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Abstract: The binding of para-Sulphonato-calix[4]arene to a series of Serum Albumin Proteins has been studied
using Electrospray Mass Spectrometry, each protein shows different capacities to interact with para-Sulphonato-
calix[4]arene, including the number of ligands bound, the Association Constants observed, and the stoichiometries
at which the onset of each binding event is observed.
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Introduction

The calix[n]arenes are amongst the most widely studied organic host molecules, [1] over the last ten years we
and others have demonstrated that these synthetic macrocycles have a wide and highly interesting biology. [2]
Studies on the interactions of the calix[n]arenes, and in particular the para-sulphonato-calix[n]arenes, with bio-
molecules have ranged from amino-acids, [3] nucleotides, [4] and steroids [5] through peptides [6] to various
proteins, [7] and most recently to cellular biology [8] and in vivo-toxicity [9].

The calix[n]arenes have been shown to have direct biological properties including anti-coagulant, [10] anti-
viral, [11] anti-bacterial, [12] and anti-tumoral, [13] activities and also indirect activity where they have been used as
colloidal transporters, [14] inclusion compounds for drug solubilisation, [15] protectant molecules against UV
degradation, [16] co-crystal formers [17] and to be capable of acting as amplifying systems in neurodegenerative
disease diagnostics. [18]

At this time the most studied and also the most versatile of the calix[n]arenes with regard to biological and
bio-medical applications is para-sulphonato-calix[4]arene. It is usable as a co-crystal former, [17] as an inclusion
compound solubilser [15] and for the formation of co-colloids for drug transport. [19] It has been shown to possess
no hemolytic properties, [20] does not provoke non-specfic immune responses, [21] has no anticoagulant activity
[10] and possesses very low in-vivo toxicity, [9] where in mice it is rapidly cleared from the body without
accumulation. Thus para-sulphonato-calix[4]arene is an excellent candidate for use as a adjuvant for drug transport
and delivery.

Of the circulating proteins, the Serum Albumins are the most important class with concentrations in
physiological fluids of up to 40g/L. [22] They are well known as anion transporter proteins and may thus act as
reservoirs for delivery of negatively charged bioactive molecules. [22] Thus the study of the interaction of para-
sulphonato-calix[4]arene with various Serum Albumins is of considerable interest, in view of the possible medical
applications of this molecule.

We have already reported on the interaction between para-sulphonato-calix[4]arene and Bovine
Serum Albumin, (BSA), where three binding sites where observed with Association Constants of 0.77, 0.38 and
0.03x10°M™. [23]

Electrospray Mass Spectrometry has been widely developed for the study of the binding of small molecules to
proteins, [24] the technique, which is a soft Mass Spectrometric method using low energy for ionisation, can provide
information on both the stoichiometry and binding energies, [25] involved in supramolecular complexes and
possesses high sensitivity. However, there exists still much discussion on the subject of whether the binding
constants derived from ES-MS and the conformations of the proteins in the gas phase reflect conditions in the
solution state. [26]

Given that the Serum Albumins are capable of adhering non-selectively to a wide range of surfaces, thus
ruling out many analytical techniques such as SPR or HPLC and that they are not suitable for study by NMR due to
their high molecular weight, over 65kD, the use of Electrospray Mass Spectromtery (ES-MS) is an excellent tool for
the study of binding of ligands to the various Serum Albumins.

In the present work we have studied by ES-MS the interaction of para-sulphonato-calix[4]arene with Serum
Albumins obtained from Human, (HAS), Goat, (GSA), Pork, (PSA), Rat, (RSA), Rabbit, (RbSA) and Sheep, (SSA).
The use of a single substrate molecule with a closely related series of proteins under identical conditions should
allow us to have some degree of confidence in the internal consistency of the results and permit quantitative
comparisons to be undertaken.
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Results and Discussion
The synthesis of para-sulphonato-calix[4]arene, 1, below, was carried out using the conditions previously
developed for samples to be used in biological studies.’

Scheme 1. Molecular Structure of para-sulphonato-calix[4]arene, 1.

A typical mass spectrum, at a 1:0.8 ration between para-sulphonato-calix[4]arene and Rat Serum Albumin,
along with the deconvoluted spectrum are shown in Figure 1a and 1b respectively.
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Figure 1, a Native ES-MS spectrum of the complexation of Rat Serum Albumin by para-sulphonato-
calix[4]arene, 1 at a molar ratio of 1:0.8, and b the deconvoluted spectrum.

The high charge state naturally present on the Serum Albumins leads to median values for observed m/z ratios
in the range 1270 to 1390, as given in Table 1. Also in Table 1 are given the number of basic amino-acids, Lysine,
Arginine and Histidine present in each protein.

