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Abstract

Despite the recent decline of natural product discovery programs in the pharmaceutical industry,
approximately half of all new drug approvals still trace their structural origins to a natural product.
Herein, we use principal component analysis to compare the structural and physicochemical
features of drugs from natural product-based versus completely synthetic origins that were
approved between 1981-2010. Drugs based on natural product structures display greater chemical
diversity and occupy larger regions of chemical space than drugs from completely synthetic
origins. Notably, synthetic drugs based on natural product pharmacophores also exhibit lower
hydrophobicity and greater stereochemical content than drugs from completely synthetic origins.
These results illustrate that structural features found in natural products can be successfully
incorporated into synthetic drugs, thereby increasing the chemical diversity available for small-
molecule drug discovery.
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Recent studies indicate that annual drug approvals have remained at a fairly low, constant
level since the 1950s despite technological advancements!2 and increased research and
development expenditures. The current cost of developing a drug from concept to market is
estimated at nearly $2.6 billion.3 A striking trend over the last 30 years is the marked
increase in approvals of biologic therapeutics (e.g., monoclonal antibodies and vaccines) and
decline in small-molecule drugs (Figure 1).4 ® This trend is consistent with the
pharmaceutical industry’s shift away from focusing exclusively on classical, small-molecule
drug discovery and toward biologics.5"

Despite this, small-molecule drugs remain an integral component of the drug discovery
pipeline. Most notably, small molecules are still more effective at addressing intracellular
targets than most biologics.82 However, small-molecule drugs address a rather limited range
of targets. A 2006 study estimated that approved small-molecule drugs target only 207
proteins encoded by the human genome.10 Moreover, 50% of all drugs target only four
protein classes: rhodopsin-like G-protein coupled receptors, nuclear receptors, voltage-gated
ion channels, and ligand-gated ion channels.10

A potential factor contributing to the limited range of biological targets engaged by small-
molecule drugs is the lack of chemical diversity in most discovery libraries. Small-molecule
drug development often begins with screening campaigns using compound collections
whose designs are impacted heavily by synthetic accessibility.11 Discovery libraries are also
biased by conventions such as Lipinski’s Rule-of-fivel2 and Veber’s rules!3 for oral
bioavailability, which have been used to define ‘drug-like’ structures based on prescribed
boundaries of certain physicochemical parameters. In addition, many combinatorial libraries
are developed around the structural features of known compounds or previously successful
drug candidates.1? Over time, these factors have led to screening collections replete with
molecules sharing a high degree of structural similarity.

Broadening the scope of addressable targets and investigating new modes of action are
important goals towards increasing the versatility of small-molecule therapeutics. Natural
products are an important source of bioactive molecules for drug development and address a
wide range of biological targets.14-17 Over half of all approved small-molecule drugs trace
their structural origins to natural products.*® In addition, there are a considerable number of
natural products and natural product-derived compounds currently in clinical trials.®
However, natural product drug discovery is often associated with challenges in purification,
characterization, and chemical modification of complex natural product scaffolds.1419 As
such, natural product scaffolds are underrepresented in small-molecule libraries, with a
recent study estimating that only 17% of the scaffolds found in natural products (with <11
heavy atoms) are present in commercially available screening collections.20
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To investigate differences in the chemical properties of drugs from natural product versus
synthetic origins, we report herein a principal component analysis (PCA) of the structural
and physicochemical features found in new chemical entities (NCEs) approved between
1981-2010. Overall, we find that drugs based on natural product structures exhibit greater
chemical diversity and interrogate larger regions of chemical space compared to drugs from
completely synthetic origins (i.e.: structure not based upon a natural product). Relative to
completely synthetic drugs, natural products and their semisynthetic derivatives have larger
molecular size, greater three-dimensional complexity, lower hydrophobicity and increased
polarity, and fewer aromatic rings. Moreover, drugs that are synthetic but based on natural
product structures or pharmacophores are also somewhat larger, more complex, and less
hydrophobic than completely synthetic drugs. These results illustrate that structural features
found in natural products can be successfully incorporated into synthetic drugs as a means of
increasing chemical diversity and, by extension, target diversity.

