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Drugs exert their therapeutic effect by binding and regulating the activity of a particular protein or
nucleic acid target. A large number of targets have been explored for drug discovery. Continuous effort
has been directed at the search for new targets and more-extensive exploration of existing targets.
Knowledge of these targets facilitates the understanding of molecular mechanisms of drugs and the
effort required for drug discovery and target searches. Areas of progress, current focuses of research and
development and the difficulties in target exploration are reviewed. The characteristics of the currently
explored targets and their correlation to the level of difficulty for target exploration are analyzed. From
these characteristics, simple rules can be derived for estimating the difficulty level of target exploration.
The feasibility of predicting druggable proteins by using simple rules and sequence-derived

physicochemical properties is also discussed.

Pharmaceutical agents generally exert their therapeutic effect by
binding to and regulating the activity of a particular protein or
nucleic acid target [1,2]. Modern drug discovery has been pri-
marily based on the search of leads directed against a pre-
selected target and the subsequent testing of the derived drug
candidates [1,2]. Continuous efforts and interest have been
directed at the discovery of new targets, as well as more-exten-
sive exploration of the targets of successful drugs [1,2]. Rapid
advances in genomics [3], structural genomics [4], proteomics
[5], unravelling of molecular mechanisms of diseases [6], the
development of experimental target identification and valida-
tion technologies [7,8] have enabled the identification of new
targets, the discovery of clues to the molecular mechanism of
drug actions and adverse drug reactions, and the understanding
of the pharmacogenetic implications of the variation of the DNA
sequence, expression profiles and post-transcriptional proces-
sing of targets [6,9].

These advances have led to the discovery of a growing number
of targets [10-12]. Moreover, existing targets have continuously
been explored for the development of more-effective drugs such
as subtype-specific agents [13-15]. The number of reported new

Corresponding author: Chen, Y.Z. (phacyz@nus.edu.sg)

and existing targets has increased from ~500 targets reported in
a 1996 survey [2] to 1494 distinct protein subtypes and 41
nucleic acids described in the current version of the Therapeutic
Target Database (TTD, http://bidd.nus.edu.sg/group/ttd/ttd.asp)
[16]. Apart from the emergence of new targets, the significant
increase in the number of targets is partly caused by a combina-
tion of the increase of subtype-specific agents directed at a
subtype of an existing target (that splits into two or more targets)
and the accumulation of information about previously
unknown or unreported targets of existing drugs or investigative
agents [13-135].

Targets can be divided into two groups. One consists of success-
ful targets that are targeted by at least one marketed drug, and the
other contains research targets that are targeted only by investiga-
tional agents not approved for clinical use at present. Analysis of
both groups of targets provides useful information about general
trends, the current focus of research and development, areas of
success and difficulties in the exploration of targets. Knowledge of
target characteristics, such as protein sequence features, structural
properties, proteomic profiles, pathway affiliation and roles, and
tissue-distribution patterns, is also useful for molecular dissection
of the mechanism of action of drugs and for predicting features to
guide drug design and target discovery [7,8,17,18].
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Success stories in the exploration of therapeutic targets
Targets of certain disease classes appear to be more successfully
explored than others, which can be exhibited by the statistical
profiles of the successful targets. There are 268 successful targets
in TTD [16] compared with 120 successful targets in the 1996 survey
[19]. The most highly explored group of successful targets is that of
neoplasms, followed by infectious and parasitic diseases, nervous
system and sensory organ disorders, and circulatory system diseases.

Examples of the well-established successful targets in these
classes are: estrogen receptor (breast cancer) and gonadotropin-
releasing hormone (prostate cancer) in the neoplasms; HIV-1
protease (AIDS) and penicillin-binding proteins (bacterial infec-
tions) in the class of infectious and parasitic diseases; acetylcho-
linesterase (Alzheimer’s disease), catechol-O-methyl-transferase
(Parkinson’s  disease), S-hydroxytryptamine 1D receptor
(migraine), and mu- and kappa-opioid receptors (drug depen-
dence) in the class of nervous system and sensory organ disorders;
and angiotensin-converting enzyme (hypertension, cardiac fail-
ure, arrhythmias) in the class of circulatory system diseases.

