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In this review, we provide an overview of recent applications of crystallographic overlay-based

molecular structure hybridization of lead compounds as a rational strategy for efficient drug discovery,

with selected examples, and briefly discuss its advantages compared with other ligand-based

methodologies.
Introduction
Among medicinal chemistry strategies available for scaffold evo-

lution in drug design and optimization, molecular hybridization

is a robust approach. It aims to combine basic pharmacophore

elements from diverse chemical entities with the same biological

function (or two or more structural moieties with different

bioactivities) to obtain a new hybrid entity with higher affinity

and potency (or dual activities) [1,2]. Because the determination

of high-resolution crystallographic structures of protein–inhibi-

tor complexes has become increasingly routine, the amount of

structural information available for inhibitor design has grown

correspondingly. Such structural information reveals the interac-

tion mode of an inhibitor, indicating key interactions that deter-

mine the binding affinity, and thus can reveal opportunities for

evolving the scaffold and improving drug efficacy. Consequently,

molecular hybridization based on crystallographic overlays

(namely, knowledge-based pharmacophore hybridization) is an

attractive design strategy to generate novel inhibitors from the

structures of known ligands that bind to a common target. The

method used the known positions of two or more ligands in the

binding site to recombine fragments from each to generate a

novel ligand, which will generally be a hybrid of the two scaffolds

or a molecule generated by transfer of one or more substituents

from one scaffold to the other. The latter approach is based on the
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idea that a potency-enhancing group from one scaffold should

have a similar effect in a new scaffold, if positioned correctly [3].

Our goal in this review is to provide a broad overview of current

applications of crystallographic overlay-based molecular hybrid-

ization for structure-based drug design, illustrated by selected

recent examples.

Case studies of crystallographic overlay-based
molecular hybridization
HIV-1 non-nucleoside reverse transcriptase inhibitors
Owing to the development of drug resistance, there is an ongoing

need for next-generation non-nucleoside reverse transcriptase

(RT) inhibitors (NNRTIs) with different resistance profiles, im-

proved safety, excellent tolerability and favorable physicochemi-

cal properties as antivirals to treat HIV infection [4–6]. In 2009, a

crystallographic overlay-based molecular hybridization approach

was used to create a new series of functionalized indazole deriva-

tives that exhibit potent inhibition of wild-type (WT) and clini-

cally relevant mutations of RT by combining pharmacophoric

subunits of two reported NNRTIs: capravirine (1) and efavirenz

(2) (Fig. 1a). Among the resulting compounds, 3a and 3b show

potent antiviral activity and excellent metabolic stability [7]. On

the basis of the reported co-crystal structure (Fig. 1b), 3a binds to

the allosteric binding site of RT with a highly similar conforma-

tion, compared to those of the precursor compounds. Remarkably,

the indazole N–H shows H-bond interaction with the peptide main
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FIGURE 1

Design concept of functionalized indazole and piperidine-linked aminopyrimidine derivatives as potent NNRTIs. (a) Superposition of the X-ray crystal structures
of capravirine (1, green) bound to wild-type HIV-1 RT (PDB code: 1EP4) and efavirenz (2, pink) bound to K103N RT (PDB code: 1FKO). (b) Cocrystal structure of 3a
with K103N mutant RT (pink, PDB code: 2JLE). Amino acid residues around the binding site were highlighted. (c) Overlay of crystal structures of etravirine (4,
purple; PDB code: 3M8P) and GW564511 (5, deep yellow; PDB code: 3DLG) bound to HIV-1 RT.
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chain of residue K101; and the cyano-substituted benzene ring

displays edge-to-face p-interactions with the reserved W229 and a

face-to-face p-interaction with the Y188 residue.

Several research groups, including ours, have spent many years

focusing on the discovery of NNRTIs by applying knowledge-

based pharmacophore hybridization [8–12]. For example, an

analysis of the binding motifs of known HIV-1 NNRTIs etravirine

(4) and GW564511 (5) afforded novel piperidine-linked amino-

pyrimidine derivatives with broad potency against WT and resis-

tant variants (Fig. 1c). Notably, the series exhibits potency against
806 www.drugdiscoverytoday.com
the K103N, Y181C and Y188L variants, among others, as exem-

plified by the N-benzyl compound 6, which has a particularly

attractive profile [12].

