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Calixarenes are displaying great potential for the development
of new drug delivery systems, diagnostic imaging, biosensing
devices and inhibitors of biological processes. In particular,
calixarene derivatives are able to interact with many different
enzymes and function as inhibitors. By screening of the
potential drug target database (PDTD) with a reverse docking
procedure, we identify and discuss a selection of 100 proteins
that interact strongly with calix[4]arene. We also discover that
leucine (23.5%), isoleucine (11.3%), phenylalanines (11.3%) and
valine (9.5%) are the most frequent binding residues followed
by hydrophobic cysteines and methionines and aromatic

histidines, tyrosines and tryptophanes. Top binders are perox-
isome proliferator-activated receptors that already are targeted
by commercial drugs, demonstrating the practical interest in
calix[4]arene. Nuclear receptors, potassium channel, several
carrier proteins, a variety of cancer-related proteins and viral
proteins are prominent in the list. It is concluded that
calix[4]arene, which is characterized by facile access, well-
defined conformational characteristics, and ease of functionali-
zation at both the lower and higher rims, could be a potential
lead compound for the development of enzyme inhibitors and
theranostic platforms.

Introduction

Calix[n]arenes (with n commonly 4, 5, 6 or 8) are macrocycles
comprising phenolic units linked by methylene groups at
positions 2 and 6. They are characterized by a bowl-like shape,
with cavities of different sizes (depending on n). Calixarenes
represent one of the most investigated molecular scaffolds in
supramolecular chemistry.

The application of calixarenes in medicine is a burgeoning
field with promising implications for drug delivery, diagnostics,
and therapeutics.[1–5] The cyclic framework and the hydrophobic
cavities of calixarenes make them particularly attractive for
various medical applications that include:[1–6]

(1) Delivery Systems. Calixarenes serve as excellent hosts for
encapsulating guest molecules, a property that has been
harnessed for drug delivery applications.[7] By encapsulating
therapeutic agents within their cavities, calixarenes enhance
their stability and solubility.[7] In addition, the drug-
encapsulation allows controlled release at specific sites,
minimizing side effects and optimizing therapeutic efficacy.
For example, in the field of oncology, the ability of
calixarenes to selectively encapsulate anti-cancer drugs[8,9]

enables their delivery directly to tumor cells, reducing the
impact on healthy tissues.

(2) Diagnostic Imaging. Calixarenes are being explored for their
application in diagnostic imaging techniques. Their struc-
ture can be tailored to incorporate imaging agents such as
contrast agents for magnetic resonance imaging (MRI),[10]

radionuclides for positron emission tomography (PET) or
luminescent agents.[11–15] This allows to develop more
efficient and precise imaging probes for early disease
detection and monitoring.[16]

(3) Biosensors. Calixarenes are used in biosensors design for
detecting specific biomolecules. Functionalized calixarenes
can selectively bind to target analytes, leading to measura-
ble changes in various signal transduction methods.[13] This
application is valuable for the early detection of diseases
and monitoring of biomarkers in real-time.

(4) Inhibitors. Calixarenes exhibit significant potential as inhib-
itors of various biological processes, owing to their ability
to selectively interact with biomolecules. The inhibitory
properties of calixarenes have been explored in different
contexts, ranging from the modulation of protein-protein
interactions to enzyme inhibition.[17]

On the one side, working as supramolecular hosts, calixar-
enes can be functionalized to selectively bind to protein
surfaces.[6,17–31] This property has been explored in the context
of protein-protein interactions,[6,17–31] where calixarenes act as
modulators that interfere with the binding interfaces of
interacting proteins.[6,17–31] Such inhibition can have implications
in the regulation of signaling pathways and cellular
processes.[6,17–31] Calixarenes were modified to interact with viral
proteins, hindering the attachment and entry of viruses into
host cells.[24] This potential antiviral activity could be a potential
winner for the development of new strategies in the fight
against viral diseases.[24,32,33]

On the other side, working as guests, calixarenes were
studied also for their ability to inhibit specific enzymes. The
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versatility of calixarenes in terms of structural modifications and
functionalization makes them valuable tools for designing
targeted inhibitors for specific enzymes. In this case, the
smallest calix[4]arene represents the ideal scaffold to develop
inhibitors, due to its rigidity that strongly reduces the entropic
penalty typical of every binding process. Calixarene derivatives
are efficient inhibitors of alkaline phosphatase,[34–36] ion
channels,[37] histone deacetylase,[38] galectin-1,[39,40] glutathione-
S- transferase,[41,42] tyrosine phosphatase,[43–46] HIV-1
integrase,[47,48] HIV protease,[49] protein disulfide isomerase,[50]

AXL tyrosine kinase receptor,[51] HIV-1 nucleocapsid protein,[52]

α-mannosidase,[53] bromelain and polyphenol oxidase,[54] and
carbonic anhydrase.[55]

Over the last twenty years, a substantial amount of work
was carried out to study the interaction of calixarene derivatives
with biomolecules, in particular to identify their interactions
with druggable proteins. Virtual screening using molecular
docking and experimental screening of a library of calixarene
derivatives were the two main approaches used to find
calixarene derivatives that can bind to a known biomolecular
target selectively.

In this paper we develop a rational approach, based on
reverse docking, to design protein inhibitors using the
calix[4]arene as molecular scaffold. In practice, we used
calix[4]arene as a bait to fish out specific proteins from a
database of druggable proteins, able to interact with it.

Results and Discussion

Screening of the potential drug target database (PDTD) with a
docking procedure (reverse docking) can reveal potential

calix[4]arene binding targets of interest for biological and
pharmacological activity. Calix[4]arene is of particular interest
because of its facile access, well-defined conformational charac-
teristics (Figure 1A), and ease of functionalization at both the
lower and higher rims for lead optimization.[56] Four different
conformations can be identified for calix[4]arene: cone, partial
cone, 1,3-alternate, and 1,2-alternate. Initially, DFT calculations
evaluated quantitatively the relative stabilities of the four
conformers in physiological environment (water). The result
(Figure 1B) is cone (most stable)>partial-cone (+
5.9 kcalmol� 1)>1,2-alternate (+9.1 kcalmol� 1)>1,3-alternate
(+10.7 kcalmol� 1).

