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Nuclear magnetic resonance, surface plasmon resonance and fluorescence spectroscopy (particularly
fluorescence anisotropy and fluorescence lifetime) are techniques often applied to fragment screening.
These methodologies are analyzed on the basis of their performance, strengths, limitations and pitfalls.
NMR-based screening, despite its low intrinsic sensitivity, offers the largest dynamic range and is capable
of capturing very weak interactions. Theoretical simulation demonstrates the power of some NMR
experiments, in particular those with fluorine observation, in detecting protein interactions for
fragments tested at concentrations orders of magnitude lower than their dissociation binding constants.
This apparently counterintuitive finding enables the identification of hits that are insoluble at the
concentrations required for detection by other biophysical techniques. However it is evident that several
techniques should be applied and the data analyzed on the basis of their complementarities.

Introduction

During the past two decades, the identification of hits in the early
stage of drug discovery has relied heavily on high-throughput
screening (HTS) [1]. However, HTS has not always been fruitful,
and there have been several drug discovery projects in which HTS
has failed to deliver meaningful potential hits. Therefore, there is a
constant need for alternative approaches to HTS to overcome these
limitations. Fragment-based drug discovery (FBDD) offers a poten-
tial solution to the HTS limitations [2-8]. Screening molecular
fragments, rather than drug-sized molecules, enables one to
explore a dramatically larger portion of chemical structure space
with considerably fewer compounds [9,10].

The field of FBDD has developed significantly over the past 10
years and is now recognized for its important contribution to the
drug discovery process. The number of pharmaceutical and aca-
demic groups actively involved in fragment-based research has
increased steadily and there have been noteworthy improvements
in instrumentation and experimental design. Only a few years

*The NMR methods applied to fragment screening are analyzed on a
theoretical basis and a comparison of these methodologies with two other
very popular biophysical techniques is presented.
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after the first applications, there are already several clinical and
preclinical candidates for which there is a clear statement in the
public domain that the candidate drugs were derived from frag-
ment-based drug discovery approaches [2,3].

The crucial step in this drug discovery process is the reliable
identification of the initial fragments (i.e. the ‘molecular anchors’
or ‘minimal recognition motifs’) that, despite their high ligand
efficiency (LE) [11-14], interact only weakly with the receptor
because of their small size.

A large variety of biophysical techniques have been applied in
this initial phase of the FBDD process [5-8]. Three of the most
popular methodologies are nuclear magnetic resonance (NMR),
surface plasmon resonance (SPR) and fluorescence spectroscopy,
in particular fluorescence anisotropy (FA) and fluorescence life-
time (FL). Many of the lead compounds in FBDD projects have
originated from the initial fragments discovered with these bio-
physical tools applied to binding or biochemical assays. Although
X-ray crystallography has also been used in the screening process
of fragment libraries [5-7], its pivotal role is in the protein-bound
structure determination of previously identified fragments.

Often two or more techniques are used simultaneously in this
process for reliable identification of the chemical moieties. How-
ever, these biophysical techniques are subject to artifacts and
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The detected response, R, of a fragment interacting with the
receptor is given by Eq. (1) [18]:
[LT} X Rmax

k= [Lr] +Kp )

where [Ly] and Kp are, respectively, the concentration and dis-

sociation binding constant of the fragment. Ry, is the maximum

response achievable when all the protein target is complexed with

the tested molecule and is given by Eq. (2) [18] given below:

(Immob. Target x Target Activity x MW Fragment)
MW Target

@)

Rmax =

where Immob. Target is the value of RU observed upon immobi-
lization of the protein, typically in the several thousands range;
Target Activity is a factor ranging between 0 and 1 that accounts
for the fraction of the immobilized protein molecules in the active
form; and MW Fragment and MW Target are the molecular
weights of the fragment and protein, respectively.

The response in SPR is proportional to the fraction of bound
protein [EL]/[Ey], where [EL] and [Et] are the concentration of
bound and of total protein, respectively.