HIV-1 protease inhibitors
Inspired by the HIV-1 protease-binding modes of MK-8718 (7) and

PL-100 (8), a novel hybrid compound 9 was rationally designed

and synthesized, as illustrated in Fig. 2. Further optimization

resulted in HIV-1 protease inhibitor 10 bearing a bicyclic pipera-

zine sulfonamide core; this compound showed a 60-fold improve-
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FIGURE 2

Development of piperazine sulfonamide-based HIV-1 protease inhibitors by means of crystallographic overlay-based molecular hybridization of MK-8718 (7,
green; PDB code: 5IVT) and PL-100 (8, pink; PDB code: 2QMP). Re
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ment in enzyme-binding affinity and a tenfold improvement in

antiviral potency relative to 7 [13].

Phosphodiesterase type 4 inhibitors
Structure-guided molecular hybridization of oral phosphodiester-

asse type 4 (PDE4) inhibitor 11 by introducing fragments from 12

and clinical candidate GSK256066 (13) yielded dichloropyridyl-

urea-pyridazinone 14 and naphthyridin-5(6H)-one 15, respective-

ly, which showed potent inhibition at picomolar levels (Fig. 3).

The meta position of the pyridazinone 6-phenyl ring is oriented

toward the solvent-filled pocket. Next, substituents with various

physicochemical properties were introduced in the region occu-

pying the solvent-filled pocket of PDE4, affording 16 and 17 as

potent, long-acting and potentially safe inhaled PDE4 inhibitors.

Compound 18 harboring a 1,6-naphthyridin-5(6H)-one N-oxide

ring was the most active derivative of 15, with an IC50 of 45 pM in

an enzymatic assay and 75 pM in a cell-based assay [14,15].

Inhibitors of tyrosine kinase discoidin domain receptors DDR1
and DDR2
Tyrosine kinase discoidin domain receptors DDR1 and DDR2 have

been implicated in several human diseases, including cancer.

Based on the superimposition of the DDR1–fragment-19 co-com-

plex (PDB code: 5BVK) and the DDR1–dasatinib (20) co-complex

(PDB code: 5BVW), fragment-based discovery and further optimi-

zation resulted in a low nanomolar-active, orally available inhibi-

tor 21 which was selective for DDR1 and DDR2 over c-Src, in

contrast to dasatinib. Compound 4 also showed promising in vitro

PK and in vivo PK in mice (Fig. 4) [16].

Tankyrase inhibitors
Tankyrase (TNKS) is a poly-ADP-ribosylating protein (PARP), the

activity of which suppresses cellular axin protein level and elevates

b-catenin concentration, leading to increased oncogene expres-

sion. The inhibition of TNKS1 and TNKS2 has been shown to

antagonize Wnt signaling via axin stabilization in APC mutant

colon cancer cell lines [17]. In the following three instances, by

using crystallographic overlays of the known TNKSI–TNKS com-

plex as a starting point together with structure-based molecular

hybridization, a novel class of potent and selective TNKSs with

favorable pharmacokinetic properties was created.
Compound 22 was a previously disclosed TNKSI with mod-

erate inhibitory activity (TNKS1, IC50 = 0.20 mM) that suffered

from poor pharmacokinetic properties (the amide is prone to

hydrolysis in rat and mouse plasma). The crucial interactions

are three H-bonds: the C¼O of the amide with D1198; the C¼O

of the oxazolidinone with Y1213; and a C¼O� � �H–C-type H-

bond between the hydrogen at C-6 of the quinoline and the

backbone C¼O of G1196 (TNKS1). In addition, the quinoline

ring is involved in a p-stacking interaction with H1201. Over-

lay of the TNKS–TNKSI co-crystal structures of HTS hit 23

(TNKS1 IC50 = 0.024 mM) and 20 (Fig. 5) exhibited that the

C¼O group of the benzimidazolone and the amide moiety

are engaged in H-bond interactions with D1198. In addition,

the electron-deficient quinoline moiety of 22 overlaid well

with the benzimidazolone phenyl moiety of 23; and was asso-

ciated with a close stacking interaction with H1201. Based on

the above analysis, the combination of the oxazolidinone

group of 22 with the cyclohexyl benzimidazolone of 23 gener-

ated 24 and 25 (after further modification), which showed

enhanced potency (TNKS1 IC50 = 4 nM and 1 nM, respectively)

and good pharmacokinetic properties, including favorable oral

bioavailability [18].

