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ABSTRACT: A collaborative project has been undertaken to
explore filamentous fungi, cyanobacteria, and tropical plants
for anticancer drug leads. Through principal component
analysis, the chemical space covered by compounds isolated
and characterized from these three sources over the last 4 years
was compared to each other and to the chemical space of
selected FDA-approved anticancer drugs. Using literature
precedence, nine molecular descriptors were examined:
molecular weight, number of chiral centers, number of
rotatable bonds, number of acceptor atoms for H-bonds (N,
O, F), number of donor atoms for H-bonds (N and O), topological polar surface area using N, O polar contributions, Moriguchi
octanol−water partition coefficient, number of nitrogen atoms, and number of oxygen atoms. Four principal components
explained 87% of the variation found among 343 bioactive natural products and 96 FDA-approved anticancer drugs. Across the
four dimensions, fungal, cyanobacterial, and plant isolates occupied both similar and distinct areas of chemical space that
collectively aligned well with FDA-approved anticancer agents. Thus, examining three separate resources for anticancer drug
leads yields compounds that probe chemical space in a complementary fashion.
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In a multidisciplinary project to identify anticancer leads from
diverse natural product sources, 343 distinct compounds

have been characterized from aquatic cyanobacteria, filamen-
tous fungi, and tropical plants; over 33% of these represent new
chemical entities, and many of the known compounds have not
been evaluated as anticancer leads previously.1,2 The com-
pounds were isolated based on bioactivity in one or more
anticancer-related in vitro assays, and the structural variety of
the resulting leads was broad, ranging from peptides to
polyketides to terpenoids and myriad combinations thereof.3−11

One of our goals was to measure how this chemical diversity
compared to that of FDA-approved anticancer agents.
In assessing the chemical diversity of a set of compounds,

most approaches rely upon computational analyses of structural
and physicochemical parameters, also known as molecular
descriptors.12−15 Typically, these molecular descriptors include
topological descriptors, physical property descriptors, atom and
bond counts, surface area descriptors, and charge descriptors.16

Each compound can therefore be defined in a chemical

reference space of the n-dimensions of interrelated molecular
descriptor variables.16 A standard approach for reducing the
dimensionality of the descriptors, while maintaining almost all
of the variation among the compounds, is principal
components analysis (PCA).16−18 Although the multivariate
statistical methods behind PCA and rotations to simple
structure involve complex algorithms, bivariate plots of the
components often impart meaning that tend to be missed by
bivariate plots of the original variables.
PCA has been used to compare molecular properties of

different classes of compounds, particularly in relation to
libraries of natural products (Table S1 in the Supporting
Information). Feher and Schmidt12 utilized 10 molecular
descriptors and PCA to examine three different compound
libraries: natural products, molecules from combinatorial
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synthesis, and drug molecules. For this, the Chapman and Hall
Dictionary of Drugs was used as a source of drug molecules (n =
10968); the combinatorial database was assembled from the
following databases: Maybridge HTS database, the Chem-
Bridge EXPRESS-Pick database, the ComGenex collection, the
ChemDiv International Diversity Collection, the ChemDiv
CombiLab Probe Libraries, and the SPECS screening
compounds database [out of the 670536 combinatorial
compounds, a random selection of 2% was used (n =
13506)]; the natural compounds (n = 3287) were assembled
from the following sources: the BioSPECS natural products
database, the ChemDiv natural products database, and the
Interbioscreen IBS2001N and HTS-NC databases.12 Singh et
al.15 presented a multiple criteria approach for the comparative
analysis of combinatorial libraries, drugs, natural products, and
molecular libraries small molecule repository using six
molecular descriptors.15 A set of 20 natural products and 20
synthetic drugs (half of them being the top selling drugs of
2004) were compared for structural diversity by Tan19 using
PCA with nine molecular descriptors. A similar study of the top
200 selling drugs of 2006 relative to Merck's sample collection,
595 natural products, using nine molecular descriptors was
carried out by Singh and Culberson.14 As catalogued in Table
S1 in the Supporting Information, even though the sample sets
varied, there was some overlap between the molecular
descriptors utilized in all four studies.
To examine the chemical space covered by secondary

