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Hyaluronidase (Hyal) enzyme is a potential biological target for the development of anti-
inflammatory agents. Xanthorrhizol, a bisabolene sesquiterpenoid isolated from Curcuma
xanthorrhiza has been reported to show anti-inflammatory activity against cyclooxygenase
(COX), inducible nitric oxide synthase (iNOS), and interleukins (IL). However, the activity of
xanthorrhizol as a Hyal inhibitor has not been exploited. In this study, a total of 26 xanthorrhizol
derivatives with structural modifications at the Ry - R4 scaffold were chosen. Molecular docking
was performed to virtually screen their structure-activity relationships towards Hyal, while
ADME prediction was done to predict their pharmacokinetic profiles. All derivatives bound to
the active site of Hyall with binding energies ranging from -5.7 kcal/mol to -8.5 kcal/mol.
Derivatives 24 and 14 with a benzyloxy moiety at position R; and polar moieties at positions R
and R4 showed lower binding energies (-8.3, and -7.9 kcal/mol, respectively) compared to
apigenin, 28 (-7.9 kcal/mol) and xanthorrhizol, 1 (-6.5 kcal/mol). These derivatives also fulfilled
all ADME and drug-likeness properties, indicating they were potential Hyal inhibitors. Through
this work, the activity of xanthorrhizol derivatives against Hyall may be predicted and screened

as a basis for future modifications of xanthorrhizol to create a potential Hyal inhibitor.
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Inflammation is a result of the immune system’s
response to maintain the integrity of the human body
after exposure to pathogens/toxic compounds or
external injury, which involves various signalling
molecules and nuclear transcription pathways [1].
Chronic inflammation such as rheumatoid arthritis and
cancers can occur when disruption or failure occurs
during the acute inflammatory response [2]. Many
enzymes are responsible for the regulation of
inflammation response, and one of them is
hyaluronidase (Hyal). Hyal is a glycoside hydrolase
enzyme responsible for the degradation of hyaluronic
acid (HA), a major constituent of the extracellular
matrix (ECM). In the human body, six isozymes were
found to be expressed in different body parts,
including liver, testes, uterus, skin, and body fluids
like tears and semen [3]. Among them, hyaluronidase-
1 and hyaluronidase-2 are the two key enzymes
responsible for the degradation of HA [4]. HA
degradation results in the production of low molecular
weight HA (LMW-HA) fragments, which can induce
inflammatory and immunosuppressive responses [5].
This is due to the ability of the fragments to trigger the
action of inducible nitric oxide synthase (iNOS) in
macrophage cell lines. In addition, it stimulates
dendritic and endothelial signalling pathways, leading
to the production of various inflammatory cytokines
such as interleukins (IL)-1p, 1L-12, and tumour
necrosis factor-a (TNF-o) [6]. As a result, Hyal is a

suitable target for developing anti-inflammatory
agents.

Curcuma xanthorrhiza, or “temulawak”, is a
native plant of Indonesia which is widely distributed in
other countries including Malaysia, Thailand and the
Philippines. Also known as ‘“Javanese turmeric”, C.
xanthorrhiza is a popular ingredient in traditional health
supplements or “jamu” [7]. Traditional uses of C.
xanthorrhiza also extend to the treatment of
inflammation-related diseases like wound healing,
hepatitis and rheumatism [8]. The health benefits of C.
xanthorrhiza are attributed to secondary metabolites that
can be found in the plant. Xanthorrhizol (1), a type of
bisabolene sesquiterpenoids, is found abundantly as an
active compound in the rhizome part of C. xanthorrhiza
essential oil [9] and extract [7]. It was reported that
xanthorrhizol possessed a wide range of biological
effects, including anti-bacterial [10, 11], anti-oxidant
[12], anti-hyperglycemic [13], and anti-cancer [14]
activities. Moreover, xanthorrhizol also exhibits anti-
inflammatory activities through inhibition of several
enzymes and inflammatory mediators that contribute to
inflammation, like cyclooxygenase (COX), inducible
nitric oxide synthase (iNOS) [15,16], and interleukins
(IL) [17]. Although substantial research has been
conducted on xanthorrhizol’s biological activities,
particularly its anti-inflammatory effects, there have been
no reports of its activity against the Hyal enzyme.
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Figure 1. a) Structure of xanthorrhizol, 1; b) Chemical modification at Ri-Rua.