Due to the intramolecular hydrogen-bonding involving the
four OH groups, calix[4]arene preferentially adopts the cone
conformation. Upon binding to a protein, the preferred
conformation of calix[4]arene may change. In the reverse
docking calculations, we evaluated every time the binding of a
protein with all the four possible conformations of calix[4]arene.
The energy penalty necessary to vary the conformation of the
calix[4]arene from the most stable cone conformation was
included in the analysis.

The calculations were carried out for the entire database.
Proteins ranking in the top 100 (Table 1) are discussed and
analyzed since they can be considered as the most probable
hits. The analysis suggests that the most compact and energeti-
cally favored structure is the cone conformer.

Peroxisome proliferator-activated receptor alpha. The first
position of the ranking is occupied by the peroxisome
proliferator-activated receptor alpha (PPAR-α), a nuclear recep-
tor protein functioning as a transcription factor (Figure 2). It is
regulated by free fatty acids and is a major regulator of lipid
metabolism in the liver. Fatty acids like stearic and palmitic

Figure 1. A. Structure of calix[4]arene in cone conformation. B. Calculated relative stabilities of the four main conformations of calix[4]arene in water.
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acid, as well as polyunsaturated fatty acids and other
substances derived from fatty acids,[57] are examples of
endogenous ligands. Fibrate drugs, which are used to treat
hyperlipidemia, bind to PPAR-α.[57]

Calix[4]arene binds in the PPAR-α ligand binding domain
(Figure 2A), representing an interesting lead compound for the
development of innovative inhibitors of PPAR-α.

Calix[4]arene shares the same binding pocket of the most
important endogenous PPARα ligand fatty acids ligands (Fig-
ure 2B), i. e. stearic and palmitic acids, that are the most
common fatty acids that are released into the bloodstream
during fasting. The best pose of calix[4]arene, identified
“blindly” by the docking protocol, also superimposes with the
crystal structure of ciprofibrate,[57] a well-known lipid-lowering
agent. The fingerprint analysis of the calix[4]arene binding
revealed that the most interacting amino acids are CysA276,
SerA280 and IleA354, residues that were already identified as
crucial components of the PPAR-α ligand binding domain
(Figure 2C and D).[59] In particular, it is interesting the position of
the CysA276, where the hydrophobic and “soft” sulfur fits
perfectly within the aromatic cavity of the calixarene. This
residue is conserved across all PPARs subtypes, and its crucial
role for both the inhibitory effects and enhancing effects was
already highlighted in previous studies.[59] The binding energy
of calix[4]arene with PPAR-α (ΔEbinding= � 61.9 kcalmol� 1) was
even higher than the binding energy of the protein with its
natural substrate, i. e. the stearic acid (ΔEbinding=

� 57.7 kcalmol� 1), or with agonists in clinical use such as
ciprofibrate (ΔEbinding= � 38.8 kcalmol� 1), see Table S1.

Since the calix[4]arene binding site appears to be located
deep between the alpha-helices of the protein, we calculated
the accessible tunnels to reach this region (Figure S1A and B)
and modeled the transport of the calix[4]arene from the solvent
to the binding pocket (Figure S1C and D). The calculation
clearly identified the accessibility of the binding site for the
calix[4]arene and defined an exothermic pathway (Figure S1C
and D) for the molecule from the outside of the protein to the
binding site.

PPAR-α belongs to the subfamily of peroxisome proliferator-
activated receptors, which also includes PPAR-δ and PPAR-γ.
Interestingly, calix[4]arene binds also PPAR-γ (position 2 of the
ranking) and PPAR-δ (position 10 of the ranking). These
receptors are essential for controlling cellular development,
differentiation, and metabolism (i. e. lipid, carbohydrate). They
also play a crucial role in cancer pathogenesis and growth in
higher species. Many commercial drugs bind PPAR-α and PPAR-
γ, demonstrating the interest to identify new scaffolds for these
molecular targets.

Nuclear receptors. Other nuclear receptors are also ranked
highly. Nuclear receptors are a class of proteins responsible for
sensing lipophilic substances such as hormones (i. e. steroids) or
vitamins. These molecules usually bind and activate the nuclear
receptors, regulating the expression of specific genes, which in
turn control the organism’s growth, homeostasis, and metabo-
lism. Therefore, ligands that bind to these receptors can have a
significant impact on the organism. About 13% of FDA-
approved drugs in USA target nuclear receptors.[60]

Lipophilic compounds including vitamins A and D, fatty
acids, retinoic acid, endogenous and xenobiotic hormones are

Figure 2. A. Docked structure of calix[4]arene in the crystallographic structure of PPAR-α (1K7L).[58] B. Superposition of the crystallographic structure of stearic
acid (in green, 6LX7)[57] and cipofibrate (in red, 6LX5)[57] and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical representation
of the interaction between CysA276, SerA280 and IleA354 and calix[4]arene.
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examples of ligands that bind to and activate nuclear receptors.
Calix[4]arene, due to its hydrophobicity and the chemical
similarity to these ligands, is recognized by many nuclear
receptors, binding in their ligand binding domains (Figure 3),
with a binding energy generally higher than their natural
substrate (Table S1).

In particular, among the first 100 positions, we identified
estrogen receptors alpha (ERα) and beta (ERβ) ( Erβ in position 5
and ERα in position 7, Figure 3A), the progesterone receptor
(position 11, Figure 3B); the androgen receptor (position 12,
Figure 3C), the androstane receptor (position 15, Figure 3D), the
retinoic acid receptor RXR beta (RXRβ, position 18, Figure 3E),
the nuclear receptor ROR beta (RORβ, position 23, Figure 3F),

the pregnane X Receptor (position 62, Figure 3G) and the
retinoic acid receptor RXR alpha (RXRα, position 68, Figure 3H).

Special attention is here paid to the estrogen receptors due
to their position in the top 10 proteins and their pharmaco-
logical relevance. Two subtypes of estrogen receptors can be
identified: ERα and Erβ. Both ERα and Erβ are activated by the
hormone estrogen (17β-estradiol). Hormone-activated estrogen
receptors dimerize and since the two subtypes are co-expressed
in various cell types, they can form homodimers such as ERα
(αα) or ERβ (ββ) or heterodimers, such as ERαβ (αβ). ERα and Erβ
exhibit a significant sequence homology. ER is a transcription
factor that can translocate into the nucleus and bind to DNA.
This translocation allows ER to control the activity of many
genes.

