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Privileged Molecules for Protein Binding Identified from NMR-Based Screening
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A statistical analysis of NMR-derived binding data on 11 protein targets was performed to
identify molecular motifs that are preferred for protein binding. The analysis indicates that
compounds which contain a biphenyl substructure preferentially bind to a wide range of proteins
and that high levels of specificity (>250-fold) can be achieved even for these small molecules.
These results suggest that high-throughput screening libraries that are enriched with biphenyl-
containing compounds can be expected to have increased chances of yielding high-affinity ligands
for proteins, and they suggest that the biphenyl can be utilized as a template for the discovery
and design of therapeutics with high affinity and specificity for a broad range of protein targets.

Introduction

The concept that particular molecules have a high
propensity for binding to proteins has been an area of
interest for many years. The identification of such
privileged molecules could be useful for enriching high-
throughput screening libraries with compounds that
contain these preferred substructures. This could be
accomplished by purchasing select compounds or by
synthesizing directed libraries that contain these moi-
eties. Several approaches have been employed to iden-
tify privileged substructures from the database of known
drugs using pharmacophore modeling techniques and
a variety of fragmentation algorithms.12 Interestingly,
one study identified a set of 32 molecular substructures
that described ~50% of all known drugs.® More recently,
biologically privileged motifs have been identified for
specific therapeutic classes using a retrosynthetic analy-
sis.*

Here we describe the identification of small molecules
that preferentially bind to proteins from a statistical
analysis of NMR-derived binding data for a diverse set
of small molecules tested against a variety of protein
targets. NMR is uniquely suited to identify ligands for
proteins5~19 and has been used to discover novel leads
for a number of protein targets using a library of 1000—
10 000 diverse small molecules with an average molec-
ular weight of 200 Da. 51114 Unlike larger, more flexible
molecules, these small compounds have a limited num-
ber of functional groups and rotatable bonds which
simplify the interpretation of binding data. Although
low molecular weight compounds would be expected to
bind only weakly to proteins, NMR is a robust and
reliable technique for measuring weakly bound ligands.

Results and Discussion

Generation of Fragments. As a first step, common
classes of fragments were selected which can be used
to represent the compound library. This was accom-
plished using a modification of the RECAP algorithm*
which cleaves the chemical bonds of the molecules in
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Figure 1. Number of projects (out of 11) for which a particular
substructure was enriched in the active compounds (see text
for details).

the database until only fragments remain. A total of 104
fragments were identified to represent the compounds
in the library. More than 99% of the 10 080 compounds
in the NMR library contained at least one of these
substructures, indicating that the set of 104 fragments
is a good representation of the library. A table was
prepared that contained each of the 10 080 compounds
in the library associated with the substructures that
were contained within the molecule along with a binary
representation (active/inactive) of the binding data for
each of the proteins.

Privileged Substructures. For this analysis, posi-
tive and negative binding from NMR-based screening
was analyzed for 11 proteins (see Experimental Section).
A statistical procedure was applied to the data to
examine the increased occurrence of particular sub-
structures in the active compounds (see Experimental
Section). A total of 12 fragments were identified whose
representation was significantly enriched for at least
one of the 11 proteins (Figure 1 and Table 1). While the
majority of these fragments are statistically preferred
for binding to only a single protein target, the carboxylic
acid and biphenyl substructures were found to prefer-
entially bind to nearly 50% of the proteins tested. For
the carboxylic acid group, the enrichment factors over
chance, A, ranged from 6 to 45 for six of the protein
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Table 1. Privileged Substructures Identified in an Analysis of NMR-Derived Binding Data

Hajduk et al.

Name Structure #Protein AP B° %Library’ | %Drugs® | %ACD’
Targets®
cooh COH 6(55%) | 6.1-44.7 |0.59-2.03| 12.6 19.4 8.1
bipheny! 5@s5%) | 55997 |2.152.40] 1.9 43 27
diphenylmethane Q 3Q7%) |12.1-13.8(1.00-1.31| 52 8.6 6.4
naphthyl 1(9%) 6.4 1.01 17 33 33
pheny! ) 1 (8%) 3.9 0.75 68.7 733 | 732
cyclohexyl O 1 (9%) 3.4 151 45 122 63
bibenzyl 1 (9%) 6.5 0.73 3.0 5.9 6.0
benzimidazole @H> 19%) 17.5 1.61 1.0 0.8 0.3
N/
quinoline C(j 1 (9%) 343 2.13 0.9 42 15
N
triazine 'YC\)N 1 (9%) 225 2.09 0.8 02 0.4
N/
benzofuran C[O} 1 (9%) 2.5 0.83 0.5 0.8 0.3
phenyl- {)—pos; 1(9%) 98.8 3.52 0.2 003 | 0.04
phosphonate