More-recent successful targets can be found in the list of FDA-
approved drugs 2000-2005, together with the drugs approved
during this period, examples are outlined in Table 1 (for a more
extensive list see online supplementary material Table 1). There
are 70 identifiable targets, most of which have been targeted by
drugs marketed before 2000 [16]. Therefore, it appears that the
majority of the successful targets have been continuously explored
for deriving new therapeutic agents. Examples for continuously
explored targets during 2000-2005 are S5-hydroxytryptamine
(SHT) receptors with 11 drugs, adrenoceptors with seven drugs
and cyclooxygenase (COX) with five drugs.

In total, 16 new successful targets have emerged since 1996 [20].
The largest group of these targets is in the neoplasm family,
showing that cancer continues to be a major focus of new-target
exploration. Examples of these targets are: receptor protein tyr-
osine kinase erbB2 (HER2/neu) with Herceptin® approved in 1998
for HER2-positive metastatic breast cancer; BCR/ABL tyrosine
kinase with Gleevec® approved in 2001 for chronic myeloid
leukaemia; hepatitis B virus (HBV) DNA polymerase with Hep-
sera® approved in 2002 for HBV; phosphodiesterase 5 with Via-
gra® approved in 1998 for erectile dysfunction; and COX-2 with
Celebrex® approved in 1998 for arthritis.

Current research and development initiatives
Investigating the research targets, particularly those targeted by
recently reported or patented agents, provides useful clues about
how drug development has been focused on targets of specific
disease classes. There are 894 research targets in TTD [16], compared
with 79 research targets in the 1996 target survey [19]. The distribu-
tion pattern of these research targets with respect to disease classes,
along with that of successful targets, is shown in Figure 1. As
expected, the number of investigational targets is higher than the
number of successful targets for every disease class. The only excep-
tion is the class of congenital anomalies, where minimal success
seems to have been made in the identification of useful targets. This
is partly a result of the current preference for surgical therapies as
primary treatment options [21]. The lack of knowledge about the
mechanism of congenital anomalies [22] also makes it difficult to
identify useful targets for the diseases in this class.

The ratio between research and successful targets in a disease
class gives a good indication about the extent of the exploration of
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FIGURE 1

Comparison of the distribution pattern of successful targets and research targets in disease classes. The blue bars represent successful targets, the red

bars represent research targets and the yellow bars represent all targets.
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TABLE 1

Successful targets of FDA-approved drugs 2000-2005 (as of September 2005)

