an otherwise deuterated protein to
simplify the spectra and facilitate screening and
docking of hits, particularly for targets too large to
be readily assigned. In a model system using
U-?H-['3C,'H-Met,lle, Thr]-dihydropicolinate reduc-
tase ([MIT]-DHPR), an NADH mimic, nicotinamide
mononucleotide (NMNH), was confirmed to bind to
the active site using selective saturation transfer via
the labeled residues. Two labeled active site residues
(Thr107 and Metl7) were assigned by observing
which resonances shifted upon adding NADH. The
bound NMNH conformation was modeled using the
crystal structure of the NADH complex and NOEs
from the assigned residues to the ligand. NOEs
between NMNH and a bound substrate analogue,
pyridine-2,6-dicarboxylate (PDC), were then used to
demonstrate that relative ligand orientations could
be determined. “NMR-SOLVE” (structure oriented
library valency engineering) combines fragment link-
ing with the design of targeted combinatorial librar-
ies. For targets with two adjacent cofactor and
substrate binding sites, a linker is attached to a
ligand bound in the cofactor site and a combinatorial
library is made of fragments that attach to the linker
and bind at the substrate site. When the target
belongs to a gene family of proteins with a common
cofactor, the first ligand is a cofactor mimic and the
second ligand confers specificity; the resulting bi-
ligand library can be used to screen for target specific
inhibitors within that family. This approach was
tested using selectively labeled 1-deoxy-p-xylulose
5-phosphate reductoisomerase ([MIT]-DOXPR), a ho-
motetramer of 174 kDa for which there is no solved
structure or close homologue in the Protein Data
Bank. A methionine residue was identified on the
basis of NOEs from bound NADH that was presumed
to be located between the cofactor and substrate
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Figure 22. Orientation and linking of tubulin-binding
fragments. Two fragments that bound close together at
second and third sites on tubulin (left) were oriented using
interligand transferred NOEs (arrows). Linked analogues
were synthesized (right) and are shown ranked by binding
affinity, with the most avid binder at the top.1%?

binding sites. Contacts between this residue and
screening hits bound at the substrate site were
reportedly used, in the absence of any other struc-
tural information, to design biligand DOXPR inhibi-
tors with nanomolar affinities.

7.1.3. Spin Label-Guided Fragment Linking

Spin labels can be used in several ways to aid in
the design of linkers to connect bound fragments.*10
When the SLAPSTIC method® is used, ligand reso-
nances that do not undergo line broadening or
chemical shift changes upon binding to a spin-labeled
protein are probably not in contact with protein and
thus indicate possible sites for attaching linkers.
Screening for second site binders can be carried out
in the presence of a spin-labeled first ligand, and the
distances between the bound ligands can be calcu-
lated from the differential relaxation rate enhance-
ments. If a site specifically spin-labeled protein
sample is available (e.g., labeled at the amino ter-
minus), then the same calculation may be used to
derive distances to two unlabeled ligands.

Second-site screening using a spin-labeled first
ligand has been applied to find inhibitors of tubu-
lin.*2 A TEMPO spin label was attached to a known
ligand, 3-methylpyridine, and a second site screen
was carried out using Ty, relaxation difference ex-
periments to identify proximally bound fragments.
No NOEs were observed between the hits and 3-
methylpyridine, but two of them unexpectedly ex-
hibited NOEs to one another, indicating that they
were bound close together at second and third sites
on tubulin. Several linked molecules containing the
second and third site ligands were synthesized (Fig-
ure 22) and had Kp values of low micromolar or
higher. A similar screening strategy was followed to
find fragments binding to the anti-apoptotic protein
Bcl-xL.40112 The starting point (Figure 23) was an
ICs0 = 180 uM bis-aryl compound that was found in
an HTS screen and could not be significantly im-
proved by medicinal chemistry. This compound was
TEMPO-labeled at the amine and used for a second
site screen, identifying at least one weakly binding
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Figure 23. Design of Bcl-xL inhibitors using a spin label.
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the amine position (upper right). Analysis of relaxation
enhancement data revealed that two spin-labeled molecules
bound in proximity, leading to synthesis of a bifunctional
inhibitor (bottom). Adapted from refs 40 and 112.
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Figure 24. Construction of HCV NS3 protease inhibitors
by fragment linking. Primary NMR screening hits (top row)
individually targeting the S1 to S3 (left column) and S2'
(right column) subsites were independently optimized by
testing analogues (middle row) and then linked together
(bottom row) to make an inhibitor spanning the S3 to S2'
subsites.120

(1 mM) compound that bound nearby in the site
targeted by Bak, the natural peptide antagonist.
Surprisingly, it was also found that two of the
TEMPO-labeled ligands could bind simultaneously
at adjacent positions in the Bak binding site. Linked
compounds containing two bis-aryl groups were
synthesized on the basis of spin label and intermo-
lecular NOE data, resulting in an 1Csp = 10 uM
bivalent inhibitor. It should be noted that both of the
surprises in these examples involve fragments bind-
ing unexpectedly at multiple sites. This type of
problem can occur for any screening method and if
unrecognized will confound the fragment linking
strategy.