Figure 3. A. Superposition of the crystallographic structure of estradiol (in green, 2 J7X)[61] and docked structure of calix[4]arene in the crystallographic
structure of the estrogen receptor beta (1QKM).[61] B. Superposition of the crystallographic structure of progesterone (in green, 1A28)[62] and docked structure
of calix[4]arene in the crystallographic structure of progesterone receptor (1E3K).[63] C. Superposition of the crystallographic structure of testosterone (in green,
2AM9)[64] and docked structure of calix[4]arene in the crystallographic structure of androgen receptor (1E3G).[63] D. Superposition of the crystallographic
structure of androstane (in green, 1XNX)[65] and docked structure of calix[4]arene in the crystallographic structure of androstane receptor (1XNX).[65] E.
Superposition of the crystallographic structure of retinoic acid (in green, 4DM8)[66] and docked structure of calix[4]arene in the crystallographic structure of the
retinoic acid receptor RXR beta (1UHL).[67] F. Superposition of the crystallographic structure of retinoic acid (in green, 1N4H)[68] and docked structure of
calix[4]arene in the crystallographic structure of the nuclear receptor ROR-β (1K4W).[69] G. Superposition of the crystallographic structure of clotrimazole (in
red, 7AXA)[70] and docked structure of calix[4]arene in the crystallographic structure of the pregnane X receptor (1ILH).[71] H. Superposition of the
crystallographic structure of retinoic acid (in green, 3A9E)[72] and docked structure of calix[4]arene in the crystallographic structure of the retinoic acid receptor
RXR-α (1DKF).[73]
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Overexpression of estrogen receptors is observed in about
70% of cases of breast cancer (ER+ breast cancers). ERs have
also been implicated in ovarian, colon, prostate and endome-
trial cancer. Selective estrogen receptor modulators (SERMS),
such as tamoxifen, act as ER antagonists in breast tissue and are
used in endocrine therapy for breast cancer. In tumor cells and
other tissue targets, tamoxifen binds to the ER in a competitive
manner (in relation to the endogenous agonist estrogen),
forming a nuclear complex that suppresses the effects of
estrogen and reduces DNA synthesis.

Interestingly, calix[4]arene binds in the estrogen receptor–
ligand-binding domain (Figure 4A) and perfectly superimposes
with the natural ligand of ER, i. e. estradiol [74] and with
competitive inhibitors, such as tamoxifen (Figure 4B).[75] This
fact is perhaps not surprising considering the natural resem-
blance between calix[4]arene and the four fused rings of the
steroids or the three conjugated aromatic rings of the
tamoxifen molecule.

Calix[4]arene in ERα accommodates in the hydrophobic
pocket formed by LeuA346, LeuA387, MetA388, PheA404,
MetA421, and LeuA525. Analysis of the most interacting
residues showed that calix[4]arene is sandwiched by the
LeuA346 residue, that fits inside the cavity, and LeuA387/
MetA388, that strongly interact with the external walls of the
molecule.

pH-gated potassium channel KcsA. K+ channels are
important targets in biomedical and pharmaceutical research,

because these membrane proteins are associated with a wide
range of diseases, mostly nervous system disorders. Calixarene
derivatives already demonstrated their ability to bind to the
human voltage dependent potassium channel Kv1.2.[37] Model-
ling studies suggested that the conical platform of OH-free
calixarenes were able to fully penetrate the extracellular outer
vestibule of the Kv1.2 potassium channel.[37]

Here the docking results suggest that calix[4]arene can
behave also as an intracellular ion channel blocker (Figure 5A)
for the pH-gated potassium channel KcsA (position 6), in
analogy to C60, that fits into the channel pore and obstruct ion
flow, impairing its functionality.[77]

The position of the calix[4]arene coincides with the well-
known inhibitor tetrabutylammonium (TBA) (Figure 5B), that
inhibits almost all K+ channels, when acting intracellularly. [78]

Since this site is highly conserved in different K+ channels,
derivatives of calixarenes can be designed as efficient blockers
of K+ channels.

Calix[4]arene binds in the inner cavity of KcsA that is lined
mainly by hydrophobic amino acids (Ile100, Phe103). Finger-
print analysis (Figure 5C and 5D) showed that calix[4]arene
strongly interacts via aromatic and hydrophobic interactions
with these residues, in particular with Phe103 and two Ile100
(belonging to different subunits). Phe103 and Ile100 are also
key residues in the functioning of the channel, in particular the
rotameric state of Phe103 controls the conformational changes
at the selectivity filter, leading to inactive states.[79]

Figure 4. A. Docked structure of calix[4]arene in the crystallographic structure of estrogen receptor alpha (1PCG).[76] B. Superposition of the crystallographic
structure of estradiol (in green, 5WGQ),[74] tamoxifen (in red, 5W9C)[75] and docked structure of calix[4]arene. C. ΔEbindingdecomposed per residue. D. Graphical
representation of the interaction between LeuA346, LeuA387 and MetA388 and calix[4]arene.
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Carrier proteins. Hydrophobic molecules, such fatty acids
and hormones, are usually transported in the blood stream, or
inside the cell, by specific proteins. Calix[4]arene can hijack
these biomolecular systems and bind in place of the endoge-
nous ligand (Figure 6) in oxysterol-binding protein (position 22),
retinol binding protein (position 29), non-specific lipid-transfer
protein (position 32); epididymal retinoic acid-binding protein
(position 35) intestinal fatty acid-binding protein (position 58);
bilin-binding protein (position 76).

Particularly interesting is the binding of calix[4]arene with
plasma carrier proteins. Calix[4]arene derivatives can incorpo-
rate imaging agents for magnetic resonance imaging (MRI),[10]

such as gadolinium ions.[16] The binding of a calix[4]arene-
gadolinium complex to human serum albumin (HSA, position
59) or serotransferrin (position 90) can be exploited to develop
innovative blood-pool agents for angiography.[16]

The binding of calix[4]arene with HSA deserves a special
focus because this highly water-soluble is the most abundant
protein in human blood. HSA is an endogenous carrier,
responsible for the transport of hydrophobic molecules (i. e.,
bilirubin, thyroxine) in the blood. The transportation of fatty
acids (FA) is one of the primary physiological functions of HSA.
Seven fatty acid binding pockets (FA1-7) were crystallographi-
cally identified. HSA is also responsible for the transport in the
blood of exogenous compounds, such as drugs. Drugs are
usually bound at two primary sites: Sudlow site I or warfarin site
(FA7) and Sudlow site II or ibuprofen site (FA3, FA4).
Calix[4]arene binds to Sudlow site I (Figure 7A), in the hydro-
phobic cavity occupied by warfarin (Figure 7B).