Thus, we parsed NCEs approved between 1981-2010 by compound source using categories
established by Newman and Cragg:#:>21

NP= Natural product.
ND= Derived from a natural product; usually a semisynthetic modification.
S*=  Made by total synthesis, but the pharmacophore is from a natural product.

S

Synthetic drug; often found by HTS or modification of an existing agent.

NM=Natural product mimic.

The parsed NCEs indicate that approximately half of all small-molecule drugs approved
over the last 30 years trace their structural origins to a natural product. Binning NCEs in
five-year periods reveals that this pattern has remained consistent over time, with drugs
based on natural product structures (NP, ND, S*, S*/NM) and completely synthetic drugs
(S, SINM) representing fairly equal shares of total small-molecule drug approvals in each
time interval (Figure 2a). Examining relative approval numbers for natural product (NP),
natural product-derived (ND), and natural product-inspired synthetic (S*, S*/NM) drugs
highlights additional trends (Figure 2b). Approvals for NP drugs peaked in the late 1980s
and declined in the 1990s, correlating with the decommissioning of many natural product
discovery programs in the pharmaceutical industry.22 The uptick in NP drugs between
2001-2010 results, in part, from the approval of several botanical “defined mixtures”, which
have become recognized as drugs by the FDA and similar organizations.® In addition,
approvals for ND drugs have remained fairly constant over time, whereas approvals for S*
drugs increased in 1981-2000, then leveled off and declined in 2001-2010.

Parameter selection

To gain a greater understanding of structural differences between approved drugs from
natural product versus completely synthetic origins, we carried out a cheminformatic
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analysis of the NCEs from 1981-2010. Compounds were analyzed for our established set of
20 structural and physicochemical parameters (Table 1).23-29 parameters were selected
based on the considerations outlined below.

Lipinski’s Rule-of-five (molecular weight (MW) < 500; hydrogen bond acceptors (HBA) <
10; hydrogen bond donors (HBD) < 5; calculated octanol/water partition coefficient
(CLogP) < 5) has prescribed limits on parameters correlated with oral bioavailability.12
Subsequent studies correlated increased oral bioavailability with rotatable bond count (RotB
< 10) and topological polar surface area (tPSA < 140 A).13:30 Sych chemical conventions
have guided drug discovery in the pharmaceutical industry for many years and have strongly
influenced the chemical features found in current small-molecule drugs. Notably, many
natural products, including approved drugs that are orally bioavailable, violate these
conventions.3! Thus, we included MW, HBA, HBD, ALOGPs,32 RotB, and tPSA in our
analysis, as these parameters were predicted to highlight differences between natural
products and synthetic drugs.

Several additional descriptors were included to complement these standard parameters,
including: calculated n-octanol/water distribution coefficient (LogD), calculated aqueous
solubility (ALOGpS), Van der Waals surface area (VWSA), relative polar surface area
(relPSA), and heteroatom counts (number of nitrogens, N; number of oxygens, O). LogD
(pH 7.4) was included as an alternative measure of hydrophobicity as many of the drugs in
this analysis contain ionizable functional groups. ALOGpS32 is a calculated measure of
aqueous solubility and was included because solubility is often a challenge for synthetic
drug-like compounds. VWSA and relPSA were included as additional measures of
molecular surface properties due to the correlation of such features with passive membrane
diffusion.33 Finally, heteroatom counts (N, O) were included because natural products
typically have fewer nitrogen atoms and more oxygen atoms than synthetic drug-like
compounds.34 35

Molecular complexity is an important feature differentiating natural products and synthetic
compounds. Whereas synthetic drug-like compounds are commonly regarded as flat, rigid
molecules with a high degree of aromatic character, natural products generally contain more
complex scaffolds.1® This is particularly important in drug design as molecular complexity
has been correlated with biological activity.38 An important metric for molecular complexity
is stereochemical content as measured by the number of stereocenters in a molecule
(nStereo). Previous cheminformatic analyses have shown that natural products have a
greater number of stereocenters than synthetic drug-like compounds34 and increased
stereochemical content has also been associated with improved binding selectivity® and
successful progression through clinical trials.3” As stereocenter count is correlated with
molecular weight (vide infra), a normalized descriptor for stereochemical density (nStereo +~
MW = nStMW) was also included. Another important measure of molecular complexity was
defined by Lovering as fraction sp3 (Fsp3), where Fsp3 = total number of sp3 carbons =+ total
carbon count.3” Importantly, Fsp3 has been correlated with improved progression from lead
discovery through clinical trials to drug approval.3” Subsequent statistical studies used Fsp3
to illustrate that natural products are more complex than the synthetic drug-like compounds
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found in commercial screening libraries.38 Accordingly, Fsp® was included to complement
the nStereo and nStMW descriptors.

