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Chemical space is Y(h)uge!
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Log scale!
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Needles in enormous haystacks



Finding that rare needle…
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Drug discovery – HTS hit

Rees	DC	et	al	Nature	Reviews	Drug	Discovery	3,	660-672	(2004).
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Fragment based drug discovery

Rees	DC	et	al	Nature	Reviews	Drug	Discovery	3,	660-672	(2004).
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High-throughput	screening Fragment-based
Library size 1,000,000 – 10,000,000 <10,000

Molecular	
weight

>300	kDa <300	kDa

Screening More	flexible Well	characterized targets

Affinities µM	 mM

Optimization Fixing	problems,	improving affinity Iterative	improvement

Main	
downside

Attrition,	can’t	solve	”challenging”	
targets

Biophysical	methods	are	hard!

HTS vs Fragment based 
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Assessing drug-target interaction

High resolution X-ray (or Cryo-EM) structure

Renaud	JP	et	al.	Nature	Reviews	Drug	Discovery 15,679-698	(2016)



Assessing drug-target interaction
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Increasing fragment potency

Fragment Growing Fragment Linking



Thermodynamics of binding

Rees	DC	et	al	Nature	Reviews	Drug	Discovery	3,	660-672	(2004).



Thermodynamics of binding

ΔG = ΔH - TΔS 

Rees	DC	et	al	Nature	Reviews	Drug	Discovery	3,	660-672	(2004).



Thermodynamics of binding

ΔG = ΔH - TΔS 

Fragments primarily
exploit enthalpy

Rees	DC	et	al	Nature	Reviews	Drug	Discovery	3,	660-672	(2004).
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Thermodynamics of linking
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Thermodynamics of linking

ΔGsum = ΔGA + ΔGB + ΔGC + ΔGother
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Discovery of vemurafenib

Bollag G	et	al.	Nature	Reviews	Drug	Discovery 11,	873-886	(2012)

V600E



Vemurafenib (V600E mutated B-raf inhibitor)

20,000 fragments
150-350 kDa
<8 H-bonds

Soluble
Few rotable bonds

238 hits

200 µM @ 5 kinases

100 cocrystal
structures
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growth



Vemurafenib (V600E mutated B-raf inhibitor)
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Vemurafenib (V600E mutated B-raf inhibitor)

Bollag G	et	al.	Nature	Reviews	Drug	Discovery 11,	873-886	(2012)



And it works!



Vemurafenib improves overall survival



But nothing is ever easy…

After	ipilimumab,	
dacarbazine,	
carboplatin/paclitaxel/
interferon/IL2

+	15	weeks	of
vemurafenib

+	23	weeks	of
vemurafenib

Wagle N. J Clin Oncol. 29:3085-96 (2011)



But nothing is ever easy…

=> ~30% squamous cell-carcinomas



But nothing is ever easy…

=> ~30% squamous cell-carcinomas

Davis MJ & Schlessinger J. J Cell Biol. 199:15-19 (2012).



But what about ”challenging” targets?



Discovery of venetoclax

BCL-2 =>    apoptosis



BCL-xl is a classic “challenging” target

BCL-XL

BAD peptide



“SAR by NMR”

9373 fragments

660 cmpds

NMR to test sets of 10

NMR to retest

49 w/
Kd < 5 mM

Fragment 1

+3472 fragments

300 cmpds

24 w/
Kd < 5 mM

Fragment 2

NMR to retest

NMR to test sets of 5

methyl group (8) or a chlorine atom (9) and the fluorine-bearing
ring could be replaced with a naphthalene (10).
NMR-based structural studies on Bcl-xL complexed to

compound 1 showed that this compound binds at the center of
the hydrophobic groove11 and occupies approximately the same
position as the key leucine residue of the bound Bak peptide.8
Furthermore, compound 1 is positioned to make an electrostatic
interaction, through its carboxylate, with R139 of the protein.11
For the Bak peptide, an analogous interaction was observed
between an aspartic acid residue of the peptide (D83) and R139.
Discovery of a Second-Site Ligand. The comparison of the

