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Abstract

The work of this PhD thesis was focused on the synthesis of novel calix[4]arene derivatives and on their
use as supramolecular catalysts and as ligands for proteins.

The cone-calix[4]arene scaffold has been often described as an appropriate platform for the
development of effective artificial phosphodiesterases, by decorating its upper rim with guanidinium
groups or metal-ion-containing ligating moieties. However, the possibility to exploit the cooperation
between these two different types of catalytically active units in the cleavage of phosphodiester bonds,
when present on the same macrocyclic scaffold, was not evaluated before this thesis work. Thus, we
synthesized two new cone-calix[4]arene derivatives, bearing at the upper rim a guanidinium group and a
triazacyclononane moiety in 1,3 distal- or 1,2 vicinal- position, as ligating unit for Zn(Il) or Cu(ll) ions.
After the synthesis, the purification and the characterization of these compounds, detailed kinetic
studies were performed to investigate the catalytic activity of the corresponding metal complexes. The
Cu(ll)-complexes of both the distal and vicinal catalysts gave rise to a high acceleration in the cleavage of
2-hydroxypropyl-p-nitrophenylphosphate (HPNP) and bis-p-nitrophenylphopshate (BNPP), which can be
considered as activated RNA and DNA model compounds, respectively. The rate enhancements of the
studied processes were of 5-6 orders of magnitude respect to the background reaction. The same Cu(ll)-
based catalysts were also tested in the cleavage of different diribonucleoside monophosphates, showing
a noteworthy phosphodiesterase activity, with acceleration of the reaction, in the best case, as high as
10’-folds compared to the background. The combination of the data collected from the kinetic and
potentiometric investigations suggested that the studied artificial catalysts exploit a general-base action
or a nucleophilic attack of a metal-bound hydroxide ion to allow hydrolysis to occur. Quite relevant
appears to be the electrostatic stabilization of the transition state provided by electrostatic interactions
involving the guanidinium unit and the phosphate groups of the reacting partners.

In order to mimic the catalytic triad present in the active site of the human Topoisomerase | enzyme,
composed by a tyrosine and two arginine units, we also synthesized a third calix[4]arene-based
phosphodiesterase model, by functionalizing its upper rim with a phenolic hydroxyl group and two
proximal guanidinium units. The bis-protonated form of this compound was tested in the cleavage of
the DNA model compound BNPP (bis-p-nitrophenyl phosphate) and was found to promote the p-
nitrophenol liberation from the substrate with a rate enhancement of 6.5-10%folds compared to the
background hydrolysis. The experimental data indicate that the three active units of this compound
cooperate in a reaction sequence involving a phosphoryl transfer process from BNPP to the nucleophilic

phenolate moiety of the calix[4]arene-derivative, followed by a further liberation of p-nitrophenol from
IX



the phosphorylated intermediate, which takes place thanks to the electrophilic activation by the
neighboring guanidine/guanidinium dyad. At the end of the process, the resulting phosphorylated
calix[4]arene is rather inert toward dephosphorylation and, consequently, has no turnover. Thus, the
starting bisguanidinium-phenolic derivative should be more properly described as a promoter rather

than as a catalyst.

The calix[4]arene scaffold can also be effectively used for the creation of ligands able to recognize the
surface of different proteins, influencing their physico-chemical properties or biological activity.
Accordingly, some calix[4]arene derivatives were tested as ligands for different model proteins, during a
five months-placement period spent in Galway at the National University of Ireland, under the
supervision of Dr. Peter Crowley. The first investigated protein-ligand couple was composed by
cytochrome ¢ (cyt ¢) and a calix[4]arene derivative bearing at its upper rim four C-terminal alanine
residues, which were considered as appropriate binding units for the protein surfaces, mainly positively
charged at neutral pH. >'N-HSCQC NMR titrations pointed out that the ligand is able to recognize
different lysine side chains on the protein surfaces (i.e. Lys4 and one of the two neighboring Lys87 and
Lys 89), in agreement with what reported for other negatively charged calix[4]arene derivatives. The
fitting of the chemical shift perturbations (CSP) experienced by the amide resonances upon increasing
the ligand concentration, allowed to demonstrate the presence of at least two binding sites on the
protein surfaces, with values for the corresponding dissociation constants (Ky) of 0.4 mM and 1.2 mM.
Attempts to get more detailed thermodynamic and structural information for this binding event by ITC
or co-crystallization experiments were unsuccessful, since, in the tested experimental conditions, the
calorimetric investigations yielded negligible heat of reaction, while in the co-crystallization studies only
jellification of the protein was observed in the presence of the ligand.

A second studied protein-ligand system was formed by the B1 immunoglobulin-binding domain of
streptococcal protein G (GB 1) and a small library of different tetraguanidinium calix[4]arenes. The
corresponding binding events were investigated by ITC experiments, with the aim to get additional data
to support those obtained by NMR titrations in a previous work. In the tested conditions, feasible data
were acquired only when a solution of GB 1 was injected in a solution of a calix[4]arene functionalized
with four 3-guanidiniumpropoxy- moieties at the lower rim. The Ky determined by ITC (8.9 uM) as fitting
parameter of the resulting binding isotherm, is slightly lower than that previously estimated by NMR (80
uM), while the stoichiometry of binding (n= 0.85) suggests the coexistence of 1:1 and 1:2 protein to
ligand complexes in solution. The analysis of the different contributions to the overall binding free
energy pointed out that both the enthalpy and the entropy terms are favorable for the recognition
event and similar in magnitude, thus indicating that both electrostatic and hydrophobic interactions are
important to allow the binding process to take place. Taking into account also the results of the NMR

titrations, it was proposed that the electrostatic interactions could involve the guanidinium pendant
X



groups at the lower rim of the macrocycle and negatively charged or polar amino acid residues (i. e.
Asp36, Glul5, Glu4d2, GIn32 and Asn35) on the protein surfaces, while hydrophobic, C-H/m or cation/nt
contacts could take place between the calix[4]arene backbone and aliphatic/aromatic lateral groups (i.

e. Thr18, Phe30) or positively charged amino acid side (i. e Lys13).
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Chapter 1

Enzymes and artificial catalysts for the
cleavage of phosphodiester bonds



Chapter 1

1.1 Introduction

Enzymes are supramolecular bio - catalysts that accelerate a wide variety of chemical reactions which
take place in cells. They show high substrate regio- and stereospecificity and have an impressive ability
in catalyze, under physiological conditions, reactions that normally would not be fast enough to sustain
lifel. Excluding a few catalytic RNA molecules called rybozimes, enzymes are proteins with a large and
complicated three — dimensional structure. However, only specific regions of their surface, the active
sites, are directly involved in the catalytic process. In these sites, a small number of highly preorganized
active units (i. e. amino acid residues, metal cations and other co-factors) cooperate to selectively bind
the substrate and to convert it into the corresponding product?.