The roof and floor of the Sudlow site I are defined by the
Ala291 and Leu238 residues. Many drugs bound at Sudlow site I
are sandwiched between the side-chains of Leu238 and Ala291.

In this case, the methyl side chain of Ala291 is hosted by the
calix[4]arene, strongly interacting with it (Figure 7C and D).
Tyr150, that delimitates the warfarin binding pocket, also
strongly interacts with calix[4]arene, in cooperation with His242
and Trp214, providing π-π interactions with the aromatic walls
of the molecule. The interaction between calix[4]arene and
Trp214 strongly resembles the one observed between the
benzyl ring of warfarin and the side chain of Trp214, in that
case a mutation of this residue reduces warfarin binding to
HSA.[89] In contrast, in the case of His242, some differences can
be observed comparing the binding of warfarin and
calix[4]arene. ITC measurements demonstrated that the binding
of warfarin induces protonation of His242. Such protonation
establishes a stabilizing ion-pair interaction between the
protonated His242 and the phenoxide group of warfarin.[90] In
the docked structure, however, the interaction between
calix[4]arene and His242 is purely π-π and therefore it should
not influence its protonation states, as is also observed for the
binding of other hydrophobic molecules in the Sudlow I site of
HSA.[90]

In principle, all carrier proteins identified by the reverse
docking approach can be used as a “Matryoshka system” to
transport indirectly the ion/molecule trapped inside the calixar-
ene host, strongly improving the limited solubility of the
calixarenes in physiological environments.

Cancer-related proteins. The anticancer activity of
calix[4]arene derivatives has already been highlighted.[8] The
importance of the nuclear receptor proteins in cancer, discussed
above, is well-known. Various cancer types have been linked to
nuclear receptor malfunctioning and the targeting of this
protein family represents a valid strategy for the development
of cancer therapeutics, for example a significant increase in

Figure 5. A. Docked structure of calix[4]arene in the crystallographic structure of pH-gated potassium channel KcsA (1JVM).[78] B. Superposition of the
crystallographic structure of tetrabutylammonium (in red, 1JVM)[78] and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical
representation of the interaction between IleC100, IleB100 and PheC103 calix[4]arene.
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Figure 6. A. Superposition of the crystallographic structure of cholesterol (in green, 7V62)[80] and docked structure of calix[4]arene in the crystallographic
structure of the oxysterol-binding protein (1ZHY).[80] B. Superposition of the crystallographic structure of retinol (in green, 1RBP)[81] and docked structure of
calix[4]arene in the crystallographic structure of the retinol binding protein (1RLB).[82] C. Superposition of the crystallographic structure of stearic acid (in green
1FK4)[83] and docked structure of calix[4]arene in the crystallographic structure of the non-specific lipid-transfer protein (1CZ2);[84] D. Superposition of the
crystallographic structure of retinoic acid (in green, 1EPB)[85] and docked structure of calix[4]arene in the crystallographic structure of the epididymal retinoic
acid-binding protein (1EPB);[85] E. Superposition of the crystallographic structure of palmitate (in green, 2IFB)[86] and docked structure of calix[4]arene in the
crystallographic structure of the intestinal fatty acid-binding protein (2IFB);[86] F. Superposition of the crystallographic structure of biliverdin IX gamma (in
green, 1BBP)[87] and docked structure of calix[4]arene in the crystallographic structure of the bilin-binding protein (1BBP).[87]

Figure 7. A. Docked structure of calix[4]arene in the crystallographic structure of human serum albumin (2BX8).[88] B. Superposition of the crystallographic
structure of warfarin (in red, 2BXD)[88] and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical representation of the interaction
between Ala291, Tyr150, Trp214, His242, Leu238 and calix[4]arene.
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survival has been made possible by drugs that block the action
of the androgen receptor (AR) in patients with prostate cancer
or the ERα in patients with ERα+ breast cancer.

In the top 100 ranked proteins, the reverse docking
approach identified other proteins that represent important
therapeutic targets for cancer. For instance, i) protein kinases
such as the cyclin-dependent kinase 2 (CDK2) in position 39
and the epidermal growth factor receptor (EGFR) tyrosine
kinase in position 51, both involved in cell growth and
signaling; ii) dihydrofolate reductase in position 53 that plays a
key role in folate metabolism.

The inhibition of these targets may explain the anticancer
activity of the calixarene derivatives and may offer the
possibility to develop innovative inhibitors based on the
calixarene scaffold. Inhibitor activity of CDK2 by calixarene
derivatives were already suggested by Hamid et al.[91] consider-
ing the important structural similarities between calixarene
derivatives and CDK2 inhibitors.[91]

CDK2 is crucial for controlling several aspects of the cell
division cycle. The aberrant control of the cell cycle brought by
CDK2 overexpression is an important factor in the hyper-
proliferation of cancer cells. As a result, CDK2 is a possible
therapeutic target for cancer treatment.

Calix[4]arene binds in the catalytic ATP-binding pocket of
the CDK2 enzyme (Figure 8A), occupying the same region of
the CDK2 inhibitor in clinical trial, roscovitine (Figure 8B).[93]

The binding of calix[4]arene is characterized by hydrophobic
(IleA10, ValA18, ValA64, PheA80, Phe82 and LeuA134) inter-
actions (Figure 8C and D) with those residues that physiolog-
ically form the binding pocket for the adenine base of the ATP.