Eq. (1) can be rearranged, resulting in Eq. (3) given below:
[La] R

KD - (Rmax - R) (3)

Typical detection cutoff value for R is ~5 RU, which is based
on an average typical negative control signal plus 3 standard
deviations [18]. Figure 1 shows a simulation of Eq. (3) displaying
the minimum required ratio [Lt]/Kp for binding detection as a
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FIGURE 1

Fragment detection limit expressed as the ratio [Lt]/Kp for protein binding in
a typical SPR experiment as a function of the molecular weight of the
fragment and for two proteins of different size, as indicated on the graph. The
dashed lines are drawn at 150 and 300 Da, which correspond, respectively, to
the low and high end of a fragment library. The simulation was performed
with Eq. (3), where R,.x was calculated from Eq. (2). An immobilization target
value of 6000 for the protein of 30 kDa and 10 000 for the protein of 80 kDa, a
Target Activity value of 0.5 and a detection cut-off value for R of ~5 RU were
used as reported in the literature [18]. According to the graph, fragments are
detected only if they are lying above the curves.

function of the MW of the fragment and for two proteins of
different size.

Two important issues emerge from the simulation of Figure 1.
First, protein—fragment interactions can be detected only by work-
ing at fragment concentrations comparable to the Kp of the
fragment. This is simply because of the limited dynamic range
(Rmax — R) of the experiment. Second, the dynamic range becomes
smaller with increase in size of the protein investigated. Reduction
in (Rmax — R) is due to a reduction in the R, resulting from a
smaller MW Fragment/MW Target ratio in Eq. (2). According to the
simulation of Figure 1, the detection of a fragment of MW = 150 is
possible when [Lt] is > 0.5 Kp, for a protein of 30 kDa and >1.14 Kp
for a protein of 80 kDa. These values become, respectively, >0.2 Kp,
and >0.36 Kp, for a fragment of MW = 300. An improvement in the
detection limits could be achieved by increasing the immobiliza-
tion target level and with all the protein molecules in the active
form (Target Activity ~1). However, immobilization levels larger
than 15000 RU are not normally possible [18]. In the perfect
experimental condition with 100% of the protein in the active
form, in practice never fulfilled, the detection limits become
[Ly] >0.2Kp (MW =150), [Ly] >0.09Kp (MW =300) for the
30kDa protein target and [Ly] >0.36 Kp (MW =150), [Lq]
is > 0.15 Kp (MW =300) for the 80 kDa protein target. The high
concentration required for the detection of the weak-affinity
fragments limits the use of SPR to sufficiently soluble fragments.
This weakness in the detection becomes a crucial issue when
screening targets for which the fragments do not have a large
binding efficiency index [13], such as those found among the
inhibitors of protein—protein interactions.

When applicable, however, SPR is a content-rich method
enabling the analysis of binding kinetics, thus providing the
association rate constant, k,,, and dissociation rate constant, kg,
of the interactions [20]. The possibility of determining in one
experiment Kp, Ko, and Ko allows the ranking of the fragments
according to these three physical properties. Different studies have
shown that significant differences in ko, and kog can be observed
for ligands with similar Kp that the k,,, and ko are not correlated to
each other, and that the k., and k¢ are related to the structural
features of the ligands [20,21].

Fluorescence anisotropy and fluorescence lifetime
FA and FL used in competition mode with a fluorophore-labelled
reporter are very popular techniques for screening purposes
because of the compact format of the assay and the high absolute
sensitivity [22-24]. The methodologies can be used in binding or
biochemical assays.

The setup of an FA assay requires first the chemical derivation of
a known very high affinity ligand and subsequent covalent linking
of a fluorescent dye with a suitable lifetime of the excited state 7y,

When a fluorophore is excited with polarized light, the emitted
light is also polarized. Rotational diffusion of a fluorophore results
in depolarization of fluorescence.