The fascinating properties of enzymes have always attracted supramolecular chemists that, in last
decades, have focused their attention in the creation of artificial catalysts which try to reproduce the
activity of their natural analogues. These systems, called enzyme models?, are generally organic
molecules designed to mimic the catalytic units present in the active site of enzymes and to obtain
synthetic catalysts with similar activity®. Phosphodiesterase enzymes catalyze the hydrolytic cleavage of
phosphodiester bonds contained in DNA, RNA and other important biomolecules, resulting, in terms of
acceleration over the uncatalyzed reaction®, one of the most efficient enzyme family in nature. A
particular subclass of them, called nuclease, takes part in biological processes where DNA and RNA are
manipulated®, and the creation of biomimetic analogues has also attracted much attention because they
offer the possibility to deepen our knowledge about the mechanism of action of these crucial enzymes.
Despite artificial nucleases are at the moment far to reach enzyme-like activity, the effort spent in their
development is still intense because, in future, researchers hope to use them in biotechnology- or
health- related applications, like gene manipulation, DNA sequencing or antisense therapy’2.

In the first part of this chapter, a general introduction on enzyme catalysis, supported by the description
of the mechanism of action of some natural phosphodiesterases, will be reported. Then, in the second
part, the main results obtained in the field of enzyme mimic will be described, with a short review of the
most important examples of artificial phosphodiesterases and of their efficiency in the cleavage of DNA

and/or RNA model compounds.

1.2 Enzyme catalysis

1.2.1 Enzyme kinetics

The Michaelis - Menten model®? predicts the rate of an enzyme—catalyzed reaction as a function of the
substrate concentration. The model describes the enzymatic transformation as a two- step process
(Scheme 1) where the enzyme E reversibly binds a substrate S to form an intermediate complex ES,

which is then irreversibly converted in the product while the enzyme is regenerated in its original form.
2
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ky ko
E+S s=— ES —» E+P Scheme 1
k.1

The rate of product formation for this system is related to the enzyme-substrate complex concentration

[ES], which is not directly measurable (Egn. 1).

d[P]
v = 7 = kz[ES] Eqn.1

To convert this equation in a more manageable form it is necessary to apply the steady state
approximation where it is assumed that, excluding the initial part of the reaction where [ES] increases
very rapidly, [ES] remains approximately constant during the overall process, while [S] decreases and [P]
increases (Eqgn. 2).

d[ES]
dt

=0, k[E][S] = (k_,+ k,)[ES] Eqn.2

By considering that the free enzyme concentration is [E] = [Elw— [ES] we can rearrange these two

equations to determine [ES] and use it to obtain the Michaelis — Menten equation in the best known

form reported in Eqn. 3, where Vma= k2[ES]=kz[E]wot and K, = k_1k+k2'
1
d[P] Vmax [S]
= —— = k,[ES] = "“—= Eqn.3
=g - kelBSl= g Ty Fam

In this equation the rate of product formation depends only on experimentally measurable parameters.
In fact, in the most common case in which the substrate is in large excess respect to the enzyme, the
free- substrate concentration [S] is approximately equal to the initial substrate concentration [S]:: (free
ligand approximation), vmax is the maximum reaction velocity under substrate saturation conditions and
the Michaelis-Menten constant K, corresponds to the [S] value that generates a half maximum process
rate (V=vmax/2).

Alternatively, the Michaelis — Menten equation can also be obtained by applying the rapid equilibrium
approximation, in which it is assumed that the conversion of the ES complex to yield the product and
regenerate the free enzyme is much slower than its dissociation to E + S. Under these conditions, valid
during the very early part of the enzymatic process, the concentration of the free substrate does not
change significantly, if it is in large excess respect to enzyme, and the amount of the forming product is
negligible in the investigated time range. In other words, it is assumed that k,<<k; and [P]~ O to
calculate the relative ratios of E, S and ES directly from the expression of the equilibrium constant for

the association (K;) or the dissociation (Ks) of the enzyme-substrate complex (Eqn. 4).

ko= b=t ES] pins
“TKy ke EIS]
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Thus, by considering that [E] = [El:w— [ES] and by solving for [ES], the velocity of the studied enzymatic

reaction is given by Eqn. 5, whose last term merges to Eqn. 3 since Ky ~ Ki in the limiting case of kx<<k.;.

_d[p] _ _ kKo [S][E]eor _ ka[S1[E]eor
vETg SRS =T e T Rt )

jad o Eqn.5
dt qan

The plot of the Michaelis — Menten equation (Figure 1) gives a hyperbolic curve where the reaction rate,
respect to the substrate concentration, first increases linearly and then reaches a plateau around its

maximum value vma. In fact, at low [S] values, the last term of Eqn. 3 can be approximated as

Vmax [S] ~ Vmax [S]
Km+[S] Km

and the reaction follows a first order kinetics respect to the substrate concentration,

while at high [S] values the enzyme becomes saturated and the reaction rate approach asymptotically

Vmax, following a zero order kinetic law.

max

Vud2 |7

max

Reaction rate v

K
™ Substrate concentration [S]

Figure 1: Example of experimental plot of the Michaelis — Menten equation.

The parameters which appear in the Michaelis — Menten equation can be used to obtain very important
information about the kinetics of the enzymatic process. Kn, for example, is an index of the affinity of

the enzyme for the substrate. As just mentioned, in fact, under rapid equilibrium approximation it

. _ K_
corresponds to the dissociation constant K; = K—1 of the ES complex and, thus, lower Kn values
1

correspond to tighter binding of the substrate by the enzyme. k;, instead, corresponds to the catalytic

Vmax

rate constant generally indicated as k., which is also the turnover frequency k.4 = El of the
tot

enzyme, or the number of substrate molecules that can be converted in the product by one molecule of
catalyst per unit of time. Another important parameter is the specificity constant k»/K,. When the
substrate concentration is very low compared to Km, all the ES complex is readily converted in the

product and its formation becomes the rate determining step. In these conditions, as mentioned before,

K[—f-][S] ~ g , and [E]wt~[E], thus the Michaelis — Menten equation can be approximated as follows in

Eqn. 6, where the reaction rate depends both on the enzyme and on the substrate initial concentrations
and the specificity constant is the pseudo-second-order rate constant of the process. The specificity

constant is a measure of the catalytic efficiency. In fact, the highest it is, the most effective is the
4
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substrate binding by the enzyme, with maximum efficiency for k;>>k.;. In this case ka/Km= ki, thus the

reaction is diffusion limited and the enzyme reaches the maximum theoretical efficiency possible.

v~11z,—m[E][S] Eqn.6
Although many enzymatic processes can be more complicated, the Michaelis — Menten model is a good
approximation to describe many of these reactions, especially for single-substrates biological
transformations. Moreover, it results to be generally correct in predicting the kinetics of enzyme model-
catalyzed reactions. These systems, however, are often studied by using an excess of catalyst, in order
to simplify the measurements of the corresponding kinetic constants, whose absolute values are
generally low. In these cases, thus, it is more convenient to predict the velocity of the catalytic process
with Eqn. 7, in which the rate of product formation is expressed as a function of the free catalyst
concentration [Cat], which can be approximated to the total catalyst concentration [Catlw: if the
concentration of the substrate is significantly lower. This equation is analogous to Egn. 5, since it can be
obtained under rapid equilibrium approximation as described before, but tacking into account that the

reactant in excess is the catalyst instead of the substrate.