EGFR is a transmembrane tyrosine kinase receptor located
at the cell surface. The binding of one of its natural ligands on
the extracellular site induces cell proliferation and differentia-
tion through the activation of the intracellular part of the
receptor that contains a tyrosine kinase domain. EGFR activation
is crucial in tumor growth and progression. Many cancer cells
overexpress EGFR and for this reason, EGFR tyrosine kinase
inhibitors (TKI) such as gefitinib, erlotinib, afatinib, brigatinib,
icotinib and osimertinib, represent a very important class of
drugs to fight cancer. In particular, targeted therapies against
EGFR are promising treatments for different types of cancers.[94]

Calix[4]arene binds in the tyrosine kinase domain of EGFR,
in the ATP-binding site of the enzyme (Figure 9A), in analogy
with many TKI (Figure 9B). Comparing the binding mode of
calix[4]arene with the crystallographic structure of gefitinib
(Figure 9B), the first selective inhibitor of the EGFR tyrosine
kinase domain, it is clear the overlap between the aromatic
walls of the calix[4]arene and the aromatic rings of the drug.
Residues Leu718, Val726, Ala743, Met793, and Leu844 form a
core binding pocket for many inhibitors, that is highly hydro-
phobic and conserved.[97] These residues strongly interact also
with the calix[4]arene (Figure 9C and D), sandwiched in
particular by the two leucines (Leu844 and Leu718).

Figure 8. A. Docked structure of calix[4]arene in the crystallographic structure of cyclin-dependent kinase 2 (CDK2) (1OI9).[92] B. Superposition of the
crystallographic structure of roscovitin (in red, 2A4L)[93] and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical representation
of the interaction between IleA10, ValA18, ValA64, PheA80, Phe82 and LeuA134 and calix[4]arene.
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Calix[4]arene interacts non-covalently also with Cys797, that is a
conserved residue in the ATP-binding pocket, involved in the
formation of irreversible EGFR inhibitors via Michael addition to
form a covalent EGFR adduct. The C797S mutation of the
covalent anchor site to a less reactive serine residue has
emerged as a typical cause of acquired drug resistance for
covalent EGFR inhibitors, while with calix[4]arene this mutation
is ineffective due to the non-covalent nature of this interaction
with Cys797.

Dihydrofolate reductase (DHFR) is another well-established
therapeutic target in cancer treatment, raising substantial
interest in the discovery of new compounds able to block its
activity. Physiologically, DHFR reduces dihydrofolate to tetrahy-
drofolate, that is a cofactor essential for purine and thymidylate
synthesis. Being involved in the biosynthesis of nucleic acid
precursors, inhibition of DHFR slows down DNA synthesis and
cell proliferation. Probably, the best-known clinical inhibitor of
DHFR is methotrexate. Methotrexate has an affinity for DHFR
that is roughly 1000 times greater than dihydrofolate.

Calix[4]arene shares the same binding pocket of natural
substrate of DHFR, i.e dihydrofolate (Figure 10A) and of its
inhibitor, i. e. methotrexate (Figure 10B).[98] Again, the aromatic
structure of the calix[4]arene occupies the protein binding
pocket usually filled by the aromatic rings of the substrate/
drug. Leu22 from the inside and Val8 and Phe34 from the
outside squeeze the aromatic and hydrophobic structure of the
calixarene (Figure 10C and D) via hydrophobic (Leu22 and Ile60)
and π-π (Phe34) interactions.

Viral Proteins. It is widely known that calixarene derivatives
have antiviral potential,[24,32,33] in particular, their ability to
function as HIV inhibitors was demonstrated.[24,32,33]

Here the reverse docking procedure blindly recognizes HIV-
1 reverse transcriptase (RT) as one of the most interacting
protein with calix[4]arene (position 36). All retroviruses undergo
a process known as retrotranscription, which transforms viral
single strand RNA into a double strand DNA, that is then
integrated into the host chromosome. This transcription is
carried out by the enzyme RT. The human immunodeficiency
virus, commonly recognized as the etiological agent of acquired
immune deficiency syndrome (AIDS), encodes HIV-1 reverse
transcriptase. Specific drugs were designed to impede the
reverse transcriptase action, which HIV utilizes to replicate its
genetic material and create new viruses (as part of a retrovirus
proliferation cycle). Reverse-transcriptase inhibitors are a class
of pharmaceuticals that includes nucleoside and nucleotide
analogues or non-nucleoside inhibitors.

Calix[4]arene binds in the HIV-1 reverse transcriptase (Fig-
ure 11A) similarly to known inhibitors such as rilpivirine (Fig-
ure 11B),[101] a non-nucleoside reverse-transcriptase inhibitor.

Calix[4]arene overlaps with the three aromatic rings of
rilpivirine and gives the usual host-guest interaction with
LeuA100 and π-π interactions with TyrA181 and TyrA188 (Fig-
ure 11C and D). These two residues represent two of the most
important amino acids belonging to the nonnucleoside RT
inhibitor binding sites.

Figure 9. A. Docked structure of calix[4]arene in the crystallographic structure of EGFR (1XKK).[95] B. Superposition of the crystallographic structure of gefniteb
(in red, 4WKQ)[96] and ATP-analogue (in green, 2GS6) and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical representation of
the interaction between CysA276, SerA280 and IleA354 and calix[4]arene.
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Figure 10. A. Docked structure of calix[4]arene in the crystallographic structure of DHFR (1BOZ).[99] B. Superposition of the crystallographic structure of folate
(in green, 1DHF)[100] and methotrexate (in red, 1RG7)[98] and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical representation
of the interaction between Leu22, Ile60 and Phe34 and calix[4]arene.

Figure 11. A. Docked structure of calix[4]arene in the crystallographic structure of HIV-1 reverse transcriptase (1RT6).[102] B. Superposition of the
crystallographic structure of rilpivirine (in red, 6ELI)[101] and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical representation
of the interaction between LeuA100, TyrA181 and TyrA188 and calix[4]arene.
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Interestingly, calix[4]arene binds also with HIV-protease
(HIV-1 PR, position 57). The identification of this novel target
could serve as the foundation for a novel multitargeted HIV
therapy based on calix[4]arene derivatives. Calix[4]arene binds
in the substrate binding region (Figure 12A), in analogy with
clinical drugs such as amprenavir (Figure 12B).[103] HIV protease
inhibitors are among the most important components in the
combination therapy. HIV-1 PR breaks newly generated poly-
proteins at nine cleavage sites, generating the protein compo-
nents of an HIV virion.

The active site of HIV-PR comprises residues Arg8, Leu23,
Asp25, Gly27, Ala28, Asp29, Asp30, Val32, Lys45, Ile47, Met46,
Gly48, Gly49, Ile50, Phe53, Leu76, Thr80, Pro81, Val82, Ile84.