The most recent fragment linking example at the
time of this writing was the design of inhibitors
targeting the hepatitis C virus protease NS3-NS4A!20
(Figure 24). Using >N HSQC experiments, 3639
compounds were screened and mapped to subsites
within the active site. Of 50 primary screening hits,
16 bound in the active site: one covering the S4 to
S2 subsites, six covering the S3 to S1 subsites, and
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nine at the S2' subsite. The five classes of primary
hits, most with millimolar affinities, were indepen-
dently optimized by testing analogues, and two
fragments, one covering the S3—S1 subsites and the
other at the S2' subsite, were chosen for linking. The
bound structures of the fragments could not be
determined by crystallographic or conventional NOE-
based methods, so they were modeled by fitting the
ligands to the corresponding j-surface derived from
chemical shift perturbation data.®® The linked com-
pound, spanning S3 to S2', was a substrate-competi-
tive inhibitor with K; = 0.8 uM, and its pattern of
chemical shift perturbations was consistent with the
predicted binding mode. Although linking increased
the potency by 100-fold compared to that of the most
potent fragment, the increase was not as large as
theoretically possible; this may be due to the use of
a long, flexible linker to span the distance between
the S1 and S2' subsites.

7.2. Applications Using an Elaboration Strategy

The elaboration strategy consists of systematically
building upon primary screening hits to make more
complex molecules. Analogues are selected that con-
tain functional groups or ring systems capable of
making additional interactions with the target,
thereby increasing potency without disrupting bind-
ing of the core scaffold. The SAR from each genera-
tion of analogues is used to bias the selection of
compounds for the next, so that the process converges
rapidly to more potent inhibitors. Structural infor-
mation about the bound leads is often used to direct
lead optimization.

7.2.1. Basic Elaboration Approaches

One of the earliest examples of an elaboration
approach is the discovery of a novel urokinase inhibi-
tor.1%6 Using ®N HSQC-based detection, 3000 com-
pounds were screened in the presence of 1 mM
phenylguanidine (required to prevent protein autoly-
sis), resulting in discovery of 2-aminobenzimidazole,
an ICsp = 200 uM phenylguanidine-competitive in-
hibitor (Figure 25). This hit was of particular interest
because it is less basic (pK, = 7.5) than conventional
arylamidine or guanidine inhibitors (pK, = 9—11)
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and thus may have intrinsically higher cell perme-
ability. Since analogous heterocyclic scaffolds (ben-
zoxazole, benzotriazole) did not bind urokinase, the
aminobenzimidazole scaffold was elaborated by ad-
dition of simple functional groups. The most potent
analogue, 5-hydroxy-2-aminobenzimidazole, was equi-
potent with known inhibitor classes (ICso = 10 uM).
The crystal structure revealed that this compound
contacts the same residues as conventional inhibitors
but does not access the S1B pocket, a site that is
critical for the potency of other inhibitors. Attaching
a phenyl group to fill this pocket improved potency
by 70-fold.*?* The resulting compound is orally bio-
available and represents a novel scaffold for con-
structing urokinase inhibitors with improved phar-
macokinetic properties.

Virtual screening has been used to select primary
screening compounds and then to choose more elabo-
rate analogues to follow up hits. An example of this
is the discovery of inhibitors for the human hydroxy-
steroid dehydrogenase 3a-HSD.'® In this case, a
small, relatively weakly binding “reporter ligand”,
2-acetylbenzofuran, was first found by NMR screen-
ing to target the active site of 30-HSD. This fragment
was used to compile a list of 713 similar, proprietary
compounds that were docked into 3a-HSD. Thirty of
the top-ranked compounds were then manually se-
lected and tested for their ability to displace the
reporter ligand from spin-labeled 3a-HSD. The pro-
tein spin label amplified the binding signal observed
in T1,-edited spectra, enabling use of protein concen-
trations as low as 0.2 uM. Three compounds (not
shown) displaced the reporter ligand, and these were
used as input for another round of virtual screening.
The hits from this follow-up set reportedly had sub-
micromolar affinities.*??