Xanthorrhizol has one benzene ring, one
phenolic hydroxyl group ortho to the methyl group
and an alkene moiety on the alkyl side chain para to
the methyl group (Figure 1a). There are a number of
reports on the synthesis of xanthorrhizol derivatives
by chemical modification of the three moieties
represented by R;-R4 (Figure 1b) [18, 19, 20, 21].
Despite extensive research, to date, there have been
no reports on the structure-activity relationship
(SAR) of these derivatives towards the Hyal enzyme.
A common approach to SAR involves two steps:
design of the drug through the synthesis of the
derivatives, followed by in vitro enzymatic or cell
biology assays. However, this approach requires
extensive synthesis of many derivatives that are
normally not targeted towards a specific protein. It
usually takes time, is costly and may be less accurate.
Moreover, the design of drugs at the early stage
usually ignores the pharmacokinetic profile for
absorption, distribution, metabolism and excretion
(ADME) of the drug in the body, leading to the
failure of almost 50 % of potential drug candidates
[22]. In silico approaches such as molecular docking
and ADME prediction are now preferred [23].
Molecular docking can predict the binding affinity
between the designed drug and the target protein;
thus, it is more targeted [24]. On the other hand,
predicting the pharmacokinetic profile using
SwissADME tools by the Swiss Institute of
Bioinformatics [25] provides critical information
regarding the potential of the molecule to be
developed as a drug [26]. In this study, a small library
containing 26 xanthorrhizol derivatives was virtually
screened using molecular docking targeting the Hyal
enzyme. The SAR of the selected derivatives at R -
R4 positions were determined by analyzing their
binding energies and interactions with the amino acid
residues. The ADME profiles and drug-likeness
properties of the derivatives were also assessed to
establish their efficiency and efficacy against the
Hyal enzyme.

MATERIALS AND METHODS
Ligand Preparation
Xanthorrhizol (1), 26 selected xanthorrhizol

derivatives (2-27) and apigenin (28) were chosen as
ligands for this work. The structures of all ligands

shown in Figure 1 were sketched with ChemDraw
15.0 [27] to generate its SMILE notations. All 3D
structures of the ligands were generated and
optimized using the AutoOptimize tool in Avogadro
2.0 [28]. The optimized ligands were saved in PDB
format for use in AutoDockTools (ADT) 1.5.6 [29]
to compute the Gasteiger charges. The ligands with
charges were then saved in PDBQT format for
molecular docking.

Protein Preparation

Human hyaluronidase-1 (Hyall) was selected as the
target enzyme. The crystal structure of the protein
(PDB ID: 2PE4) with a resolution of 2.0 A was
obtained from the Protein Data Bank (https:
/Ircsb.org). Water molecules and bound ligands
were removed with PyMOL, before the addition of
polar hydrogen atoms and Kollman charges using
ADT 1.5.6. The optimized protein was then saved in
PDBQT format for molecular docking.

Grid Box Preparation

The grid box was created with AutoGrid in ADT
1.5.6 to cover all the amino acid residues at the active
site [30]. The grid box dimensions were specified at
62, 58 and 58 A (x, y, z axes, respectively) and
centred at 37.045, -17.292, -11.844 (X, y, z axes,
respectively).

Molecular Docking

AutoDock Vina [31] was used as the docking
program in this study. The configuration file was
prepared according to the grid box set previously
defined, and the number of modes was set to 20 runs.
Upon completion of the docking simulation, the
results were visualized using PyMOL and Discovery
Studios for 3D and 2D representations, respectively.

In silico ADME Profiling

The in silico ADME profiles for all ligands were
evaluated using the SwissADME server (http://www.
swissadme.ch/) by the Swiss Institute of Bio-
informatics [25]. The SMILES notations generated
during ligand preparation were submitted to the
server for ADME evaluation.
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Figure 2. 2D structures of all ligands.