Anisotropy (A), also referred to as r, is defined as [25]:

I, —1,
A= 4
I//%*ZIL )

where I, and I, are the emission intensity parallel and perpendi-
cular, respectively, to the plane of the excited light. Note that
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FIGURE 2

Simulation performed with Eq. (5) showing the behavior of the anisotropy (A)
of the fluorescein-tagged reporter molecule (spy molecule) S as a function of
the correlation time 7, The value for the limiting anisotropy A, was 0.25 and
the fluorophore lifetime 7 was 4 ns [22]. The x and y axes are on logarithmic
and linear scale, respectively.

polarization (P) is interchangeable with anisotropy, according to
the expression P = 34/(2+A). The anisotropy value depends on the
fluorophore rotational correlation time 7. and lifetime of the
excited state T, according to [22]:
1+ (tr/Te)

where Ay is the limiting anisotropy that varies with wavelength
and dye, and it is typically 0.25 for fluorescein, a frequently used
fluorophore.

A simulation of the behavior of the anisotropy as a function of the
correlation time, 7., for fluorescein is shown in Figure 2. The func-
tion is monotonic with 1. and, therefore, can be used for studying
protein-ligand interaction. The observed anisotropy, Aops, of the
fluorophore-labelled reporter molecule S (also known as spy mole-
cule) interacting with the receptor is given by Eq. (6) [22]:
Agp, = (511~ [ES]) + AnQIES]}

([Sr] — [ES] + Q[ES])

where A¢ and A, are the anisotropy of the fluorophore-free and
bound to the receptor, respectively, and Q is the ratio of the respec-
tive quantum yields in the bound and free state (Q = ®,/®y). In the
simple approximation of Q =1 (i.e. the fluorescent intensity is the
same in the free and bound state), Eq. (6) simplifies to Eq. (7):

Aobs = At ps + Ap Py (7)

A ©®)

(6)

The term p, is the fraction of bound spy molecule defined as
Po = [ES]/[S1], and py is the fraction of free spy molecule defined as
ps=1—[ES]/[S1], where [ES] and [S] are the concentration of
protein complexed with the spy molecule and the total concen-
tration of the spy molecule, respectively.

The observed anisotropy is, according to Egs. (5) and (7), a
weighted average of two values (bound and free) with comparable

magnitude. This results, as is the case for the SPR technique, in a
limited dynamic range (Ap—Ayf), as can be appreciated from the
simulation of Figure 2. The fluorophore attached to the spy
molecule will have a longer 7. than the fluorophore alone. This
results in an increase of the anisotropy value of the free state. In
addition, the fluorophore of the spy molecule in the bound state is
often located on the surface of the protein, lest it interferes with
the binding of the spy molecule to the receptor. In this situation,
internal mobility of the fluorophore, also known as the ‘propeller
effect’, can reduce the anisotropy of the bound state. These two
phenomena significantly reduce the dynamic range. Therefore,
the FA assay has to be performed under conditions of high fraction
of bound fluorophore-tagged spy molecule [ES]/[St] [23]. This
requires a protein concentration that is larger than the spy mole-
cule concentration and comparable to (or, better, larger than) the
Kp value. A chemical fragment, L, binding to the receptor and
competing with the spy molecule is detected only if a meaningful
decrease in the anisotropy value of the spy molecule is observed or,
in other words, if a large reduction of py, is achieved. The same
considerations apply to the FA-based functional assay.

