
Abstract
!

Natural products are made by nature through in-
teraction with biosynthetic enzymes. They also
exert their effect as drugs by interactionwith pro-
teins. To address the question “Do biosynthetic
enzymes and therapeutic targets share common
mechanisms for the molecular recognition of nat-
ural products?”, we compared the active site of
five flavonoid biosynthetic enzymes to 8077 lig-
andable binding sites in the Protein Data Bank us-
ing two three-dimensional-based methods (Si-
teAlign and Shaper). Virtual screenings efficiently
retrieved known flavonoid targets, in particular
protein kinases. A consistent performance ob-
tained for variable site descriptions (presence/ab-
sence of water, variable boundaries, or small
structural changes) indicated that the methods
are robust and thus well suited for the identifica-
tion of potential target proteins of natural prod-
ucts. Finally, our results suggested that flavonoid
binding is not primarily driven by shape, but
rather by the recognition of common anchoring
points.

Abbreviations
!

Bed-ROC: Boltzmann-enhanced distribution
ROCAU

CHI: chalcone isomerase
CHS: chalcone synthase
3D: three-dimensional
DFR: dihydroflavonol-4-reductase
FBE: flavonoid biosynthetic enzyme
LAR: leucoanthocyanidin reductase 1
PDB: Protein Data Bank
2,3QD: quercetin-2,3-dioxygenase
RAC: ras-related C3 botulinum toxin

substrate
ROC: receiver operating characteristics
ROCAU: receiver operating characteristics area
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Introduction
!

Natural products are chemical compounds syn-
thetized by living organisms. Secondary metabo-
lites are those which are dispensable for survival
but give particular species their characteristic fea-
tures. Secondary metabolites have a broad range
of functions, for example, toxins and repellants
are used as weapons against prey or predators
and attractants are used to attract symbiotic orga-
nisms [1]. If they have an extrinsic action on other
living organisms, natural products usually disturb
an important pathway or trigger a specific biolog-
ical activity. At the molecular scale, they exert
their effect as a drug by interacting with biologi-
cal macromolecules, especially proteins.
Sturm N et al. Si
Natural products occupy a diverse chemical space
and are involved in a large variety of functions,
and therefore represent a rich source of therapeu-
tically useful compounds. Around half of all ap-
proved drugs are natural products or their deriva-
tives [2]. Discovery of therapeutic natural prod-
ucts is nevertheless challenging. Extraction, puri-
fication, and structure characterization are com-
plex tasks. The determination of potential biolog-
ical activities is also demanding, requiring many
biological assays in a trial and error approach.
Computational approaches have recently been
proposed to facilitate the identification of targets
for a compound of interest. Ligand-based meth-
ods, which are based on the assumption that sim-
ilar compounds bind to the same target, have
milarity between Flavonoid… Planta Med 2015; 81: 467–473



Fig. 1 Ligand-free three-dimensional computing
approach to target identification for natural prod-
ucts. (Color figure available online only.)
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been successful in drug repositioning and ligand profiling [3].
However, models are predictive only if the biological activity of
the explored chemical space is already characterized, thus pre-
venting their application to a novel chemical structure. Struc-
tured-based methods in principle circumvent this problem be-
cause they interpret the 3D structure of proteins, and do not rely
on a training dataset. Docking of a given compound into a series
of protein binding sites could efficiently prioritize compounds for
experimental testing. A direct comparison of binding sites has al-
so allowed the identification of common ligands of different pro-
teins, assuming that similar binding sites accommodate the same
ligand. This second approach is of special interest because it does
not depend on a ligand conformational search and gives a robust
prediction even if proteins undergo small structural changes [4].
Natural products are made by nature through interaction with
biosynthetic enzymes and therefore embed a biological imprint
[5,6]. In the present study, we addressed the question “can com-
puting methods find similarity between the active site of biosyn-
thetic enzymes and the binding site of drug targets?”. To establish
the proof of concept, we focused on flavonoids because different
compounds of this class of natural products have been co-crystal-
lized with several biosynthetic enzymes as well as with several
protein targets, in particular kinases. The active sites of five dif-
ferent FBEs were used as a query to search the PDB [7] using
two different site comparison methods, namely SiteAlign and
Shaper (l" Fig. 1).
Results and Discussion
!

