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Abstract: MS-based chemical-proteomics technology is intro-
duced herein as a third general strategy to study the biomo-
lecular recognition properties of given calixarene derivatives.
In particular, we demonstrate that a simply designed calix-
[4]arene derivative 1 a bearing acetamido groups at the exo rim
(pAC), when linked to a solid support, is able to fish out
a specific protein (PDI protein) from a crude extract of HelLa
cells. Western blot and surface plasmon resonance studies
confirmed the direct interaction between PDI and the linker-
free pAC derivative 1b with considerable affinity, and in vitro
tests showed its inhibition of PDI chaperone activity. In
accordance with the role of PDI in a variety of human cancers,
biological tests showed that pAC 1b was cytotoxic and
cytostatic toward CAL-27 and PC-3 cancer cell lines in vitro.
Docking studies showed that H bonds and hydrophobic
interactions contribute to the stabilization of the PDI/pAC
complex.

I n the past two decades, a considerable amount of attention
has been devoted to biomolecular recognition by calixarene
derivatives and in particular to their interaction with drug-
gable targets.!l In this regard, calixarene derivatives able to
selectively bind a known biomolecular target have been
identified through two principal strategies: experimental
screening of a library of calixarene derivatives!'“*! or virtual
screening with molecular docking,[-m!

Regarding the first strategy, in a pioneering study,
Hamilton and co-workers!'*! synthesized a library of peptido-
calixarenes, from which they identified a diversomer able to
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selectively bind to PDGF growth factor, thus resulting in
significant inhibition of tumor growth and angiogenesis in
vivo. Interestingly, their results also showed a lack of toxicity
of the calixarene framework in several in vivo biological tests.
Analogous observations were reported by Liu and co-work-
ers,” who proved that p-sulfonatocalix[z]arenes showed no
toxic effects in mice poisoned with viologen derivatives;
instead, the mortality rate of the mice was significantly
decreased. Coleman et al. demonstrated that, in mice, a single
injection of a calix[4]arene derivative, at doses equivalent to
2-5 g in humans, showed no acute toxicity, and the compound
was rapidly cleared by elimination in urine without accumu-
lating in the liver.” All these results have prompted many
researchers to pursue the discovery of new calixarene hosts
able to recognize biomolecular targets. In this vein, we
reported the synthesis of a series of peptidocalixarene
diversomers, a few of which were able to inhibit trans-
glutaminase enzymes by surface recognition.!"!

Regarding the second strategy, the identification of
bioactive calixarene derivatives by molecular docking has
been attracting more and more interest, since it offers insight
into the secondary interactions involved in the stabilization of
the protein-ligand complex. Thus, de Mendoza and co-work-
ers reported the computer-assisted design of a tetramethyl-
guanidinium calix[4]arene derivative,"’¥ which was able to
recognize the tetrameric protein p53TD-R337H mutant by
a combination of hydrophobic interactions, ion pairing, and
hydrogen bonding. We designed arylamido calix[4]arene
derivatives as effective histone deacetylase inhibitors
(HDACis) by molecular-docking screening.!' In particular,
molecular-docking studies provided evidence that the van der
Waals interactions between the large hydrophobic groups at
the exo rim of the calixarene derivatives and the four external
hydrophobic pockets on the enzyme surface are essential for
the stabilization of the HDAC—calixarene complex.

The development of novel strategies to identify possible
biological targets for given calixarene derivatives is crucial for
understanding of their biomolecular recognition abilities.
Nowadays, remarkable advances in analytical methods, and in
particular in chemical-proteomics technologies based on mass
spectrometry, have a marked impact on target discovery. One
of the major chemical-proteomics approaches employs
immobilized compounds that can be used for affinity enrich-
ment of their interacting targets in samples from cells and
tissues.”!

We envisioned that such a chemical-proteomics approach
could be used as a third general strategy to study the
biomolecular-recognition abilities of a given calixarene deriv-
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Scheme 1. Structure of p-acetamidocalix[4]arenes (pACs) 1a,b.

ative. In particular, the p-acetamidocalix[4]arene (pAC)
derivative 1a (Scheme 1) combines the hydrogen-bond-
donor/acceptor abilities of the acetamido groups* and the
hydrophobicity of the calixarene backbone, and both factors
should favor the formation of novel protein—calixarene
complexes."™™ Our experimental procedure consisted of the
following steps: 1) synthesis of p-acetamidocalix[4]arene
(pAC) derivatives; 2) chemical immobilization of the pACs
on a solid support; 3) incubation of the pAC-modified beads
with cell lysates; 4) identification of species interacting with
the pACs by mass spectrometry; 5) evaluation of the bioac-
tivity of the pACs by in vitro and in-cell assays.