In Table 2 are given the data on the binding of para-sulphonato-calix[4]arene to each of the Serum Albumins,
along with the Association Constants, K, for each of the observed complexes.The Association Constants are
expressed in M™ as the mathematical treatment calculates each value as a separate entity.

Evidently a major point concerns the nature of the observed binding, is it specific or non-specific in nature.
Given the high, between 90 and 100, number of basic amino acid residues present and that at most a 1:5
stoichiometry is observed, as well as the fact that for BSA up to 60 molecules of para-sulphonato-calix[4]arene are
non-speficially coordinated to BSA, it would seem that under the experimental conditions used here, the binding can
be treated as specific but not necessarily directly applicable to the in-vivo situation. In fact given the complexity of
physiological media binding data obtained ex-vivo must, anyway, be treated with circumspection.
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Table 1
Data for the various Serum Albumin Proteins, number of basic amino-acids present, median m/z ratio
observed. a Data for BSA from [23] b data unavailable
BSA® HSA GSA® PSA RSA RbSA SSA
Lys 59 60 b 58 54 58 61
Arg 23 25 b 29 27 25 25

His 17 16 b 19 15 23 18
Median 1388 1386 1338 1335 1351 1280
m/z

Table 2
Association Constants, observed for the complexes between para-sulphonato-calix[4]arene and the Serum
Albumin proteins. ® Data for BSA from reference [23]
BSA? HSA GSA  PSA RSA  RbSA SSA
10°M*  10°Mm* 10°MT 10°M* 10°MT 10°Mt 10°Mt
1:1 0.77 2.13 0.84 0.52 1.52 1.66 0.16
1:2 0.38 1.06 1.25 0.45 0.91 1.72 1.06
1:3 0.03 0.31 0.27 0.14 0.30 0.49 0.68
1:4 - 0.11 0.08 - 0.10 0.16 0.17
1.5 - 0.03 0.03 - 0.03 - 0.06

Analysis of the Association Constants shows that for all the Serum Albumins, except possibly PSA, there exist
two very strong binding sites for para-sulphonato-calix[4]arene, with Kass values between 0.8x10°M™ and 2x10°M™
and that the sites are generally capable of accomodating two molecules of para-sulphonato-calix[4]arene.

There exists a second apparent type o fhinding site, as described by similarity in the observed Assocaition
Constants with values grouped around 0.3-0.5x10°M™ and that this site only binds one molecule of para-sulphonato-
calix[4]arene.

Finally two other types of site may exist, one showing Association Constants in the range 0.15x10°M™ to
0.1x10°M™ and the other around 0.03x10°M™. With regard to these last sites their presence is dependent on the
animal source of the Serum Albumin.

Of further interest is the fact that there are apparently cooperative binding events in which the first Association
Constant is smaller the second, this is particularly the case for Sheep Serum Albumin,(SSA) where for the first
binding event a Association Constant of 0.16x10°M™ is observed, after which at higher molar ratios of para-
sulphonato-calix[4]arene to SSA by two strong binding events with Association Constants of 1.06x10°M™ and
0.68x10°M™ are observed before the second typical binding site at 0.17x10°M™ appears. These results suggest, that
in the case of this protein, that complexation at an additional site opens up access for para-sulphonato-calix[4]arene
to the strong double binding site.

Figure 2, adapted from ref 27, molecular structure of HAS in its complex with myristate, azapropazone and
indomethacin, showing the complexed molecules as CPK surfaces to better illustrate the possible binding sites.

The crystal structures of HSA, and more than twenty of its complexes with varying single molecules, and with
two and even three different molecules are present in the Protein Data Bank.

Analysis of the binding sites present in the triple complex between HSA, myristate, azapropazone and
indomethacin, [27], Figure 2 shows one large site that contains both azopropazone and indomethacin with two myristate
anions close by, another quite large site with two myristate anions and two binding sites for one myristate each.
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Figure 3. Titration curves for the complexation of para-sulphonato-calix[4]arene with the various Serum
Albumins as a function of the concentration of para-sulphonato-calix[4]arene. Curve fitting has been applied to
improve visualization, hence the initial value of the concentration of para-sulphonato-calix[4]arene becomes zero.

The observed sites could, thus, correspond to the two strong binding sites of para-sulphonato-calix[4]arenefor
the large pocket, a second binding site and two weaker binding sites.

In addition to the thermodynamic information on individual binding events, ES-MS provides clear information
on the onset of binding events and on the existance of the various binding events as a function of the stoichiometry of
the titration, it is one very few analytical techniques that can provide such information. The curves for the variation
of each complex are given in Figures 3a-f and the data is summarised in Table 3.