Disease class Disease Number Target Number Drug
category of targets of drugs
Circulatory Circulation disorders 2 Endothelin receptor 1 Tracleer (bosentan)
system Type-1 angiotensin Il receptor 3 Benicar; Diovan; Teveten HCT
diseases (eprosartan mesylate-hydrochlorothiazide)
Heart disorders 2 HMG-CoA reductase 1 Caduet (amlodipine-atorvastatin)
B-1 adrenergic receptor 1 Betapace AF tablet (Sotalol)
Infectious and Bacterial infections 1 DNA topoisomerase I 1 Avelox L.V. (moxifloxacin hydrochloride)
ggrasmc Fungal infections 1 1,3-B-glucan synthase 1 Cancidas
iseases
Parasitic infections 1 Dihydrofolate reductase 1 Malarone (atovaquone; proguanil
hydrochloride) tablet
Viral infections 4 HBV polymerase 1 Baraclude (entecavir)
DNA polymerase 1 Hepsera (adefovir dipivoxil)
HIV-1 protease 4 Aptivus (tipranavir); Kaletra capsules
and oral solution; Lexiva (fosamprenavir
calcium); Reyataz (atazanavir sulfate)
HIV-1 reverse transcriptase 3 Sustiva; Trizivir (abacavir sulfate;
lamivudine; zidovudine AZT) tablet; Viread
Neoplasms Breast cancers 2 Cytochrome P450 19 1 Femara (letrozole) tablets
Estrogen receptor 1 Faslodex (fulvestrant)
Gastrointestinal 3 Epidermal growth factor receptor 1 Erbitux (cetuximab)
cancers Tyrosine protein kinase 1 Gleevec (imatinib mesylate)
Vascular endothelial growth factor 1 Avastin (bevacizumab)
Leukaemia 3 Tyrosine protein kinase 1 Gleevec (imatinib mesylate)
Ribonucleotide reductase 1 Clolar (clofarabine)
DNA polymerase 1 Clolar (clofarabine)
Lung cancers 2 HER1-EGFR tyrosine kinase 1 Tarceva (erlotinib, OSI 774)
Epidermal growth factor receptor 1 Iressa (gefitinib)
Lymphoma 1 B-lymphocyte antigen CD20 1 Bexxar
Mesothelioma 3 Dihydrofolate reductase 1 Alimta (pemetrexed for injection)
Glycinamide ribonucleotide 1 Alimta (pemetrexed for injection)
formyltransferase
Thymidylate synthase 1 Alimta (pemetrexed for injection)
Reproductive 1 Gonadotropin-releasing hormone 3 Eligard (leuprolide acetate); Plenaxis
organ cancers (abarelix for injectable suspension);
Viadur (leuprolide acetate implant)
Nervous system Eye disorders 5 Vascular endothelial growth factor 1 Macugen (pegaptanib)
and sen§ory B-1 adrenergic receptor 1 Betaxon (levobetaxolol)
organ diseases
DNA topoisomerase I 1 Quixin (levofloxacin)
Prostaglandin F2-a receptor 1 Travatan (travoprost ophthalmic solution)
Topoisomerase IV 1 Quixin (levofloxacin)
Headache 2 5-hydroxytryptamine 1B receptor 4 Axert (almotriptan malate) tablets; Frova
(frovatriptan succinate); Relpax (eletriptan
hydrobromide); Zomig-ZMT (zolmitriptan)
5-hydroxytryptamine 1D receptor 4 Axert (almotriptan malate) tablets; Frova
(frovatriptan succinate); Relpax (eletriptan
hydrobromide); Zomig-ZMT (zolmitriptan)
Insomnia 1 Melatonin MT1 and MT2 receptor 1 Rozerem (ramelteon)
Neuronal disorders 1 DNA topoisomerase I 1 Novantrone (mitoxantrone hydrochloride)
Parkinson’s disease 4 D(1B) dopamine receptor 1 Apokyn (apomorphine hydrochloride)
D(2) dopamine receptor 1 Apokyn (apomorphine hydrochloride)
D(3) dopamine receptor 1 Apokyn (apomorphine hydrochloride)
D(4) dopamine receptor 1 Apokyn (apomorphine hydrochloride)
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TABLE 2

Some of the research targets explored for the new investigational agents described in the US patents approved between 2000-2005 (as

of September 2005)

Target Target Number of Year of first Targeted diseases
group US patents reported compound
2000-2005 investigation
Matrix metalloproteinase(MMP)-12 MMPs 1 2004 Ulcerative colitis; Crohn’s disease; lung damage by
cigarette smoke; atherosclerosis; gastro-intestinal
ulcers; emphysema
Tumour necrosis factor-a ADAMs 29 1998 Inflammation; cancers
converting enzyme
Cathepsin K Cysteine 25 1996 Autoimmune diseases; cartilage degradation; osteoporosis;
proteases pulmonary disorders
Phosphodiesterase (PDE) 4 PDEs 51 1995 Inflammation; obstructive diseases; asthma
Cathepsin S Cysteine 16 1994 Autoimmune diseases; osteoporosis; arthritis;
proteases muscular dystrophy; inflammation
o v B 5 integrin receptor Integrin 18 1993 Cancers; osteoporosis; arteriosclerosis; restenosis;
receptors ophthalmic disorders
MMP-3 MMPs 10 1992 Multiple sclerosis; heart failure; cancer; inflammation;
pain; arthritis; osteoporosis; autoimmune disorders
a v B 5 integrin receptor Integrin 26 1991 Cancers; osteoporosis; arteriosclerosis; restenosis;
receptors ophthalmic disorders
Farnesyl protein transferase (FPT) FPTases 26 1990 Cancers; restenosis; psoriasis; endometriosis;
atherosclerosis; viral infections
MMP-2 MMPs 14 1988 Cancers; rheumatoid arthritis; osteoarthritis;
multiple sclerosis
Cathepsin L Cysteine 15 1976 Autoimmune diseases; myocardial infarct; stroke;
proteases inflammation; muscular dystrophies