metabolites we isolated in pursuit of anticancer leads (105
from filamentous fungi, 75 from cyanobacteria, and 163 from
tropical plants) and FDA-approved anticancer agents (96), nine
molecular descriptors were selected (Table S1 in the
Supporting Information): molecular weight (MW), number
of chiral centers (nCC), number of rotatable bonds (nRBN),
number of acceptor atoms for H-bonds [N, O, F; nHAcc],
number of donor atoms for H-bonds [N and O; nHDon],
topological polar surface area using N, O polar contributions
[TPSA(NO)], Moriguchi octanol−water partition coefficient
(MLOGP), number of nitrogen atoms (nN), and number of
oxygen atoms (nO). Four of these descriptors (MW, nHDon,
nHAcc, and MLOGP) were used in formulating the “rule of
five”.20 The topological polar surface area is an important
parameter when assessing the solubility, permeability, and
transport of a compound.21 Chirality is a key characteristic of
natural products, often reflected in their stereospecificity and
affinity toward chiral biological targets.14 For better binding
with receptors, rigid structures are preferable over flexible
ligands, as binding is thermodynamically preferred and
accompanied by lower entropy and hence stronger binding;14,22

calculating the nRBN is an indicator of the rigidity of structures.
Finally, oxygen and nitrogen atoms are important for the
specific binding of ligands to receptors.12 In total, we used nine
molecular descriptors and the same set utilized by Tan19 (Table
S1 in the Supporting Information).
Very high correlations were observed between the eight

molecular descriptors and the MW. This is most apparent from
the correlation coefficients in row 1 of Table S2 in the
Supporting Information (all except two were close to r = 0.9;
see the Supporting Information). This was not surprising, as
the high correlations were a consequence of the eight other
descriptors being highly dependent on the size of the
compounds, and thus, their variation can be most simply
explained by their MW. Therefore, to understand how the
compounds differ from each other by more than the simple

measure of MW, the eight other descriptors for each compound
were transformed to relative measures by dividing each by a
compound's MW. For example, dividing nN by MW provides a
size-independent measure of nitrogen abundance in a
compound. After standardization, the correlations in Table S3
(Supporting Information) revealed that all of the measures
remain somewhat correlated with each other; however, these
correlations were no longer as dependent on MW. As MW was
included as one of the variables in the PCA, it remains
represented in the decomposition of variation of the
compounds.
Results of the PCA (Table 1) revealed that the first, second,

third, and fourth principal components explained 44, 17, 13,

and 13% of the total compound variance across all nine
measures, respectively, and accounted for 87% of the variance
in total. The loadings in Table 1 were obtained by varimax
rotation23 in an attempt to achieve simpler structure, but the
results differed little from the unrotated solution, which was the
simple PCA solution. Factor one explained almost half of the
variance and was dominated by loadings of TPSA(NO), nHAcc,
MLOGP (negative), nO, and nHDon, which reflects the
relatively higher correlations among these variables (with
MLOGP negatively correlated). Because TPSA(NO), nHAcc,
nO, and nHDon are reflective of the polarity of a compound and
they dominate this factor, it appears that these compounds vary
most with regard to polarity (after standardization by MW). As
MLOGP is a measure of molecular hydrophobocity, it was
reseaonable for it to be negatively correlated with the polarity
descriptors. Factor two was dominated by the abundance of
nitrogen atoms and, to some degree, was relative to the
abundance of oxygen atoms, as seen by the negative loading
there. Essentially, the FDA-approved anticancer drugs have a
higher abundance of nitrogen than the natural product isolates.
Factor three was dominated by nRBN and was negatively
correlated with nCC. Finally, factor four was dominated by
MW, but it was somewhat associated with nCC, even after
normalization. This suggested an intriguing postulate, in that
chiral centers may impart a greater degree of druglike
properties, especially when considering the nCC in compounds
like taxol24 and the recently approved eribulin (Halaven),25

which are 11 and 19, respectively.
Plots of the principal components impart a visual

representation of the data. Because component 1 explained

Table 1. Loadings for the First Four Principal Components
for PCA Analysis of Fungal Secondary Metabolites (n =
105), Cyanobacteria (n = 75), Tropical Plants (n = 163), and
Anticancer Drugs (n = 96)

principal component
PCLOA

01
PCLOA

02
PCLOA

03
PCLOA

04

eigenvalue 3.69 1.62 1.27 1.25
cumulative eigenvalue
(%)