The sensitivity of the method is directly proportional to [EL]/
[Er]. Therefore, similarly to SPR technique, protein-fragment
interactions are monitored only by working at fragment concen-
trations comparable to the Kp of the fragment. Another weakness
of FA is associated with the optical interferences originating from
the tested molecule that can result in the generation of false-
positives or false-negatives [26-28]. Insoluble compounds, aggre-
gates, light absorption by compounds and intrinsic fluorescence of
the fragments over the spectral range of the reporter fluorophore
interfere with the measurements. It is evident that these interfer-
ences are more pronounced in fragment screening owing to the
high concentration of the tested fragments. FL measurements
have been added to FA assays to reduce the number of false-
positives caused by aggregated compounds and identify some of
the autofluorescent molecules [29-31]. However, the FL measure-
ments performed with a suitable reporter (i.e. a spy molecule with
Q # 1) also suffer from the limited dynamic range (r'F3 - r{:), where
rkF’ and r{; are the reporter fluorescence lifetime of the excited state
in the bound and free state, respectively. Therefore, the detection
of the fragments, like in FA measurements, is achieved in a binding
or biochemical assay only by testing the chemical scaffolds at
concentrations comparable to their Kp. The properties and
requirements in a FL assay are the same as those for a FA assay,
as described in Table 1, with the exception of the protein size
sensitivity. In contrast to the fluorescence anisotropy, the change
in lifetime upon binding is virtually unpredictable.

When it comes down to the screening of large proprietary
compound collections, FA and FL measurements are second to
none. The high sensitivity of these techniques, their amenability
to automation and the compact format of the assay enables rapid
screening of several hundred thousands of separate compounds in
the matter of only a few days.

Nuclear magnetic resonance

Among the three biophysical techniques discussed here, NMR is
the method that has the lowest absolute sensitivity. A plethora of
NMR methods have been proposed for fragment screening [32,33].
Some of these NMR experiments currently used are summarized in
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Table 1, which also lists SPR, FA and FL for the sake of comparison.
The methods are grouped according to the sensitivity dependence
of the measured response.

Protein chemical shift perturbations

The response in the protein-based NMR screening experiments of
which SAR by NMR is a representative [34,35] is, as in the SPR
experiments, proportional to [EL]/[Er].

Eq. (1) can also be applied to protein-based NMR screening,
where Ry,x now corresponds to Apax = (8 — 8¢) and R is Agps =
(Bobs — d¢). The terms &, 3y, dobs are the protein resonance chemical
shifts, respectively, in the absence of the ligand, in the fully ligand-
occupied state and in the assay conditions. However, because of
the high protein concentration required by the experiments (typi-
cally in the order of 30 to 50 wM for the detection of the protein
signals), the approximation [Lt] = [L] (where [L] is the concentra-
tion of free ligand) used for deriving Eq. (1) is not always strictly
correct. Therefore, a more appropriate expression describing the
response in the protein-based NMR screening experiments is given
by Eq. (8) [36,37]:

(Er] + [L1] + Kp — \/([ET] + [Ln] + Kp)? — 4[Er][Ly]
2[E7]

Aobs = Amax

®)

If the protein chemical shift difference between the bound and
free state A ,x isnotlarge, itis necessary to achieve a large fraction of
ligand-bound protein [EL]/[E]. This requires a high fragment con-
centration if the molecule has a very low-affinity for the receptor.
This is not always possible, however, because of solubility limita-
tions (as discussed above). In addition, the method for standard
applications is restricted only to small-size and medium-size pro-
teins. Screening with large proteins is also possible in some cases, but
this requires extensive and expensive deuteration of the protein.

When compared to the other techniques discussed here, pro-
tein-based NMR screening represents the only method capable of
providing information about the precise location of the interac-
tion of the fragment on the protein. However, it is worth noting
that chemical shift perturbation mapping with a '*N-labelled
protein can sometimes provide only an approximate binding
location. Changes in protein dynamic upon ligand binding can
result in pronounced shift perturbations even for amide reso-
nances of amino acids located far away from the ligand-binding
site. More reliable determination of the binding site is achieved
with chemical shift perturbation mapping of *C-labelled proteins.