Natural products are also differentiated from drug-like compounds by having larger, more
complex ring systems.3%:39 Thus, several parameters related to ring count and ring size were
included in the analysis: number of rings (Rings), number of aromatic rings (RngAr),
number of ring systems (RngSys), atom count of largest ring (RngLg), and rings per ring
system (RRSys). RngAr is of particular importance as previous analyses have shown that
synthetic drug-like compounds, on average, have more aromatic character than natural
products,34 and aromatic content has been correlated with increased preclinical toxicity and
attrition rates in drug candidate progression.40:41

Average values for structural and physicochemical parameters

We then determined average values of each structural and physicochemical descriptor for
each drug category (Table 2). Molecular weight varies significantly between classes and
both NP and ND drugs have higher average molecular weights than S* and S drugs. The
large differences in mean molecular weight are due in part to the approval of several large
peptide natural products; the difference in median molecular weights is less pronounced,
although the same trend holds (Table S1). These results are consistent with previous
cheminformatic studies.34 3% The lower average molecular weight for completely synthetic
S drugs is also consistent with the use of Lipinski parameters in the development of
synthetic drugs. In addition, despite having structures based on natural product
pharmacophores, the average molecular weight for S* drugs is lower than that of NP and
ND drugs, closer to that of completely synthetic S drugs (Table 2).

Relative to S* and S drugs, NP and ND drugs have higher average values for other
parameters that correlate with molecular weight, such as heteroatom count (N, O), hydrogen
bond donor/acceptor count (HBD, HBA), rotatable bond count (RotB), and stereocenter
count (nStereo). To account for the influence of molecular weight on these parameters, we
divided the average values of each descriptor by the average molecular weight for each
compound class. The normalized values for heteroatom count, hydrogen bond donor/
acceptor count, and rotatable bond count display little to no variation across compound
classes (Table S2). Notably, the normalized values for stereocenter count (nStMW) for NP
and ND drugs were 2- to 6-fold higher than those for S* and S drugs (Table 2). These data
are consistent with previous cheminformatic studies indicating that natural products have a
greater degree of stereochemical diversity relative to synthetic drug-like compounds.34:35

The values of Fsp3 are higher for NP and ND drugs relative to S* and S drugs. This is
particularly important because increased molecular complexity, as measured by Fsp3, has
been associated with the ability of molecules to interrogate larger regions of chemical
space.3” Interestingly, although S* and S drugs have similar average molecular weights, S*
drugs have higher values for both nStMW and Fsp?. Thus, natural product-based S* drugs
exhibit greater molecular complexity than completely synthetic S drugs.

Overall, ring count (Rings), ring system count (RngSys), and rings per ring system (RRSys)
are similar across compound classes. Mean values for the size of the largest ring (RngLg)

Bioorg Med Chem Lett. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stratton et al.

Page 6

suggest that, on average, NP drugs contain larger rings than S drugs (Table 2). However, the
median value for largest ring size is equivalent (6 atoms) for all compound classes (Table
S1), indicating that outliers may skew the mean value for NP drugs. The average and median
number of aromatic rings is higher for S and S* drugs relative to NP and ND drugs. These
data are consistent with previous analyses indicating that natural products have lower
aromatic character than synthetic, drug-like compounds.34

Finally, the partition coefficient ALOGPs and distribution coefficient LogD both predict NP
and S drugs to have the lowest and highest hydrophobicity, respectively, with ND and S*
drugs having intermediate values. The increased lipophilicity of S drugs may result in part
from higher aromatic content. Calculated aqueous solubility ALOGpS is similar across drug
classes.