In this study, five different proteins were chosen to represent the
family of FBEs: CHS, CHI, 2,3QD, DFR, and LAR from the flowering
plantMedicago sativa (CHS and CHI), the fungus Aspergillus japo-
nicus (2,3QD) and the grape vine Vitis vinifera (DFR and LAR).
These proteins act on nine different substrates in five different
pathways of flavonoid metabolism (Fig. 1S, Supporting Informa-
tion) [8], and, therefore, are expected to constitute a representa-
tive panel of the possible modes of flavonoid recognition. In sup-
port of this hypothesis, the size and composition in amino acids
largely differ in the five enzymes (l" Fig. 2). In addition, active
Sturm N et al. Similarity between Flavonoid… Planta Med 2015; 81: 467–473
sites in the different enzymes are dissimilar, with a single excep-
tion (CHS vs. DFR compared using Shaper, Table 1S, Supporting
Information). The query dataset contains a total of ten different
3D structures, because CHI, 2,3QD, and DFR enzymes were co-
crystallized with up to three different flavonoids (l" Table 1). Of
note, all copies of a given protein site were found to be similar de-
spite slight changes in the site definition and description (Table
1S, Supporting Information).
The ten FBE active sites were compared to 8077 protein sites
which were selected from the PDB according to their predicted
ability to accommodate a small molecular weight ligand with
high affinity [9]. The searched set of binding sites, from here on
called the screening dataset, represents 2379 proteins (as defined
by UniProt identifiers [10]) and 967 enzymatic activities (as de-
scribed by unique Enzyme Commission numbers [11]). Each pro-
tein in the screening dataset was annotated as (1) a FBE if it be-
longed to the set of query proteins, or (2) a flavonoid target if it
was crystallized in complex with a flavonoid (Table 2S, Support-
ing Information) or if a micromolar or better affinity for a flavo-
noid was reported in the ChEMBL database [12] (IC50 or
Ki ≤ 10 µM, Table 3S, Supporting Information), or (3) a decoy.
Among the 71 flavonoid targets identified, kinases were fre-
quently encountered because the screening dataset is highly en-
riched in kinases (22% of entries) and in protein kinases (77% of
the kinases). Also, flavonoids have been suggested to function as
anticancer agents due to the inhibition of protein kinases [13–
17]. Several types of steroid receptors, phosphodiesterases, and
carbonic anhydrases are also targeted by flavonoids.
Site comparisons were performed using two different methods,
namely Shaper and SiteAlign [9,18]. A total of 20 virtual screen-
ing experiments were analyzed. Overall performances were as-
sessed by plotting ROC curves [19,20]. The x-axis of ROC curve
represents the false positive rate, i.e., selectivity. The y-axis of
ROC curve represents the true positive rate, i.e., sensitivity. Here
we considered that the number of true positives is the count of
FBE and flavonoid targets in the selection and the number of false
positives the count of decoys in the selection. Random picking in
the screening dataset theoretically produces a diagonal line with
an area under the curve (ROCAU) equal to 0.5. Whatever the
query site and the comparisonmethod, we observed that ranking



Table 1 Flavonoid biosynthetic enzymes. Enzyme Commission number indicates the type of reaction catalyzed by the enzyme. UniProt ID is a unique sequence
identifier. PDB code is the 3D structure identifier.