structure of Bcl-xL complexed to 1 with the structure of the
Bcl-xL/Bak peptide complex indicates the existence of a
proximal second site. In the structure of the Bak peptide
complex, this site is filled by the side chain from I85 of the
peptide. To identify ligands for this proximal site, a second-
site screen was performed in the presence of an excess (2 mM)

of compound 1 using a 3500 compound library with an average
molecular weight of 125 Da. From this screen, several naphthol
analogues and a biaryl phenol (Table 2) were identified that
bound to Bcl-xL in the presence of the fluoro biaryl acid. These
second-site ligands bound to Bcl-xL more weakly then the first-
site ligands with dissociation constants in the low millimolar
range. In the section of the 15N HSQC spectrum shown in Figure
1, the cross-peaks from the complex of Bcl-xL with both
compounds 1 and 11 are shown in green. In addition to minor
shift changes of the G94 and G138 amides, the amide of G196
shifts upon the addition of this second-site ligand. The shift
changes are consistent with binding of the ligand in the
hydrophobic groove of Bcl-xL.
Linking Strategy. To propose an appropriate linking strategy

for these two fragments, the structure of the ternary complex
of Bcl-xL with compounds 1 and 11 was obtained using NMR.

Table 1. Affinities of Selected Biaryl Compounds for Bcl-xL

Figure 1. Selected region of 15N HSQC spectra recorded on uniformly
15N-labeled Bcl-xL alone (black), in the presence of 2 mM biaryl acid
1 (red), and in the presence of 2 mM biaryl acid 1 and 5 mM naphthol
derivative 11 (green).

Table 2. Affinities of Selected Second-Site Bcl-xL Binders

Figure 2. Superposition of seven low-energy structures calculated for
Bcl-xL complexed to 1 and 11. For clarity, the average-minimized
structure of the protein is shown as a solvent-accessible surface, color
coded as follows: oxygen and oxygen-bound protons are red, and
nitrogen and nitrogen-bound protons are blue, while all other atoms
are gray. The positions of compounds 1 and 11 in the average-
minimized structure are shown in orange.

Inhibitor of the Antiapoptotic Protein Bcl-xL Journal of Medicinal Chemistry, 2006, Vol. 49, No. 2 657

methyl group (8) or a chlorine atom (9) and the fluorine-bearing
ring could be replaced with a naphthalene (10).
NMR-based structural studies on Bcl-xL complexed to

compound 1 showed that this compound binds at the center of
the hydrophobic groove11 and occupies approximately the same
position as the key leucine residue of the bound Bak peptide.8
Furthermore, compound 1 is positioned to make an electrostatic
interaction, through its carboxylate, with R139 of the protein.11
For the Bak peptide, an analogous interaction was observed
between an aspartic acid residue of the peptide (D83) and R139.
Discovery of a Second-Site Ligand. The comparison of the

structure of Bcl-xL complexed to 1 with the structure of the
Bcl-xL/Bak peptide complex indicates the existence of a
proximal second site. In the structure of the Bak peptide
complex, this site is filled by the side chain from I85 of the
peptide. To identify ligands for this proximal site, a second-
site screen was performed in the presence of an excess (2 mM)

of compound 1 using a 3500 compound library with an average
molecular weight of 125 Da. From this screen, several naphthol
analogues and a biaryl phenol (Table 2) were identified that
bound to Bcl-xL in the presence of the fluoro biaryl acid. These
second-site ligands bound to Bcl-xL more weakly then the first-
site ligands with dissociation constants in the low millimolar
range. In the section of the 15N HSQC spectrum shown in Figure
1, the cross-peaks from the complex of Bcl-xL with both
compounds 1 and 11 are shown in green. In addition to minor
shift changes of the G94 and G138 amides, the amide of G196
shifts upon the addition of this second-site ligand. The shift
changes are consistent with binding of the ligand in the
hydrophobic groove of Bcl-xL.
Linking Strategy. To propose an appropriate linking strategy

for these two fragments, the structure of the ternary complex
of Bcl-xL with compounds 1 and 11 was obtained using NMR.