WaterLOGSY and STD

WaterLOGSY [38] and STD [39,40] experiments rely on intermo-
lecular magnetization transfer via the bulk water and directly via
the protein, respectively, for the detection of molecules interact-
ing with the receptor. The STD effect and WaterLOGSY effect
(defined as the difference of signal in the absence and presence
of protein) are proportional to the concentration of bound ligand
[EL], whereas the WaterLOGSY effect in the presence of only the
protein is proportional to A x [EL] + B x [L], where A and B are
sums of cross-relaxation rates in the bound and free state, respec-
tively. A large response is achieved in these experiments when
increasing the term [EL], reaching the maximum value Rp,,x for

[EL] = [E7]. However, owing to the large intermolecular and intra-
molecular dipole-dipole interactions in the bound state, the
detection of fragments is possible even working at a concentration
much lower than the Kp value. An example of this is the identi-
fication of a weak-affinity NMR hit via WaterLOGSY for the B-
secretase receptor [41]. The fragment was identified by working at a
ratio [Lt]/Kp of only 0.07. This initial fragment was then developed
through FBDD into a potent inhibitor [42].

A crucial issue of these experiments is their limited sensitivity,
which restricts the size of compound libraries that can be tested. A
recent pulse-sequence optimization of the original WaterLOGSY
experiment has resulted in a sensitivity improvement, enabling a
reduction of the measurement time [43]. Another weakness asso-
ciated with these experiments is the possibility of detection of
false-positives. Molecules that aggregate in solution will give a
response in the WaterLOGSY and STD experiments similar to that
in the presence of protein binding. However, NMR control experi-
ments performed in the absence of protein and NMR competition
binding experiments identify the false-positives.

Transverse and selective longitudinal relaxation rate experiments
The observed response Rgy, in the 'H, 'F and *'P transverse
relaxation rate R, experiments for a fragment weakly interacting
with the receptor is given by Eq. (9):

Rops = Rt pg + (Rp + Rex) Py )

where the Rf and Ry, here correspond to the transverse relaxation
rates in the free and bound state, pr and p;, correspond to the
fraction of free and bound fragment, respectively and R is the
exchange contribution deriving from the difference of the isotro-
pic chemical shifts of the fragment resonance(s) in the bound and
free state. The dynamic range [(Rp + Rex) — R¢] can be very large in
these experiments, and its value increases with the size of the
macromolecular target.

0.04 : oo
o Ko= 1000 uM
0.03 - *
0.003
=3 M 200 400 600 800 1000
0024 " -
L e Kgy = 100 pM
Ny ey ~=- Kp = 200 uM
0.01 - -\""-x,:_""'—-. [ET] =5 HM - Kp = 500 M
R — Ky = 1000 pM
0.00 i - ; . ‘ . -
200 400 600 800 1000
(L] uM
Drug Discovery Today
FIGURE 3

Simulation performed with Eq. (10) showing the fraction of protein-bound
fragment p, as a function of its concentration [Ly] (range from 10 to 1000 M)
and for four different values of Kp as indicated on the graph. The protein
concentration was 5 M. The inset contains the vertically expanded region of
the simulation performed with the Kp value of T mM.
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Eq. (9) with R, = 0 applies also to the 'H selective longitudinal
relaxation rate R, s experiments, where R; and R, are the selective
longitudinal relaxation rates in the free and bound state, respec-
tively. The sensitivity to ligand detection in the transverse and
selective longitudinal experiments is proportional to the fraction
of bound fragment p, with p, =[EL]/[Ly]. Proper setup of these
experiments is crucial for the detection limit. These screening
experiments can be recorded in a direct or competition mode. For
comprehensive reviews of these methodologies, see Refs. [44-48].

The fraction of bound fragment is given by Eq. (10):

EL]  [B) + [La] + Ko — /(B + [Le] + Kp)? — 4[Ex][L]
[La] 2[La]

(10)