7.2.2. Needle Screening

Needle screening is a process by which “needles”,
small (MW < 300) and simple fragments that can
probe active site subpockets, are screened and the
hits elaborated using structure-guided design. Needle
libraries are constructed using modeling methods to
select molecules comprising the minimum structural
elements necessary to make essential interactions
with the target. The first reported application was
to find leads for DNA gyrase after conventional HTS
had proven unsuccessful.'%® Virtual screening (dock-
ing and pharmacophore searching) was used to
compile a list of 600 needles predicted to be capable
of forming essential hydrogen bonds with a side chain
(Asp73) and a conserved water molecule in the ATP
site of the gyrase B subunit. These compounds were
screened at high concentration (up to 0.5 mM) in an
ATPase enzyme assay. 2400 analogues of the primary
hits were screened in a follow-up ATPase assay,
yielding a total of 150 weak hits that clustered into
14 structural classes. The hits were validated using
a supercoiling assay and several direct binding as-
says: analytical ultracentrifugation, surface plasmon
resonance, and >N HSQC spectroscopy. Several
classes of nonspecific inhibitors were eliminated, and
chemical shift perturbation experiments confirmed
that seven classes bound at the ATP site. HSQC
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Figure 26. Discovery of DNA gyrase inhibitors using
needle screening. The ATP-competitive “needle” hit (upper
left) was first elaborated by addition of a group capable of
hydrogen bonding to the active site Arg136 (lower left) and
then further extended by adding a phenyl ring to access a
nearby hydrophobic pocket (lower right).105

titration experiments were used to measure Kp
values for the primary needle hits that ranged from
10 to 200 mM. Despite the very weak affinities,
crystal structures were solved for the five most avid
hits, of which indazole (Figure 26) made the most
intimate protein contacts in the ATP site, apparently
by displacing the conserved water molecule. The
indazole scaffold was elaborated by adding a meth-
ylcoumarin group that could hydrogen bond to active
site residue Argl36, increasing potency by over 30-
fold. A nearby lipophilic site identified in the crystal
structure was exploited by adding a second side
chain; this improved the potency by an additional
270-fold. This elegant example demonstrates that
virtual screening, enzymatic assays, direct binding
assays, and structural information can be combined
to efficiently elaborate even extremely weakly bind-
ing fragments into potent inhibitors. It is also inter-
esting to note that HSQC-based screening for second
site binders was attempted for gyrase B using
saturating amounts of a phenylnitroindazole deriva-
tive shown to bind in the ATP site.® Of 250 small
(MW < 150) needles screened, about 20% bound to
gyrase B at a specific site that was mapped using
chemical shift perturbations. Unfortunately, this
binding site was located on the opposite face of the
protein from the ATP site and was too far away to
be exploited by chemistry. Thus, the elaboration
strategy produced leads for a target for which SAR
by NMR-style fragment linking was unsuccessful.
In one of several recent applications of needle
screening, peptide deformylase (PDF) was screened
in an effort to find novel, nonchelating motifs that
bind in the hydrophobic S1' pocket of the metallo-
protease.® The diamagnetic Zn?* form of the enzyme
was screened using **N HSQC detection, and the hits
were ranked using NMR-derived Kp values. A model
for the bound orientation of one hit, a fused bicyclic
aromatic compound, was then generated by re-
strained docking using ¥C HSQC chemical shift
perturbation and NOESY distance data (not shown).
In another example, a “zinc needle” library of puta-
tive zinc-chelating fragments was screened against
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the catalytic domain of human fibroblast collagenase
(MMP-1) by 1D 'H NMR.'® Changes in the 'H
chemical shifts of the well-resolved active site histi-
dine resonances (His218 and His222 HD1 at ~13.3
ppm) signaled binding, and >N HSQC experiments
were used to confirm the binding site and measure
Kp values. Although the structures of the hits were
not reported, at least one novel chelator was found
that had an affinity of 15 mM, which is comparable
to that of the hydroxamic acid group commonly used
for building metalloprotease inhibitors.

7.2.3. SHAPES Screening

The SHAPES strategy consists of ligand-based
screening of a diverse library of druglike molecules
combined with successive rounds of follow-up screens
by HTS, NMR, or other direct-binding assay.67:69.104
The compounds are comprised of scaffolds and side
chains commonly found in known drugs, chosen to
have desirable physicochemical properties and be
simple enough to allow further elaboration without
creating molecules too complex to serve as good
leads.®769123 |t should be noted that a SHAPES
library and needle libraries are conceptually differ-
ent. While both libraries contain low-molecular-
weight, druglike fragments that are capable of bind-
ing one or more subsites within a target active site,
a needle library is created using virtual screening and
is unique to the target under consideration. A
SHAPES library, on the other hand, can be consid-
ered a “universal” library that is used for all potential
targets. An example of the elaboration strategy using
SHAPES screening is a study carried out on the
human fatty acid binding protein (FABP-4). The
primary tNOE-based screen identified 13 ligands
with affinities ranging from 0.3 to 800 uM (Figure
27). The crystal structures of two primary hits soaked
into apo-FABP-4 were used to direct the selection of
follow-up compounds with functional groups posi-
tioned to make additional protein contacts. In addi-
tion, fluorescent analogues of the NMR hits were
screened in order to find probe molecules suitable for
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EC50 = 590 uM Selectivity
R group EC50 vs. FABP-3