additional targets for diseases in that class. The classes with the
largest ratios are neoplasms (468:78), infectious and parasitic
diseases (287:78), nervous system and sensory organ disorders
(171:56) and circulatory system diseases (168:54). These numbers
indicate that intensive efforts are directed at diseases such as
cancer (468 targets) [23,24], cardiovascular diseases (120 targets)
[25,26], inflammation (113 targets) [27], diabetes (65 targets) [28],
arthritis (64 targets) [29], obesity (57 targets) [30,31] and Alzhei-
mer’s disease (44 targets) [32,33]. The highest number of research
targets and the highest number of successful targets are found in
the same disease class, the neoplasms, indicating a continuous
research and development focus in this important field.

A more detailed picture of the current trend of target exploration
can be obtained from the research targets described in recently
approved US patents for investigational agents. Table 2 shows some
of the research targets described in the US patents (for a more
extensive list see supplementary material Table 2). Research targets
covered by alarge number of patents are: matrix metalloproteinases,
46 patents for cancers, tissue ulceration, abnormal wound healing,
periodontal disease, bone disease, diabetes, arthritis, atherosclerosis
and inflammation; and phosphodiesterase 4, 51 patents for inflam-
mation, asthma, prostate diseases and osteoporosis.

Among the 395 identifiable targets described in the US patents
approved in 2000-2005, only 62 (15.6%) are subtype-specific
targets that have been explored for the development of subtype-
specific drugs. During the same period, of the 70 targets of FDA-
approved drugs only 11 (15.7%) are subtype-specific targets. The
percentage of subtype-specific targets in the US patents is essen-
tially the same as that of the FDA-approved drugs, which seems to

indicate the persistently high level of difficulty for finding sub-
type-specific therapeutic agents.

Several new targets have emerged from the US patents approved
during this time. Most of these targets are intended for the treatment
of high-impact diseases needing effective or more treatment
options, reflecting the intensive effort from the pharmaceutical
industry and research community for finding innovative methods
in the treatment of such diseases. Examples of these newly emerged
targets are 88 kDa glycoprotein growth factor for cancer (US patent
6,670,183), anandamide amidase for pain (US patent 6,579,900),
gamma-secretase for Alzheimer’s disease (US patent 6,448,229), and
orexin receptor 1 for obesity (US patent 6,677,354).

Difficulties in target exploration

Although a large number of research targets, as well as successful
targets, are being intensively explored, drug development produc-
tivity has been short of expectations [34]. It typically takes 12 years
after the design effort is initiated to develop a marketable drug
against a target [34], and drug failures have frequently been attrib-
uted to sloppy early target validation [35]. These difficulties are
likely to be associated with the molecular and cellular characteristics
of a drug target. Examination of difficulties in target exploration
reported in the literature provides useful information about factors
that affect target exploration, subsequently helping to identify
characteristics of a target that contribute to these difficulties.