_ ko Kq[S]tor[Cat] N ko Kq[Sltoc[Cat]ior
1+ K [Cat] 1+ K [Catlror

Eqn.7

1.2.2 Origin of enzyme catalysis

The first considerations on the origin of enzyme catalysis were formulated in the well-known key and
lock model by Emil Fischer,® who suggests that the substrate (the key) is activated by the active site of
the enzyme (the lock) as a consequence of their specific binding. This model was then modified® by
proposing that the key does not perfectly fit in the lock, originating a certain strain that destabilizes its
ground state and increase its rate of conversion into the product. This proposal is nowadays known as
the reactant (ground) state destabilization theory (RSD). However, the hypothesis which is currently
considered the most correct one to describe the origin of the enzyme catalysis is the transition state
stabilization theory'! (TSS), which was introduced by Linus Pauling. This theoretical model proposes that
the enzyme binds the substrate in the transition state better than in the ground state, thus lowering the
activation energy of the process.

The pseudo-thermodynamic cycle shown in Scheme 2 can be used to compare the energetics of a

reaction in water solution to the corresponding enzyme-catalyzed one.

Kuncat
E+S =< =~ gst
Scheme 2
tx
K k
E+S =2~ Es L Est
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The activation free energy in the enzymatic reaction can be divided in two contributions: the free energy
for the formation of the Michaelis complex AGping, Which is related to Km, and the free energy for the

formation of the transition state Agtca;, which is related to ket. As shown in Figure 2, Agic. turns to be

much smaller than the corresponding free energy for the formation of the transition state in water

Agtuncat both in the RSD and in the TSS theory, but in the first case this result is due to the formation of
an unstable ES complex (AGping>0), while in latter to the stabilization of the transition state ES#

(AGping<0). The affinity of the enzyme for the transition state can be estimated by calculating Ku=
Knon'Km/keat ,** which gives an indication on the acceleration of the enzymatic reaction respect to the

uncatalyzed one and thus on the catalytic power of the system.

ﬂ.g:tr.ﬂqqﬂgtunmt b]

WS: *c. <‘-’ﬂ *llrll-\.t
lﬂlGhinc!:“{.:I g ﬁg ) . ‘

& -"‘\\l ﬁGlli:l(I{D

.&Gllinﬂ

Free energy 2
Free energy

Dgtoa

Figure 2: comparison of the free energy surface for an enzymatic reaction (solid lines) and the corresponding uncatalyzed
reaction in solution (dashed lines) for the a) RSD theory and the b) TSS theory. E, S, W are enzyme, substrate, water molecules

respectively.

This representation of the catalytic event allows us to describe the catalytic power in terms of reduction
of free activation energy, but it does not tell us how it is originated. Several researchers, by combining
available structural, kinetic, thermodynamic data and accurate computer simulations, have proposed
several explanation of enzyme catalysis, which will be now rapidly described.

Some studies have pointed out a connection between enzyme catalysis and intramolecularity®**, by
observing that many intermolecular reactions turn to be much faster when converted to the
corresponding intramolecular ones and that a reaction of an enzyme and its bound substrate reminds an
intramolecular reaction. Jenks and Page suggested?, in a pioneering work, that a large part of the
catalytic power gained in this way would derive from entropic factors, in particular from the loss of
translational and rotational degrees of freedom during the substrate-enzyme binding. However, Villa et
al.}” demonstrated that the calculation presented in this paper were based on an incomplete pseudo-
thermodynamic cycle and that the formation of the transition state in enzymatic reactions does not lead
to a substantial loss of degree of freedom when compared to the corresponding uncatalyzed reactions.
In fact, it is now considered more correct that enzyme catalysis mainly originates from enthalpic
contributions 118, Menger et al., always by exploiting the concept of intramolecularity, introduced the
spatiotemporal principle*®?°, according to which fast enzymatic reactions take place if the reactive

groups of the substrate are held by the enzyme at “contact distance” and with a proper reciprocal
6
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orientation, where for “contact distance” was meant a distance small enough to avoid the presence of
the solvent in between (<3 A, that is the diameter of a water molecule). A similar theory was proposed
by Bruice and co-workers2!723 by introducing the definition of Near Attack Conformation (NAC). NACs are
the conformations that allow the reactant to reach the transition state and, for intramolecular reactions,
the activation energy depends on how high is the fraction of NACs among the overall reactant
conformations. In this model, the ability of an enzyme to bring the substrate in its NAC, is considered
proportional to its activity.

Unless both the spatiotemporal principle and the NAC effect have generally been presented as examples
of RSD effect?'?%, they are now though to be consistent with the TSS theory. The mechanism of action of
Chorismate Mutase (CM)?>% has been reported as one of the main example to support these theories
because this enzyme binds the substrate in a conformation very close to that of the transition state and
it was considered to activate the substrate by inducing a strong steric strain on it. However, Warshel et
al.%, by performing detailed computational calculations, pointed out that CM binds the transition state
of the substrate much more effectively than its ground state and thus that the enzyme works by TSS. In
that paper, the apparent NAC effect reported by Bruice was described as a consequence of the
preorganization of the active site of the enzyme that drives the substrate in a conformation able to
maximize the TSS effect by electrostatic interactions.

According to the latter example, the most recent investigations in the field of enzyme catalysis agree
with the idea that its main source is the electrostatic stabilization of the transition state**2%, Warshel et
al. have reviewed the most important evidences that support this thesis in Ref. 28, by showing the
results of accurate quantum-mechanic calculations. According to these results, the catalytic power of
enzymes was attributed to the preorganization of their active site, that provides a network of
electrostatic interactions already partially oriented to stabilize the transition state. In the corresponding
reaction in water, in fact, the solvent must pay a high energy cost to reorganize the polar environment
in order to stabilize the transition state charges, while in enzymes this cost has already been paid during
the folding of the active site. In the same study alternative proposal for the origin of enzyme catalysis
have been also evaluated, but they were found to be marginal when compared to TSS effect (covalent

t19-24 or desolvation®®, other entropic contributions’) or to be

catalysis?®, RSD by steric strain effec
associated with it (NAC effect?).

Finally, some researchers have suggested that quantum-mechanic tunneling®!, deviation from
equilibrium distribution in phase space3? and dynamic effects can be related to enzyme catalysis®,
because are known to play an important role in their mechanism of action. These phenomena do not
deal with the TSS theory but, by proper quantum-mechanic investigations, their magnitude in enzymatic

processes and in the corresponding reaction in solution was reported to be generally similar?. Thus,

their role in enzyme catalysis is thought to be limited.
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1.3 Cleavage of phosphodiester bonds

Phosphate esters are part of the backbone of many important biomolecules which are involved in
several physiological transformation®*. For example, phosphodiester bonds are the building blocks
chosen by nature to link the nucleotides in DNA and RNA strands, which are natural oligomers
responsible of the conservation and the transmission of genetic code, respectively. Because of the
crucial role played by these compounds in living organismes, it is not surprising to notice that they can be
considered inert towards spontaneous hydrolysis under mild conditions (water solution, room
temperature, neutral pH).