Ethyl 80 uM 10-fold

CH(CH,), 10 pM 26-fold

benzyl 5.5uM 10-fold

Figure 28. Elaboration of a FABP-4 screening hit into
more selective leads. The primary phenyl propionate
screening hit (left) was followed up by testing a series of
more complex analogues (right).3”

development of a high-throughput, fluorescence-
based competition assay. A second generation calo-
rimetric screen of 134 commercially available follow-
up compounds yielded nine leads with low-micromolar
to nanomolar affinities. The crystal structures of
seven primary and secondary screening hits were
subsequently solved, mapping out the essential ligand
contacts in the binding pocket and defining the
pharmacophore.

7.2.4. Structure-Based Screening

The group at Biovitrum independently screened
FABP-4 using a library of approximately 500 small,
diverse compounds and 1D T3, experiments for detec-
tion.®” Thirty-eight of the 52 hits were categorized
as having affinities of ~250 uM or better, since they
were detected in less sensitive Ty, experiments using
a short relaxation filter. Almost all of these highest-
ranked hits possessed an acidic group, including a
phenyl propionate scaffold with ECso = 590 uM that
was 25-fold selective versus FABP-3 (Figure 28).
Binding to the latter protein is undesirable, since it
is expressed in heart and muscle, but selectivity is
difficult to achieve because the FABP-4 sequence is
65% identical with FABP-3 and there are few differ-
ences in the lipid-binding pocket. The crystal struc-
ture of the phenyl propionate ligand bound to FABP-4
identified residues responsible for selectivity and
guided selection of more elaborate analogues from
corporate and commercial databases. On the basis
of the SARs from these compounds, 12 analogues
with various phenyl substituents were synthesized,
leading to a 10 uM inhibitor that retained selectivity
for FABP-4. These two examples illustrate that
fragment-based methods are particularly effective for
discovering novel leads: although both groups ap-
plied very similar approaches to exactly the same
protein, the resulting lead series were very different.

7.3. Applications Using a Variation Strategy

In the variation strategy, systematic modifications
are made to individual portions of a primary screen-
ing hit. In the simplest approach, substructure and
similarity-based searches of compound databases are
carried out to find analogues of primary screening
hits. More sophisticated approaches require synthesis
of compounds. Because the starting hits already
contain multiple connected functional groups, it is
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Figure 29. Design of Erm methytransferase inhibitors
using a directed combinatorial strategy. The primary
screening hit (upper left) contained two sites (R1, R2) for
variation that were explored by testing analogues (upper
right). The SAR of these analogues indicated that cy-
cloalkyls were preferred at both R1 and R2 (table, upper
right). A combinatorial library (lower right) was made with
piperidine at R2 and various cycloamines at R1; this
confirmed the previous SAR and identified 2-aminoindane
as a preferred R1 substituent. A second combinatorial
library (lower left) was then made with 2-aminoindane at
R1 and various R2 substituents that produced a number
of low-micromolar leads.1?*

much easier to synthesize follow-up compounds than
it is with the fragment linking method; the groups
are already correctly oriented, and structural infor-
mation is not required. The variation strategy has
been implemented most effectively in two ways: (1)
the design of directed combinatorial libraries and (2)
fragment optimization. Combinatorial library design
requires compounds that contain either a central
scaffold with multiple positions for varying substit-
uents (so that the SAR of each can be explored
separately) or two scaffolds connected by a linker that
is amenable to combinatorial chemistry, allowing the
scaffolds to be readily replaced or modified (such as
the SHAPES Linking Library?3).

7.3.1. Directed Combinatorial Libraries

The earliest example of the variation strategy using
a combinatorial approach was the discovery of tri-
azine inhibitors of the antibiotic resistance associated
protein ErmAM methyltransferase.'?* The unadorned
triazine scaffold (Kp = 1 mM) was found in a primary
15N HSQC-based screen and was competitive with a
naturally occurring inhibitor, S-adenosyl-L-homocys-
teine (SAH). Testing of substituted analogues uncov-
ered SARs that led to synthesis of a disubstituted
lead with I1Cso = 75 uM (Figure 29). Using parallel
solution phase synthesis, 643 compounds were made
to test the SARs at the two substituent positions,
leading to several low-micromolar inhibitors of both
ErmAM and another Erm family member, ErmC'.
NMR and crystal structures of two of these com-
pounds revealed that the triazine occupies the same
site as the adenosine of SAH and identified nearby
binding pockets that could be accessed to increase
potency.