a The number of projects (of 11) for which the substructure was represented significantly greater than chance in the active compounds.
b Increase over chance of the substructure’s representation in the active compounds. The statistical confidence limits for all entries is p
< 0.002. Where the substructure was preferred against multiple targets, the range for A against these targets is given. ¢ Regression
coefficient from the logistic regression model. Where the substructure was preferred against multiple targets, the range for § against
these targets is given. 9 Percentage of compounds (of 10 080) used in the analysis that contain this substructure. ¢ Percentage of 154 000
compounds from the World Drug Index (Derwent) and Maccs Drug Data Report (MDL) that contain this substructure. f Percentage of
177 000 compounds from Available Chemicals Directory (MDL) that contain this substructure.

targets. This indicates that compounds containing a
carboxylic acid were 6 to 45 times more likely to bind
than compounds that lacked this group. This is not
surprising since most of the protein targets that bound
preferentially to compounds with carboxylic acids have
DNA, RNA, or phosphorylated peptides as their natural
ligands, and a chemical shift analysis indicated that
these carboxylate-containing compounds were indeed
binding at the natural ligand binding site. Thus, in
these cases, the negatively charged carboxylic acid is
likely to bind to the same site as the natural ligands
and form similar electrostatic interactions. In contrast,
the strong preference for protein binding of the biphenyl
was unexpected and not as easily explained. Compounds
that contained a biphenyl substructure were 5 to 100
times more likely to bind to 5 of the 11 proteins tested
(Table 1). These proteins were very different and include
enzymes, DNA-binding proteins, and proteins that
interact with other proteins. As in the case with the
carboxylic acids, it is interesting to note that a chemical
shift analysis indicated that the biphenyls bound at or
near the natural ligand sites on these proteins. The
biphenyl moiety was present in 1.9% of the NMR
compound collection, which is similar to the occurrence
of naphthyl (1.7%), bibenzyl (3.0%), cyclohexyl (4.5%),
and diphenylmethane (5.2%) substructures (Table 1).
Thus, the strong preference for biphenyls as ligands for
proteins is not an artifact of being over-represented in
the library used to generate the binding data.
Specificity of Biphenyl Binding. Although the
biphenyl moiety was found to preferentially bind to
nearly half of the proteins tested, not all biphenyls bind
to the same protein. In fact, specific and distinct

Table 2. Dissociation Constants (in mM) of
Biphenyl-Containing Compounds for a Number of Protein
Targets

No. Structure E2-DBD VEGF

1 COQH 2.5 >5 >5

Stromelysin

Cl
3 COzH 0.06 - >5
Cl

O 2.5 - 0.5
B

0.02 >5

2 Not determined.

structure—activity relationships were observed for the
proteins to which they bind. For example, as shown in
Table 2, biphenyls 1—3 bind to the DNA-binding domain
of the HPV-E2 protein,'? but bind 2- to 80-fold more
weakly to either the matrix metalloproteinase stromel-
ysin!! or the receptor binding domain of the vascular
endothelial growth factor (VEGF).'> Even though VEGF
and HPV-E2 both bind to biphenyl acids, specificity
differences of more than 100-fold can be achieved by
appropriate substitutions on the biphenyl (e.g., compare
3 with 4). Biphenyls in which the carboxylic acid group
is replaced by a hydroxyl group (e.g., 5) preferentially
bind to stromelysin compared to E2 or VEGF. This
specificity is even more pronounced when a cyano group
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(6) is added para to the biphenyl linkage, which results
in 250-fold more selectivity for binding to stromelysin.

Rationale for Biphenyls as Privileged Ligands
for Proteins. It has long been recognized that aromatic
moieties are major players in molecular recognition. For
example, the protein binding of drugs that contain
aromatic substituents is dominated by interactions with
aromatic and hydrophobic residues.'®17 In addition,
aromatics have been shown to form favorable interac-
tions with polar substituents, such as amides!® or
hydroxyl groups,'® and even positively charged moi-
eties.2921 This most likely accounts for the fact that
although only 58 of the 104 representative fragments
contained an aromatic ring, 11 of the 12 privileged
fragments contain this group (Table 1). It is interesting
to note that phenyl itself was statistically preferred for
only a single project, as the majority of other fragments
contain multiple rings. This can be explained by the fact
that some minimum number of interactions may be
required to impart measurable binding energy, and
compounds which contain only a single aromatic ring
do not have a sufficient number of favorable contacts
with the protein. However, the number of available
interactions cannot explain the selection of biphenyls
over naphthyl, diphenylmethane, or bibenzyl substruc-
tures, all of which are capable of approximately the
same degree of aromatic interactions. One possibility
for the preference for biphenyls is the degree of flex-
ibility about the aromatic linkage. The naphthyl group
is completely rigid, which severely limits the number
and type of pockets it can occupy, while the greater
flexibility of the bibenzyl and diphenylmethane sub-
structures may result in entropic penalties upon bind-
ing. An alternative explanation may be that the bi-
phenyl motif is simply of a size and shape that can
conform to a wide variety of pockets that exist on protein
surfaces.

