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Addressing drug-like/lead-like properties of biologically active small molecules early in a lead generation program is
the current paradigm within the drug discovery community. Lipinski’s “rule of five” has become the most commonly
used tool to assess the relationship between structures and drug-like properties. Sixty percent of the 126 140 unique
compounds in The Dictionary of Natural Products had no violations of Lipinski’s “rule of five”. We have isolated 814
natural products based on their expected drug-like/lead-like properties to generate a natural product library (NPL) in
which 85% of the isolated compounds had no Lipinski violations. The library demonstrates the feasibility of obtaining
natural products known for rich chemical diversity with the required physicochemical properties for drug discovery.
The knowledge generated in creation of the library of structurally characterized pure natural products may provide
opportunities to front-load lead-like property space in natural product drug discovery programs.

While natural products represent a rich source of therapeutically
useful compounds,1–7 interest in the development of natural products
by the pharmaceutical industry has declined. Natural products,
however, remain biologically validated and, as such, should provide
a good lead generation option. If natural products are to once again
be of interest to the wider drug discovery world, they need to be
able to be utilized within the lead generation paradigm.

We have investigated a biosynthetic enzyme/target correlation
and established that an imprint of recognition of protein surfaces
during biosynthesis is transferred to recognition of therapeutically
useful enzyme targets. Comparison of X-ray crystallographic
structures of the biosynthetic enzymes chalcone isomerase, chalcone
synthase, and anthocyanidin synthase with three X-ray structure
complexes of protein kinases with flavonoids identified a shared
recognition. This recognition occurs at a level beyond the SCOP
fold classification. Classification of proteins at the fold level
according to the Structural Classification of Proteins (SCOP)
database8 is based upon the arrangement of major secondary
structures and topological connections. Protein fold topology (PFT),9

as exemplified by the flavonoid/kinase PFT, is defined as a similar
arrangement of different secondary structures around the active site.
A similar PFT at the target level has been demonstrated in a study
of different fold targets of the same natural product.10

This biosynthetic enzyme/target correlation provides the underly-
ing reason why natural products are validated starting points for
drug design and explains the success of compound libraries based
on natural product starting points.11–13 It has been proposed that
the large compound libraries used in HTS may not reflect the rich
diversity of a smaller, purified compound natural products library.14

There have been several comprehensive reviews of the types of
libraries that have been developed inspired by natural products.15–19

The latest review of libraries from natural product-like scaffolds
encompasses over 50 reported libraries.16Some of the most recent
libraries have been based upon (()-vasicine,20 3-chloro-4-hydrox-
yphenylacetamide,21 flavonoids,22 the Amaryllidaceae alkaloids,23

fused bicyclic acetals,24 and spiroketal structures.25

Interestingly, a comparison by Feher and Schmidt26 showed that,
overall, natural products are more similar to drugs than compounds

obtained from combinatorial synthesis. A large proportion of natural
products are biologically active and have favorable ADME/T
properties (absorption, distribution, metabolism, excretion, and
toxicology), despite the fact that they often do not satisfy proposed
“drug-likeness” criteria. Current thinking in the generation of drug
leads embodies the concept of achieving high molecular diversity
within the boundaries of reasonable drug-like properties.27 Natural
products, which possess biochemical specificity and occupy a larger
chemical space than synthetic compounds, will become favorable
as lead structures for drug discovery if they comply with drug-
like/lead-like criteria. Building a physiochemically “tuned” natural
product library in line with the lead generation paradigm is a
necessary step to promote natural products to their full potential.

The lead generation paradigm requires that compounds conform
to current understanding of lead-like properties and demands that
natural products offer the same pathway through lead optimization.
In order to understand how physicochemical properties can be front-
loaded in natural product drug discovery, we have undertaken to
develop a drug-like set of natural products. This is a first step and
may subsequently allow this knowledge to be applied to obtain
drug-like or lead-like extracts for screening. In this paper, we
evaluate natural products from The Dictionary of Natural Products
(DNP) and from our physiochemically “tuned” natural product
library (NPL) for “drug-likeness”.

Lipinski28 has proposed a simple set of easily calculated
properties, the so-called “rule of five”, which have been derived
from the 90th percentile of drug candidates that reached phase II
clinical trials. It is an algorithm consisting of four rules in which
many of the cutoff numbers are five or multiples of five, thus
originating the rule’s name. To be drug-like, a candidate should
have less than five hydrogen bond donors (HBD), less than 10
hydrogen bond acceptors (HBA), a molecular weight of less than
500 Da, and a partition coefficient log P of less than 5. The aim of
the “rule of five” is to highlight possible bioavailability problems
if two or more properties are violated.