Interestingly for both GSA and, particularly, for RbSA there a lag before observation of the formation of the
1:1 complex, conversely only for HAS are the 1:1 and 2:1 complexes present at the initial extrapolated titration point.
For all the other binding events there are sequential and there is never simultaneous formation of more than one
stoichiometry. Interestingly for all the proteins other than PSA there is dissymmetry in the 1:1 binding curve with
extension out to high para-sulphonato-calix[4]arene: protein ratios.
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Table 3
Binding Event Onset Stoichiometry Ratios.

HSA GSA PSA RSA RDbSA  SSA
11 >0 0.03 >0 >0 0.16 >0
1:2 >0 046 05 051 072 0.15
1:3 0.69 082 163 1.22 1.29 1.22
1:4 254 245 - 2.58 1.8 2.11
1:5 3.88 3.24 - 4.22 - 3.14

Experimental
Sample preparation

Serum albumins were purchased from Sigma and used without further purification. para-Sulfonato-
calix[4]arenes was synthetised according to the literature method. [9] The mass spectra of solutions containing para-
sulfonatocalix[4]arene and the relevant Serum Albumins were carried out in a CH;OH-H,0 mixture (50:50; v/v)
with 0.1% of Formic Acid. In the titration experiments, the final concentration of the Serum Albumins was retained
constant at 5 pmol/uL. Thus to 10 pL of the Serum Albumin solutions was added increasing volumes of the relevant
calixarene solution from 0 to 25 pm/y, the final volume was adjusted to ImL. A mass spectrum of each sample was
recorded. A minimun of 10 points was required to obtain the best fit for calculating the Association Constant value.

ESI/MS mass spectra

All experiments were performed using a Sciex APl 165 quadrupole mass spectrometer, associated with an
Electrospray lonisation (ESI) source operating in the positive ion mode. Compounds were introduced by direct infusion
of solutions at 5 puL/min flow rate in a CH;OH/H,O (50:50; v/v) mixture containing 0.1% of HCOOH. Mass spectra
were acquired at 60V orifice voltage value. The scan range was set at m/z 700-2200. Multicharged ion spectra were
deconvolved in the 65 to 75kDa mass range with step-size of 0.1Da and 20 iterations were summed to improve the
signal to noise ratio. Deconvolution of the raw mass spectra allows observation and subsequent integration of peaks
arising from the serum albumin alone and peaks arising from the complexes. It is assumed that the ionisation response
factors of the various Serum Albumins and the Serum Albumin-para- sulphonato-calix[4]arene complexes are the same.

Calculation of K
For the calculation of the Kp values it is assumed that they are n binding sites that are not necessarily
equivalent, and where Kp = Dissociation Constant:

_[PIIC]

o= o] [
_ [PCIIC]

= tpe ] (2]
— [Pcn—l][c] [3]

Dn [PCn]

where P is the free serum albumin concentration, C is the free para-sulphonato-calix[4]arene concentration, PC
is the 1:1 Protein-para-sulphonato-calix[4]arene complex concentration, PC, is the 1:2 Protein-para-sulphonato-
calix[4]arene complex concentration and the equilibrium constants can also describe n non equivalent binding sites:

_[PIIc] (4]
* [PC]

_[PIICY
>~ IPC,)] ]

where K; = Kp; and K, = Kp; X Kp,. Following the derivation in van Holde’s Physical Biochemistry, [28] the
relationship below is derived:

[P1+[PCI+[PC,]+..+[PC,]__ [CI"  [CF _ [C]

[P] KD1KD2"'KDn KDlKDZ KD1

The intercept will be one for a para-sulphonato-calix[4]arene concentration of zero. A plot of measured

values of ([P]+[PC]+[PC,]+...+[PC,])/[P] versus added [C] can be fitted to a n order polynomial fonction, thus
allowing calculation of each Dissociation Constant.

For calculating the association constant, it was assumed that the total signal response for each individual

species was proportional to the concentration of that species both in the gas phase and in solution.
Kassissimply 1/Kp,

+1 [6]

98



Jalil Moubarak et al./Chem. J. Mold. 2009, 4 (2), 94-99

Conclusion

The use of Electrospray Mass Spectrometry has allowed the investigation of the binding of para-sulfonato-
calix[4]arene to a series of Serum Albumin Proteins. There are, depending on the protein, at least three and up to five
binding sites observed, with the derived Association Constants varying from 2.14 to 0.03x10°M™. Comparison with
the crystal structure of a Human Serum Albumin complex suggests that the binding of para-sulfonato-calix[4]arene
may be correlated with the known anion binding sites. The onset of the formation of each complex is, in general, an
independent event particular to the nature of the Serum Albumin.
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