The difficulties of target exploration reported in the literature
are mainly concerned with drug-binding specificity, efficacy, toxi-
city and pharmacokinetic properties. For instance, corticotrophin-
releasing factor (CRF) receptor subtypes have been implicated in
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behavioural and endocrine responses to stress and emotion,
including fear, anxiety and aggression. Receptor subtypes, such
as CRF1, have been explored for the treatment of these diseases
[36] and the first antagonists were reported in 1986 [37]. Selective
non-peptide antagonists have shown anxiolytic and antidepres-
sant effects under certain conditions. However, the chemical space
defined by known antagonists is fairly narrow, making it difficult
for finding safe and effective candidates [36]. One compound is in
Phase II trials for the treatment of major depressive disorder [36].

By contrast, cysteinyl leukotriene receptor 1 is a successful
target, reported to have been explored initially in 1986 [37]. It
has been targeted for the treatment of asthma and the first FDA-
approved drug, accolate, appeared in 1996 [38]. A comparison of
the characteristics of these two targets shows that CRF1 has 51
homologues outside the target-protein family, compared with five
homologues for cysteinyl leukotriene receptor 1. Homologous
proteins are searched from human protein entries in the SWISS-
PROT database using PSI-BLAST (with the default similarity criter-
ion, E-value <0.001) [39].

There are seven other research targets, reported to have been
first explored in 1986 and intensively studied in subsequent years
without producing a marketed drug. These are apolipoprotein(a),
cyclophilin, plasminogen activator inhibitor-1, integrin «-2,
thromboxane A2 receptor, proto-oncogene protein c-Fos, and
interleukin-4. These targets either have high numbers of homo-
logues outside the target family (>6) or are affiliated with multiple
tissues (>3) or pathways (>3). The number of affiliated tissues for
each target is obtained from SWISS-PROT [40], with the descrip-
tion that each target is primarily distributed in these tissues, and
those of affiliated pathways are obtained from the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database [41]. Statistical
analysis of the characteristics of all of the long-term research
targets (described in a later section) suggests that high numbers
of homologues outside the target family and affiliation with multi-
ple tissues and pathways are the major factors leading to the low
success rate for the exploration of these targets.

The derived target characteristics depend on the choice of
parameters of bioinformatics tools and the quality of data sources.
In estimating the number of similarities of proteins of each target,
a stricter PSI-BLAST cut-off, E-value = 0.001, was used. This value
has been reported to give reliable predictions of homologous
relationships [42] and it can be used to find 16% more structural
relationships in the SCOP database than when using a standard
sequence similarity with a 40% sequence-identity threshold [43].
The majority of protein pairs that share 40-50% (or higher)
sequence-identity differ by <1 A RMS deviation [44,45], and a
larger structural deviation probably alters drug-binding properties.
Therefore, the adopted E-value seems to be reasonable for selecting
similarity proteins relevant to the binding of a common set of
drugs. None-the-less, small percentages of protein pairs of higher
sequence-identity have been found to differ by larger RMS devia-
tions [45] and some protein pairs of lower sequence-identity might
also have high structural similarity, which probably affects the
accuracy of our analysis to some extent.

In estimating the number of affiliated tissues of each target,
relevant data from SWISS-PROT were used. We were able to find
the published literature for 92% of these data and random checks of
these publications confirm the quality of the data. We have also

used the level-4 tissue-distribution data from another database,
TissueDistributionDBs  (http://genome.dkfz-heidelberg.de/menu/
tissue_db/index.html), to derive the tissue-distribution pattern of
the same set of 158 targets. A target is assumed to be primarily
distributed in a tissue if no less than 8% of the total protein contents
are distributed in that tissue. Approximately 28%, 24%, 19%, 10%,
6%, 6%, 5% and 1% of these targets were found to be affiliated to 1-8
tissues, respectively, this is similar to those derived from SWISS-
PROT data, even though the definition and content of these data-
bases are different. Therefore, our estimated tissue-distribution
profiles are stable but the exact percentages can differ to some
degree.