Protein

Species

Enzyme commission UniProt ID Ligand name PDB code

Chalcone isomerase (CHI)
Medicago sativa

5.5.1.6 CFI1_MEDSA Naringenin
5-deoxyflavonol
5-deoxyflavonol

1eyq
1fm7
1jx0

Dihydroflavonol-4-reductase (DFR)
Vitis vinifera

1.1.1.219 P93799_VITVI Myricetin
Dihydroquercetin
Quercetin

2iod
2 nnl
3bxx

Quercetin 2,3-dioxygenase (2,3QD)
Aspergillus japonicus

1.13.11.24 QDOI_ASPJA Quercetin
Kaempferol

1h1i
1h1m

Chalcone Synthase (CHS)
Medicago sativa

2.3.1.74 CHS2_MEDSA Naringenin 1cgk

Leucoanthocyanidin reductase 1 (LAR)
Vitis vinifera

1.17.1.3 Q4W2K4_VITVI (+)-Catechin 3i52

Fig. 2 Description of flavonoid biosynthetic en-
zyme active sites. A Number of amino acids, water
molecules, and cofactors in site. Amino acids are
colored in blue, water molecules in red, cofactors in
green. B Composition in amino acids of site. Apolar
residues are colored in grey, negatively charged
residues in red, positively charged residues in blue,
and other polar residues in green. C Volume of
cavity (Å3) computed using VolSite. D Pharmaco-
phoric description of cavity. Aromatic property is
colored in orange, hydrophobic property in grey,
hydrogen-bond acceptor in purple, hydrogen-bond
donor in green, positive charge in blue, and nega-
tive charge in red. (Color figure available online
only.)
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by similarity is significantly better than random picking
(l" Fig. 3). The range of ROCAU values was between 0.60 and
0.78 (Table 4S, Supporting Information), meaning that predic-
tions were fair to good, respectively.
Comparing methods, we observed that, overall, SiteAlign per-
formed better than Shaper, with ROCAUs in the 0.68–0.78 and
0.60–0.72 ranges, respectively. Since shape superimposition is
determinant in predictions made using Shaper while more em-
phasis is given on pharmacophoric features in SiteAlign, we could
postulate that flavonoid binding to flavonoid targets is not pri-
marily driven by shape complementarity, but rather by the rec-
ognition of common anchoring points.
For CHI, three 3D structures of the active site were tested as
query, yielding almost identical ROC curves and ROCAUs
(l" Fig. 3; Table 4S, Supporting Information). Consistent results
were also obtained for the two screenings using DFR queries,
and for the three screenings using 2,3QD queries, further demon-
strating that small changes in the size and composition of a query
site did not affect the quality of predictions made using SiteAlign
and Shaper. Consequently, we concluded that site comparison
methods are robust and that there is no quantitative benefit in
repeating virtual screening using several similar structures of
FBE active site.
To further challenge the methods, we investigated the impact of
water molecules on screening results obtained using Shaper (Ta-
ble 4S and Fig. 2S, Supporting Information). Noteworthy is that
only tightly bound water molecules were included in the sites
(more precisely water molecules establishing two or more hy-
drogen bonds with the protein). FBE sites contained between 0
and 1 water molecules, representing less than 1.3% of the atoms
exposed at the protein site surface. Consequently, water only
marginally affected the global description of the query site, with
variations in shape and of physicochemical properties being lim-
ited to a few spots. These local changes were not sufficient to af-
Sturm N et al. Similarity between Flavonoid… Planta Med 2015; 81: 467–473



Fig. 3 Receiver operating characteristics curves.
A SiteAlign. B Shaper. Curves are colored accord-
ing to FBE proteins: CHI in blue, DFR in green,
2,3QD in orange, CHS in black, and LAR in pink.
(Color figure available online only.)

Fig. 4 Composition of hit list. A FBE and flavonoid
targets in SiteAlign lists. B Kinase proteins in SiteA-
lign hit lists. C FBE and flavonoid targets in Shaper
lists. D Kinase protein in Shaper lists. In A and C,
copies of FBE query are colored in red. Flavonoid
targets are colored in blue or purple according to
experimental evidence sources (PDB or ChEMBL,
respectively). Protein homologs to flavonoid targets
are colored in orange. In B and D, flavonoid targets
are colored in black. Kinases homologous to flavo-
noid targets are colored in yellow. Other kinases are
colored in green. (Color figure available online only.)
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fect virtual screening results. ROCAU obtained with and without
water in the query sites were highly similar.
Given that we aimed at selecting a small number of proteins for
experimental testing, methods for virtual screening not only
have to be sensitive and selective, i.e., with ROCAUs close to 1,
but also have to achieve the early recognition of true targets.
Bed-ROC, which increases theweight of true positives in the early
fraction of the selection (here the 40 top-ranked entries), indi-
cated that SiteAlign addressed the early recognition of flavonoid
targets up to 11 times better than Shaper (Table 4S, Supporting
Information), as also suggested by the initial slopes of ROC curves
(l" Fig. 3). The analysis of ROCAU and Bed-ROC revealed that the
ability to discriminate FBE and flavonoid targets from decoys also
Sturm N et al. Similarity between Flavonoid… Planta Med 2015; 81: 467–473
depends on the query site. Virtual screening experiments using
2,3QD as a query indeed identified the highest number of true
positives among top scorers, and exhibited the highest selectivity
and sensitivity as well.
In a prospective screening exercise, only top-ranked proteins are
submitted for experimental validation. We therefore analyzed hit
lists obtained in the retrospective screening exercises. Hit lists
were built assuming that similarity is significant if it differs by
more than 2.5 standard deviations from the mean value of the
distribution of scores. All distributions of scores were unimodal
and could be approximated to the normal distribution with a
slight skew on the tails (Fig. 3S‑6S, Supporting Information). All
20 hit lists had relatively small and consistent sizes (between 18