RESULTS AND DISCUSSION
Molecular Docking Studies

Xanthorrhizol is the major active compound found
in C. xanthorrhiza, which differentiates it from
other Curcuma species [32]. The structure of
xanthorrhizol, 1, can be modified through
chemical synthesis to produce its derivatives. In

this study, 26 xanthorrhizol derivatives with
known chemical synthesis methods [18, 19] were
selected as the starting point for further virtual
screening. As the synthesis, characterization and
enzymatic assays would be time-consuming, the
derivatives’ activities against Hyall were virtually
screened using molecular docking studies.
Apigenin, 28, a positive control in the
hyaluronidase enzyme inhibitory assay and known
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Hyal inhibitor [33], was used as the reference
compound for the docking studies.

Table 1 lists the free binding energies
exhibited by all ligands ranked from lowest to
highest energy and the amino acid residues
involved in the binding interactions. Overall, all
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derivatives showed free binding energies ranging
from -5.7 to -8.5 kcal/mol. Among those, seven
derivatives (17, 8, 18, 24, 25, 11, and 15) had
binding energies (> -8.0 kcal/mol) which were
lower than apigenin (-7.9 kcal/mol) and
xanthorrhizol (-6.5 kcal/mol). Derivative 14 had
the same binding energy value as apigenin.

Table 1. Docking results of xanthorrhizol derivatives against Hyall enzyme.

Derivatives Substituent Free binding Interacting amino acid residues
energy (kcal/mol)
17 R1-OBz, R,-OBz, -8.5 lle73, Aspl29, Glul3l, Tyr247, Tyr286,
Rs-H, Rs- CHs, Trp321
8 R1-OBz, R,-OBz, -8.3 Asp129, Glul3l, Tyr202, Tyr210, Tyr286,
Rg-(S)-OH, Rs-OH Trp321
18 Ri-OBz, R,-OBz, -8.3 1e73, Aspl29, Glul31, Tyr286, Trp321
Rs-(R)-OH, R4-OH
24 R:-OBz, Rz>-H, Ra- -8.3 lle73, Aspl29, Glul3l, Gly203, Tyr210,
OH, Rs-Ac Ser245, Tyr286, Trp321
25 R:-OBz, Rz-H, Rs-H, -8.2 lle73, Vall27, Aspl29, Glul31l, Gly203,
Rs-Ac Tyr247, Arg265, Tyr286, Asp292, Trp321
11 R:-OBz, Rz>-H, Rz- -8.0 lle73, Aspl29, Glul3l, Tyr202, Tyr286,
OH, R4-CH> Trp321
15 R;-OBz, R2-H, R3-H, -8.0 Pro62, I1le73, Aspl29, Glul3l, Tyr247,
R4-CH3 Tyr286, Trp321
14 R:-OBz, R2>-H, Rs- -7.9 lle73, Aspl29, Glul3l, Tyr202, Ser245,
(S)-OH, R4-OH Tyr286, Trp321
28 (Apigenin) - -7.9 Trp130, Glul31, Tyr202, Tyr210, Ser245,
Arg265, Tyr261
16 R:-OBz, Rz>-H, Ra- -71.6 Asp129, Glul3l, Tyr202, Tyr247, Tyr286
(R)-OH, Rs-OH
12 Ri- Ac, R2-H, Rs-H, -6.9 Tyr75, Aspl29, Glul31, Tyr202, Trp321
R4-CH3
13 Ri- Ac, R>-H, Rs- -6.7 Tyr75, Asp129, Glul3l, Trp321
OH, R4-OH
3 R:-OH, R2>-H, Rs- -6.6 Asn37, 1le73, Tyr75, Vall27, Aspl29,
(R)-OH, Rs-OH Tyr202, Tyr286, Trp321
4 Ri- Ac, R2-Ac, Rs- -6.6 Glul3l, Tyr202, Ser245, Tyr247
OH, R4-OH
7 R;-OH, R2-OH, R3- -6.6 Pro62, Tyr202, Tyr286, Trp321, Val322,
H, R4-CH3 Trp324
1 (Xanthorrhizol)  Ri1-OH, R2-H, Rs-H, -6.5 Argl34, Tyr210, Pro249, Tyr261
R4-CH3
2 R1-OH, Rz-H, Rs- -6.5 lle73, Tyr75, Vall27, Aspl29, Glul3l,
(S)-OH, R4-OH Tyr202, Tyr286, Trp321
6 Ri- CO, R2-CO, Rs- -6.5 Tyr202, Tyr286, Trp321, Trp324