Infectious disease targets are primarily microbial or viral proteins
thatare crucially involved in the infection or growth of the invading
species, differing from other targets (human proteins or nucleic
acids) involved in the modulation of human physiology. Although
the success rate for the exploration of these anti-infective targets is
also determined by the general characteristics of each target, addi-
tional factors also significantly influence drug development efforts
and outcomes. For instance, with the first reported investigation in
1975, there are 12 infectious disease research targets, many of which
have not been followed up because of the scope and the type of
populations and regions affected, profitability considerations and/
or target prioritization for those species with multiple targets [46].
Drug development against anti-infective targets can also be hin-
dered by the rapid appearance of drug-resistance mutations [47], the
disappearance of infectious strains [48] and the evolution of viru-
lence strains into non-virulence ones [49,50].

Several targets have been used for hormone replacement thera-
pies. Examples of these targets are erythropoietin receptor for
anemia [51], estrogen receptor for postmenopausal women [52],
insulin receptor for diabetes mellitus [53], as well as growth
hormone secretagogue receptor type 1, lutropin-choriogonado-
tropic hormone receptor and steroid hormone receptor, estrogen-
related receptor-1 (ERR1), for growth hormone deficiency [54]. In
general, these targets can be divided into three classes. The first
includes targets with a protein or peptide as a hormone substrate
(e.g. erythropoietin receptor, insulin receptor), the second
includes targets with a steroid as a hormone substrate (e.g. estro-
gen receptor and steroid hormone receptor ERR1) and the third
includes targets with a tyrosine-derived chemical as a hormone
substrate. A problem for exploring the targets of the first class is the
difficulty in finding a suitable mutant of the hormone with
sufficiently strong and specific binding to the intended target
[55]. Targets of the second and third class often contain a higher
number of homologues and are distributed in multiple tissues,
which are the primary reasons for the difficulty in finding safe and
highly potent analogues of the hormones [56,57].

Target characteristics and their correlation to the
difficulty level of drug development

Pharmacodynamic, toxicological and pharmacokinetic properties
primarily arise from interactions of a drug with its target and other
molecular entities. Therefore, certain common characteristics are
expected for good targets [19]. Good targets should play crucial
roles in disease processes, be structurally novel for drug specificity,
have few homologues having similar binding sites in humans,
should not be heavily involved in other key pathways and should
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TABLE 3

Profiles of some of the innovative targets of drugs approved by the FDA since 1994

Target Year of first  Year of Target Number of Number of Number of Number of Predicted First FDA-
reported first FDA exploration human similarity human similarity tissues target pathways target approved
compound approval time (years) proteins outside proteins in is primarily target is difficulty drug
investigation target-protein family target-protein distributed distributed level

family

Maltase-glucoamylase, 1967 1995 28 1 12 3 2 D Precose

intestinal

Mineralocorticoid receptor 1975 2002 27 31 101 Many ? D Eplerenone

Prostaglandin G/H synthase 2 1975 1998 23 33 13 4 1 D Celebrex

Acetyl-CoA carboxylase 2 1975 1994 19 30 0 3 5 D Glucophage

Inosine-5"-monophosphate 1979 1995 16 4 10 4 1 D CellCept

dehydrogenase 2

Phosphodiesterase 5 1984 1998 14 3 74 5 1 D Viagra

Myeloid cell surface 1987 2000 13 2 21 2 1 E Mylotarg

antigen CD33

Type-1 angiotensin 1984 1995 11 8 388 4 2 D Cozaar

Il receptor
Cysteinyl leukotriene 1986 1996 10 5 386 2 2 E Accolate
receptor 1

Receptor protein tyrosine 1988 1998 10 18 482 1 4 D Herceptin

kinase erbB-2

FK-binding protein 12 1989 1999 10 0 30 2 ? E Rapamune

P2Y purinoceptor 12 1989 1997 8 3 280 2 ? E Plavix

There are two target difficulty levels, E represents an ‘easy’ target that has a shorter expected target-exploration time and D represents a ‘difficult’ target that has a longer expected

target-exploration time.

be selectively or minimally expressed for drug efficacy. Target
molecules possess certain structural and physicochemical features
for binding drug-like molecules. These characteristics probably
define the sequence, structural, proteomic, pathway affiliation
(functional role) and physiological profiles of therapeutic targets
- and subsequently the level of difficulty for finding viable drugs
against them.