Conclusions

In summary, a statistical analysis of NMR-derived
binding data on 11 protein targets indicates that the
biphenyl motif is a preferred substructure for protein
binding. The data also suggest that although the biphe-
nyl moiety imparts affinity for a wide range of proteins,
high levels of specificity (>250-fold) can be achieved
even for these small molecules. Thus, high-throughput
screening libraries that are enriched with biphenyl-
containing compounds would be expected to have in-
creased chances of yielding high-affinity ligands for
proteins. This enrichment can be achieved through the
purchase of select compounds from commercial or
private sources, or through the construction of biphenyl
libraries using standard combinatorial chemistry or
parallel synthetic approaches.?? It is significant to note
that the biphenyl substructure is found in 4.3% of all
known drugs, and is used in a number of therapeutic
areas (e.g., diflunisal?® and valsartan23). All of these
data indicate that the biphenyl can be successfully
utilized as a template for the discovery and design of
therapeutics with high affinity and specificity for a
broad range of protein targets.

Experimental Section

Library Composition. The library was composed of 10 080
organic molecules with an average molecular weight of 200
Da. The compounds in the library were obtained from both
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internal and external sources and were picked to maximize
the diversity of the molecules. The diversity of the final library
was estimated based on Tanamoto coefficients as implemented
in the Daylight Fingerprint Toolkit (see www.daylight.com for
references and documentation). This analysis indicated that
80% of the compounds in the library are less than 80% similar
to any other compound, and that any one compound in the
database is on average 10% similar to every other compound
in the database. A Ward's clustering analysis (Barnard
Chemical Information, Ltd., see http://www.bcil.demon.co.uk/
agglom.html for references and documentation) yielded an
average cluster size of 1.5.

NMR Binding Data. NMR samples (and corresponding
buffer conditions and sample temperatures) were obtained for
the following proteins: (1) the DNA-binding domain of the
human papillomavirus E2 protein (E2-DBD, 20 mM POy, 10
mM DTT, pH 6.5, T = 37 °C),'? (2) the matrix metalloprotein-
ase stromelysin (20 mM Tris, 20 mM CaCl,, pH 7.0, T = 30
°C),** (3) the receptor binding domain of the vascular endo-
thelial growth factor (VEGF, T = 45 °C),'5 (4) the FK-506
binding protein (50 mM PO,4, 100 mM NaCl, pH 6.5, T = 30
°C),% (5) the Src homology-2 domain of p56'* (50 mM Tris, 25
mM NaCl, 5 mM DTT, pH 7.2, T = 30 °C),%4 (6) the methyl
transferase ErmAM (50 mM PO,, 100 mM NacCl, 10 mM DTT,
pH 6.5, T = 30 °C),3 (7) the DNA-binding domain of NFATc
(100 MM NaPOy, pH 6.5, 50 mM KCI, 5 mM DTT, T = 30 °C),**
(8) the peptidyl prolyl cis—trans isomerase Pin-1 (50 mM
BisTris, 10 mM DTT, pH 6.5, T = 30°C),?® (9) the anti-apoptotic
protein Bel-xL (10 mM POy, pH 6.5, T = 37 °C),%¢ (10) the anti-
apoptotic protein Bcl-2 (25 mM Tris, pH 7.5, T = 37 °C),?” and
(11) the phosphotyrosyl phosphatase PTP-1B (50 mM BisTris,
150 mM NaCl, 20 mM DTT, pH 6.5, T = 30 °C).2 NMR
samples were composed of uniformly >N-labeled protein at
0.3—0.5 mM in a H,O/D,O (9:1) solution. Bruker sample
changers were used on Bruker AMX-, DMX-, and DRX-500
MHz spectrometers.