Compound 26 was discovered as a novel and potent TNKSI via a

HTS approach (TNKS IC50 = 0.15 mM; TBC IC50 = 2.0 mM; PARP1

IC50 > 85 mM). A co-crystal structure of the TNKS1–26 complex

suggested that 26 simultaneously occupied the conserved nico-

tinamide pocket and the induced pocket. The dihydroquinolinone

moiety resided in the nicotinamide pocket with the C¼O group

engaging in a H-bond interaction with S1221, and the nitrogen

formed a H-bond to G1185. The aminoquinazoline group occu-

pied the induced pocket, with the amino moiety H-bonding with

G1196, and N1 H-bonding with D1198 (Fig. 5) [19]. An overlay of

the co-crystal structures of 22 and 26 in the complex with TNKS1

suggested that replacing the labile aminoquinazoline amide of 26

with other counterparts would mitigate metabolic liabilities in

plasma while retaining the two key H-bond interactions with the

target (Fig. 5).

It was envisioned that the aminopyridine group would serve as a

simplified mimic of the aminoquinazoline ring in 26. Placing a

pyrimidinyl moiety in the 3-position would enable the crucial

p-stacking interaction with H1201, as observed with the quinoline
www.drugdiscoverytoday.com 807
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FIGURE 3

Novel PDE4 inhibitors designed by means of molecular hybridization based on crystallographic overlays, and further optimization of peripheral substituents for
the solvent-exposed region. The X-ray structures of 11 (pink; PDB code: 5K1I) and roflumilast 12 (blue; PDB code: 1XOQ), and GSK256066 (13, green; PDB code:
3GWT), were utilized.
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FIGURE 4

Schematic of the design process based on the superimposition of the DDR1–fragment-19 co-complex (PDB code: 5BVK) and the DDR1–dasatinib (20) co-
complex (PDB code: 5BVW).
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group in 22. Indeed, it was gratifying that 27 exhibited high

TNKS-inhibitory potency while showing favorable selectivity vs

PARP1/2. Compound 27 promoted accumulation of axin

(EC50 = 0.709 mM) and suppressed b-catenin accumulation (TBC

IC50 = 0.233 mM) and Wnt reporter gene transcription (STF

IC50 = 0.096 mM) in cellular assays. Furthermore, it was stable in

the presence of rat and human liver microsomes (RLM/HLM

Clint = 48/33 ml/min/mg) [19].
808 www.drugdiscoverytoday.com
In a similar way, a structure-guided hybridization approach

was used to join the privileged diaryl-substituted 1,2,4-triazole

and the benzimidazolone moiety from the two inhibitors 29 and

23, in which the available co-crystal structures of TNKS2–29 and

TNKS1–23 analogs were used to guide the hybrid and linker

design. This approach gave immediate access to a new class of

TNKSIs, as exemplified by 30, which displays high affinity for

TNKS1/2, with biochemical IC50 values of 29 nM and 6.3 nM,
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FIGURE 5

(a) Overlay of the TNKS1 co-crystal structure of 22 (red; PDB code: 4K4F) and 23 (green; PDB code: 4K4E) [18]. (b) Overlay of the TNKS1 co-crystal structure of 22
(red; PDB code: 4K4F) and 26 (blue; PDB code: 4N3R) [19]. (c) Overlay of the TNKS2 co-crystal structure of 29 (red; PDB: 4HYF) and the TNKS2 co-crystal structure
of 23 (green; PDB code: 4K4E) [20]. (d) Chemdraw representation of crystallographic overlay-based molecular hybridization.

Re
vi
ew

s
� P

O
ST

SC
R
EE

N

respectively, and a cellular IC50 value of 19 nM; it also shows

high selectivity for TNKS over other poly(ADP-ribose) poly-

merases (Fig. 5). The identified inhibitor has a favorable in vitro

ADME profile and shows good oral bioavailability in mice, rats

and dogs [20].