Table 3 gives the target exploration (TE) time and the charac-
teristics of some of the innovative targets of the drugs approved by
the FDA since 1994, these targets had no marketed drugs before
this date [20]. TE time is the number of years needed for devel-
oping a marketable drug after a target is first tested for compound
design, which can be crudely estimated from the year of the first
reported compound investigation and the first FDA approval.
Target characteristics include the number of homologues, the
number of tissues in which the target is primarily distributed
and the number of pathways in which the target is involved.

The TE time seems to be statistically correlated to target char-
acteristics. Targets with a smaller number of homologues outside
the target-protein family, involved in fewer numbers of pathways
and distributed in fewer numbers of tissues, tend to have a statis-
tically shorter TE time than those with a larger number of these
entities. If the difficulty level of target exploration is related to the
number of these entities for a target, the number of successful targets
with smaller numbers of these entities is expected to be less than
those with higher numbers of these entities, which isindeed the case
for the 132-190 successful targets with such information (Table 4).

One can define ‘easy’ targets to be those with a short TE time and
the ‘difficult’ targets to be those with a long TE time. A simple rule
for assigning easy and difficult targets can be derived based on two
assumptions: first, at least 50% of the successful targets with

smaller numbers of homologous proteins outside target family,
involved in fewer numbers of pathways and distributed in a lower
number of tissues, are considered to be easy targets; second, at least
85% of the research targets of noninfectious diseases first explored
on and before 1986 are considered to be difficult targets.

By statistically analyzing the characteristics of these easy and
difficult targets, the following rules are found: a target is an easy
target if it has no more than five human homologues outside the
target-protein family; it should be involved in no more than two
pathways and primarily be expressed in no more than two tissues.
These criteria ensure that the structural architecture and expres-
sion profile of easy targets can accommodate target-specific drugs
that minimally interact with other pathways, tissues and func-
tionally important (but structurally similar) binding sites.

By using this simple rule, the innovative targets in Table 3 are
categorized as easy and difficult targets. The TE time of easy targets
is generally no more than ten years and the TE time of the difficult
targets is generally >14 years. These results suggest that it is indeed
possible to use certain target characteristics as a way of estimating
the level of difficulty for target exploration.

Feasibility for predicting druggable proteins by using
simple rules and sequence-derived properties
Druggable proteins are proteins whose activity can be regulated by
drug-like molecules, and those playing key roles in a disease
process can be potentially explored as therapeutic targets [19].
With rapid advances in genomics and other aspects of disease
mechanisms, there has been an increasing interest in developing
methods for predicting druggable proteins from genomic and
other available biological data. It is expected that the same features
used for generating simple rules for classifying the difficulty level
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TABLE 4

Statistics of characteristics of successful targets

Category Human similarity Human similarity Target participating Tissue distribution Subcellular Biochemical class
proteins outside proteins in pathways location
target family target family
Number of 190 190 132 158 153 268
targets in
statistics
Item Number of % of targets Number of % of targets Number % of targets Number % of targets Location % of targets Class % of
similarity  with this similarity  with this of in this number of primarily primarily targets
proteins number of  proteins number of  pathways of pathways tissues  distributed distributed in class
similarity similarity in this number in location
proteins proteins of tissues
Statistical 0-5 51% 0-5 33% 1 49% 1 28% Membrane 60% Enzymes 50%
data 6-10 19% 6-30 23% 2 27% 2 25% Cytoplasm 16% Receptors 23%
11-20 10% 31-100 18% 3 1% 3 15% Nucleus 10% Channels and  12%
transporters
21-40 1% >100 26% 4 2% 4 8% Extra-cellular 8% Nuclear 6%
and secreted receptors
41-80 5% 5 3% 5 3% Mitochondrion 3% Factors and 3%
regulators
>80 4% 6 2% 6 1% Endoplasmic 2% Structural 2%
reticulum proteins
7 7 2% Peroxisome 1% Nucleic acids 2%
8 3% 8 4% Other binding 2%
proteins and
antigens
1% 9 1%
>10 2% >10 13%

of target exploration can be used for developing rules and methods
for facilitating the prediction of druggable proteins from sequence-
derived information, which is particularly useful because sequence
information is usually more readily available.

