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Introduction

Many recent applications show the importance of NMR
spectroscopy as a method to characterize protein–protein
and protein–ligand interactions.[1–3] In ligand design, NMR
has the enormous advantages of a very high sensitivity and a
low incidence of false positives. Another important aspect
of the use of NMR in drug discovery is its ability to identify
fragments that bind in spatial proximity on the surface of a
given protein, therefore providing the opportunity of linking
them covalently to afford higher affinity bidentate com-
pounds.[1] Since the dissociation constant of the bidentate
can be approximated as the product of the dissociation con-
stants of the individual scaffolds, it is in theory sufficient to
link together two fragments that bind in the millimolar

range to obtain a bidentate compound with low or sub-mi-
cromolar affinity.

We have recently reported on an NMR-based approach,
named SAR by ILOEs (structure–activity relationships by
interligand nuclear Overhauser effect), which makes use of
protein mediated ligand–ligand NOE interactions (ILOEs),
molecular modeling, and synthetic chemistry to identify ini-
tial weak hits and convert them into bidentate compounds
with higher affinity.[1,4] Combined with functional studies
using the resulting ligands, the SAR by ILOEs method rep-
resents an ideal approach to reverse chemical genetics
(Figure 1). Reverse chemical genetics entails selecting a pro-
tein of interest, screening for a ligand for the protein, and fi-
nally determine the eventual phenotypic alterations that the
ligand induces in a cellular context.[5] Likewise, our method
enables the identification of protein;s hot spots by using
small molecules, regardless of the knowledge of the function
of the protein, and the development of a specific assay. Sub-
sequently, such small organic molecules can be used in cellu-
lar assays to investigate the possible role of the target
(Figure 1).

In particular, the approach was applied to the identifica-
tion of the first inhibitor of the pro-apoptotic protein Bid
and then used to characterize its function in cell.

Identification of high affinity protein binders by means of
the SAR by ILOEs approach : We have recently reported on
the importance of transferred ILOEs measurements to
screen a library of compounds in order to identify pairs of
weak binders for a target protein.[1,4] These binders repre-
sent the building blocks for higher affinity bidentate com-
pounds (Figure 1). This NMR technique takes advantage of
the difference in nuclear spin relaxation of a small molecule
when bound to a large protein. In particular, since small
molecules tumble rapidly in solution, the dominant 1H relax-
ation mechanisms during a NOESY-type experiment lead to
weak, positive NOEs (cross-peaks have opposite sign to that
of diagonal peaks). On the contrary, when the ligand is
bound to a target protein it assumes its long correlation
time that translates into very strong negative NOEs (i.e.,
very strong positive cross-peaks in a NOESY-type experi-
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ment). In the case of a rapid exchange between free and
bound state (namely when koff @ 1/T1, the longitudinal re-
laxation rate), this effect can be observed also when the
target is present in a sub-stoichiometric amount (~10:1 to
100:1 ligand/protein ratio). Therefore, in a mixture of com-
pounds in presence of a sub-stoichiometric amount of
target, only those compounds that bind appreciably to the
protein will exhibit strong negative NOEs, whereas non-
binders will show no NOEs or at most very weak positive
ones. Moreover, if two or more ligands bind simultaneously
in adjacent sites on the protein surface, strong negative
ligand–ligand NOEs (ILOEs) can also be observed.[1,4,6–9]

While the observation of ligand–ligand NOEs has been re-
ported already in the past,[6–9] its application in the design
and synthesis of novel ligands was only very recently report-
ed by us.[1,4] In fact, we have realized that the detection of
this kind of interactions can also be realized in complex mix-
tures, since NMR spectra of individual compounds are read-
ily available.[1,4] However, since ligand–ligand magnetization
transfers are more efficient for larger proteins, because of
smaller rotational correlation times, we can ease the detec-
tion of ILOEs by “increasing” the molecular weight (MW) of
a given protein. In practice, ILOE effects could be observed
with proteins of MW @ 20–30 kDa. A common way to artifi-
cially increase the MW of a given protein target is to express
it as a GST fusion.[1] To exclude the possibility of unspecific
binding to GST, the experiment should be repeated in pres-
ence of GST alone. The enhancement of the ILOE effect in
GST fusion proteins was recently illustrated for the Bir2

domain of XIAP (~10 kDa), in which pairs of compounds
binding on the surface of the protein could be readily identi-
fied using GST-Bir2 (MW ~72 kDa).