Table 1. Affinities of Selected Biaryl Compounds for Bcl-xL

Figure 1. Selected region of 15N HSQC spectra recorded on uniformly
15N-labeled Bcl-xL alone (black), in the presence of 2 mM biaryl acid
1 (red), and in the presence of 2 mM biaryl acid 1 and 5 mM naphthol
derivative 11 (green).

Table 2. Affinities of Selected Second-Site Bcl-xL Binders

Figure 2. Superposition of seven low-energy structures calculated for
Bcl-xL complexed to 1 and 11. For clarity, the average-minimized
structure of the protein is shown as a solvent-accessible surface, color
coded as follows: oxygen and oxygen-bound protons are red, and
nitrogen and nitrogen-bound protons are blue, while all other atoms
are gray. The positions of compounds 1 and 11 in the average-
minimized structure are shown in orange.

Inhibitor of the Antiapoptotic Protein Bcl-xL Journal of Medicinal Chemistry, 2006, Vol. 49, No. 2 657
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methyl group (8) or a chlorine atom (9) and the fluorine-bearing
ring could be replaced with a naphthalene (10).
NMR-based structural studies on Bcl-xL complexed to

compound 1 showed that this compound binds at the center of
the hydrophobic groove11 and occupies approximately the same
position as the key leucine residue of the bound Bak peptide.8
Furthermore, compound 1 is positioned to make an electrostatic
interaction, through its carboxylate, with R139 of the protein.11
For the Bak peptide, an analogous interaction was observed
between an aspartic acid residue of the peptide (D83) and R139.
Discovery of a Second-Site Ligand. The comparison of the

structure of Bcl-xL complexed to 1 with the structure of the
Bcl-xL/Bak peptide complex indicates the existence of a
proximal second site. In the structure of the Bak peptide
complex, this site is filled by the side chain from I85 of the
peptide. To identify ligands for this proximal site, a second-
site screen was performed in the presence of an excess (2 mM)

of compound 1 using a 3500 compound library with an average
molecular weight of 125 Da. From this screen, several naphthol
analogues and a biaryl phenol (Table 2) were identified that
bound to Bcl-xL in the presence of the fluoro biaryl acid. These
second-site ligands bound to Bcl-xL more weakly then the first-
site ligands with dissociation constants in the low millimolar
range. In the section of the 15N HSQC spectrum shown in Figure
1, the cross-peaks from the complex of Bcl-xL with both
compounds 1 and 11 are shown in green. In addition to minor
shift changes of the G94 and G138 amides, the amide of G196
shifts upon the addition of this second-site ligand. The shift
changes are consistent with binding of the ligand in the
hydrophobic groove of Bcl-xL.
Linking Strategy. To propose an appropriate linking strategy

for these two fragments, the structure of the ternary complex
of Bcl-xL with compounds 1 and 11 was obtained using NMR.

Table 1. Affinities of Selected Biaryl Compounds for Bcl-xL

Figure 1. Selected region of 15N HSQC spectra recorded on uniformly
15N-labeled Bcl-xL alone (black), in the presence of 2 mM biaryl acid
1 (red), and in the presence of 2 mM biaryl acid 1 and 5 mM naphthol
derivative 11 (green).

Table 2. Affinities of Selected Second-Site Bcl-xL Binders

Figure 2. Superposition of seven low-energy structures calculated for
Bcl-xL complexed to 1 and 11. For clarity, the average-minimized
structure of the protein is shown as a solvent-accessible surface, color
coded as follows: oxygen and oxygen-bound protons are red, and
nitrogen and nitrogen-bound protons are blue, while all other atoms
are gray. The positions of compounds 1 and 11 in the average-
minimized structure are shown in orange.