Leishmania N-myristoyltransferase inhibitors
Leishmania N-myristoyltransferase  (NMT) has been validated

chemically and biologically as a potential target for the treat-

ment of leishmaniasis. Comparison of the distinct binding

modes of hits 31 and 32 demonstrated that the benzo-ring

of the indole in 31 and the aromatic substituent of the pyrro-

lidine in 32 bind in the same region (Fig. 6). For this reason, it

was hypothesized that addition of a para-fluorophenyl acet-

amide group ortho to the chlorine atom in this ring in 32 would

substantially improve the activity by enabling H-bond forma-

tion between the acetamide carbonyl and Y345 and N376 and

allowing 32 to extend into the same hydrophobic pocket as 31.

Based on these structural insights, the enzyme-inhibitory ac-

tivity was increased 40-fold via hybridization of the two dis-

tinct binding modes, affording a novel, highly active and

selective (over the human enzyme) Leishmania donovani NMT

inhibitor 33 [21].
Reversible factor D inhibitors
The highly specific S1 serine protease factor D (FD) plays an impor-

tant part in amplification of the complement alternative pathway

(AP) of the innate immune system. The crystal structure of the

complex between human FD and 34 (pink; PDB code 5NAT) overlaid

with FD-bound 35 (cyan; PDB code 5FBI) revealed multiple H-bond

interactions: urea carbonyl of 34 to G193 NH (oxyanion hole),

amide NH of 34 to the backbone carbonyl of L41, terminal carbox-

amide of 35 to T214 of the self-inhibitory loop and to R218 at the

bottom oftheS1pocket and indole-NHof35 tothe R218main-chain

carbonyl. Further, the benzoic acid portion of 35 is positioned in the

solvent space and is not resolved in the crystal structure. Based on

these findings, structure-based optimization of the (S)-proline-based

lead 34 afforded the noncovalent, reversible, selective and orally

bioavailable human FD inhibitor 36 with drug-like properties. This

compound displayed outstanding potency in 50% human whole-

blood in vitro and inhibited AP activity ex vivo after oral administra-

tion to monkeys. It showed excellent oral and ocular efficacy in a

lipopolysaccharide (LPS)-induced mouse model (Fig. 7) [22].

Autotaxin inhibitors
Autotaxin (ATX) generates the bioactive lipid lysophosphatidic

acid (LPA) and is a drug target of interest for numerous patholo-
www.drugdiscoverytoday.com 809
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FIGURE 7

(a) Crystal structure of the complex between human FD and 34 (pink; PDB code: 5NAT) overlaid with FD-bound 35 (green; PDB code: 5FBI). (b) Design concept of
reversible factor D inhibitors.
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FIGURE 6

Discovery of potent and selective Leishmania N-myristoyltransferase inhibitors via hybridization based on the binding modes of compound 31 (green; PDB code:
4CGN) and compound 32 (pink; PDB code: 4CGL) in the peptide-binding pocket of Leishmania NMT. Note: Leishmania donovani (Ld); there are two human
isoforms of NMT (HsNMT1 and HsNMT2).

Tunnel binder

Crystallographic overlay

Hydrophobic pocket
binder

3938TUDCA (37)

Drug Discovery Today 

FIGURE 8

Hybrid design concept based on the binding modes of 37 (cyan; PDB code: 5DLW) and 38 (green; PDB code: 5M0E) to autotaxin. 37 and 38 bind to the tunnel
and the hydrophobic pocket of autotaxin, respectively.
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gies. ATX has a tripartite active site, including a hydrophilic

groove, a hydrophobic lipid-binding pocket and a tunnel of un-

clear function. Weak physiological allosteric inhibitors 37 and 38

bind to the hydrophobic pocket and the tunnel of ATX, respec-

tively. Based on the hybrid design concept, structure-guided evo-

lution of these compounds afforded a potent competitive ATX

inhibitor 39 that does not interact with the catalytic site. This

compound attenuated LPA-mediated signaling in cells and re-

duced LPA synthesis in vivo and is expected to be a valuable tool

for exploring the pathophysiological roles of ATX (Fig. 8) [23].