Compounds that display ligand–ligand interactions can
then be covalently linked to obtain bidentate derivatives
with increased affinity for the target. The library is usually
tested in mixtures of compounds (100 mm to 1 mm each) and
in presence of smaller amounts of target (1–10 mm). Typical
NOESY spectra are measured with mixing times of 300 to
600 milliseconds to maximize the detection of trNOEs and
ILOEs. Analysis of the data and subsequent deconvolution
of the spectra allow the identification of weak ligands by
means of positive trNOEs cross-peaks. Similarly, pairs of
compounds that bind to the protein in close proximity (less
than 5 M) are identified by detecting intermolecular NOEs
(ILOEs) serving as building blocks for producing linked
compounds. Eventual protein-mediated spin-diffusion ef-
fects can also be ruled out by using QUIET-NOESY[9,10]

techniques or per-deuterated protein. ILOE build-up meas-
urements also provide a rough estimation of inter-nuclear
distances that are used to determine the relative orientation
of the two ligands for linker design.

Library and linker design : To minimize the number of com-
pounds to be tested, a small but diverse library of com-
pounds that represent the most common scaffolds found in
drugs can be used. Since the compounds have very simple
structures, a few hundred derivatives are sufficient to repre-
sent the diverse frameworks. In our first application we
mainly selected molecules that presented esters, carboxylic
acids, amines or alcohol functionalities as these could serve
as starting point for fragment linking. This principle is sche-
matically illustrated in Figure 2 in which we report scaffolds
of general structures for each functional group (representing
both aromatic and aliphatic derivatives), a selection of possi-
ble linkers, and potential bidentate derivatives correspond-
ing to the two fragments. While the systematic synthesis of
several possible bidentate compounds is the most sensitive
route to achieve an optimally linked compound, the number
of possible candidates could be narrowed by virtual docking
analysis if the three-dimensional structure of the protein
target is known.[1,4]

In our implementations, the most recurring bond used to
link the fragments turned out to be the peptidic one. Several
methods can be employed, involving traditional procedures
(EDC and DMAP in DMF),[11] resin-bound reagents (such
as N-cyclohexylcarbodiimide-N’-propylmethyl polystyrene
PS-CDI from Argonaut and SiliaBond Carbodiimide Si-
DCT from Silicycle), microwave irradiation and/or a combi-
nation of the last two.[12] Resin-bound reagents have the
great advantage of providing the final compound in pure
form by using a simple filtration as purification protocol. A
possible limit of such protocol may be the low solubility of
the starting materials in CH2Cl2, which represents the sol-
vent of choice for these procedures, and the relatively high
cost of the resins. An alternative interesting method involves
the use of microwave irradiation to shorten reaction times

Figure 1. Reverse chemical genetics by using the SAR by ILOEs ap-
proach.
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for amide coupling when resin-bound reagents are used, and
for the formation of amide bonds under neat conditions.[13]

Chemical linkage to other functional groups can also be
used, such as formation of ethers from phenols and alcohols,
thio ethers, sulfonamides.

SAR by ILOEs-derived inhibitors of Bid : We have recently
applied our approach to design compounds that are capable
of binding on the surface of the protein Bid.[4] Bid is a key
member of the Bcl-2 family protein involved in the regula-
tion of tissue homeostasis and it represents a very attractive
target for its crucial role in controlling the apoptotic process
in cells.[14–16] Once activated by caspase-8, cleaved Bid trans-
locates to the mitochondrial membrane where it triggers the
apoptotic cascade.[17,18] However, the exact mechanism of
this process is still unknown. Consequently, to date no inhib-
itors have been discovered for this protein.