Inhibitor of the Antiapoptotic Protein Bcl-xL Journal of Medicinal Chemistry, 2006, Vol. 49, No. 2 657
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methyl group (8) or a chlorine atom (9) and the fluorine-bearing
ring could be replaced with a naphthalene (10).
NMR-based structural studies on Bcl-xL complexed to

compound 1 showed that this compound binds at the center of
the hydrophobic groove11 and occupies approximately the same
position as the key leucine residue of the bound Bak peptide.8
Furthermore, compound 1 is positioned to make an electrostatic
interaction, through its carboxylate, with R139 of the protein.11
For the Bak peptide, an analogous interaction was observed
between an aspartic acid residue of the peptide (D83) and R139.
Discovery of a Second-Site Ligand. The comparison of the

structure of Bcl-xL complexed to 1 with the structure of the
Bcl-xL/Bak peptide complex indicates the existence of a
proximal second site. In the structure of the Bak peptide
complex, this site is filled by the side chain from I85 of the
peptide. To identify ligands for this proximal site, a second-
site screen was performed in the presence of an excess (2 mM)

of compound 1 using a 3500 compound library with an average
molecular weight of 125 Da. From this screen, several naphthol
analogues and a biaryl phenol (Table 2) were identified that
bound to Bcl-xL in the presence of the fluoro biaryl acid. These
second-site ligands bound to Bcl-xL more weakly then the first-
site ligands with dissociation constants in the low millimolar
range. In the section of the 15N HSQC spectrum shown in Figure
1, the cross-peaks from the complex of Bcl-xL with both
compounds 1 and 11 are shown in green. In addition to minor
shift changes of the G94 and G138 amides, the amide of G196
shifts upon the addition of this second-site ligand. The shift
changes are consistent with binding of the ligand in the
hydrophobic groove of Bcl-xL.
Linking Strategy. To propose an appropriate linking strategy

for these two fragments, the structure of the ternary complex
of Bcl-xL with compounds 1 and 11 was obtained using NMR.

Table 1. Affinities of Selected Biaryl Compounds for Bcl-xL

Figure 1. Selected region of 15N HSQC spectra recorded on uniformly
15N-labeled Bcl-xL alone (black), in the presence of 2 mM biaryl acid
1 (red), and in the presence of 2 mM biaryl acid 1 and 5 mM naphthol
derivative 11 (green).

Table 2. Affinities of Selected Second-Site Bcl-xL Binders

Figure 2. Superposition of seven low-energy structures calculated for
Bcl-xL complexed to 1 and 11. For clarity, the average-minimized
structure of the protein is shown as a solvent-accessible surface, color
coded as follows: oxygen and oxygen-bound protons are red, and
nitrogen and nitrogen-bound protons are blue, while all other atoms
are gray. The positions of compounds 1 and 11 in the average-
minimized structure are shown in orange.
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methyl group (8) or a chlorine atom (9) and the fluorine-bearing
ring could be replaced with a naphthalene (10).
NMR-based structural studies on Bcl-xL complexed to

compound 1 showed that this compound binds at the center of
the hydrophobic groove11 and occupies approximately the same
position as the key leucine residue of the bound Bak peptide.8
Furthermore, compound 1 is positioned to make an electrostatic
interaction, through its carboxylate, with R139 of the protein.11
For the Bak peptide, an analogous interaction was observed
between an aspartic acid residue of the peptide (D83) and R139.
Discovery of a Second-Site Ligand. The comparison of the

structure of Bcl-xL complexed to 1 with the structure of the
Bcl-xL/Bak peptide complex indicates the existence of a
proximal second site. In the structure of the Bak peptide
complex, this site is filled by the side chain from I85 of the
peptide. To identify ligands for this proximal site, a second-
site screen was performed in the presence of an excess (2 mM)

of compound 1 using a 3500 compound library with an average
molecular weight of 125 Da. From this screen, several naphthol
analogues and a biaryl phenol (Table 2) were identified that
bound to Bcl-xL in the presence of the fluoro biaryl acid. These
second-site ligands bound to Bcl-xL more weakly then the first-
site ligands with dissociation constants in the low millimolar
range. In the section of the 15N HSQC spectrum shown in Figure
1, the cross-peaks from the complex of Bcl-xL with both
compounds 1 and 11 are shown in green. In addition to minor
shift changes of the G94 and G138 amides, the amide of G196
shifts upon the addition of this second-site ligand. The shift
changes are consistent with binding of the ligand in the
hydrophobic groove of Bcl-xL.
Linking Strategy. To propose an appropriate linking strategy

for these two fragments, the structure of the ternary complex
of Bcl-xL with compounds 1 and 11 was obtained using NMR.