Principal component analysis comparison of compound classes

To visualize the distribution of NCEs in chemical space, we performed principal component
analysis (PCA) on the set of structural and physicochemical descriptors described above.
PCA is a statistical method for variable reduction that allows multidimensional data to be
visualized using two- and three-dimensional plots with minimal loss of information from the
original dataset. As several of the descriptors in this analysis are correlated, PCA uses a
linear transformation to rotate the matrix of variables onto a set of orthonormal axes that
define the dimensions of greatest variance for the dataset.#2-44 The newly formed axes are
called principal components and represent linear combinations of the original variables
(descriptors). Importantly, the matrix rotation preserves Euclidean distances and maximizes
the fraction of total variance from the original dataset on each successive principal
component. Through this transformation, the first principal component (PC1) retains the
greatest fraction of variance from the original dataset, the second principal component (PC2)
contains the next largest fraction, and so on. In this way, an n-dimensional dataset can be
visualized using an m-dimensional plot of principal components (where m < n) with
minimal loss of information.42-44

In the current analysis, drugs were evaluated for 20 structural and physicochemical
properties (Table 1), with PCA resulting in rotation of the complete 20-dimensional dataset
onto a set of principal components.23 Taken together, the first two principal components
(PC1, PC2) in this analysis retain 64% of the information in the full 20-dimensional dataset
(Table S3), whereas >90% of the information in the full dataset is represented in the first six
principal components (PC1-PC6; Table S3). The PCA plot (PC1 vs PC2) from a single
analysis encompassing all compounds is presented in Figure 3, although NP, ND, S* and S
drugs are shown on separate plots for clarity. To maintain the orientation of these PCA plots
with our previous analyses,23-28 PC2 scores for each compound were inverted:; this is
feasible because the signs and units of each principal component are arbitrary.

The PCA plots indicate that NP (Figure 3a) and ND drugs (Figure 3b) are fairly evenly
distributed across chemical space as defined by PC1 and PC2. The wide spread of NP and
ND drugs on the PCA plots illustrates the high degree of physicochemical and structural
diversity found in these molecules. Both S* (Figure 3c) and S drugs (Figure 3d) occupy
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tighter clusters in chemical space relative to NP and ND drugs. These data indicate that the
structural and physicochemical features of synthetic drugs are more narrowly focused than
natural products, and consequently these compounds exhibit less chemical diversity.

Component loadings in the PCA can be used to understand the influence of the original 20
parameters on the distribution of molecules in the PCA plots. A loading plot (Figure 4)
illustrates how the original variables are rotated onto the plane defined by PC1 and PC2. The
loading plot reveals that molecular weight (MW) and other size-based parameters such as
heteroatom counts (N, O), hydrogen bond donor/acceptor count (HBD, HBA), rotatable
bond count (RotB), and stereocenter count (nStereo) have a strong negative (leftward)
influence along PC1. The high correlation of molecular weight with these parameters is
illustrated on the loading plot by the small angles between the vectors representing each
descriptor. This indicates that the large spread of NP and ND drugs along PC1, relative to S*
and S drugs, is largely due to variance in molecular size (Figure 3). These data agree with
previous analyses showing that natural products have, on average, higher molecular weights
relative to synthetic drug-like compounds.34: 35

Although the distribution of S* and S drugs is constrained along PC1, the spread of these
compounds is more pronounced on PC2 (Figure 3c,d). Positioning of compounds along PC2
is governed largely by ALOGPs and ALOGpS, which influence compounds in a positive
(upward) and negative (downward) direction, respectively (Figure 4). In addition, RngAr,
Rings and RngSys influence the positioning of compounds positively (upward) along PC2,
and negatively (leftward) along PC1. Descriptors for molecular complexity Fsp3 and
nStMW, as well as relPSA, influence the positioning of compounds negatively (downward)
along PC2 and negatively (leftward) along PC1 (Figure 4).

Compared to the natural product-based NP, ND, and S* drugs, a larger portion of
completely synthetic S drugs cluster in the upper right region of the PCA plot (Figure 3).
The component loadings indicate that this results from the increased hydrophobic character
of S drugs, as measured by ALOGPs and LogD. In contrast, a greater proportion of NP and
ND drugs extend into the lower left region of the PCA plot (Figure 3), resulting from lower
hydrophobicity (ALOGPs, LogD) and greater molecular complexity (nStMW and Fsp3).
Interestingly, natural product-based S* drugs cluster lower on PC2 than completely
synthetic S drugs (Figure 3c,d), due to the decreased hydrophobicity (ALOGPs) and
increased stereochemical diversity (nStMW and Fsp3) of the former.