Peptides can be particularly amenable to a combi-
natorial approach if solubility does not present a
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Figure 30. Combinatorial assembly of aryl glycoside PPA
ligands. A combinatorial library was constructed from
glucuronic acid and arylamine derivatives. The four most
avid ligands contained the glucoronic acids (left column)
and arylamines (right column) shown; one compound was
chosen on the basis of chemical yield and availability of
starting materials for attachment to a Sepharose gel
(bottom).126

problem. Virtual screening of commercially available
compounds against the insulin growth factor binding
protein IGFBP-5 identified several candidates to
target the IGF-1 binding site.’®® One of these, N-
FMOC-O-phosphotyrosine, was shown to bind at the
IGF-1 site with Kp = 1 mM by >N HSQC mapping
experiments. Since this compound is commonly used
as a reagent for peptide synthesis, analogues could
be readily purchased. Compounds with larger aro-
matic groups showed higher affinity, culminating
with N-FMOC-N-BOC-tryptophan (Kp = 43 uM).
Docking models suggested that the aromatic group
mimics the Phel6 side chain from IGF-1 while the
FMOC replaces two Leu side chains. This example
hints at the potential usefulness of a combinatorial
approach for targeting peptide binding sites in other
proteins, such as proteases.

A structure-based combinatorial approach was
recently used to find ligands for porcine pancreas
a-amylase (PPA).1%¢ In this case, the goal was to
create aryl glycoside ligands with suitable sites for
attachment to chromatography media. Glucuronic
acid (Figure 30) was chosen as a scaffold for its
predicted ability to form essential hydrogen bonds in
the central, deepest sugar-binding subsite of PPA.
This scaffold was functionalized with aryl groups on
two sides of the carbohydrate: one site for accessing
adjacent sugar-binding subsites and the other for
coupling to support. A 234 compound virtual library
was constructed from 26 arylamines and 9 glucuronic
acids, and on the basis of the docking results, 23 were
manually selected for synthesis: 13 as putative
ligands and 10 as negative controls. Fourteen of these
compounds were soluble enough at 1 mM to screen
by STD NMR, and five were hits, including three of
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Figure 31. Fragment optimization of adenosine kinase
inhibitors. To replace the bromophenyl group of the start-
ing lead compound (upper left), a screen was carried out
in the presence of a truncated scaffold (upper right). The
indole screening hit (lower right) was attached to the
original scaffold using methylene linkers (lower left).12!

the most promising candidates and one negative
control. One of the three best binders was success-
fully attached to a Sepharose gel. This functionalized
matrix selectively retained PPA, and binding was
reversed by acarbose, a specific competitor.

7.3.2. Fragment Optimization

Fragment optimization is used to improve existing
lead compounds that suffer from unacceptable char-
acteristics, such as low solubility, lack of novelty, poor
bioavailability, toxicity, or metabolic instability. A
portion of the lead molecule is chosen for selective
replacement with fragments that bind to the same
subsite on the protein but possess superior proper-
ties. Typically, a screen is performed in the presence
of saturating amounts of an analogue of the lead
compound that lacks the undesirable fragment. After
fragments with desirable properties are found that
bind to the subsite of interest, they are synthetically
linked to the original scaffold with the aid of what-
ever structural information is available.

The earliest reported example of this method was
the optimization of non-nucleosidic inhibitors of ad-
enosine kinase (AK).'?” The existing lead (Figure 31)
was highly potent (in vitro 1Cso = 1.3 nM; cellular
ICso = 43 nM) and showed activity in animal models
but suffered from low solubility and poor pharmaco-
kinetic properties.’?® Replacements for the bromo-
phenyl moiety were sought by screening 2000 com-
pounds against AK in the presence of saturating
amounts of a truncated lead scaffold containing a
pyrimidine core. The original pyridopyrimidine core
was not used as a first site ligand because a proton
at the linking 5-position was judged to be capable of
sterically blocking some fragments from accessing the
bromophenyl subsite. Indole and 2-phenylimidazole
were very weak (Kp = 3 mM) but attractive hits
because of their inherently high solubility. SN HSQC
chemical shift perturbation and NMR competition
experiments using the original lead confirmed that
these fragments both bound in the bromophenyl
pocket. Since structural information was unavailable,
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Figure 32. Fragment optimization of stromelysin inhibi-
tors. A targeted screen for zinc ligands to replace the
metabolically unstable acetohydroxamate group of the lead
compound (upper left) identified naphthylhydroxamate
(upper right) as a possible replacement. A series of com-
pounds was synthesized with linkers of varying lengths
(lower right), and medicinal chemistry optimization of the
four atom linker and biphenyl substituent produced a
potent, metabolically stable inhibitor (lower left).131

a series of competition experiments with various
sized scaffolds was used to estimate a pyridopyrimi-
dine to indole distance of 3—6 A. Two compounds
were synthesized with two and three methylene
linkers, one of which exhibited nanomolar potency
in enzymatic and cell assays and activity in an
animal model. Although it was not reported that the
new compounds had improved pharmacological prop-
erties, this example proved that a fragment-based
approach could test thousands of diverse bromophen-
yl replacements very efficiently, allowing chemistry
to focus on only those fragments that actually bind
to the site of interest.