For instance, the cleavage of DNA strands by the intermolecular attack of a generic hydroxide ion on the
phosphodiester backbone (Figure 3a) is so slow that the corresponding rate constant has never been
directly measured. In fact, the most accurate estimations®®, extrapolated from high temperature
experiments on simple model compounds, gave a half-life of 31 million of years for this process. The
case of RNA is rather different because, excluding when it is cleaved by some rybozymes, it undergoes
to hydrolysis by intramolecular attack of the ribose 2’OH3® (Figure 3b), which is kinetically much favored.
As a consequence, RNA turns to be much more reactive than DNA, but appropriate studies*” on model
compounds showed that the half-life for the phosphodiester hydrolysis is still quite high, being around

110 years at neutral pH.
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Figure 3: Generic representation for the uncatalyzed hydrolysis of phosphodiester backbone of a) DNA and b) RNA.

Despite their kinetic inertness, phosphate diester bonds have to be hydrolyzed in several biological
processes® (i. e. DNA and RNA expression, DNA duplication and repair, elimination of foreign DNA and
RNA) and living organisms use phospodiesterase enzymes (also called nuclease when the substrate is a

nucleic acid) as natural and extremely efficient catalysts to achieve this purpose.

1.3.1 Enzymatic cleavage
Phosphate ester hydrolysis reactions are nucleophilic substitution at the phosphorous which can follow

three limit mechanisms3° (Figure 4):
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e A dissociative mechanism (Dy + An) where the leaving group departure comes before the attack
of the nucleophile with the formation of a metaphosphate intermediate

e An associative mechanism (An + Dn) where, in two subsequent steps, the nucleophile attacks the
phosphate group to form a phosphorane intermediate before the departure of the leaving
group

e A concerted mechanism (DnAy) in which the attack of the nucleophile and the departure of the

leaving group are synchronous and no intermediates can be observed.

Phosphorane
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& W OH -
RO \OR RO })R + RO

i/'
CI)_
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I -~ I

«\OR + HO =
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})R Dn+AN RO OR RO
Metaphosphate

Figure 4: Diagram showing the three limit mechanism for the hydrolysis of phosphate esters.

The real reaction, of course, can also follow a mixed pathway which can be described as a AnDy
mechanism involving a pentavalent transition state where the entering and the leaving groups are in
axial positions, with Dy + Ay and An + Dn contributions that depend on the structural features of the
substrate. In fact, moving from dianionic phosphate monoesters to neutral phosphate triesters, the
attack of the nucleophile is expected to be gradually faster than the departure of the leaving group and
the transition state is expected to become more associative in character. On the other hand, also the
nature of the leaving group can influence the transition state form**2, In fact, good leaving groups are
expected to increase its dissociative contribution, while poor leaving groups should increase its
associative character. Accordingly, DNA and RNA, being phosphate diesters with poor leaving groups,
are generally believed to undergo to hydrolysis via a concerted mechanism with an important
associative contribution to the transition state3®, but a definite and fully convincing reaction pathway is
not yet available and the question is still under debate.

Metal ions are known to have a prominent role as active units of nuclease enzymes*¢, and can assist

the cleavage of the phosphate groups in the following ways (Figure 5):
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I.  activation of the phosphate group and stabilization of the phosphorane-like transition state by
electrophilic/electrostatic interactions
Il intramolecular activation of the nucleophile (generally a metal-bound water molecule, whose
pK, is lowered by the coordination to the metal cation)
Il. stabilization of the leaving group by coordination to the alcoholic oxygen (by decreasing the pKa

of the corresponding leaving alcoholate anion)

V. indirect activation of the nucleophile by a metal-bound molecule (general base catalysis)
V. indirect activation of the leaving group by a metal-bound molecule (general acid catalysis)
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Figure 5: Possible mechanisms of metal-ion catalysis for the cleavage of a generic phosphate diester (figure taken from Ref. 47).

According to the available X-ray structure of phosphodiesterase enzymes, it is known that their active
site can contain from one to three Mg(ll), Ca(ll), Zn(ll) and, sometimes, Mn(ll), Fe(ll) and Fe(lll) ions.
These observations led many researchers to deduce that enzymes can exploit the cooperation of two or
more metal ions in the cleavage of their substrates. However, it is necessary to be extremely careful in
the use of information from crystallographic data to suggest the mechanism of action of an
enzyme*** 48 |n fact, to induce their crystallization it is often required a high salt concentration and
thus it is not sure that all the metal ions found in the solid state are also present in vivo. Moreover,
metal ions, even if close to the active site, can have simply a structural role and can be scarcely or not
involved in the catalytic process. In fact, despite some examples of tri- or dimetallic catalysis have been
demonstrated, phosphodiesterases use most frequently one or even nor metal ions for catalysis.

A mechanism exploiting a dimetallic catalysis has been demonstrated for Purple Acid Phosphatases
(PAPs) from pig and kidney bean® (Figure 6a). These enzymes are generally involved in the cleavage of
phosphate monoesters, but can also be active with phosphate diesters. At their active site is present a
two-centers binding site for a Fe(lll) and a M(II) ions (M(Il)= Fe(ll), Mn(ll), Zn(ll)) coordinated to two
bridging oxygens, one belonging to a p-hydroxide ion and one to an aspartate residue. In the case of
phosphate diesters the enzyme follows a processive mechanism in which the phosphate group is
coordinated to the divalent cation and undergoes a nucleophilic attack by a Fe(lll)-bound hydroxide ion.

Then, the phosphate monoester intermediate is further activated by coordination to the Fe(lll) cation

10
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and is hydrolyzed by the bridging pu-hydroxide. EcoRl and EcoRV are instead example of single-metal
catalysis*®®0. These enzymes are restriction endonuclease that cleave double stranded DNA with high
sequence specificity. Both of them need a Mg(ll) ion as cofactor to activate the substrate by
coordination of one of the non-bridging oxygens of the phosphate during the nucleophilic attack by a
water molecule, which in the case of EcoRl is directly bound to metal center (Figure 6b) while in EcoRV is
coordinated to the phosphate group present at the 3’0 side of the scissile one (Figure 6c¢). In both
enzymes the binding site for the metal ion is constituted by two aspartate residues, but, in the case
EcoRV, the presence of an additional glutamate in close proximity has led some researchers to suggest
the participation of a second Mg(ll) to the catalytic process®. This fact has been for long time an object
of controversy, but, thanks to accurate kinetic and computational investigations, the enzyme is now

thought to use a single metal ion, which might move towards the two binding sites during the catalytic
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Figure 6: Schematic representation of the active sites of a) Purple Acid Phosphatase, b) EcoRl, ¢) EcoRV and corresponding

mechanism of action.

Metal ions are not the only active units present in enzymes. In fact, they often cooperate with amino
acid residues that can also have an equivalent catalytic action**™* and eventually can substitute them>*
%6 The amino acid residues generally found in the active sites of enzymes are His, Lys, His, Glu, Asp, Tyr,
Thr, Ser, Cys, Asn, GIn and can contribute to the catalytic process in very different ways, by exploiting
the properties of their side chains. For example, protonated amino acid residues (i. e. Lys, Arg, His, Asp,
Glu) are often found to act as Lewis or general acids to activate the substrate and stabilize the transition
state or to protonate the leaving group, respectively. On the other hand, in their deprotonated form,
amino acids (i. e. Asp, Glu, His) can also work as Lewis or general bases to coordinate or deprotonate a
water molecule, both metal-bound or not, thus providing a suitable nucleophile to cleave the substrate.
Additional hydrogen bonds can be also provided by the amidic C=0 and NH moieties of the enzyme
backbone, in order to achieve a more complete pattern of electrostatic interaction able to increase the
overall catalytic activity. Moreover, amino acids with nucleophilic side-chains (i. e. Tyr, Ser, Cys) can act
directly as nucleophile by attacking the phosphate group of the substrate and form a covalent adduct
with it.