Time-resolved analysis of structural and physicochemical descriptors and
PCA plots

To investigate relative changes in the properties of drugs over the last 30 years, average
values of the 20 structural and physicochemical parameters for NP, ND, S*, and S drugs
were parsed in five-year periods from 1981-2010 (Table S4). Although distinct trends are
less clear in these data, molecular weight displays a noticeable increase for all NCEs from
1981-2010. A dramatic increase in molecular weight for NP drugs in 2001-2005 is in part
due to the approval of several large peptide-based drugs, which skew the mean value. The
influence of high molecular weight outliers is less pronounced on median values, though the
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pattern of increasing molecular weight is still observed (Table S5). These results are
consistent with previous cheminformatic studies indicating that the molecular weight of
drugs has increased since the early 1980s.4 46 Parameters that correlate with molecular
weight, such as heteroatom counts (N, O), hydrogen bond donor/acceptor count (HBD,
HBA), rotatable bond count (RotB), and stereocenter count (nStereo), also increase over
time. However, when normalized for molecular weight, these parameters have remained
fairly consistent over the last 30 years.

When drugs in the PCA plot are parsed in five-year periods, little change is observed with
respect to the relative regions of chemical space occupied by NP, ND, S*, and S drugs
(Figure S1). These data suggest that the relative positions of natural products and synthetic
drugs in chemical space has remained similar over the last 30 years. Although a recent
analysis of the physicochemical features of drugs suggest that drugs approved since 2002
occupy different regions of chemical space compared to drugs approved before 1983,46 the
current analysis considers only the relative diversity of drugs from natural product versus
synthetic sources, and does not include structures of drugs approved prior to 1981.

Conclusions

Our cheminformatic analysis of NCEs approved between 1981-2010 indicates that drugs
that are based on natural product structures exhibit a greater range of structural and
physicochemical features compared to completely synthetic drugs. Furthermore, PCA using
our established set of 20 structural and physicochemical parameters23-29 indicates that NP
and ND drugs interrogate larger areas of chemical space that S drugs. NP and ND drugs are
differentiated from S drugs by having, on average, larger molecular scaffolds with lower
hydrophobicity and higher stereochemical content and molecular complexity. These results
agree with previous studies indicating that synthetic drug-like compounds display less

structural diversity and occupy a narrower region of chemical space compared to natural
products. 16:26:34.35.47

Such studies highlight fundamental differences between compounds from natural and
synthetic origins. Whereas the structural features of many natural products have been
tailored through evolution for binding to biological macromolecules, synthetic drugs derive
their structural features from the scaffolds and building blocks used in their preparation.
This becomes a limiting factor as many drug-like combinatorial libraries are constructed
based on synthetic accessibility or structures of previously successful drug candidates.!! As
such, this strategy has restricted the structural diversity of many discovery libraries, which
may have contributed to the limited target diversity of current small-molecule synthetic
drugs.

Our analysis also illustrates that drugs that are synthetic but based on natural product
scaffolds (S*) are less hydrophobic and have greater stereochemical complexity than drugs
of completely synthetic origins (S). This is of particular relevance to drug design as features
such as increased molecular complexity and stereochemical content have been correlated
with decreased preclinical toxicity4?: 48 and increased progression through clinical trials.3’
Moreover, these data underscore the general concept that the structural features found in
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natural products can be successfully leveraged to increase the structural diversity of
synthetic drugs. Such information can now guide the development of synthetic methods that
aim at enhancing diversity by exploiting the structural motifs and features of natural
products.
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Figure 1. Approved drugs 1981-2010
NCEs from 1981-2010 are binned in five-year groups and displayed in three series: total

approved drugs (@), small molecules (M), and biologics (A).
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NCEs are binned in
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cule drug approvals between 1981-2010 parsed by compound class
five-year periods and displayed as percentages of total small-molecule

drug approvals in each time interval. (a) NCEs parsed as drugs based on natural product

structures (i.e.: natu
inspired synthetics (

ral products (NP), natural product-derived (ND), natural product-
S*, S*/NM)) versus drugs from completely synthetic origins (S, S/INM).