Following the SAR by ILOEs approach, we were able to
identify two fragments that bind on a deep hydrophobic
crevice on the surface of the protein (BI-2A1 and BI-2A7,
Figure 3a). Molecular docking analysis performed with
FlexX[19] as implemented in Sybyl (TRIPOS, Inc.) was used
to direct our synthetic efforts and covalently link the two
fragments to obtain a tighter bidentate compound, namely
BI-6C9. The synthesis of this 4-phenylsulfanylphenylamine
derivative is shown in Figure 3b and it involves peptide
bond formation using PS-CDI (Argonaut Technologies) in
presence of the commercially available 4-amino-4’-nitrodi-
phenyl sulfide and tert-Boc-4-aminobutanoic acid. In vitro
and in cell assays proved that the compound inhibits Bid ac-
tivity in both isolated mitochondria and human cell lines.[4]

When tested with isolated mitochondria our compound pre-
vented Bid-induced release of the protein SMAC, a key pro-
moter of cell-death. Moreover, an ultracentrifugation assay
using isolated mitochondria and activated Bid shows that

BI-6C9 prevents the association of Bid with the mitochon-
drial membrane (Figure 3c).

Therefore, by using our approach we could identify a
functional region on the surface of Bid that seems to be im-
portant for its association with the mitochondrial membrane.
Further cell-based and in vivo studies with BI-6C9 and its
improved analogues are providing tremendous insight on
the possible role of Bid in several human pathologies such
as neurodegenerative diseases, liver and ischemic injuries.

Conclusion

In the crowded milieu of the cell, protein;s function and ac-
tivity are highly regulated by a complex network of specific
interactions. Therefore, every protein is expected to be en-
gaged in different interactions with other proteins, mem-
branes, nucleic acids or cofactors during the lifespan of a
cell, resulting in the activation or attenuation of different
signaling pathways. In this context, the application of the
SAR by ILOEs approach to functional studies represents a
valid complement to traditional molecular and cell biology
to unravel the intricate series of events at the basis of cellu-
lar functions. Moreover, defects or alterations of the regula-
tion of molecular pathways are often at the basis of the
onset and progression of most human diseases. Therefore,
the ligands that can be obtained by means of the SAR by
ILOEs approach could also serve as pharmacological tools
for target validation in disease models and may even trans-
late in potential lead compounds for the development of
novel therapies.

We anticipate that the method will find wide application
in tackling protein targets with unknown or less characterize
function and/or to target macromolecules involved in com-
plex intermolecular interactions.

Figure 2. Linker chemistry and design.
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Figure 3. Example of the SAR by ILOEs approach: NMR,
Chemical synthesis, and proposed mechanism of BI-6C9. a)
NOESY spectrum measured in presence of a sub-stoichiomet-
ric amount of Bid (10 mm) for the identified pair of binders
BI-2A1 and BI-2A7. b) Synthesis of BI-6C9: the peptidic
bond was formed by using N-cyclohexylcarbodiimide-N’-pro-
pylmethyl polystyrene (PS-CDI) (Argonaut Technologies) in
presence of the commercially available 4-amino-4’-nitrodi-
phenyl sulfide and tert-Boc-4-aminobutanoic acid. Stirring the
reaction mixture at room temperature resulted in the corre-
sponding Boc-protected amine BI-6C6. Deprotection with tri-
fluoroacetic acid (TFA) gave the free amine BI-6C7 in good
yield. Following reaction with 4-methoxybenzenesulfonyl
chloride afforded the corresponding sulfonamides BI-6C8 in
very high yield. The synthesis was completed by reducing the
aromatic nitro group to the amines BI-6C9 in presence of tin
dichloride (SnCl2). c) Proposed mechanism for BI-6C9 biolog-
ical activity: in isolated mitochondria, BI-6C9 prevents the as-
sociation of activated Bid with the mitochondrial membrane.
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