11
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Two remarkable examples of cooperation between metal ions and amino acid residues are given by the
Alkaline Phosphatase and Staphylococcal Nuclease. Alkaline Phosphatase from E. coli®” is a dimeric
monophosphatase enzyme with a low substrate selectivity, and is thus able to cleave also phosphate
diesters. Its mechanism of action is currently understood to involve two Zn(ll) cations and an arginine
side-chain to bind the substrate and stabilize the pentavalent intermediate which is formed after the
nucleophilic attack by a serine residue on the phosphate group. Then, a metal-bound water molecule
hydrolyze the phosphoseryl intermediate to yield the product and regenerate the free enzyme (Figure
7a). An additional Mg(ll) ion is thought to be indirectly involved in the catalytic process by inducing the
structural rearrangement required by the two subunits of the enzyme to maximize the affinity for the
substrate and the subsequent release of the product. Staphylococcal Nuclease from Staphylococcus
aereus®® cleaves single strand DNA and RNA chains thanks to the synergic action of a Ca(ll) ion and two
arginine residues that stabilize the transient phosphorane specie formed by the attack of a water
molecule, deprotonated by a neighboring aspartate residue (Figure 7b). Moreover, although it is not
definitely demonstrated, one of the two guanidinium ions may act as general acid by protonating the

alcoholic oxygen of the leaving group and thus facilitating its departure.
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Figure 7: Schematic representation of the active sites of a) Alkaline Phoshatase, b) Staphylococcal Nuclease and corresponding

mechanism of action.

According to the crucial role played by amino acid residues in phosphodiesterases, it is not surprising to
report that some of these enzymes use them as single type of catalytic units, without the help of other
cofactors. One of the most important cases is human Topoisomerase 1°>°°, a monomeric enzyme that
solves topological problems generated by key nuclear processes such as DNA replication, transcription,
recombination, repair, chromatin assembly, and chromosome segregation. More in details, the enzyme
allows the disentanglement of supercoiled DNA by transiently breaking one strand of the target duplex,
thus generating a gate through which another region of DNA can be passed. The required strand
cleavage is achieved by exploiting the nucleophilic attack of a tyrosine residue to form a covalently
bound intermediate, whose pentavalent phosphorane group is stabilized by hydrogen bonding of the
non-bridging oxygens to two arginine and a histidine residues, respectively (Figure 8a). The histidine

residue is also close to the scissile 5’0 of the substrate and thus could also act as general acid by
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protonating the leaving group and facilitating its departure. Another noteworthy example is bovine
RNAse A%, This enzyme cleaves single strand RNAs by exploiting the action of a couple of catalytically
active histidines (Figure 8b). In a first step His 12 acts as general base to deprotonate the ribose 2'0OH
and promotes its attack on the phosphate group, while His 119 acts as general acid by protonating the
5’0 of the leaving ribose. In a second step the acid/base role of the two histidines is reversed. In fact, His
119 acts as general base by deprotonating a water molecule that attacks on the just formed pentavalent

intermediate and His 12 reprotonates the ribose 2’0OH to form the product and the free enzyme.
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Figure 8: Schematic representation of the active sites of a) DNA topoisomerase I, b) RNAse A and corresponding mechanism of

action.

The aforementioned example of phosphodiesterases are only some of the most remarkable of those
reported in literature. For many other of these enzymes the mechanism of action has been studied, and
in some cases, elucidated. However, the reported cases are sufficient to have a general idea on the basic
features required by the active site of an enzyme to be capable of cleaving phosphate diesters bonds,
and have been used by supramolecular chemists as reference rules for the creation of artificial catalysts
able to perform these processes. The main examples of phosphodiesterase models reported in the

literature will be presented in the following paragraph of this chapter.

1.4 Artificial Phosphodiesterases

One of the most important challenges for supramolecular chemists in the last decades has been the
creation of artificial catalysts able to mimic the action of natural enzymes**%°. Phosphodiesterase

models*361-63

are one of the class of enzyme mimics that have attract the highest interest in this field, in
view of their hypothetic future applications in medicine or biotechnology. At the current state of the art,
the activity of these compounds is much lower than that of natural enzymes, but the improvement of
their catalytic efficiency is still attracting a high interest among researchers for many reasons. First of all,
the limited natural abundance, the high substrate selectivity and the scarce stability of enzymes

represent a limitation for their use in large scale applications, and the production of less active, but

simpler, more stable and versatile surrogates can represent a solution to this problem. Second, the
13
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creations of effective biomimetic systems can allow to obtain deepen elucidations on the mechanism of
action of their corresponding natural analogues. Moreover, artificial nucleases can be used as
conformational probes to investigate the structure of nucleic acid, in order to obtain refined hydrolytic
agents with gradually higher affinity and sequence selectivity for these substrates.

Good phosphodiesterase models should be able to recognize the substrate, promote the conversion of
the bound substrate into products, readily release the products and restore the catalytically active form,
thus assuring turnover®-%®, To do that, proper active units have to be placed in proper positions on a
certain molecular scaffold. The design of these artificial catalyst plays a crucial role for the effectivity of
the system. In fact, the simple mimic of the structural features of the reference active site is not always
sufficient to have good catalysts, because even a slight mismatch of the orientation of the reactive
groups from the one required to bind the substrate and/or stabilize the transition state could lead to a
drastic loss of catalytic activity. It is thus necessary that the molecular scaffold preserves a residual
flexibility®” in order to allow the catalytic units to rearrange for a correct substrate binding and to adapt
to its conformational changes along the whole catalytic process. In other words, an enzyme model must
provide a dynamic preorganization®® of its active units to be capable of a good phosphodiesterase

activity.

The activity of artificial phosphodiesterase, at least in preliminary studies, is generally tested on simple
phosphodiester model compounds, often bearing better leaving groups compared to RNA or DNA

(Figure 9a and 9b, respectively).
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Figure 9: Generic cleavage mechanism of a) RNA and b) DNA model compounds generally used to test the activity of artificial

phosphodiesterases, indicated as cat for simplicity.
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Activated model compounds have the advantage to be easier to handle and to cleave, thus facilitating
the performance of the kinetic measurements. However, since these compounds can undergo hydrolysis
according to mechanisms that could differ from those followed by nucleic acids, it is necessary to be
careful into interpret the results of experiments carried out on them®%°7°, For example, enzyme models
that are effective in the stabilization of the leaving group can seem poor catalysts in the cleavge of
simple phosphate diesters, but can turn to be very effective once tested on natural substrates bearing
worse leaving groups. On the other hand, artificial phosphodiesterases that cleave effectively simple
phosphate diesters could be sometimes hardly effective on RNA or DNA fragments, because of
detrimental steric- or electronic factors generated by the interaction with the more complicated
structure of these compounds. Nevertheless, simple phosphate diesters are often very useful to screen
the activity of enzyme models and to find good candidates that can be then tested on more complicated

substrates or eventually on RNA and DNA fragments or chains.