Fingerprint analysis of the binding energy of calix[4]arene
with HIV-PR (Figure 12C and D), reveals that calix[4]arene
interacts diffusely with these active site residues, in particular,
considering interaction energies higher that 1 kcalmol� 1, with
AlaA28, ArgB8, LeuB23, ValB82, IleA47, IleA84, AspA25.

Calix[4]arene is also able to interact with the human
rhinovirus capsid (position 94). Rhinoviruses (RV) are the main
cause of the common cold. Amongst the best-known RV
inhibitors there are drugs targeting the viral capsid. The capsid
of the human rhinovirus is made up of 60 protomers arranged
in an icosahedral symmetry (Figure 13A). Three surface viral
proteins (VP1, VP2, and VP3) and a smaller internal protein
(VP4) compose each protomer (Figure 13B and C). In the center
of VP1 is present a hydrophobic pocket, usually occupied by a
fatty acid-like molecule, or so-called ’pocket factor’ that
stabilizes the viral capsid. Many antiviral drugs bind to this
hydrophobic pocket, taking the place of the pocket factor. This

“irreversible” binding prevents the virus from uncoating and, in
certain situations, blocks the attachment of viruses to host cell
receptors, stopping the infection cycle and the spread of the
virus.

In Figure 13D and E the superimposition of the calix[4]arene
with pleconaril,[105] an effective drug against rhinovirus that
binds to the hydrophobic pocket in VP1 major capsid protein.
Calix[4]arene is sandwiched by Asn105 and Leu106 from one
side and Tyr197, from the other side (Figure 13F and G).
Calix[4]arene binds in the pore region, that gives access to the
hydrophobic pocket, clogging the cavity and impeding the
release of the pocket factor, exerting in this way an antiviral
action.

The ideal calix[4]arene binding pocket. Considering the
top-100 positions of the rank, we analyzed the per-residue
decomposition analysis of the MM-GBSA interaction energy
between the calix[4]arene and the proteins, to provide a
statistical analysis of the most frequent amino acids involved
during its binding. We considered all the residues with a
binding energy higher than 2 kcalmol� 1. The frequency of these
residues is compared to the natural abundance of the amino-
acids (Figure 14).

From this analysis, it is clear the hydrophobic nature of the
calix[4]arene and consequently that of the protein binding
pockets host it. Hydrophobic aliphatic residues, characterized
by branched-side chains, such as leucine (Leu, 23.5%), isoleu-
cine (Ile, 11.3%) and valine (Val, 9.5%), are the most frequent
binders. These hydrophobic residues can be in close contact
both with the internal and external walls of the calix[4]arene.

Figure 12. A. Docked structure of calix[4]arene in the crystallographic structure of HIV-1 protease (1HTE).[104] B. Superposition of the crystallographic structure
of amprenavir (in red, 3NU3)[103] and docked structure of calix[4]arene. C. ΔEbinding decomposed per residue. D. Graphical representation of the interaction
between AlaA28, IleA47, IleA84, ArgB8, ValB82 and LeuB23 and calix[4]arene.
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Also, phenylalanines (Phe, 11.3%) frequently interact with
the calix[4]arene, aligning their aromatic rings to the aromatic
walls of the calixarene, optimizing in this way the π-π
interactions, as reported in Figure 15.

When we compare the occurrence of “calix[4]arene binding
residues” with their natural abundance, an enrichment is
observed also for hydrophobic cysteines and methionines and
aromatic histidines, tyrosines and tryptophanes (see Figure 14).

The analysis of the most-interacting amino acids (Table 2)
identifies a strong tendency of the amino acid side chains to be

embedded inside the cavity of the calixarene. Such most
favored geometry of interaction recalls the classical host-guest
assemblies (Figure 16A–C) that characterize the typical
supramolecular interaction of calixarenes. Only for N� H hydro-
gen bond donor residues, such as asparagine, an interaction
with the oxygen rims of the calixarene molecule is observed.
We did not find any interactions of the oxygen rims with
hydrogen bond acceptor amino acids, because the four
hydroxyl groups are already occupied in intramolecular hydro-
gen bonds.

Figure 13. A. The RV� B14 capsid model with VP1 (blue), VP2 (red) and VP3 (yellow) proteins. B. Schematic representation of the VP1-3 trimer, the hydrophobic
drug binding pocket extends from a pore at the base of the canyon into the VP1 central core. C. Cartoon representation of VP1-3 proteins with VP1 (blue),
VP2 (red) and VP3 (yellow); the hydrophobic pocket is in VP1. D. Docked structure of calix[4]arene in the crystallographic structure of capsid of human
rhinovirus (2R07).[106] E. Superposition of the crystallographic structure of pleconaril (in red, 1NCQ)[105] and docked structure of calix[4]arene. F. ΔEbinding

decomposed per residue. G. Graphical representation of the interaction between Asn1-105, Leu1-106 and Tyr1-197 calix[4]arene.
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According to the decomposition of the binding energy in its
components (Table 3), the van der Waals term (VDW) is the
driving force of the binding.

Nonpolar solvation (ESURF), or hydrophobic interactions,
facilitate the binding even though its value is much less than
that of the vdW interactions. The electrostatic contribution (EEL)
is small and significantly lower than the polar solvation term
(EGB), that negatively affects the binding.

Hydrophilic amino acids, commonly present in protein
binding pockets, upon formation of the complex with
calix[4]arene, are forcedly desolvated, causing a destabilization
of the system. Upon interaction with calix[4]arene these

Figure 14. Most frequent amino acids (%) responsible for the binding with calix[4]arene (grey bars) compared to their natural abundance (blue bars).

Figure 15. 3D-representation of the contacts between Leu (A), Ile (B) and Phe (C) with calix[4]arene.

Table 2. Highest interaction energies of the twenty proteinogenic amino
acids with calix[4]arene in in the PDTD complexes. Energy contributions
are reported in kcalmol� 1.