The following simple rules can be introduced for a quick search of
druggable proteins based on their characteristics. These rules are
derived from the analysis of all of the known targets and are based on
the assumption that it is applicable to a majority of the known
targets (>75%). A druggable protein belongs to one of a limited
number of target-representing protein domain families (out of a
total of 7973 families, currently known successful and research
targets are represented by 92 and 412 families, respectively).
Sequence variation between the drug-binding domain of the pro-
tein and the drug-binding domains of other members of the same
family must allow a sufficient degree of differential binding to a
‘rule-of-five’ molecule in this common binding site. Preferably, the
protein has <6 homologues outside its family (51% of the successful
targets with identifiable drug-binding domain have <6 human
similarity proteins). Moreover, the protein is preferably involved
in no more than two pathways (76% of the successful targets with
pathway information are associated with no more than two path-
ways). For diseases that tend to concentrate on specific organs or
tissues, protein is preferably expressed in no more than five tissues in
human (53% of the successful targets with tissue distribution infor-
mation are primarily distributed in no more than two tissues).
Proteins with a higher number of homologues, or association with
a higher number of human pathways or distribution in a higher
number of tissues, are not necessarily non-druggable. It generally
increases the chance of unwanted interferences and, thus, the level
of difficulty for finding viable drugs against these proteins.

Although having certain common characteristics, therapeutic
targets do not necessarily bear sequence similarity to each other or
to other disease-related proteins, they are from a diverse range of
different families and structural folds. Therefore, a straightforward
sequence similarity search against known target classes [58] and
disease proteins [59] might not always be useful for identifying
novel targets. It is desirable to develop druggable protein predic-
tive tools by using methods that are not based on sequence
similarity.

One strategy is to use an artificial intelligence (AI) method, such
as support vector machine (SVM) [60], to develop an Al system for
separating druggable and non-druggable proteins, illustrated in
Figure 2. A protein sequence is translated into sequence-derived
physicochemical properties that include amino acid composition,
hydrophobicity, normalized van der Waals volume, polarity,
polarizability, charge, surface tension, secondary structure and
solvent accessibility [60]. These properties are mathematically
represented by a feature vector — feature vectors of known, drug-
gable proteins and those of non-druggable proteins are separated
by a hyperplane in a mathematically-defined hyperspace [61]. A
new protein can be predicted as druggable or non-druggable based
on the location of its feature vector with respect to this hyper-
plane.

Our preliminary study suggests that 69.8% of the known targets
and 99.3% of the non-target proteins can be predicted by SVM as
druggable and non-druggable, respectively. A further search of the
human genome identified 1102 druggable proteins that include
153 G-protein-coupled receptors (GPCRs), 65 other receptors, 333
enzymes and 56 channels. These numbers are consistent with the
estimated numbers of druggable proteins and therapeutic targets
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FIGURE 2

Schematic diagram illustrating the process of druggable protein
prediction from the protein sequence (using a statistical learning
method called Support Vector Machines). A and B are feature vectors of
druggable proteins; E and F are feature vectors of non-druggable proteins;
green circles are druggable proteins; black-filled squares are non-druggable
proteins; feature vector (h;, v;, p;, . . .) represents hydrophobicity, volume and
polarizability.

in the human genome [19,62]. These seem to suggest that an Al
method such as SVM has some capacity for facilitating the identi-
fication of druggable proteins from their sequences, and further
investigation and development is warranted.

Concluding remarks
Strong drug design efforts and resources appear to have been
continuously devoted to the design of therapeutic agents targeted
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