1.4.1 Metal-based artificial phosphodiesterases

As aforementioned, metal cations are one of the most common cofactors used by natural
phosphodiesterases. The main properties that a metal ion should have to effectively promote hydrolysis
of the substrate are the hard character (to bind the phosphate oxygens), Lewis acidity (to polarize the
phosphate group, the leaving group and eventually water molecules) and fast ligand exchange (to
ensure turnover)®. Nature selected Ca(ll), Mg(ll), Fe(ll), Fe(Ill) and Zn(ll) to satisfy these requirements**
46 while chemists prefer to use only Fe(lll) and Zn(ll) of this list, with the addition of lanthanides, Cu(ll),
and Co(lll).

Probably because of their environmental availability, Ca(ll) and Mg(ll) are very common in enzymes, but
they are not convenient to be used in phosphodiesterase mimics. In aqueous medium, in fact, their
ability to provide catalysis is disadvantaged by their reluctance to undergo desolvation and by their poor
Lewis acidity, which is further quenched after the coordination to the oxygen ligands required to form
stable adducts with appropriate molecular scaffolds. These problems were solved in enzymes in millions
of years by evolution but for the production of the corresponding models is more convenient to use
lanthanides, which are harder, or transition metal cations, which, being softer ions, can be effectively
bound to a proper molecular platform with nitrogen ligands to form complexes with free coordination
sites suitable for catalysis and a higher amount of residual Lewis acidity on the metal center. However,
also in these cases the coordination of the metal ions causes an important loss of reactivity. To
overcome this drawback, it can be helpful to increase the number of metal centers or to insert in the
system organic moieties which can participate to the catalytic process, in order to obtain polyfunctional
catalysts where several active units cooperate to cleave the substrate.

71-73

Despite lanthanide-based artificial catalysts were reported to be capable of moderate or in some

cases high’*”> phosphodiesterase activity, they are not attractive for biological applications because of
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their toxicity. For these reasons, next paragraphs of this chapter will be focused on the description of
the main examples of transition metal-containing enzyme models, with a particular attention for those

that use the highly biomimetic Fe(lll), Zn(Il) and Cu(ll) ions.

1.4.2 Mononuclear artificial phosphodiesterases

Very interesting cases of Zn(ll)-based phosphodiesterase models are the corresponding complexes
formed after coordination to the polyamine ligands 1-10 (Figure 10a)’®. These complexes were tested in
the cleavage of HPNP (2-hydroxypropyl-p-nitrophenylphosphate) and BNPP  (bis-p-
nitrophenylphosphate), which are RNA and DNA model compounds, respectively. For both substrates a
metal bound water molecule was supposed to participate to the catalytic process, by directly attacking
the phosphate group of BNPP or by deprotonating the 3-OH of HPNP, despite in the latter case also a
direct coordination of the hydroxyl group of the substrate has not to be excluded in principle. The
reactivity of the systems was found to be strongly dependent on the properties of the ligands, in
particular on the imposed coordination geometries and on how high is the suppression of Lewis acidity
on the Zn(ll) cation. In fact, for both substrates, the tridentate cyclic ligands 1-5 were found to form the
most active complexes of the present library because they were capable to bind the Zn(ll) ion by a facial
coordination mode which ensures the presence of free binding sites for the water molecule and the
substrates. On the other hand, linear trivalent polymanines 6-8 can hardly provide this type of
coordination and their catalytic activity was found to be lower. Moreover, it was found that reactivity of
the tested complexes increases with the acidity of the metal-bound nucleophile, which depends on the
residual Lewis acidity of the Zn(ll) ion. In fact, tetravalent ligands 9-10 were reported to be the worse
catalysts of the library because of their simultaneous tendency to coordinate the metal ion with a

disadvantageous geometry and to suppress the activation of the metal bound water molecule.
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Figure 10: Polyamines ligands for the creation of mononuclear artificial phosphodiesterases.
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Cyclic polyamines were successfully used as ligands to generate mononuclear phosphodiesterases also
with other metal cations, resulting effective into hydrolyze, in some cases, also DNA sequences. For
example, the Co(lll) complex of compound 1177 and the Cu(ll) complexes of 4’ and 17° (Figure 10b),
were found to cleave DNA plasmids with a first order rate constant of 5°10° s, 5:10° s and 1.2'103 s*
(37°C, pH7.6), respectively. The latter reactivity corresponds to a half-life of 20min for supercoiled DNA
in the presence of 75uM Cu(ll)-complex and is one of the highest reported in literature. Finally, the
adduct between Cu(ll) and neamine®>®! (Figure 10c) was found to cleave with a good efficiency plasmid
DNA, showing saturation kinetics with a high affinity for the substrate, probably due to the binding of

the positively charged amino glycoside to the polyanionic DNA backbone.

1.4.3 Di- and trinuclear artificial phosphodiesterases

In the past years, a wide variety of multinuclear phosphodiesterase models were synthesized, with the
aim to enhance the activity of the corresponding mononuclear systems by exploiting the cooperation of
two or more metal ions. As stated before, to obtain good enzyme models the chosen molecular scaffold
has to preserve a certain degree of flexibility. However, it is also important that the scaffold is rigid
enough to fix the metal centers at a distance similar to the one found in the active sites of natural
metallo-enzymes, which is known to range from 3 to 6 A%,

Good results to reproduce this feature were obtained by spanning proper ligands with (semi)rigid

aromatic spacers (Figure 11)%.
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Figure 11: Dinuclear Zn(1l) complexes obtained by spanning proper ligands with aromatic spacers and monofunctional control

compound.

For example, Zn(ll) complexes of compounds 12-15 were studied in the cleavage of the diribonucleoside
monophosphate UpU. The catalytic activity was found to be inversely proportional to the distance
between the metal centers, with a maximum reactivity for the dimetallic complex 12- Zn,, whose
molecular scaffold was supposed to guarantee an optimal Zn(ll)-Zn(ll) distance. For the di-functional
complexes of compounds 12-14 was also reported a good degree of cooperativity of the metal cations,
resulting more effective with respect to the mono-functional reference compound 16-Zn, while no

cooperation was instead found between the two Zn(ll) ions of compound 15-Zn,, probably because of
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the high metal-metal distance imposed by the spacer. Similarly, Chin et al. developed the naphthalene-
based ligand 17% (Figure 12a) functionalized with two Cu(ll) complexes of 1,4,7-triazacyclonane (TACN,
Figure 10, compound 4), which was found to cleave ApA 300 times faster compared to the
corresponding mononuclear analog 4-Cu. According to the kinetic data, a metal bound water molecule

was supposed to participate to the catalytic process as general base, by deprotonating the 2’-OH of the
substrate.