Table 1. Affinities of Selected Biaryl Compounds for Bcl-xL

Figure 1. Selected region of 15N HSQC spectra recorded on uniformly
15N-labeled Bcl-xL alone (black), in the presence of 2 mM biaryl acid
1 (red), and in the presence of 2 mM biaryl acid 1 and 5 mM naphthol
derivative 11 (green).

Table 2. Affinities of Selected Second-Site Bcl-xL Binders

Figure 2. Superposition of seven low-energy structures calculated for
Bcl-xL complexed to 1 and 11. For clarity, the average-minimized
structure of the protein is shown as a solvent-accessible surface, color
coded as follows: oxygen and oxygen-bound protons are red, and
nitrogen and nitrogen-bound protons are blue, while all other atoms
are gray. The positions of compounds 1 and 11 in the average-
minimized structure are shown in orange.

Inhibitor of the Antiapoptotic Protein Bcl-xL Journal of Medicinal Chemistry, 2006, Vol. 49, No. 2 657
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Fragment Based Discovery by NMR

A superposition of seven low-energy structures for the Bcl-xL
ternary complex is shown in Figure 2. The ortho position of
the biaryl acid seemed to provide the most direct trajectory to
the second site. On this basis, various linkers were used to
connect the ortho position of the fluoro biaryl acid to either a
naphthol moiety or a biaryl moiety (Figure 3). Most of the
resulting compounds bound with an inhibition constant (Ki)
greater than 10 µM, as measured in a flourescence polarization
assay.12 However, compound 25 (Scheme 1), which incorporates
a trans-olefin linker and a biaryl second-site fragment, binds
to Bcl-xL with an inhibition constant (Ki) of 1.4 ( 0.4 µM.
This represents an appoximately 200-fold improvement in
potency over the original biaryl acid 1.
Structural Characterization of Linked Compound. The

binding of 25 to Bcl-xL was characterized structurally by NMR
in order to uncover areas for further gains in affinity. As the
solubility of this compound was limited, it was not possible to
obtain NMR data of sufficient quality to do a full structure deter-
mination. However, nine unambiguous intermolecular NOEs
were obtained for this ligand when bound to Bcl-xL, from which
a model was generated of the compound bound to the protein
(Figure 4). The model shows that compound 25 interacts with
both site 1 and site 2 in the hydrophobic groove of the protein.
However, from this NMR-based model, we concluded that the

trans olefin may not be the best linker for maintaining the opti-
mal position of the first and second-site fragments and that a
different trajectory from the first-site fragment might be
necessary.
Discovery of Acylsulfonamide Linker. Acylsulfonamides

are common isosteres for carboxylates, as they possess pKa’s
in the range of 3-5. To overcome the shortcomings of the trans-
olefin linker, it was proposed that the p-carboxylate of the biaryl
acid be replaced with an acylsulfonamide, which could then
function as a linker. The advantage of this moiety is that it can
bridge the wall between the two sites while the key electrostatic
interaction that the first-site ligand makes with R139 of the
protein is maintained. To test whether the acylsulfonamide could
serve as a suitable replacement for the carboxylic acid, methyl
biaryl acylsulfonamide 26 was synthesized and tested for binding
to Bcl-xL. The methyl biaryl acylsulfonamide displayed virtually
the same affinity as the biaryl acid (Table 3). On the basis of
this observation, a structurally diverse set13 of sulfonamides and
sulfonyl chlorides was selected from commercial sources and
our corporate compound repository to prepare a small library

Figure 3. Fragment linking strategy used for Bcl-xL. The best
compound incorporated the second-site biaryl and a trans-olefin linker.