Residue Energy contribution (kcalmol� 1) PDB

Arg288 � 7.6 1FM6

Val246 � 6.0 1BIF

LeuC40 � 5.2 1QD6

Tyr423 � 5.0 1W07

CysA276 � 4.9 1K7L

Thr252 � 4.9 1PHG

Ile339 � 4.8 1UHL

TrpA237 � 4.4 4AAH

Met406 � 4.3 1DKF

Ser246 � 3.9 1OF7

Phe56 � 3.7 1IB1

ProA268 � 3.4 1ACM

GlyA27 � 3.3 2UPJ

LysA554 � 3.1 1I19

Ala48 � 3.0 1VE9

His89 � 2.8 1SPG

GlnF117 � 2.8 1RLB

Asn59 � 2.4 1BBP

Glu746 � 1.9 2A3L

Asp251 � 1.1 1PHG

Figure 16. Most interacting geometries of Arg, Val, Leu and Asn with
calix[4]arene in the PDTD complexes.
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residues are screened with respect to the water molecules
typically present in the binding pockets and can no longer
interact with them because of the presence of the hydrophobic
calix[4]arene molecule.

In general, the recognition and binding processes between
proteins and calix[4]arene is governed by shape complementar-
ity.

Ligand-based virtual screening. The reverse docking
procedure that we used to identify potential calix[4]arene
binding targets is a structure-based methodology. It could be
interesting to integrate into this docking campaign an alter-
native procedure for virtual screening that employs different
criteria. In particular, we identified a ligand-based methodology
called SwissTarget.[107] SwissTarget predictions are performed by
searching for molecules similar to calix[4]arene, in 2D and 3D,
within a large collection of compounds known to be exper-
imentally active on different macromolecular targets.[107] The
top 15% of calix[4]arene protein targets, identified by the web-
server SwissTarget, are illustrated in Figure S2 and Table S2,
where “nuclear receptors” and “family A G-coupled receptors”
emerge as the primary targets. Many nuclear receptors were
already identified by the reverse docking procedure. In
particular, estrogen receptor α tops the list (7th in our ranking),
followed closely by estrogen receptor β (4th in the ligand-based

virtual screening and 5th in reverse docking). For the estrogen
receptor α, we provided the molecules, identified by SwissTar-
get using the 2D (Figure S3) and 3D (Figure S4), with criteria of
similarity for calix[4]arene.

Both methodologies identify also androgen receptors as
significant targets for calixarene (12th in the reverse docking
and 17th in ligand-based virtual screening) and nuclear
receptors ROR (15th in ligand-based virtual screening and 23th
in the reverse docking).

Many other proteins (cyclooxygenases, serine/threonine-
protein kinase, cyclin dependent kinases, K+ channels,
monoamine oxidase, tyrosine protein kinase) were identified by
both procedures, vouching for the reliability of the predictions.

Conclusions

In conclusion, here we developed a rational approach, based on
reverse docking calculations, to identify potential drug targets
of calix[4]arene, using it as a bait to fish out specific proteins
from a database of druggable proteins (PDTD).

Despite the inherent limitations of the docking procedures,
the virtual screening approach is able to select the most
promising proteins able to specifically bind calix[4]arene,
providing a prioritized list to rationally guide the study of
calix[4]arene-protein complexes.

We identified many proteins of pharmaceutical interest such
as:
(1) nuclear receptors (peroxisome proliferator-activated recep-

tors, estrogen receptors, progesterone receptor, androgen
receptor, androstane receptor, glucocorticoid receptor,
retinoic acid receptor, nuclear receptor ROR-β and pregnane
X receptor);

(2) potassium channels;
(3) cancer-related proteins (cyclin-dependent kinase 2, epider-

mal growth factor receptor tyrosine kinase and dihydrofo-
late reductase);

(4) viral proteins (HIV reverse transcriptase, HIV protease and
human rhinovirus capsid).
Superpositions of the docked structures of calix[4]arene

with the crystallographic structures of the proteins that are
complexed with known drugs showed that the aromatic system
of the calix[4]arene usually overlaps with the aromatic rings of
the drug. Since calixarenes may be structurally modified and
functionalized in a variety of ways, calix[4]arene may represent
an excellent molecular scaffold for creating targeted enzyme
inhibitors.

Considering the chemical similarity of calix[4]arene with
many endogenous molecules such as hormones, it will be also
possible to hijack the transport system of this molecules to
carry calix[4]arene in the human body. The docking procedure
showed that in many carrier proteins (oxysterol-binding protein,
retinol binding protein, non-specific lipid-transfer protein,
epididymal retinoic acid-binding protein, intestinal fatty acid-
binding protein; bilin-binding protein, human serum albumin,
serotransferrin) calix[4]arene can bind in place of the endoge-
nous ligand. In principle, all these carrier proteins can be used

Table 3. Energy components of ΔEbinding.

PDB TOTAL VDW EEL EGB ESURF

1K7L � 61.9 � 58.2 � 9.0 12.1 � 6.8

1JVM � 53.5 � 52.6 � 6.6 12.3 � 6.7

2BX8 � 41.3 � 51.8 � 21.3 38.2 � 6.4

1QKM � 55.0 � 55.3 � 1.8 9.4 � 7.2

1PCG � 52.7 � 52.2 � 1.5 8.2 � 7.2

1OI9 45.1 � 53.1 3.6 11.0 � 6.6

1XKK � 42.1 � 47.7 � 11.7 23.8 � 6.5

1BOZ � 42.0 � 55.0 � 6.9 25.7 � 5.8

1RT6 � 45.7 � 55.4 � 4.8 21.3 � 6.8

1HTE � 41.4 � 51.6 � 2.5 13.8 � 6.1

2R07 � 38.1 � 52.0 � 13.2 24.7 � 6.6

1ZHY � 41.4 � 50.6 � 3.2 12.5 � 6.6

1RLB � 46.3 � 53.8 � 8.6 22.8 � 6.6

1CZ2 � 46.2 � 53.8 � 1.6 15.8 � 6.7

2IFB � 41.3 � 50.0 � 18.5 33.7 � 6.5

1BBP � 39.4 � 54.4 � 6.5 28.1 � 6.7

1UHL � 49.3 � 49.6 � 4.4 11.3 � 6.3

1E3K � 50.5 � 52.8 � 5.5 14.2 � 6.4

1E3G � 50.1 � 52.9 � 1.9 11.3 � 6.6

1EPB � 45.8 � 45.3 � 5.1 11.3 � 6.6

1P93 � 49.5 � 52.2 � 5.6 14.7 � 6.5

1K4W � 47.8 � 49.5 � 6.2 14.4 � 6.5

1ILH � 40.7 � 49.8 � 3.8 18.8 � 5.9

1DKF � 40.5 � 48.4 � 3.2 17.3 � 6.1

1XNX � 49.5 � 58.5 � 0.7 15.9 � 6.1
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in a “Matryoshka-like system” to transport indirectly the ion/
molecule trapped inside the calixarene, developing innovative
theranostic platforms.