(b) Drugs based on natural product structures parsed by individual compound classes.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Stratton et al.

a
+ Natural product
a3 drugs (NP)
A
5
A Gl A
14 'S )
y r —
o .14 : a N 4 “A‘
A
-2 A
A
3 L "
a “ A A
-5 A < Ay
~ A
8 7 6 5 4 3 2 41 0 1 2 3
PC1
c I3
4.
AAA 4 :
3 5 AA‘ &l 4
N A AlA,
A a|A ey
1 QA askt
y crais
- A 15 A
. “A A
24 AM, A
- - A
31— NP-inspired —* i
+{ synthetic drugs —.t*
51— (S* S*YNM)
% 7 % 5 4 5 2 4 0 1 3 3

PC1

PC2

PC2

Page 13

N W oA
W

[ T IR
r & ¢ N

Natural product-
derived drugs (ND)

A
A
ok AA
A

2]

o
'

N oW A
W

Completely
synthetic drugs
(S, S/NM)

[ T IR
;> 9 N

)
'

Figure 3. PCA plots of drugs approved between 1981-2010 parsed by compound class
Data from a single analysis are shown on four separate PCA plots defined by the first two

principal components, PC1 vs PC2, for (a) natural product drugs (NP), (b) natural product-

derived drugs (ND), (c) natural product-inspired synthetic drugs (S*, S*/NM), and (d)

completely synthetic drugs (S, S/INM).
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Figure 4. Component loadings for the PCA

Vectors on the loading plot indicate the relative influence of each structural and

physiochemical descriptor on the placement of molecules on the plot of PC1 vs PC2.
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Structural and physicochemical parameters used to analyze NCEs between 1981-2010.

Table 1

Parameter | Description

MW molecular weight

N number of nitrogen atoms

o number of oxygen atoms

HBD number of hydrogen bond donor atoms

HBA number of hydrogen bond acceptor atoms
RotB number of rotatable bonds

tPSA topological polar surface area

VWSA Van der Waals surface area

relPSA tPSA + VWSA (relative polar surface area)
nStereo number of stereocenters

nStMW nStereo + MW (stereochemical density)

Fsp® sp3 carbon count + total carbon count (fraction sp3)
Rings number of rings

RngAr number of aromatic rings

RngSys number of ring systems

RngLg number of atoms in the largest ring

RRSys Rings + RngSys (ring complexity)

ALOGPs calculated n-octanol/water partition coefficient
ALOGPS | calculated agueous solubility

LogD calculated n-octanol/water distribution coefficient
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Table 2

Mean values for the structural and physicochemical parameters of approved small-molecule drugs. See Table
S1 for median values and Table S2 for additional molecular weight-normalized values of size-dependent
parameters.

Natural product drugs (NP)  NP- derived drugs (ND) NP-inspired synthetic drugs Completely Synthetic drugs (S,

(S, S*INM) S/INM)

Mw 626 634 386 343
N 4.1 4.4 3.0 24
(6] 9.3 8.3 4.1 2.6
HBD 6.4 5.0 25 13
HBA 10.3 9.2 5.2 4.2
RotB 11.0 12.6 7.7 5.2
nStereo 8.2 6.7 1.9 0.8
nStMW 0.012 0.011 0.005 0.002
Fsp® 0.68 0.60 0.47 0.37
tPSA 209 194 98 70
VWSA 933 917 573 487
relPSA 0.22 0.20 0.19 0.16
Rings 3.1 3.8 2.8 2.8
RngAr 0.8 13 1.9 1.9
RngSys 2.0 2.2 2.0 2.2
RnglLg 9.6 75 6.1 59
RRSys 1.6 2.1 14 13
ALOGPs 15 2.0 1.8 2.7
ALOGpS -3.3 -3.9 -35 -3.7
LogD 2.2 -1.3 0.3 15

Bioorg Med Chem Lett. Author manuscript; available in PMC 2016 November 01.