Scheme 1a

a Reagents and conditions: (a) 4-fluorophenylboronic acid, PdCl2(PCy3)2,
CsF, NMP; 90 °C 15 h; (b) BBr3 DCM, -78 °C to rt, 16 h; (c) Tf2NPh,
(i-Pr)2NEt, DCM, 0 °C to rt; (d) vinyldibutylboronate, Pd(PPh3)4, CsF, 2:1
DME:MeOH, reflux, 15 h; (e) 3-bromobiphenyl, Pd2(dba)3, NEt3, P(o-tol)3,
2:1 CH3CN:DMF, 85 °C, 10 h; (f) LiOH‚H2O, THF, MeOH, rt, 15 h.

Figure 4. NMR-derived model of trans-olefin linked compound 25
bound to Bcl-xL. The side chain of F97 divides the first site from the
second site. Protein is shown as a solvent-accessible surface color-
coded as in Figure 2.

Table 3. Affinities of Selected Acylsulfonamides for Bcl-xL.

a Compound in slow exchange.
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(300 µM) (6000 µM)

methyl group (8) or a chlorine atom (9) and the fluorine-bearing
ring could be replaced with a naphthalene (10).
NMR-based structural studies on Bcl-xL complexed to

compound 1 showed that this compound binds at the center of
the hydrophobic groove11 and occupies approximately the same
position as the key leucine residue of the bound Bak peptide.8
Furthermore, compound 1 is positioned to make an electrostatic
interaction, through its carboxylate, with R139 of the protein.11
For the Bak peptide, an analogous interaction was observed
between an aspartic acid residue of the peptide (D83) and R139.
Discovery of a Second-Site Ligand. The comparison of the

structure of Bcl-xL complexed to 1 with the structure of the
Bcl-xL/Bak peptide complex indicates the existence of a
proximal second site. In the structure of the Bak peptide
complex, this site is filled by the side chain from I85 of the
peptide. To identify ligands for this proximal site, a second-
site screen was performed in the presence of an excess (2 mM)

of compound 1 using a 3500 compound library with an average
molecular weight of 125 Da. From this screen, several naphthol
analogues and a biaryl phenol (Table 2) were identified that
bound to Bcl-xL in the presence of the fluoro biaryl acid. These
second-site ligands bound to Bcl-xL more weakly then the first-
site ligands with dissociation constants in the low millimolar
range. In the section of the 15N HSQC spectrum shown in Figure
1, the cross-peaks from the complex of Bcl-xL with both
compounds 1 and 11 are shown in green. In addition to minor
shift changes of the G94 and G138 amides, the amide of G196
shifts upon the addition of this second-site ligand. The shift
changes are consistent with binding of the ligand in the
hydrophobic groove of Bcl-xL.
Linking Strategy. To propose an appropriate linking strategy

for these two fragments, the structure of the ternary complex
of Bcl-xL with compounds 1 and 11 was obtained using NMR.

Table 1. Affinities of Selected Biaryl Compounds for Bcl-xL

Figure 1. Selected region of 15N HSQC spectra recorded on uniformly
15N-labeled Bcl-xL alone (black), in the presence of 2 mM biaryl acid
1 (red), and in the presence of 2 mM biaryl acid 1 and 5 mM naphthol
derivative 11 (green).

Table 2. Affinities of Selected Second-Site Bcl-xL Binders

Figure 2. Superposition of seven low-energy structures calculated for
Bcl-xL complexed to 1 and 11. For clarity, the average-minimized
structure of the protein is shown as a solvent-accessible surface, color
coded as follows: oxygen and oxygen-bound protons are red, and
nitrogen and nitrogen-bound protons are blue, while all other atoms
are gray. The positions of compounds 1 and 11 in the average-
minimized structure are shown in orange.
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Fragment Based Discovery by NMR

available 4-chloro-3-nitrophenylsulfonyl chloride 29 was con-
verted to the sulfonamide as described above. Acid 1 was then
coupled with 29 using EDC and DMAP to yield the desired
acylsulfonamide core 30. Substitution of the chlorine in 30 with
amines was easily achieved by heating the core in the presence
of a 5-fold excess of the nucleophile at 100 °C in DMF
overnight. A library of 125 compounds was prepared from a
group of amines selected on the basis of traditional medicinal
chemistry principles,16-20 diversity calculations,13,21,22 and mo-
lecular modeling. Of these, compound 31 (Figure 6) exhibited