In many cases, the binding energy of calix[4]arene with
these proteins is higher than that with the natural substrates of
the proteins or with drugs in clinical use (Table S1).

A complementary ligand-based methodology confirmed the
nuclear receptors, and in particular hormone-binding receptors,
as primary targets for the calix[4]arene binding.

The statistical analysis of all the complexes between
calix[4]arene and proteins showed that leucine, isoleucine,
phenylalanines and valine are the most frequent binding
residues, followed by hydrophobic cysteines and methionines
and aromatic histidines, tyrosines and tryptophanes. In general,
the recognition and binding processes between proteins and
calix[4]arene is governed by shape complementarity, where the
van der Waals term is dominating. Calix[4]arene appears mostly
sandwiched by amino acid residues interacting at the same
time with the inner part of its cavity and with the external walls.

Computational Methods

Quantum Mechanics Calculations

Conformational analysis. The relative energies of the four con-
formers of calix[4]arene (cone, partial cone, 1,2-alternate, 1,3-
alternate) were determined using Density Functional Theory (DFT)
with the m06-2x[108] functional and the 6–311+ +G** basis set.[109]

To account for solvation effects, the Integral Equation Formalism
Polarizable Continuum Model (IEFPCM) approach was employed.[110]

All quantum mechanics calculations were performed using the
Gaussian16 suite of programs.[109]

Calixarene parametrization. Calix[4]arene was parametrized using
the GAFF force field.[111] Atomic charges for the calix[4]arene
conformers were determined using the Merz-Singh-Kollman
scheme[112] at the HF/6-31G* level.

Virtual Screening

Potential Drug Target Database (PDTD). The Potential Drug Target
Database (PDTD) contains 1207 entries covering 841 known and
potential drug targets with structures obtained from the Protein
Data Bank (PDB).[113] To consider protein flexibility, PDTD includes
redundant entries for proteins known to be flexible, allowing
ensemble docking calculations.

Docking calculations. All the four conformers of the calix[4]arene
were considered in the docking studies. Global docking (or blind
docking) procedures that searches for all the possible binding sites
of the ligand on the entire protein surface were used. Two different
protein rankings were obtained using the PatchDock[114] and
FireDock[115] algorithms. The scoring function used by these
algorithms describe accurately the binding of proteins with rigid
and hydrophobic moieties, such as photosensitizers,[116–118]

fullerenes,[119–123] carboranes[124,125] and carbon nanotubes.[126,127]

PatchDock[114] is a rigid/soft docking algorithm. With a ligand and a
protein structure as input, PatchDock uses a fast Fourier transform
(FFT) algorithm to allow an efficient global docking search,
maximizing the shape complementarity and minimizing steric
repulsions. PatchDock initially divides the surfaces of the protein

and the ligand into patches based on the surface morphology
(concave, convex, or flat). Next, it creates a list of potential
transformations by using the geometric hashing algorithm to
match flat patches with flat patches and concave patches with
convex patches. A scoring function that estimates the shape
complementarity and the atomic desolvation energy[128] of the
complex is used to assess each pose. Since the approach permits
some penetrations between the ligand and the protein, it implicitly
takes into account, at least partly, protein/ligand flexibility and
dynamics.

FireDock[115] takes as initial input PatchDock poses, but is a flexible
docking methodology, that generates the geometry of interactions
following an optimization step that adjusts the conformations of
the amino-acid side-chains (rotamers) around the ligand. Following
the rearrangement of the side-chains, the relative position of the
docking partners are further refined by a Monte Carlo
minimization.[129] All the obtained poses are then ranked by a
scoring function that considers the van der Waals and electrostatic
interactions, explicit hydrogen and disulfide bonds contributions, π-
π-stacking, cation-π and aliphatic interactions. The force field
parameters used in the scoring function derive from CHARMM19.
The desolvation free energy of the binding process is estimated
using, as solvation model, the effective atomic contact energies
(ACE).[128]

Docking rescoring. Using a hierarchical approach, the top 500
complexes of the PatchDock and FireDock rankings were rescored
(Scheme 1).

A molecular mechanics minimization of the complex was carried
out. The Amber FF14SB force field was utilized to model the
proteins.[130] Docked complexes underwent geometry optimization
using SANDER:[131] 500 steepest descend minimization steps
followed by an additional 500 conjugate gradient steps were

Scheme 1. Schematic representation of the hierarchical virtual screening
procedure used in this article.
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carried out in Generalized Born (GB) implicit solvent model.[132] The
optimized structures were used as input for MM-GBSA
calculations,[133] to obtain the binding affinity of the different
protein-calix[4]arene systems.[132] This procedure was recently
validated to calculate the binding energy of calixarene derivatives
to proteins.[134–136] Electrostatic and van der Waals (vdW) interactions
were calculated considering an infinite cut-off. The polar solvation
term was calculated using the GB model, whereas the non-polar
solvation term was determined using solvent-accessible, surface-
area-dependent terms. An energy penalty was applied to the
binding energy when it binds in a different conformation from the
most stable (cone conformation). A final ranking was obtained
merging the results obtained by PatchDock and FireDock, both
rescored at the MM-GBSA level (Table 1). The ability of this docking
protocol was validated by a “bound docking” procedure, using two
crystallographic structures (PDB IDs: 8R3B and 8R3C) of a calixarene
derivative bound inside the concave pocket of a protein.[137]

Identification of ligand-binding pathways. We used the program
CAVER[138] to calculate the protein tunnels and identify the
accessible paths for the calix[4]arene to reach its binding sites. To
model the transport of the calix[4]arene from the outside environ-
ment into the protein binding sites, we used the program
CaverDock,[139] determining the trajectory of the ligand and the
energy profile of the process.

Ligand-based virtual screening. For the ligand-based virtual screen-
ing we used the SwissTarget web-server,[107] that allows the
estimation of the most probable macromolecular targets of a small
molecule. The prediction based on a combination of 2D and 3D
similarity with a library of 370000 known active molecules. Here we
searched similarities only with compounds active on human
proteins (2092 proteins).
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