We designed the derivative 1a to have a suitable spacer
arm at the endo rim, 2-(2-aminoethyldisulfanyl)ethylamine
(TTIOS), for immobilization onto an agarose CDI matrix (solid
support). Such a spacer is usually required to minimize steric
hindrance between the ligand on the matrix and its macro-
molecular partners during the affinity-purification step.”!
Derivative 1a was synthesized (see Scheme S1 in the Sup-
porting Information), purified by HPLC, and characterized
by 'H and “C NMR spectroscopy and ESI(+) MS.” It was
then linked covalently through its free amino group to solid
beads made of CDI agarose activated with 1,1"-carbonyldii-
midazole (Scheme 2).I°! The experimental conditions (buffer,
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Figure 1. Schematic illustration of the approach of biomolecular fish-
ing with pAC Ta-beads.

then purified by SDS-PAGE (see Figure S6); the entire gel
was cut, digested with trypsin, and analyzed by mass
spectrometry through nanoflow reversed-phase HPLC MS/
MS (Figure 1; see also Figure S7)./' Doubly and triply
charged peptide species were fragmented, and all the MS/
MS spectra were subjected to a Mascot database search (see
Figures $9-S11).° The identified proteins were then com-
pared with those of the free-matrix control experiment (see
Table S2), and those present in both experiments were
excluded to give a set of potential protein partners (see
Table S1). As is usual for this kind of pulldown experiment,*!

a large number of potential

partners was found in the raw
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Scheme 2. Immobilization of pAC derivative 1a on agarose beads. TEA=triethylamine.

pH value, incubation time, and temperature) were optimized
for the preparation of beads with a final 1a concentration of
3 pmol per milliliter of resin, and the coupling process was
monitored by reversed-phase HPLC analysis (see Figure S3 in
the Supporting Information).[®!

Samples of crude HeLa cell extracts were incubated with
pAC 1a on the solid support and with the pAC-free matrix as
a control experiment to discern between specific and aspecific
interactions. After extensive washing, the beads were treated
with dithiothreitol (DTT) to break the disulfide bridge on the
linker and to release into solution the proteins strictly bound
to the pAC derivative (Figure 1). The protein mixtures were
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and the individual Pep(sig)
values, thus giving a lower,
reasonable number of mole-
cules that were potentially
interacting with the pAC.

To establish which pro-
tein was the best potential
partner, the entire fishing/
control procedure was repeated twice to give three sets of
potential partners (see Tables S1 and S3). The intersection of
these sets was identified to exclude all noncommon candi-
dates (see Table S4). In this way, a single protein common to
the three sets was found (Figure S8). This protein, protein
disulfide isomerase (PDI), was considered as the best
potential partner of pAC 1a.”! PDI is a 57 kDa chaperone
protein located in the endoplasmic reticulum (ER).** Acting
as a thiol oxidoreductase, PDI catalyzes the formation,
breakage, and rearrangement of disulfide bonds, and there-
fore regulates oxidative protein folding as well as cell
viability."” Located in the two PDI active sites, in the a and
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a’ domains, are two conserved cysteine residues, which are
essential for PDI activity and for the cycle between the
oxidized (disulfide) and reduced (dithiol) state.''l Increased
PDI levels have been documented in a variety of human
cancers, including ovarian,'? prostate,'*! and lung cancers,"!
as well as lymphoma,® glioma,' and acute myeloid
leukemia.'”! Inhibition of PDI activity leads to apoptosis in
cancer,'® thus suggesting that PDI is a promising druggable
target.

To verify whether the disulfide bridge of 1a may have
a role in the interaction with PDI protein, we studied the
interaction of 1a and of the sulfur-free derivative 1b, bearing
four propyl chains at the lower rim, with PDI protein through
western blot and surface plasmon resonance (SPR) meth-
ods.”l Western blot results clearly indicated that 1b was able
to bind PDI protein, thus demonstrating that the interaction
between 1a and PDI protein does not occur through the
disulfide bridge (see Figure S12).! SPR analysis was per-
formed by immobilizing PDI on the surface of a CMS5 chip,
and then injecting solutions of pAC 1b (at three different
concentrations, 0.1-10 uM) to give the association and disso-
ciation curves. The results (see Figure S13) clearly showed
a considerable affinity (Kp=11 pm)!’! between the PDI/1b
counterparts, thus confirming their direct interaction. To
confirm the specificity of the interaction, pAC 1b was injected
over two different proteins (peroxiredoxin 1 and Laminin B1)
as negative controls, as well as over the unfunctionalized SPR
chip; in these experiments, no binding was observed (see
Figures $14-516).[°