Other parameters also have been used to predict favorable DMPK
(drug metabolism and pharmacokinetics) outcomes, such as rotat-
able bonds, polar surface area (PSA), log D, and counts of nitrogen
and oxygen atoms.29 It should be noted that natural products exhibit
a wide range of flexibility, from rigid conformationally constrained
molecules to very flexible compounds. Rigid molecules are normally
missing from combinatorial libraries since synthesis of highly
constrained molecules is generally more difficult.
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Drug molecules are generally developed from less complex lead
compounds. These lead compounds usually have a smaller number
of rings, less rotatable bonds, and smaller molecular weight and
are more hydrophilic.30 Therefore rules for “lead-likeness”31 have
also been proposed, which have slightly more stringent criteria than
the Lipinski’s “rule of five” such as molecular weight < 450 and
log P < 4. An even more restrictive set of rules have been defined
for fragment screening.32 Both these rules have been designed so
that the compounds found can progress through traditional medicinal
chemistry optimization.

The Dictionary of Natural Products (DNP)33 is a comprehensive
database of natural products containing ca. 171 000 entries derived
from literature reports on the isolation and identification of
compounds from diverse biota. The DNP compounds (ca. 171 000)
were processed to neutralize salts and to remove duplicate
compounds. The unique compounds (126 140) were saved in
SMILES format. The resulting compounds were examined for
Lipinski properties (molecular weight, calculated log P, hydrogen
bond acceptors and donors).34,35

The four individual Lipinski properties were analyzed, and the
histograms for molecular weight, calculated log P, and hydrogen
bond acceptors and donors are shown in Figure 1. The histograms
were expressed as counts to highlight the actual numbers of
compounds in each binned plot.

The histogram of molecular weight (Figure 1a) showed very
similar distribution to that reported by Feher and Schmidt.26 The

molecular weight distribution was a maximum at 300–400 Da, and
about 26% of the compounds analyzed had molecular weights over
500 Da.

The histogram of calculated log P (Figure 1b) showed a Gaussian
distribution with a maximum at 2–2.5 log P units. There were some
compounds with very large calculated log P’s. This was probably
because the training database/algorithm used to calculate log P may
not suit the types and combinations of functional groups found in
natural products. It is interesting to note that we have experimentally
measured the log P’s for many of our natural product compounds
by a HPLC method36 and have found that the calculated and
experimental values can vary by up to 12 units (unpublished result).
These large variations were most noticeable in compounds contain-
ing bromine. The predicted log P values for these compounds were
generally very large. Compounds that can hide functional groups
from solvents, such as cyclic peptides, had very negative calculated
log P data, although the experimental log P values were in the
range 1–3. Even with the shortcomings of these calculations, 81%
of the DNP data set had a calculated log P of less than 5.

The distribution of the hydrogen bond acceptors (HBA) (Figure
1c) peaked at about 3–5 and fell off very quickly to a maximum of
34. About 18% of the database had over 10 acceptors. The
histogram of hydrogen bond donors (HBD) (Figure 1d) showed a
steeply decreasing function from 0 (peak of the distribution) to a
maximum of 31. About 20% of the compounds had donors greater
than 5.

Figure 1. Histogram for DNP database (126 140 unique compounds) showing molecular weight, calculated log P, and hydrogen bond
acceptors and donors.
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Our data also agreed with the work reported by Feher and
Schmidt26 with a smaller natural product database (3287 com-
pounds). About 80% of the compounds had less than two violations
of Lipinski’s “rule of five” (Figure 2).

We have established a natural product library (NPL) consisting
of pure structurally elucidated natural products. The NPL was
designed to obtain compounds with improved drug-like/lead-like
properties. Natural products with no Lipinski violation were chosen
from the DNP. Plants from Queensland, mainland China, and Papua
New Guinea in our biota collection were analyzed by electrospray
ionization mass spectrometry coupled with a nitrogen detector to
determine if they contained the targeted natural products. This
analysis indicated that 1000 plants in the collection might contain
known natural products with no Lipinski violations. Compounds
were isolated by mass-directed purification and structures deter-
mined by NMR spectroscopy. The data for the NMR analysis were
acquired using a cold probe attached to a Varian Unity Inova 600
MHz spectrometer (COSY, HSQC, and HMBC). While biota were
selected based on mass spectrometric evidence of containing known
compounds, 60% of the isolated compounds were published natural
products with a further 39% of unpublished analogues and 1% of
novel compounds. Altogether 814 unique compounds were isolated
from the 1000 biota. The structures of the isolated compounds were
clustered using a Tanimoto distance of 0.3 and displayed a high
level of structural diversity. The cluster set showed 261 clusters
with 129 singletons, 56 doublets, and 17 triplets. The maximum
number of compounds in a cluster was 57 (Figure 3).