Ligand binding was detected by acquiring sensitivity-
enhanced ®>N/*H—HSQC spectra?® on 500 L of protein in the
presence and absence of added compound(s). Compounds were
added as solutions in perdeuterated DMSO and were initially
tested at 1.0 mM each in mixtures of 10. The mixtures of
compounds were initially assigned a score ranging from 0 (no
observed changes in the spectrum upon the addition of
compounds) to 5 (significant changes in the spectrum). Indi-
vidual compounds in mixtures that were assigned a score of 0
or 1 were designated “inactive.” Individual compounds in
mixtures that were assigned a score of 3 or higher were tested
individually and assigned an individual score ranging from O
to 5. Those compounds that were assigned a score of 0 or 1
were designated “inactive.” Those compounds that were as-
signed a score of 3 or higher were designated “active.” Mixtures
or individual compounds that were assigned a score of 2 were
designated as “ambiguous” and were not used in the analysis.
Dissociation constants were obtained for selected compounds
by monitoring the chemical shift changes as a function of
ligand concentration. Data were fit using a single binding site
model. A least squares grid search was performed by varying
the values of Kp and the chemical shift of the fully saturated
protein.

Fragment Generation. Fragment generation was ac-
complished using a modification of the RECAP procedure® in
which the bonds of the molecules in the database were
recursively cleaved until only the desired types of fragments
remained. Lewell and co-workers used this procedure to find
substructures commonly present in drug-like molecules, but
the technique is useful for any database of organic compounds.
In addition to the bond cleavage rules employed in RECAP,
carbon—halogen bonds and nonring bonds between aromatic
carbon atoms and aliphatic carbon, nitrogen, oxygen, and
sulfur were also broken. The resulting fragments are typically
simple one- or two-ring systems, either unsubstituted or
containing one or two small substituents. A total of 104
fragments, including the 100 most populated fragment struc-
tures from the RECAP procedure plus four additional frag-
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ments not generated through the bond cleavage rules (diphe-
nylmethane, bibenzyl, carboxylic acid, and amine), were used
in the analysis of the data. A complete list of the fragments
used in the analysis is included in the Supporting Information.

Statistical Analysis. The NMR binding data was initially
analyzed by constructing 104 tables (one for each of the
representative substructures) for each of the 11 protein targets
of the form below:

no. active no. inactive
substructure present nl n2
substructure not present n3 n4

The hit ratio for the compounds containing the particular
substructure (n1/(n1 + n2)) was then compared to the hit ratio
for compounds lacking the substructure (n3/(n3 + n4)) using
the ratio

__nl/(nl+n2)
n3/(n3 + n4)

A value for A in excess of 1.0 indicates that a higher
percentage of the active compounds contained that particular
substructure when compared to those compounds that did not
contain the substructure. Any deviation from 1.0 was tested
for statistical significance using Fisher’s exact test.%°

A significant test result for any 2 x 2 table indicates that
the substructure in question is more prevalent in active
compounds than could be expected by chance alone. This is,
however, no guarantee that the substructure by itself contrib-
utes to the activity of the compound; it may simply be that
the substructure occurs together with (i.e., acts as a “proxy”
for) another truly active substructure. For example, many of
the targets which yielded biphenyls as significant substruc-
tures (p-value < 0.01) in the 2 x 2 table analysis also yielded
benzene as significant. However, in many of these cases, the
benzene substructure serves only as a proxy for the biphenyl
(e.g., compounds that contained a biphenyl also contained a
benzene moiety). To remove these proxy substructures, those
fragments that gave p-values less than 0.01 were included as
categories in a stepwise logistic regression model.%° For each
target, a sequence of binary variables Y; (i = 1 to 10 080, for
each of the tested compounds) was constructed where Y; = 1
if compound i produced a hit and Y; = 0 otherwise. A covariate
vector X; (j =1, ..., N) was also constructed for each compound
i, where x;; = 1 if substructure j was present in compound i
and —1 otherwise. Here, N is the number of substructures with
p-values below 0.01 in Fisher’s exact test.

Assuming that the compounds hit independently of each
other and that each Y; follows a binomial distribution, then
the probability that compound i will hit is given by

exp(a + zﬂjxij)
]

1+expat ot By
. 17

Here, (B1...f104) is the vector of unknown regression coefficients
for the substructures, and o is a constant which gives the
baseline hit rate against the target. A large and positive value
of §j indicates that the presence of substructure j increases
the chance that a compound will hit, while negative values
decrease the chance. The regression coefficients were initially
estimated for the complete set of substructures that yielded
p-values less than 0.01 in the 2 x 2 tables. Next, the least
significant predictor (substructure) was eliminated from the
model and the data refit. This was repeated until all remaining
regression coefficients S; were significant at confidence levels
of 0.01%. The end result is a model in which all remaining
substructures are significant at confidence levels of 0.01%.
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