44 61 74 87

MW 0.20 0.13 0.19 0.88
nRBN −0.02 −0.08 0.89 0.25
nN 0.28 0.91 0.01 0.05
nO 0.80 −0.59 0.02 −0.02
nHDon 0.65 0.49 0.08 0.10
nHAcc 0.94 0.14 0.06 0.04
TPSA(NO) 0.95 0.24 0.05 0.01
MLOGP −0.85 −0.14 0.11 −0.33
nCC −0.10 −0.29 −0.64 0.54
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44% of the variance, it was held constant, and Figures 1, 2, and
S1 in the Supporting Information compare component 1 to
components 2, 3, and 4, respectively. In Figure 1D, there is
much overlap, but some drugs seem to have higher values on
both components 1 and 2. Also, plant sources tend to have
lower values on component 2 (Figure 1C), which was
dominated by the abundance of nitrogen as noted above.
Figure 2 again shows much overlap, with plant sources (and
some fungi) showing higher values for component 3 (Figure
2A,C). Component 3 was dominated by nRBN and was
somewhat inversely relative to nCC. Figure S1 in the
Supporting Information shows much overlap in MW, but
some of the fungal secondary metabolites had relatively high
MWs, and the means for both cyanobacteria and fungi were
higher than for drugs and tropical plants.
By inspecting the PCA plots, there were anticancer drugs

residing outside the overlapping area with the isolated
compounds; perhaps these drugs possess key structural features
that should be considered in the natural product isolation
studies. Accordingly, these nonoverlapping drugs were
identified from each plot, and it was found that they were
mainly the same across all plots. The drugs were allopurinol,
leucovorin calcium, aminolevulinic acid, fluorouracil, hydrox-
yurea, dacarbazine, cytarabine, azacitidine, decitabine, amifos-
tine, fludarabine phosphate, temozolomide, nelarabine, and
zoledronic acid (Figure S2 in the Supporting Information).
Structurally, all of these drugs are abundant in nitrogen, and
most are nucleoside-based drugs. Mechanistically, although

they are listed among the FDA-approved anticancer drugs, not
all are used specifically as cancer chemotherapeutic agents, with
some being employed adjunctively with other anticancer
drugs.26 Hence, the above reasons could, at least in part,
explain why the compounds from the three investigated natural
resources failed to cover the chemical space occupied by those
drugs. Moreover, as noted by a reviewer of this manuscript,
there are likely some technical biases embedded in the data, as
many synthetic compounds favor the inclusion of N atoms,
while natural product isolates tend to favor inclusion of O
atoms; such biases may evolve to be irrelevant in the future.
Analyzing the different plots clearly shows that anticancer

drugs tended to cover a larger chemical space than the three
analyzed sets of compounds, although with high overlap among
them. This could be explained, at least in part, by the fact that
the anticancer drugs included both natural and synthetic
compounds. Of the 96 FDA-approved drugs studied, 59% were
either natural products or compounds derived and/or inspired
from natural products, in agreement with Newman and
Cragg.27 However, the sum conclusion was that the isolates
from fungi, cyanobacteria, and tropical plants represented
somewhat different areas of chemical space, and thus, the
collective strategy of probing these three natural resources for
anticancer drug leads individually should be complementary.

Figure 1. Plots of the first two principal components of the isolated secondary metabolites from (A) filamentous fungi (n = 105), (B) cyanobacteria
(n = 75), and (C) tropical plants (n = 163) relative to anticancer agents (n = 96). Plot D combines the data from all three natural product sources (n
= 343) vs anticancer agents (n = 96).
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