Fig. 5 Three-dimensional alignment of sites in chalcone isomerase and
Ras-related C3 botulinum toxin substrate-α serine/threonine protein ki-
nase. The active site of CHI (pdb code: 1fm7) is represented by cyan rib-
bons and the ATP-binding site of RAC-α serine/threonine protein kinase
(pdb code: 4ekk) by orange ribbons. Ligands are rendered with a ball and
stick. Sites were aligned using SiteAlign. (Color figure available online only.)

471Original Papers

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.
and 45 using SiteAlign, and between 15 and 38 using Shaper, see
l" Fig. 4). A few nonselective flavonoid targets were found in sev-
eral hit lists. Steroid receptors were present in all SiteAlign lists.
These proteins have promiscuous binding sites [21]. For example,
human peroxisome proliferator-activated receptor γ [22] was
found in seven different hit lists (SiteAlign combined with CHI or
2,3QD, Shaper combined with CHI, DFR, or LAR). Carbonic anhy-
drase 2 [23] was also frequently encountered in hit lists.
Detailed analysis of each hit list showed that the compositionwas
characteristic of each FBE screening. We especially observed FBE-
specific flavonoid targets, thereby suggesting that there is not a
single flavonoid imprint across the FBE family. Some flavonoid
targets were found in only one FBE query. For example, human
RAC-α serine/threonine protein kinase [24], human mitogen-ac-
tivated protein kinase 1 [25], and human phosphatidylinositol
4,5-biphosphate 3-kinase catalytic subunit γ isoform [17] were
only present in CHI hit lists. Many kinases, and more specifically
serine/threonine protein kinases, were actually present in CHI hit
lists, but not in other hit lists (l" Fig. 4B,D). The flavonoid biolog-
ical imprint embedded in CHI thus constituted a good bait to
identify kinases which potentially bind flavonoids. CHI is in-
volved in the formation of the isoflavan scaffold by catalyzing
ring closure on chalcone substrates, and thus may retain an im-
print of the complete isoflavan scaffold (Fig. 1S, Supporting Infor-
mation). In addition, the active site composition in CHI differs
from that in other FBEs. Especially CHI, like the kinases retrieved
from the screening dataset, contains more charged residues than
other FBEs (l" Fig. 2).
Considering that all the proteins homologous to flavonoid targets
in the SiteAlign hit lists are putative true positives, the perform-
ance of retrospective screenings was probably underestimated.
For example, proto-oncogene tyrosine-protein kinase Src from
both humans and chickens [24] were present in the CHI hit list
(1eyq), while only the human enzyme was marked as a flavonoid
target. Androgen receptors from both humans and chimpanzees
were identified in the CHI hit list (1eyq), while only the human
enzyme was marked as a flavonoid target.
Finally, we asked the question “can similarity score be inter-
preted into common structural features?”. To that end, we dis-
played the 3D alignment for a selection of similar pairs and ob-
served that secondary structure elements are well superimposed
although the protein global 3D structures are different. As shown
on l" Fig. 5, the active site of CHI is formed by α1 and α2 helices
and a β1 three-stranded sheet and β2 strand. The similar binding
site in RAC-α serine/threonine protein kinase is made of α3 and
α4 helices that well superimpose to α1 and α2 in CHI. In addition,
the β3 three-stranded sheet and α5 helix in the kinasewell match
β1 and β2 in CHI. Interestingly, secondary structure elements
with a conserved position in space do not necessarily match sec-
ondary structure elements of the same type, as illustrated by the
superimposition of the β2 strand from CHI to the α5 helix in the
kinase.
In this retrospective study, we were able to use FBE as bait to re-
trieve flavonoid targets from a large set of ligandable proteins.
Protein similarity based on shape (Shaper) returned hit lists with
up to 14.7% of flavonoid targets. We demonstrated that shape-
based similarity is not the method of choice, especially with pro-
miscuous natural products in particular flavonoids. In this study,
protein similarity based on molecular anchoring points (SiteA-
lign) returned hit lists containing up to 27% of flavonoid targets.
SiteAlign successfully identified alternate domains of a helix and
a β-sheet as possible equivalent anchoring points. The diversity of
flavonoid targets and other proteins retrieved using different FBE
queries suggested that the biological imprint gained during bio-
synthesis of natural products is unique to each biosynthetic en-
zyme (here, FBE) rather than there being a single unique flavo-
noid biological imprint across the FBE family. All FBE queries re-
trieved known flavonoid targets as well as a set of non-related
flavonoid targets. This methodology promises to deliver non-re-
lated flavonoid targets as an enriched bioassay screening set.
Material and Methods
!