17-Cu,

1 8-CU2 1 9-CU2

Figure 12: Dinuclear Cu(ll) complexes tested in the cleavage of a) ApA and b) HPNP.
An amide spacer was instead used by Hamilton et al. to connect polyaromatic derivatives such as
bipyridine and terpyridine, in order to create the corresponding copper complexes 18-Cu; and 19-Cu;
(Figure 12b)®4. In the transesterification of the RNA model HPNP both compounds were superior to their

mononuclear analogs, and the higher activity of 19-Cu, respect to 18-Cu, was supposed to be due to the
lower pKas of its metal bound water molecules.

Another strategy to keep two metal centers at a correct distance to cooperate in the cleavage of

phosphodiester bonds is to insert in a flexible molecular scaffold a phenolic or alcoholic p-bridging unit.
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Figure 13: Dinuclear enzyme models exploiting u-bridging units to keep in proximity their catalytic metal centers
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Ligand 20%, for instance, bridges two Zn(ll) centers thanks to the action of an alkoxyde anion to form
the corresponding dinuclear complex 20-Zn,, which was able to cleave HPNP and resulted superior to
the reference mononuclear compound 21-Zn (Figure 13a). 20-Zn; and 20-Cu; were also tested in the
cleavage of a model for 5’-cap of mRNA®®, resulting both able to cleave effectively this substrate.
Compound 22-Cu, (Figure 13b) was one of the first Cu(ll)-based artificial phosphodiesterase reported in
the literature® and it was found to cleave very effectively HPNP thanks to a good cooperation of its two
metal centers, kept in proximity by coordination to a phenoxyde anion. However, this compound failed
into hydrolyze diribonucleoside monophosphates, whose phosphate groups were not accessible to the
two copper ions probably because of steric hindrance. Interestingly, the di-Fe(lll) complex of the very
similar ligand 23 (Figure 13c) is known to be extremely effective in the cleavage of plasmid DNA®, In
fact, in the presence of H,0,, 23-Fe; was reported to degrade supercoiled DNA immediately after mixing
and in very mild reaction conditions (10 uM complex, 25°C, pH 8.0). Since the DNA fragments produced
during the process were found to be consistent with a hydrolytic cleavage mechanism, H,0, was
supposed not to act as oxidative agent, but to be instead bound to the metal centers and to attack the
substrate as a nucleophile. Another very efficient catalysts was investigated by Liu et al.? and it was
obtained from ligand 24 (Figure 13d), with the aim of producing a mimic of mammalian Purple Acid
Phosphatase (Figure 6a). The corresponding complex 24-Fe, was reported to be able to cleave plasmid
DNA with a rate constant of 2.1'103 s%, which is one of the highest reported in literature for enzyme
models that work in the absence of oxygen and corresponds to a half-life of 5 minutes. In this case the
role of bridging unit to ensure the proper intermetallic distance was played by either a
benzimidazolmethyl group, directly attached to the molecular scaffold, and by a free u—hydroxyde and a
p—acetate ions. Moreover, the presence of a labile BFs per Fe(lll) ion was reported to be crucial to
increase the reactivity of the catalyst, by allowing an easy substitution with the substrate on the
remaining coordination sites of the metal centers.

The presence of p—bridging interactions can be also exploited to induce self-assembly of monomeric

complexes to form corresponding dinuclear catalysts (Figure 14).

25-CU2 26-CU2

Figure 14: Self-assembly of mononuclear complex by coordination of u-bridging units to obtain dimetallic artificial

phosphodiesterases.
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For example, complex 25-Cu; was obtained by bridging two units of its mono-Cu(ll) analogs with a water
molecule, an hydroxide and an acetate ions, resulting effective in the cleavage of plasmid DNA%°!
(apparent rate constant kops=5.2"10* s1). On the other hand, this di-Cu(Il) compound was found to be
not highly stable and for example was reported to co-crystalize with the DNA model compound BNPP in
its monomeric form. Similarly, a bridging oxalate anion was used to obtain 26-Zn,, which was found to
be moderately active as hydrolytic agent for plasmid DNA%2. No cooperation for the two metal centers
was reported, being 26-Zn; only two-folds more reactive than the corresponding mono-Zn(Il) complex.

The presence of bridging units in dinuclear artificial phosphodiesterases, however, is not always
beneficial for catalysis, because sometimes it can lead to the saturation of coordination positions on the
metal centers, thus resulting detrimental in the interaction with the substrate or in the binding of
additional water molecules. Cases that support these statements are represented by complexes 27-Zn,,

27-Cuzand 28-Zn; (Figure 15a).

X ~N | A
NH /' \
@ \‘2\ 2 N 2_+_———H2N \ /N Z

27-M2* 29-Zn,
M2*= Cu?*, Zn?*

Figure 15: Dinuclear phosphodiesterases where a) the presence of p-bridging units disadvantage catalysis with respect to b)

corresponding non-bridged complexes.

Ligand 27 was synthesized by Mancin et al.® according to the good catalytic activity reported for Zn(ll)
and Cu(ll) complexes of compound 2 (Figure 10) in the cleavage of simple di- and tri-phosphate esters
and also of supercoiled DNA%. When tested on the RNA model compound HPNP, both the resulting
dimetallic complexes 27-Cu; and 27-Zn, show no cooperation between the two metal cations, and 27-
Cu; was even found to be two orders of magnitude less active than its mononuclear control compound
2-Cu. To explain these results the authors proposed the formation of stable p-hydroxo bridge(s)
between the metal centers which jeopardize the metal ion catalytic role. 28-Zn, was instead tested by
Komiyama in the transesterification of a small library of diribonucleoside monophosphate, together with
29-Zn, (Figure 15b)%. Both the catalysts were effective in cleaving the substrates, but 28-Zn, was
reported to be about 3 times less effective with respect to the rather similar complex 29-Zn,. The lower
reactivity of 28-Zn, was ascribed to the presence of the bridging phenolic group, which allows the two
Zn(l) to bind only an additional water molecule to provide general base catalysis, while 29-Zn, has the

possibility to coordinate two additional water molecules that can participate to the catalytic process.
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Komiyama also compared the activity of 28-Zn, with the trinuclear Zn(Il) complex 30-Zn; (Figure 16a)%,
finding that the latter was much more effective than the former in the cleavage of diribonucleoside
monophosphates. This fact proved the participation of all three metal ions to the catalytic process and
highlight this compound as one of the first trimetallic nuclease models. Other examples of trinuclear
artificial phosphodiesterases are 31-Cus and 32-Cus (Figure 16b)%. These complexes were tested in the
cleavage of a small group of diribonucleoside monophosphates and their activity was compared with a
reference dimetallic complex 33-Cu,. Only for 31-Cus was reported a high degree of cooperativity
between the three active units because of the higher flexibility of its molecular scaffold compared to 31-
Cus, which was in fact found to be a worse catalyst. 31-Cu; had in some cases also a remarkable
substrate selectivity, being able to cleave Up(2’-5’)U 50-folds faster than the 3’-5’ analogue Up(3’-5’)U,
while the reverse was found for Ap(2’-5’)A and Ap(3’-5’)A. No substrate selectivity was instead reported

for 31-Cus and 32-Cus.

a) [N b)

30-Zn, 31-Cus

32-Cu, 33-Cuy
AN | X
) A

Figure 16: a) Zn(ll)-based and b) Cu(ll) trinuclear phosphodiesterase and corresponding bifunctional control complex.