We performed a molecular-docking study to confirm and
rationalize the observed biological results and to gain more
insight into the interaction of pAC 1b with PDI (Figure 2).
Protein disulfide isomerase features four thioredoxin
domains, a, b, b’, and a’ (Figure2a),!"¥ arranged in the
shape of a twisted “U”. The two active sites are located in the
a and a’ domains and face each other across the long sides of
the “U”. They are separated by 28 A, as measured between
the S atoms of catalytically active cysteine residues. The b’
domain contains a large hydrophobic pocket able to accom-
modate the substrate (Figure 2a)."®! The inside surface of the
“U” is enriched in hydrophobic residues, thereby facilitating
interactions with misfolded proteins. In fact, a solid-state

Figure 2. Docking experiments. a) 3D model of the binding mode of
pAC 1b in the hydrophobic pocket in the b’ domain of PDI. The
protein molecular surface is shown (colored according to atom type),
whereas 1b is depicted as a blue CPK representation. b) Hydrogen-
bonding interactions between 1b and the His438 and Trp396 residues.
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study!"! showed that these hydrophobic residues are crucial

for the interaction between PDI and its substrates, which are
either unfolded or partially folded proteins containing
exposed hydrophobic residues.

Our docking studies showed that pAC 1b occupied the
inside surface of the “U”, and was deeply bound in the
hydrophobic pocket in the b’ domain (Figure 2a; see also
Figure S19), a region essential for interactions with hydro-
phobic protein substrates."®™ A close inspection of the
preferred binding site revealed that 1b established two
hydrogen bonds with Trp396 and His438 (Figure 2b; see
also Figure S20a), and a m-stacking interaction was identified
between an aromatic ring of 1b and Phe249 (see Figures S20
and S21). Furthermore, van der Waals interactions were
established between the hydrophobic walls of 1b and the
apolar lateral chains of Ile, Phe, and Leu amino acid residues
in the PDI binding site (see Figure S18). A recent report by
Wang and co-workers!"®! showed that Trp396, a highly con-
served residue located in the immediate proximity of the
active site containing Cys397, plays an essential role in the
redox-regulated conformational change between reduced and
oxidized PDI forms. Interestingly, this conformational change
between the different redox states of PDI directly modulates
the chaperone activity of PDI protein."® The studies of Wang
and co-workers showed that in the reduced form of PDI,
Trp396 forms a cation—m interaction with Arg300, and that
this interaction is broken upon the oxidation of PDI.I'®
Interestingly, Wang and co-workers demonstrated that the
mutation of Trp396 significantly impairs!'” the redox-regu-
lated conformational change of PDI. These observations led
us to conclude that the hydrogen-bonding interactions
between pAc 1b and Trp396 would interfere with the
conformational change between reduced and oxidized PDI
forms that is essential for the catalytic activity of the enzyme.
Furthermore, as evidenced by docking results, the occupation
of the PDI hydrophobic pocket b’ by pAC 1b through van der
Waals interactions could hinder the binding of substrates.

Interestingly, docking calculations revealed an inhibition
constant, K;=6.23 um (see Table S4), very similar to that
obtained by SPR analysis (Kp=11pum). To verify the
accessibility of the enzyme active site, without disruption of
the PDI complex, to beads modified with pAC 1a, as required
by the fishing experiments, we performed a molecular-dock-
ing study with a linker-bearing model compound (see Fig-
ure S18). Also in this case, the calixarene unit bound the PDI
in the same pocket of 1b with similar H-bonding and van der
Waals interactions (see Figures S22 and S23). In a similar way,
molecular docking confirmed the crucial role of the acetam-
ido groups of 1b. In fact, its p-tert-butyl analogue clearly
showed poor affinity for the PDI protein (K;=_8.23 mm; see
Figures S18 and S24).

At this point, we moved to the analysis of the biological
profile of pAC 1b, and first investigated its potential
modulation of the PDI activity. Since PDI plays a key role
in protein folding by catalyzing the rearrangement of disulfide
bonds in substrate proteins, we performed an in vitro test
based on the enzyme-catalyzed reduction of insulin (see
Figure S17) and spectrophotometric measurement of the
aggregation of reduced insulin chains.”” In this method,
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PDI reduces the insulin disulfide bonds in the presence of
dithiothreitol (DTT), and then the aggregation of the reduced
insulin chains is measured at 620 nm. PDI activity was clearly
impaired in the presence of pAC 1b in a concentration-
dependent fashion (see Figure S17), thus indicating an
important role of the interaction between the calixarene
scaffold and PDI in determining the chaperone inactivation.