H, Re-H
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9 Ri1-OH, R2-H, R3-
OH, R4-CH;
19 R;-OH, R2-OH, R3-
OH, Rs-OH
20 R1-OMe, R2-H, R3-
H, R4-CH3
22 R;-OMe, R2-H, Rs3-
Ac, Rs-OH
23 R;-OMe, R2-H, R3-
AC, R4-CH>
26 R;-OMOM, Rz-H,
R3-OH, R4-OH
21 R;-OMe, R2-H, R3-
OH, Rs-OH
10 R1-OMe, R2-H, R3-
OH, R4-CH>
27 R;-OMOM, R»-Br,
R3-OH, R4-OH
5 R;-OH, R2-OH, R3-
OH, R4-OH

-6.5 le73, Tyr75, Aspl29, Tyr202, Tyr286,
Asp292, Trp321

-6.4 Aspl29, Glul3l, Tyr202, Ser245, Tyr247,
Trp321

-6.3 Tyr75, Aspl29, Tyr202, Trp321

-6.3 Pro62, Glul31, Tyr247

-6.3 Pro62, Trp321

-6.2 Arg134, Gly203, Asp206, Tyr210

-6.4 Tyr75, Aspl29, Glul3l, Tyr202, Asp292,
Trp321

-6.1 Tyr75, Aspl29, Glul3l, Asp292, Trp321

-6.1 Tyr75, Aspl29, Glul3l, Tyr202, Tyr286,
Trp321

-5.7 Asn37, Tyr75, Aspl29, Glul3l, Tyr247,
Tyr286

*(OBz=henzyloxy, Ac = acetate, OMe = methoxy, OMOM= methoxymethyl ether, OH = hydroxyl, H = hydrogen)

All derivatives were able to dock at the
active site of Hyall as visualized using PyMOL and
Discovery Studio (Figure 3a). Xanthorrhizol was
found to interact with Arg134, Tyr210, Pro249, and
Tyr261 residues (Figure 3b), and formed hydrogen
bonds with Tyr261. It also interacted with Argl34
and Pro249 through pi-alkyl interactions and
Tyr210 through pi-hydrogen bond interactions.
Derivative 17, with benzyloxy moieties at R1 and Rz
positions (Figure 2), exhibited the lowest binding
affinity (-8.5 kcal/mol) among all ligands. Figure
3(c) depicts the interactions of 17 with the amino
acid residues at the active site of Hyall. The
aromatic ring from the xanthorrhizol scaffold and
benzyloxy at the Ry position of ligand 17 interacted
with Asp129 and Glul31 via pi-anion interactions,
but no interaction was observed for the benzyloxy
substituent at R,. A similar docking pattern with
derivatives was also observed for derivatives 8
and 18.

b)

a)

Binding energy =-6.5 kcal/mol

Asp129 and Glul31 are two known important
active site amino acid residues in the Hyall protein.
The mutation of Glu131 to other amino acid residues
eliminated all activity in Hyall, while Aspl29
mutation also reduced the enzyme activity [34],
suggesting the importance of these residues in the
enzyme mechanism. Both amino acid residues were
also involved in the catalytic cleavage of the p1-4
linkage of N-acetylglucosamine and glucuronic acid
of HA polymers [34]. Hence, interactions with these
two residues may block the Hyall action in the
degradation of HA. Additionally, the aromatic ring
in the benzyloxy moiety of R; in derivative 17 also
interacted with Tyr286 through pi-donor hydrogen
bonding, while the aromatic ring xanthorrhizol
scaffold formed pi-pi stacking with Trp321. The
alkyl side chain also interacted with Tyr247 through
pi-alkyl interactions. It has been mentioned that
Tyr247, Tyr286 and Trp321 are located near the
catalytic cleft of the active site [30].

GLU
A131
TRP

TR AR21

A:210

IR
A261

PRO
A249

Binding energy =-8.5 kcal/mol

Figure 3. a) The docking poses of all ligands docked against Hyall. The active site of the Hyall enzyme is
coloured maroon; 2D representations of amino acid interactions with b) xanthorrhizol, 1; c) derivative 17.
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Figure 4. 2D representations of amino acid interactions with a) derivative 24; b) derivative 25; c)
derivative 11; d) derivative 15; and e) derivative 14.