The biphenyl hydroxamate-based stromelysin in-
hibitors described in the previous section on the
combination strategy were subsequently improved
using fragment optimization.'?* Although the NMR-
derived lead was potent (ICso = 57 nM), it lacked oral
bioavailability due to rapid hydrolysis of the aceto-
hydroxamate group. Fourteen putative zinc-binding
fragments were screened by >N HSQC to find more
stable replacements. Naphthylhydroxamate (Figure
32) was found to be a more avid zinc ligand than
acetohydroxamate (50 uM vs 17 mM), and the bulky
naphthyl ring was expected to hinder hydrolysis. The
NOE-based structure of naphthylhydroxamate bound
to stromelysin revealed that the naphthyl binds in a
hydrophobic pocket near the S1 subsite, leaving the
S1' subsite open to the biaryl group. On the basis of
the observed interfragment distance of about 5 A,
compounds containing two to five atom methylene/
ether linkers were synthesized. The most potent of
these was 6-fold weaker than the acetohydroxamate
parent compound but exhibited higher oral bioavail-
ability. The lower relative potency of the linked
compound presumably originates from perturbations
of protein—fragment contacts that override the in-
herently higher affinity of the naphthylhydroxamate
fragment. Traditional medicinal chemistry optimiza-
tion of the linker and biaryl substituents subse-
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Figure 33. Fragment optimization of LFA-1/ICAM-1
inhibitors. The hydrophobic isopropylphenyl group was
removed from the poorly soluble starting lead molecule
(upper left) to make a truncated scaffold (upper right).
Screening in the presence of the truncated scaffold identi-
fied two highly soluble candidates to replace the isopro-
pylphenyl (lower right), and linked compounds with im-
proved PK properties were synthesized (lower left).121

quently produced a molecule that was equipotent
with the parent lead and had better pharmacokinetic
properties. An interesting lesson from this example
is that even though the linking problem is usually
easier for fragment optimization than fragment link-
ing, the previously described difficulties in predicting
the potency of a linked compound on the basis of the
potencies of the fragments are still common.

A series of compounds targeting the association
between the cell surface receptor LFA-1 (leukocyte
function-associated antigen-1) and the intracellular
adhesion molecule-1 (ICAM-1) was likewise improved
by fragment optimization.*?? NOE studies showed
that the isopropylphenyl ring of the existing lead
series bound to the highly hydrophobic I-domain
allosteric site (IDAS) of LFA-1. Medicinal chemistry
optimization of this series had increased the hydro-
phobicity, producing very potent (ICso = 44 nM) leads
with poor bioavailability, the latter problem presum-
ably due to low aqueous solubility (Figure 33). The
existence of lysine residues in the IDAS suggested
that more polar replacements for the isopropylphenyl
ring would be well-tolerated. Using a truncated
scaffold to block the central hydrophobic pocket of the
IDAS, 2500 small compounds (MW < 150 Da) were
screened using **N HSQC to detect hits and measure
Kp values, and a number of fragments with millimo-
lar affinities were found. NOESY experiments for two
of them, indole and benzodioxane, indicated that they
bound to the IDAS in close proximity to the truncated
scaffold, with their heteroatom-containing rings point-
ing toward solvent. Various compounds were made
by connecting these fragments to the parent scaffold
via a one atom linker at the 4-, 5-, or 6-position,
yielding analogues equipotent with the original lead
but having improved bioavailability. It is interesting
to note that even though the Kp's of the two frag-
ments differed by 30-fold, the potencies of the final
linked compounds only differed by 2-fold. This dis-
crepancy was attributed to small changes in the
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orientation of the bound fragments induced by in-
troduction of the linker atom.

7.4. New Implementations of NMR Screening
7.4.1. RNA Targets

In recent years, a number of NMR screening
applications have been reported that use existing
experimental techniques but implement the screen
in a novel manner. These examples include the
screening of nucleic acid targets, multiplexing of
targets, and the complementary use of NMR and
HTS screening.