Three-dimensional structures of protein binding sites
FBEs and the screening dataset were extracted from the 2012 re-
lease of the sc-PDB database [26]. The sc-PDB provides an all-
atom description of complexes between a small molecular
weight ligand and a ligandable protein, which includes all protein
chains, metal ion(s), cofactor(s), and water molecule(s) (estab-
lishing at least two hydrogen bonds with the protein chains) in
the vicinity of the ligand. For each protein, the binding site was
defined as all protein residues delimiting the cavity detected us-
ing Volsite [9] and with at least one heavy atom distant from less
than 6.5 Å from any ligand heavy atom. Last, we verified that the
FBE active site was consistent with the amino acid sequence of
the native protein as described in the UniProt database [10].
Sturm N et al. Similarity between Flavonoid… Planta Med 2015; 81: 467–473



Fig. 6 Principle of protein binding sites compari-
son in SiteAlign and Shaper. (Color figure available
online only.)
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Binding site comparison
Site similarity was evaluated using two programs based on differ-
ent methods, SiteAlign [18] and Shaper [9] (l" Fig. 6). Briefly, Si-
teAlign represents a binding site with an 80-triangle polyhedron
centered on the protein cavity. Physicochemical properties of
binding site amino acids are projected onto triangles of the
polyhedron (cofactors, metal ions, and water molecules are
ignored). Null property is assigned to triangles not hit by the pro-
jection of an amino acid. Binding sites are aligned by optimizing
the superimposition of two polyhedrons for the best match of
physicochemical properties. SiteAlign quantifies site similarity
using two distances, whether considering all matched triangles
(D1 score) or only matched triangles with non-null properties in
the two polyhedrons (D2 score).
In the present study, the D1 score was used as a filter; two sites
were dissimilar if D1 was lower than 0.6. The D2 score was used
to rank solutions.
Shaper represents the negative image of a binding site, including
amino acids, cofactor(s), and water molecule(s); 1.5 Å-spaced
grid points filling the cavity are annotated with pharmacophoric
properties of the nearest protein atoms. Binding sites are aligned
by maximizing the geometric overlap of grids. Shaper quantifies
site similarity by computing the proportion in the query site of
the grid points with position and properties common to that in
the compared site (RefTversky score).

Virtual screening
FBE active sites were compared to all the 8077 entries of the sc-
PDB using Shaper and SiteAlign. Each screening experiment
yielded a ranked list of 8076 binding sites, sorted by decreasing
similarity to the query. For a given query, a hit list was obtained
by selecting all proteins with at least one copy having a similarity
score better than the mean of the distribution plus 2.5 standard
deviations.
ROCAUs were computed using the package pROC [27] in R. Bed-
ROC values were computed using the package enrichvs in R. The
alpha coefficient for Bed-ROC was set to 200.

Supporting information
Tables showing the similarity between active sites of FBEs, sc-
PDB proteins in a complex with a flavonoid, proteins with a mi-
cromolar or better affinity for flavonoids, as well as ROCAU and
Bed-ROC values are available as Supporting Information. Also,
figures displaying the biosynthetic reactions catalyzed by FBEs,
Sturm N et al. Similarity between Flavonoid… Planta Med 2015; 81: 467–473
ROC curves for site comparison using Shaper, distribution of Si-
teAlign distances, as well as SiteAlign score and Shaper similarity
score distributions can be found in this section.
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