It is also worth noting that derivatives 24, 25,
11, 15, and 14 possessed favourable binding energies
and interactions despite having only one benzyloxy
substituent at Ry (Figure 4). It can thus be deduced that
the presence of the benzyloxy group at R; was
necessary for Hyall inhibitory activity, whereas the
benzyloxy group at R» had no significant effect on the
activity but perhaps provided additional
conformational stability to the derivatives.

Substitution of other small functional groups at
R1 such as methoxy (derivatives 10, 20, 21, 22 and 23),
acetate (derivatives 4, 12 and 13), and methoxymethyl

ether (derivatives 26 and 27) caused an increase in
binding energy, thus reducing the Hyall inhibition
effect. The presence of small and polar functionalities
at Rz and R4 positions such as diol (2 and 3) or enol
(9) functionalities gave similar binding energies as
xanthorrhizol, implying that these positions had no
effect on the Hyall enzyme. The negligible influence
of the Rz and R4 substituents can be further proved by
the similar binding energies observed for derivatives
17 and 18, both with benzyloxy moieties at R1 and R2
but differing in their substitutions at Rs and Ra. Figure
4 provides a summary of the SAR between the
xanthorrhizol derivatives and the Hyall enzyme.

Substitution of hydroxyl group to benzyloxy
moiety improve binding energy. Substitution
to acetate or methoxy did not have
significance difference towards binding
energy against Hyall.

Addition of benzyloxy moiety
provide conformational stability
to the molecule

No significant difference to
binding energy observed in
changing to enol or diol
functionalities.

Figure 4. A summary of the SAR between the xanthorrhizol scaffold and Hyall.



126 Tengku Kamilah Tengku Nazmi, Nurul Iman
Aminudin and Nurasyikin Hamzah

Molecular Docking and ADME Profiling of
Xanthorrhizol Derivatives as Hyaluronidase
Inhibitors

Table 2. Optimum ranges for physicochemical properties as determined by SwissADME.

Descriptors

Range

Lipophilicity (LIPO)

Molecular weight (SIZE)

Topological polar surface area (POLAR)
Solubility (INSOL)

Carbon bond saturation (INSAT)

Flexibility (FLEX)

-0.7 < XLOGP3 <+5.0

150 g/mol < MW < 500 g/mol
20 A2< TPSA < 130 A2

Log S>-6

Fraction of carbons in the sp® hybridization not less
than 0.25

0 < Number of rotatable bonds < 9

In silico ADME and Drug-likeness Prediction

SwissADME assessed the compounds’ drug-likeness
according to the guidelines by Lipinski, Ghose, Veber
and Egan [25]. These guidelines shared the same
rationale, which was to define the limit for
physicochemical parameters by considering six
physicochemical descriptors (molecular weight,
lipophilicity, solubility, carbon bond saturation,
flexibility and topological surface area (TPSA)) [25].
These parameters are important in predicting the
ability of xanthorrhizol to be administered and
distributed in the human body. The optimum
parameter ranges set by SwissADME are shown in
Table 2 [25]. Lipophilicity and solubility are
important parameters for drug absorption because
drug molecules need to pass through both aqueous and
hydrophobic environments in the human body [35].
Meanwhile, the presence of rotatable bonds or
flexibility in a compound can improve drug
permeation as it travels from an agueous environment
to the lipid interior of the plasma membrane. Veber’s

rule suggests that the number of rotatable bonds
should be less than 10 for the drug-likeness criteria
[36]. While unsaturation in the compounds helps to
improve receptor-ligand complementarity [36], the
TPSA value should be less than 120 A for an orally
active drug [37].

Despite having the lowest binding energy,
derivative 17 violated the lipophilicity, solubility and
TPSA parameters. This may be due to the non-polar
functional groups, i.e., two benzyloxy moieties and
alkene functionality, which increased its hydro-
phobicity in comparison with other derivatives.
Additionally, the low TPSA value reveals low
polarity, leading to poor oral absorption and
membrane permeation [38]. The incorporation of
polar moieties such as hydroxyl and acetate at R3 and
R4, as shown by derivatives 14 and 24, respectively,
improved their ADME profiles by increasing the
TPSA value. This observation suggests that adding
polar functional groups in the xanthorrhizol scaffold is
necessary to increase its bioavailability.

Table 3. Molecular weight, sp®fraction, number of rotatable bonds, TPSA value, XLOGP and ESOL value of
xanthorrhizol and its derivatives.