Since the early days of NMR screening, it has been
recognized that the experimental techniques (par-
ticularly ligand-detected methods) were not limited
to screening freely diffusing proteins. Using STD-
based methods, ligand binding has been detected for
proteins immobilized on glass beads,*® embedded in
liposomes,* and comprising the coat of a 8.5 MDa
virus particle.®® It is therefore not surprising that
ligand-detected screens were attempted using RNA,
an important antibacterial and antiviral target. In
one of the first studies, the 160-nucleotide P4P6
domain of the Group 1 intron ribozyme from a
thermophilic bacterium was screened against the
SHAPES library, and the STD, transferred NOESY,
and WaterLOGSY detection methods were com-
pared.5®¢” WaterLOGSY was the most sensitive,
presumably due to the high solvent accessibility of
RNA and its 2-fold lower proton density (which
reduces the spin diffusion required for high STD
sensitivity). The 23 hits were counterscreened against
double stranded RNA to check for nonspecific bind-
ing, and only one appeared to bind specifically. Since
the SHAPES library was designed using known
protein inhibitors, a higher specific hit rate might
have been obtained by screening an RNA-targeted
library. In a related study, STD was used to study
the binding of several known antibiotics to the 50S
and 30S ribosomal subunits.” Competition experi-
ments demonstrated partial displacement of specti-
nomycin from the 30S subunit by tetracycline, but
the studies were generally hampered by nonspecific
binding of the antibiotics to the ribosomes. Finally,
NMR chemical shift perturbation experiments have
been used to confirm that compounds found in a gel
shift assay to inhibit binding of the HIV-1 transac-
tivation response (TAR) to the viral transactivation
protein (Tat) were indeed binding specifically to the
5' bulge region of TAR.1?8

RNA screening recently progressed beyond the
proof-of-concept stage. The 29-mer bacterial ribosome
16S decoding region aminoacyl-tRNA site (A-site)
RNA was screened by the Abbott group against the
same 10 000 compound library customarily used for
proteins, giving a hit rate of about 3%.12° Perturba-
tions of the imino proton resonances of the A-site loop
residues that form the known paromomycin-binding
pocket were used to detect ligand binding and deter-
mine Kp values. Several classes of primary hits were
found that had Kp values ranging from 70 uM to 3
mM, and follow-up testing of synthetic analogues
produced low-micromolar leads in two classes. The
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most potent lead was a 2-aminopyridine derivative
with 3 uM affinity; its binding to the paromomycin
site in the A-site loop was confirmed using NMR
competition experiments. A sparse set of seven
ligand—RNA NOE restraints was subsequently used
to construct a docking model for the complex. Note
that unlike the first RNA screening examples cited,
there were no problems with nonspecific binding
reported in the latter two examples. The strategy
employed was responsible for this difference: specific
inhibitors were found when the screens detected
functional activity or binding at a known, well-
characterized site. It may be that nucleic acids are
more prone to nonspecific binding than proteins; if
so, it will be preferable to avoid using ligand-based
methods unless independent confirmation of the
binding site can be obtained.

7.4.2. Multiplexed Targets—Screening Mixtures of
Receptors

Although the testing of mixtures of compounds is
routine, the testing of multiple proteins in a single
sample has only been reported recently. Zartler et
al.’3% have recently demonstrated the possibility of
screening several proteins at once via a new protocol,
RAMPED-UP NMR (rapid analysis and multiplexing
of experimentally discriminated uniquely labeled
proteins using NMR). This approach calls for a
unique isotope-labeling scheme for each protein (e.g.
different amino acid selective labeling) to provide a
unique spectroscopic signature. HMQC-based screen-
ing is then used to determine which, if any, of the
proteins are ligated by observing perturbations of the
chemical shifts of each subset of amino acids. Because
only a subset of the amino acids are labeled, this is
not intended as a general screening method per se;
compounds that bind at an unlabeled site would be
missed. An exception to this rule would be screening
for compounds that disrupt protein—protein interac-
tions, since these should perturb a large number of
residues located at the complex interface and can be
readily observed with sparse labeling.

Zartler et al. demonstrated RAMPED-UP NMR
on a mixture of three unrelated N selectively
labeled proteins including the PTP1B phosphatase
(**Ne-Trps), k-RAS (*°N-llesz), and GFP (**N-Alag).
The labeling schemes yielded only 6 to 13 labeled
15N—1H spin systems per protein, resulting in simple
2D '5SN—1H correlation spectra for the protein mix-
ture. The interactions of these proteins with two
known ligands were examined. One ligand was
specific for PTP1B, and the other, for k-RAS. Com-
parisons of 2D N—'H correlation spectra of the
proteins in isolation or in the mixture showed the
same specific binding-induced perturbations upon the
addition of ligands. The results thus show the po-
tential for facile, unambiguous multiple protein
screening. While a priori structural information is not
essential for RAMPED-UP NMR, it can clearly ac-
celerate the search for unique labeling schemes. In
the example by Zartler et al., X-ray structures were
available for PTP1B and GFP and for a protein highly
homologous to k-RAS.