the highest binding affinity for Bcl-xL, with an inhibition
constant of 36 ( 2 nM.
Structural Characterization of Compound 31. To under-

stand why 31 binds so potently to Bcl-xL compared to other
compounds in the library, an NMR-based structure of 31 bound
to Bcl-xL was determined (Figure 6). A total of 103 protein/
ligand NOEs was used to dock this compound into the Bcl-xL
binding groove. The positions of the biaryl, acylsulfonamide,
and nitrophenyl portions of this compound superimpose well
with analogous portions of compound 28 bound to Bcl-xL.
Surprisingly, the S-phenyl ring is bent back underneath the
nitrophenyl. This is very different from what was observed for
the isothiochroman moiety of 28. To accommodate this ligand
conformation, the side chain of F97 rotates downward about
!1 and its phenyl ring is stacks against the S-phenyl ring of the
ligand. The S-phenyl ring of the ligand, in turn, forms an
intramolecular stack with the nitrophenyl ring, while the
nitrophenyl ring stacks with Y194 of the protein. It is presum-
ably this extensive π-stacking arrangement that accounts for
the greater affinity of this ligand compared to others from the
library.
Analysis of the Fragment-Based Approach. Several groups

have reported on the identification of inhibitors of Bcl-xL or
Bcl-2, including antisense oligonucleotides, peptide inhibitors,
and small molecule antagonists.23 The organic small-molecule
inhibitors include natural products (e.g., antimycin A and
gossypol) and other compounds with liabilities that limit their
therapeutic potential, such as large size, low potency, poor
solubility, or synthetic intractability. In contrast, we have
successfully developed a highly potent inhibitor of Bcl-xL by
independently identifying and optimizing the multiple hot spots
on the protein surface and capitalizing on the combinatorial
advantage of fragment-based screening (see Figure 7A). For the
application to Bcl-xL described here, the first and second-site
libraries consisted of 10 000 and 3500 compounds, respectively,
and the set of linkers contained 21 moieties. The product of
these three libraries represents ∼700 million virtual compoundss
more than the total of all commercial screening libraries
combined. Thus, SAR by NMR accesses significantly larger
portions of chemical diversity space than do conventional lead
generation methods. In addition, the structure-guided iterative
library approach allowed for a highly focused and rapid
optimization of the initial leads to low nanomolar potency. An
8300-fold gain in potency was realized through library optimi-
zation (see Figure 7B).

Conclusions

We have discovered a high-affinity ligand for the antiapop-
totic protein Bcl-xL through a combination of fragment-based
screening (SAR by NMR) and parallel synthesis. The affinity
of our initial biaryl ligand (Kd ∼ 300 µM) for Bcl-xL was
increased by almost 4 orders of magnitude to obtain a lead
compound with an affinity (Ki) of 36 ( 2 nM. While potent,
the utility of compound 31 as a therapeutic agent was limited
by its poor aqueous solubility and tight binding to serum albumin
(unpublished observations). Through subsequent rounds of
structure-guided synthesis these limitations were overcome and,
as previously discussed,11 a compound that causes the regression
of established tumors in a mouse xenograft model was obtained.
NMR-based structure determination played an important role
in the discovery process, providing structural information for
key intermediates and thus guiding the parallel synthesis. Finally,
this study provides a fragment-based paradigm for the discovery
of molecules aimed at disrupting protein-protein interactions.

Figure 7. (A) A summary of the SAR by NMR approach as applied
to Bcl-xL, in which two weakly binding ligands (1 and 11) that bound
to proximal sites on the protein were identified and linked to produce
single-digit micromolar inhibitors (22) of the protein. This lead was
further optimized using structure-based iterative library synthesis to
produce nanomolar leads (31). (B) A summary of the potency increases
realized through the iterative library approach, in which a 1200-fold
gain was obtained in the initial library and a 7-fold gain was achieved
in the second iteration, resulting in a 8300-fold gain over the initial
fragment leads.
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