Derivatives Molecular  sp®fraction Number of TPSA XLOGP ESOL Log S
weight (>0.25) rotatable bonds (20 A?2< (-0.7 < (Log S > -6)
(150 (0<n<9) TPSA< XLOGP3 <
g/mol < 130 A?) +5.0)
MW <500
g/mol)
1 (Xanthorrhizol) | 218.33 0.47 4 20.23 _ -4.65
2 252.35 0.6 5 60.69 2.98 -3.2
3 252.35 0.6 5 60.69 2.98 -3.2
4 352.42 0.58 9 93.06 241 -3.13
5 268.35 0.6 5 80.92 2.2 -2.79
6 232.32 0.47 4 34.14 4.17 -3.64
7 234.33 0.47 4 40.46 4.67 -4.23
8 448.59 0.38 11 s8.92 [N -5.98
9 234.33 0.47 5 40.46 4.29 -3.93
10 248.36 0.5 6 29.46 4.18 -3.86
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11 324.46 0.36
12 260.37 0.47
13 294.39 0.59
14 342.47 0.45
15 308.46 0.36
16 342.47 0.45
17 414.58 0.31
18 448.59 0.38
19 268.35 0.6

20 232.36 0.5

21 266.38 0.62
22 308.41 0.61
23 290.4 0.5

24 384.51 0.46
25 366.49 0.38
26 296.4 0.65
27 375.3 0.65

8 29.46 _ -5.27
6 26.3 5.13 -4.52
7 66.76 2.66 -3.09
8 49.69 437 -4.54
8 49.69 4.37 -4.54
10

5 80.92 2.2 -2.79
5 - 5.35 -4.58
6 49.69 2.88 -3.14
8 55.76 3.45 -3.6
8 35.53 4.75 -4.32
10 55.76 4.94 -4.99
10 35.53 _ -5.72
8 58.92 2.83 -3.14
8 58.92 3.52 -4.06

*(red = poor, green = good, yellow = intermediate)

Table 4. Predicted Pgp substrate and enzyme inhibition of xanthorrhizol and derivatives 14 and 24.

Derivatives Pgp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
substrate inhibitor inhibitor inhibitor inhibitor inhibitor
1 (Xanthorrhizol) No No No Yes Yes No
14 Yes Yes No No Yes Yes
24 Yes No No No Yes Yes

Further analyses of xanthorrhizol and its
derivatives (14, 24) were performed to predict their
metabolism rate in phase | as a Cytochrome P450
(CYP) enzyme inhibitor and as the Pgp substrate. The
Cytochrome P450 (CYP) enzyme superfamily are
important for hepatic drug metabolism, while Pgp
substrate is a type of drug efflux transporter that
functions to limit cellular uptake and increase
elimination of drugs into excretion organs [39,40]. As
a result, the derivatives were classified as inhibitors
for five major CYP isoforms: CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4 (Table 4). This
indicates xanthorrhizol and its derivatives 14 and 24
were moderately metabolised in the liver as they
inhibit only certain CYP isoforms. Furthermore,
xanthorrhizol was identified as a non-Pgp substrate
while its derivatives 14 and 24 were identified as Pgp
substrates. These findings suggest that derivatives 14
and 24 possess good ADME profiles.

CONCLUSION
In conclusion, the SARs of 26 xanthorrhizol

derivatives revealed the presence of two benzyloxy
moieties at R; and R, positions, each significantly

enhancing the binding activity of the derivative
against the Hyall enzyme. However, these two
hydrophobic moieties also resulted in poor solubility
in the human body as shown by the ADME profile of
derivative 17. In contrast, derivatives 14 and 24, which
possessed the most favourable binding energies in the
docking studies, conformed with all ADME
parameters. This result implies that the presence of
polar functional groups in the xanthorrhizol scaffold,
especially at the Rs and R4 positions, are crucial for
good absorption, although the SAR studies indicated
they had a minimal effect on binding activity.
Nevertheless, this study served as a starting point for
the further development and optimization of
xanthorrhizol as a scaffold for the Hyall enzyme
inhibitor. Incorporation of both hydrophobic and polar
functional groups containing nitrogen and oxygen
atoms in the xanthorrhizol scaffold may improve its
binding energy and ADME profile.
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