The majority of compounds were isolated in sufficient quantities
for thorough biological evaluation to be undertaken in the future
(10–50 mg). Most of these compounds were isolated in yields

ranging from 0.01 to 0.5% dry weight, and about 1% of the purified
compounds were isolated in a yield of 0.001% dry weight.

The structures of the compounds in NPL (814 compounds) were
converted into SMILES format and submitted for analysis for their
Lipinski properties.34,35 It was found that 95% of the compounds
had less than two violations, with 85% having no violations. These
values were improved over the DNP data set, which had 80% and
60% in these categories, respectively. A comparison of the
distributions for the individual parameters for the DNP and NPL
is shown in Figure 4. The histograms show only the data within
the Lipinski interested regions (molecular weight < 500, -2 <
log P < 5, HBA < 10, and HBD < 5) and are expressed as a
percentage count of their respective databases. In all cases the
distributions of the NPL were enhanced for the Lipinski properties
(peaks of the distributions moved to more lead-like properties) when
compared to the DNP.

The molecular weight distribution (Figure 4a) peaks at 300–400
Da for both the DNP and the NPL. Above this the percentages
were reduced for the NPL with respect to the DNP, and below this
the percentages values were enhanced for the NPL with respect to
the DNP. This improved profile for molecular weight is exactly
what is desirable for a more lead-like library. The proportions of
the two databases that satisfy Lipinski’s molecular weight property
(<500 Da) were 73% for DNP and 91% for NPL.

The distribution maximum of calculated log P (Figure 4b) for
the NPL is in the same region as the DNP (log P of 2–3). There
was a trend similar to that for the molecular weight distribution.
The percentage of compounds, with calculated log P greater than
3 for the NPL, was reduced as compared to DNP, while the
percentage of compounds with a calculated log P less than 2 was
enhanced. The NPL relative enhancement of this Lipinski property
was 9% compared to the DNP. Notably in the NPL, 87% of
compounds satisfied the rule for log P.

The distribution of the histogram of hydrogen bond acceptors
(HBA) (Figure 4c) for the NPL showed a maximum at 4–5
acceptors. The number of acceptors below 3 was reduced; those
between 3 and 7 increased and above 8 reduced for the NPL as
compared to the DNP values. Therefore the compounds in the NPL
had enhanced the acceptable number of acceptors to 93% compared
to 82% in the DNP. This is probably due to the NPL having an
enriched percentage of N-containing compounds. The peak of the
distribution for the hydrogen bond donors (HBD) for the NPL is
at 1 with a significant increase in 1 or 2 donors as compared to the
DNP (Figure 4d). The overall enhancement over the DNP values
for this HBD property was 13%.

The overall summary of the four Lipinski parameters for the
two databases is shown in Figure 5. The targeted natural product
library has an average enhancement on drug-like properties of 13%,
with the maximum enhancement for the molecular weight (18%)
and the minimum enhancement for calculated log P (9%).

While 60% of the 126 140 unique compounds in The Dictionary
of Natural Products had no violations of Lipinski’s “rule of five”,
85% of the isolated compounds had no violations. The library of
isolated natural products could be classed as lead-like. This indicates
that there should be an increase in success in finding a lead-like
molecule with improved DMPK properties within a library such
as NPL. We are annotating the isolated compounds with respect to
their cellular phenotypes in a forward chemical genetics approach.
In a wider context, the knowledge generated in creation of the
library of structurally characterized pure natural products may
provide opportunities to front-load lead-like property space in
natural product drug discovery programs.

Experimental Section

Calculation of Physicochemical Properties. The natural product
compounds were taken from Chapman and Hall’s Dictionary of Natural
Products (DNP, April 2005).33 The DNP compounds (ca. 171 000) were
processed to neutralize salts and to remove duplicate compounds. The

Figure 2. Histogram of Lipinski violations as a percentage of the
DNP data set.

Figure 3. Clusters of NPL using a Tanimoto distance of 0.3.
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unique compounds (126 140) were saved in SMILES format. The
purified lead-like/drug-like natural product library (NPL, 814 com-
pounds) was converted into SMILES format. Both libraries (DNP, NPL)
were examined for Lipinski properties (molecular weight, calculated
log P, hydrogen bond acceptors and donors).34,35

Natural Product Isolation and Structure Elucidation. A subset
of 1000 plant biota from NPD biota library was selected for this study.
The biota were collected from Queensland, the People’s Republic of
China, and Papua New Guinea and were analyzed in a small scale using
an electrospray time-of-flight mass spectrometer coupled with a nitrogen
detector. The compounds were isolated by mass directed purification
using an Agilent 1100 Series LC/MSD LC-MS. NMR data were

acquired using a cold probe attached to a Varian INOVA 600 MHz
NMR spectrometer.
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