Lysine-specific demethylase 1 inhibitors
Because lysine-specific demethylase 1 (LSD1) regulates the main-

tenance of cancer stem cell properties, small-molecular inhibitors

of LSD1 are expected to be useful for the treatment of several
Reduced FAD-N-p
lysine conjug

FAD-PCPA conj
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FIGURE 9
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Application of molecular design to 43 to mimic acetyl–lysine substrate interaction
AcLys OTC peptide substrate complex (PDB: 4RMI) were superimposed.
cancers [24]. By combining information from crystallographic

overlays of the FAD–PCPA (40) conjugate and the reduced FAD-

N-propargyl lysine peptide conjugate bound to the catalytic site of

LSD1, a novel series of small-molecular LSD1-selective inhibitors

was developed (Fig. 9). As expected, compounds 41 and NCL1 (42)

inhibited H3K4 methylation in vivo. Notably, 42 is the first LSD1-

selective inhibitor in cellular assays, and it was able to effectively

inhibit prostate cancer growth with low adverse effects [25].

Sirtuin-2 inhibitors
Sirtuin-2 (SIRT2) is a member of the NAD+-dependent histone

deacetylase family, which has recently received increased atten-

tion because of its potential involvement in cancer progression

and neurodegenerative diseases. Based on the crystallographic

overlay of SIRT2–43 with the complex of SirReal1–AcLys OTC
Crystallographic
overlay

ropargyl
ate

ugate

NCL1 (42)

41

IC50 = 2.5 uM (LSD1);

IC50 = 500 uM (MAO-B);

IC50 = 230 uM (MAO-A);

IC50 = 1.9 uM (LSD1);

IC50 = 290 uM (MAO-A);
IC50 > 1000 uM (MAO-B);

Drug Discovery Today 

cophore hybridization of the FAD-PCPA (40) conjugate (PDB code: 2UXX) and
 to the catalytic site of LSD1.
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10363

45

Drug Discovery Today 

s. The structures of SIRT2–43 complex (PDB code: 5Y5N) and the SirReal1–
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substrate mimetic], the potent mechanism-based inactivator KPM-

2 (45) was developed as a SIRT2-selective inhibitor with antipro-

liferative activity in cancer cells and remarkable neurite out-

growth-promoting potency (Fig. 10) [26].

To sum up, a detailed understanding of the interactions be-

tween the target protein and its binders provides an excellent basis

for improving the affinity and selectivity of inhibitors via mecha-

nism-based drug design [27]. This methodology is well illustrated

by the discovery of LSD1- and SIRT2-selective inhibitors.

Concluding remarks and future perspectives
Drug discovery is a complex, costly and time-consuming cam-

paign that involves multiple projects, ranging from target valida-

tion to clinical trials and regulatory approval. In particular, the

search for drugs with novel mechanisms of action has become

extremely expensive and risky. By contrast, follow-on programs to

optimize or extend the scope of lead compounds with definite

mechanisms are less costly and more likely to be successful but can

generate drugs with meaningful differentiations from the leads.

Crystallographic overlay-based molecular hybridization is essen-

tially the common medicinal chemistry method of joining frag-

ments of two known leads to create a new molecule. X-ray crystal

structures of ligand-bound targets are overlaid, all overlapping

regions in all pairs of ligands are observed and the fragments on

each side of each matching region are swapped to create new

compounds. This method can be applied recursively to produce all

possible combinations of known leads. Because all of the binder

functional moieties are known to bind to the target in the precise

orientation and position present in the novel hybrid, this method

is fast, and the success rate should be superior to those of tradi-

tional de novo design techniques. In an era of increasingly high-

throughput X-ray co-crystallography of proteins with ligands, the
812 www.drugdiscoverytoday.com
optimization trajectory can be significantly expedited through

application of a structure-based molecular hybridization ap-

proach.

The physicochemical properties of larger hybrid molecules are

generally less drug-like than those of smaller molecules. If the

degree of framework overlap is maximized and the size of the

combined ligands is minimized, the likelihood of obtaining drug-

like ligands with reasonable ligand efficiencies and favorable

physicochemical properties can be maximized.

Usually, crystallographic overlay-based molecular hybridiza-

tion is a fragment-growing optimization process. The tolerated

solvent-exposed regions in the specific drug target provide a broad

space for substantial modifications of existing molecules, with the

aim of enhancing binding affinity, improving ligand efficiency,

selectivity and physicochemical or pharmacokinetic properties.

The possibility of discovering novel chemical entities that lie in

unexplored regions of the crowded intellectual property landscape

makes such follow-on campaigns attractive prospects.
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