Figure 3 shows a simulation of the fraction of bound fragment as
a function of the fragment concentration [Ly] and for four differ-
ent dissociation binding constant values. According to the simula-
tion, p, increases as the fragment concentration decreases. This
seems, at first, to be counterintuitive because very weak ligands
can be detected only by working at concentrations that are orders
of magnitude lower than their binding constant. Therefore, these
NMR screening experiments should always be recorded at a very
low fragment concentration compatible with the absolute sensi-
tivity of the NMR instrument. A 10-30 uM fragment concentra-
tion is possible with a standard probe-head, whereas this value can
be reduced to only a few M with the use of cryogenically cooled
probe-heads. The low fragment concentration used in the experi-
ments is fundamental for the detection of weak fragments that are
not soluble at concentration comparable to their Kp. These NMR
hits are sometimes not detected with other biophysical techni-
ques, and their structure bound to the receptor is not observed in
X-ray studies because of their low solubility. The approach that is
typically taken in these situations is to stop all activities with the
NMR hit. However, a wiser approach, based on NMR dynamic
range considerations, is to search for and test for molecules struc-
turally very similar to the original NMR hit but with superior
solubility. This increases the possibility for the detection of the
chemical scaffold with other biophysical techniques and most
notably for the 3D structure determination of the scaffold bound
to the receptor by X-ray or NMR.

The possibility of working at very low fragment concentration
permits the testing of the fragments in large mixtures, thus enabling
high-throughput NMR screening. This is particularly the case with
the screening of mixtures of fluorinated molecules. A simulation of
the behavior of py, as a function of protein concentration [Er] for two
binding constants Kp, 200 uM and 1 mM, and for two different
fragment concentrations [Ly], 20 and 200 uM, is reported in
Figure 4. It is evident, according to the simulations of Figures 3
and 4 that the best sensitivity is reached by working at a low
fragment concentration and a higher protein concentration. How-
ever, due to the large dynamic range, especially found in the °F R,-
filter experiments, the detection of fragments is possible even in the
experimental conditions with a very small value of py,. '°F R, filter
NMR screening has probably the largest dynamic range
[(Rp + Rex) — Re], and the theoretical explanation of this effect,
which derives from several contributions, has been discussed in
detailin two recent papers [47,49]. Therefore, itis possible to work at
alow protein concentration, meaning a small protein consumption
for the screening. Two experimental proofs of this were the detec-

0.16 [KD] =200 HM [LT] =20 uM
0.12
& 0.08+
[L,] = 200 pM
0.04
0.00 T T T
0 10 20 30 40
0044 [ 1= 1mMm [L]=20puM
0.03 1
0
< 0.021 [L,] =200 uM
0.01 4
0.00 ‘ T T
0 10 20 30 40
protein [uM]
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FIGURE 4

Simulation performed with Eq. (10) showing the fraction of protein-bound
fragment py, as a function of the protein concentration and for two different
concentrations [Ly] of the fragment as indicated on the graph. The
simulations were performed with a fragment Kp of 1 mM (lower graph) and
200 puM (upper graph).

tion of a fragment binding to human serum albumin and a fragment
binding to trypsin through '°F R,-filter experiments in assays in
which the p;, value for the two fragments was respectively only
0.00165 and 0.000563. This corresponds to one molecule bound
and respectively 605 and 1775 free molecules [50,51].

Ligand fluorine chemical shift perturbation

In addition to the R, parameter, '“F-based screening experiments
can use, in some favorable cases, the Agyps = (3ops — d¢) Observable
parameter, where the terms 3¢ and d.,, are the fragment '°F
resonance chemical shifts in the absence and presence of the
protein, respectively. For a very weak-affinity fragment (Kp in
the mM range), the expression for Aqys is given by Eq. (11) [49]:

Agbs ~ pbAmax (11)

where Apax = (8, — 8¢) and dy, is the chemical shift of the fragment
19F resonance in the bound state. °F A, can be very large thus
allowing, in these favorable cases, the detection of very weak-
affinity fragments through differences in chemical shift, as shown
in the simulation of Figure 12 contained in Ref. [49].

Concluding remarks
It is fair to conclude that, according to the analysis reported
here, NMR-based screening — despite having the lowest intrinsic
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sensitivity — has the largest dynamic range (in particular, the '°F
monitored NMR experiments), enabling the detection of very
weak interactions. However, it is also evident that NMR alone
cannot provide the high-content information required in an
FBDD process. Several biophysical techniques should be applied
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