Chemical Reviews, 2004, Vol. 104, No. 8 3673

Two major challenges facing this approach are
avoiding unintended protein—protein interactions
and the identification of buffer conditions that are
simultaneously suitable for several proteins. The first
challenge can be addressed to some degree by the
sequential addition of proteins followed by 2D >N—
IH correlation spectra. The presence of unwanted
protein—protein interactions may then be reflected
by spectral changes upon the addition of new protein.
The second challenge of identifying buffer conditions
appears to require “brute-force” searching. In par-
ticular, it is not obvious that closely related members
of a given gene family will be similarly soluble under
identical buffer conditions, since modest amino acid
substitutions may confer quite different solubility
properties.

The potential attraction of this approach is not
merely to increase throughput but also to screen for
compounds that are selective or antiselective for a
set of similar proteins. An example would be the
screening of multiple resistance mutants of a viral
or bacterial protein; each mutant would be labeled
at the amino acid that differs from wild type, and
the screen would seek compounds that bind simul-
taneously to as many isoforms as possible. Another
example would be counterscreening of close homo-
logues in a family of related proteins such as kinases;
each homologue would be labeled at the sites that
differ from the target of interest, and the goal would
be to find highly selective compounds. In some
research settings, however, some or all of these
strategies may be superfluous, in that comparing
“selectivity” among low-affinity (Kp ~ 10—100 uM)
binders may not be meaningful and that better suited
enzyme-based counterscreening assays will be avail-
able.

7.4.3. Assay Development and Validation

NMR screening has also been integrated with high-
throughput biological or affinity-based screens in
order to capitalize upon the strengths of both tech-
niques. For example, HSQC-based NMR screens have
been routinely used at Abbott to validate the raw hits
obtained from high-throughput enzymatic and cel-
lular assays.'®! False positive rates as high as 97—
99% were found for a variety of coupled enzymatic,
fluorescence-based, and cellular assays. The mecha-
nisms responsible for these artifactual hits include
aggregation of compounds with the target, compound
absorbance or emission at wavelengths that interfere
with a fluorescent probe, oxidation or covalent modi-
fication of the target, and non-target-mediated inhi-
bition in cell assays. Affinity-based mass spectroscopy
techniques have gained recent popularity as flexible
tools for screening large mixtures of compounds while
consuming very small quantities of reagents and
requiring minimal assay development. However,
these methods are usually unable to determine if the
hits are bound in the target active site, at a different
site, or nonspecifically at multiple sites. HSQC-based
hit mapping has been used to determine the specific-
ity and location of ligand binding sites as a validation
of hits from affinity-based screens.'31132 Preliminary
results indicate that, like biologically based screens,
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affinity-based screens also produce very high rates
of “false positives” or, more accurately, nonspecific
association of ligands with the target molecule.'3!

Finally, hits from a diverse screening library can
be used to develop an assay in cases where none is
available. This concept has been taken a step further
in the design of a library of known ligands to be used
for screening proteins with unknown functions.'3® A
160 compound library was constructed from amino
acids, nucleic acids, carbohydrates, steroids, cofac-
tors, substrates, enzyme inhibitors, and other small
organic molecules known to bind to proteins. This
library was screened using HSQC-based methods
against HI-0033, a conserved protein of unknown
function from Haemophilus influenzae bacteria, re-
vealing that only adenosine, deoxyadenosine mono-
phosphate (dAMP), and S-adenosylhomocysteine
(SAH) bind with Kp < 10 uM and that all bind at
the same site on the protein. Fluorescein-tagged SAH
was found to have a Kp value of 0.7 uM and was used
to develop a fluorescence-based competition assay to
screen for compounds targeting the nucleoside bind-
ing site of HI-0033.

8. Conclusions

In this review, we have made an effort to provide
the most contemporary overview possible of NMR
screening techniques and their application in phar-
maceutical research. Since the inception of NMR
screening as a distinct discipline was only 8 years
ago, it is difficult to describe any single approach as
dated; however, some experimental techniques and
follow-up strategies have been more widely adopted
than others, and we have made an effort to provide
a more rigorous description of these in both the
experimental and applications sections of this review.
In addition to physical and technical descriptions of
how these experiments may be carried out, we have
provided, through recent examples, a rich context of
applications in which these experiments have been
applied, illustrating the potential for success when
integrated into a strategy incorporating other highly
enabling technologies such as virtual screening,
enzymology, and X-ray crystallography. As the field
has evolved, and more examples have been presented
of how these methods have been used in practice, it
has become clear that each target and drug design
problem is unique. It is hoped that the descriptions
provided and references to the literature therein will
allow investigators to implement these methods in
their own laboratories, as well as develop drug design
strategies uniquely suited to their targets and goals.
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