Next, we evaluated the in vitro ability of pAC 1b to inhibit
the viability and the metabolic activity of cancer cells. Thus,
two different human tumor cell lines were cultured: CAL-27
(oral adenosquamous carcinoma cell line) and PC-3 (human
prostate cancer cell line). A clear stock solution of the pAC
derivative 1b in dimethyl sulfoxide was prepared and used for
the addition of 1b to the cell culture medium. After
incubation with compound 1b for 24 h, the cell viability was
evaluated by a trypan blue exclusion test and the metabolic
activity through a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTS) reduction assay, which measures
the ability of a mitochondrial dehydrogenase enzyme from
viable cells to cleave the tetrazolium rings. As a positive
control, cells were treated with a known chemotherapeutic
drug, 7-ethyl-10-hydroxycamptothecin (SN38), an active
metabolite of irinotecan, and the known PDI inhibitor
16F16,2Y at concentrations of 0.35, 0.75, 1.5, 3.6, and
12 um.?? The results are expressed in Table 1 as ICs, values

Table 1: Evaluation of the cytotoxicity of pAC 1b in comparison with that
of SN38 and the known PDI inhibitor T6F16.

Cell line ICs = SD [um]® CCso=SD [um]®
1b CAL-27 20.5+0.8 31.0+4
1b PC-3 245+09 283+10
SN38 CAL-27 3.0+0.9 32403
SN38 PC-3 11.54+0.2 6.940.9
16F16 CAL-27 7.64+0.4 8.8+1.9
16F16 PC-3 25.04+0.6 147416

[a] ICs, is the concentration required to inhibit 50% of cell viability.

[b] CCsy is the concentration required to inhibit the metabolic activity of
50% of the cells, as evaluated in the CAL-27 and PC-3 cell lines by a MTS
assay.

for the viability assay and CC;, values for the metabolic assay
(these values are the concentration of the compound at which
50% of cells are viable or metabolically active).

The pAC derivative 1b was cytotoxic toward CAL-27 and
PC-3 cell lines with ICs, values of (20.5+0.8) and (24.5+
0.9) uM, respectively, and SN38 showed cytotoxicity toward
CAL-27 and PC-3 with ICs, values of (3.0+£0.9) and (11.5+
0.2) um, respectively. Interestingly, 1b inhibited PC-3 prolif-
eration with an ICs, value that overlapped with that of the
commercial 16F16°!) PDI inhibitor, thus suggesting a similar
action mode. Regarding the effect of 1b on the metabolic
activity of CAL-27 and PC-3 cells, we found CC;s, values of
(314+0.3) and (283 +10) um, respectively, which are higher
than those shown by both SN38 and 16F16 (3.2-14.7 um).
These data demonstrated that pAC 1b exhibits biological
activity toward tumor cells that is comparable to that of both
SN38 and 16F16. Notably, the two cell lines were equally
susceptible to the cytotoxic effect of pAC 1b, whereas PC-3
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was more resistant than CAL-27 to its metabolic inhibitory
effect, as shown by the CCs,value of (283 +10) um. The
metabolic inhibitory effect might depend on the sensitivity of
the specific cell line itself and might indicate a preferential
cytostatic effect owing to inhibition of the metabolic activity
of CAL-27. However, pAC 1b seems to be equally cytotoxic
and able to metabolically inhibit CAL-27, as it showed ICs,
and CC;, values that were 7- and 10-fold higher than those
exhibited by SN38, respectively. Interestingly, 1b inhibited
PC-3 proliferation with a CCs, value around 20 times higher
than that of the 16F16 inhibitor. Conversely, the ICs, and CCs,
values of 1b toward CAL-27 were both around three times
higher than those of the 16F16 inhibitor. Taken together,
these results indicate that the in vitro biological activity of
pAC 1b toward tumor cell lines is only slightly lower than that
of a known chemotherapeutic drug and that of a genuine PDI
inhibitor, and they encourage the development of further
assays to test the activity of pAC 1b against a broader range of
tumor cell lines.

In conclusion, we have introduced herein MS-based
chemical-proteomics technology as a third general strategy
to study the biomolecular-recognition properties of given
calixarene derivatives. In particular, we have shown that
simply designed calix[4]arene derivatives bearing acetamido
groups at the exo rim (pAC) were able to recognize the
protein disulfide isomerase (PDI), which was fished from
a crude extract of HeLa cells. Western blot and surface
plasmon resonance (SPR) studies indicated a direct inter-
action between PDI protein and the pAC derivative.
Increased PDI levels have been documented previously in
a variety of human cancers, thus suggesting that PDI is
a promising druggable target. Biological in vitro tests showed
that pAC derivative 1b was able to inhibit the PDI chaperone
activity: cytotoxic and cytostatic activity toward CAL-27 and
PC-3 was observed. Finally, docking studies showed that both
hydrogen-bonding and hydrophobic interactions seem to be
the main driving forces for the stabilization of the PDI/pAC
complexes, in agreement with observations made during the
formation of natural complexes between PDI enzymes and
misfolded protein substrates.
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