1.4.4 Metal ion-organic functionalities cooperation in artificial phosphodiesterases

The high degree of cooperation between metal cation(s) and amino acid residues in the hydrolytic
cleavage of phosphate esters observed in many enzymes**~* has been a source of inspiration for many
chemists, that decided to add active units able to mimic the presence of amino acid side-chains on the
molecular scaffold of metal-based artificial phosphodiesterase, in order to increase their catalytic

activity.

a) b) H? HO
/N /I /TN
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Figure 17: a) Monofunctional Zn(1l) complex of ligand 34 and b) difunctional analogs bearing different alcoholic pendants.
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One of the earliest example of these hybrid systems was investigated by Kimura et al. as a development
of their studies on the Zn(ll) complex of tetraazacyclododecane 34 (cyclen, Figure 17a)%. This complex
was found to be effective in the cleavage of many carboxyesters and phosphate di- and triesters and,
with the goal to mimic the active site of Alkaline Phosphatase (Figure 7a), they thought to insert
different alcoholic pendants on the macrocyclic structure and to study their influence on the reactivity
of the corresponding derivatives. The resulting 35-Zn and 36-Zn complexes®® (Figure 17b) were able to
cleave the DNA model compound bis-p-nitrophenylphosphate (BNPP) and the alcoholic pendants were
found to effectively cooperate with the metal center by enhancing the reaction rate of one order of
magnitude compared to the simple metal complex 34-Zn. Extensive studies on the mechanism of action
of compound 36-Zn pointed out that BNPP undergoes hydrolysis in two steps (Figure 18)%: the first
involving a nucleophilic attack of the alcoholic unit on the phosphate group to form a phosphorylated
intermediate and to release a p-nitrophenolate anion, while the second step includes a second
nucleophilic attack by a water molecule, with the departure of a second equivalent of p-nitrophenolate.
In these steps, both the alcoholic pendant and the water molecule are activated by coordination to the
Zn(ll) center. The resulting phosphorylated adduct was found to be highly inert to hydrolysis and for this

reason 36-Zn cannot be considered a catalyst, but, more correctly, a promoter of phosphoryl transfer

processes, unless it mimics correctly the action of the corresponding natural enzyme.
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Figure 18: Mechanism of action of 36-Zn in the cleavage of BNPP.

Other hybrid systems where organic functionalities are mixed with metal ions were presented by Anslyn
et al. The Zn(ll) complexes of ligands 37, 38, 39 (Figure 19) were tested in the hydrolysis of the ApA
diribonucleotide®, giving pseudo first order rate constant of 2.2°10° s?, 2.5'10° s and 6.7°10° s?,
respectively. These results indicate a good degree of cooperativity between the Zn(ll) ion and the
ammonium or guanidinium groups of 38-Zn and 39-Zn, which were approximately 370- and 3300-folds
more active than 37-Zn. The Zn(ll) complex of ligand 39 was found to be the best catalyst of the group,

with a rate enhancement for the cleavage reaction of 10° times respect to the background hydroxide-
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catalyzed reaction. This high reactivity was ascribed to the superior ability of the guanidinium groups to

provide beneficial interactions with the substrate by hydrogen bonding and other electrostatic effects.
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Figure 19: Zn(ll) complex of ligand 37 and corresponding hybrid systems functionalized with an additional ammonium or

guanidinium pendant.

The high effectivity of guanidinium groups in increasing the catalytic activity of phosphodiesterase
models is not casual. In fact, as part of the side chain of the amino acid arginine, it plays a leading role as
active unit in corresponding natural enzymes®”*, where it can interact with phosphate esters via two
point hydrogen bonding and other pattern of interactions. These interactions are generally used to bind
the substrate and to stabilize the transition state, with the synergic participation of metal cations or
other amino acid residues. Additionally, arginine side chains are in some cases suggested to act as
general acids by protonating the leaving group and thus facilitating its departure. Not surprisingly, thus,
this functional group is probably the most used non-metallic active unit to produce artificial
phosphodiesterases.

Very interesting examples of metal ions-guanidinium cooperation are shown in Figure 20a. In these
cases, He and coworkers functionalized a 2,2’-bipyridyl scaffold in 3,3’ and 4,4’ positions with two
methylguanidinium pendants to form ligands 40 and 41, respectively, and to study the catalytic activity
of corresponding Zn(ll) or Cu(ll) complexes. 40-Zn and 41-Zn were tested in the cleavage of BNPP%,
resulting 600- and 300-folds more effective of their analog 42-Zn that lacks the guanidinium groups. The
copper complex of 41 was also reported to hydrolyze supercoiled DNA% 10-folds faster than the
corresponding control compound 42-Cu. The plot of the rate constant against the complex
concentration gave a Michaelis-Menten profile, thus proving the existence of a binding process with the
substrate in the investigated concentrations range. According to the crystal structure of the ligand, the
binding of the substrate was suggested to take place thanks to the anchoring of the guanidinium units to
the two phosphate groups adjacent to the scissile one, while the cleavage of the substrate was

attributed to the nucleophilic attack of a metal-bound hydroxide ion (Figure 20b).
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Figure 20: a) Hybrid metal ion- guanidinium-based artificial phosphodiesterases and b) mechanism of action of complex 41-Cu in

the cleavage of plasmid DNA.

Ligands 43 and 44 were synthesized by Graham and Spiccia, by attaching two guanidinium pendants to a
triazacyclonane unit (TACN) with different alkyl spacers (Figura 21a)'®. The length of the spacers
influenced the catalytic activity of corresponding Cu(ll) complexes, in fact 43-Cu was found to be inactive
in the cleavage of both HPNP and BNPP, while 44-Cu resulted respectively 10- and 40-times faster than
the reference TACN-Cu complex in the hydrolysis of the same substrates. The loss of catalytic activity of
43-Cu was explained by the fact that, as found in its X-ray crystal structure, the guanidinium groups are
close enough to the Cu(ll) ion to participate to its complexation, thus avoiding a correct interaction with
the substrates. Both complexes were instead able to cleave plasmid DNA, thus indicating that, probably,
this substrate is able to displace the guanidinium units from the coordination sphere of 43-Cu. Also in
this case 44-Cu was found to be the most effective catalysts, resulting approximately twice as active as
the control complex TACN-Cu, thanks to a moderate cooperativity of the guanidinium groups with the

metal center.
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Figure 21: Difunctional artificial phosphodiesterases obtained by linking with different spacers a TACN-M complex (M= Zn(ll) or

Cu(ll)) and one or two guanidinium units and corresponding monofunctional metallo-catalysts.
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With the aim of increasing the rigidity of the molecular scaffold and the distance between the catalytic
groups, the same researchers disposed these two active units on a xylylene spacer in different
orientations, thus obtaining ligands 45, 46, 47 (Figure 21b)!°%. The related Cu(ll) complexes, in aqueous
HEPES buffer, pH 7.0, were not significantly more active towards HPNP and BNPP hydrolysis when
compared to the non-guanidinylated analogues TACN-Cu and 48-Cu, but turns to be noticeably faster
than both control compounds in the cleavage of plasmid DNA. In particular, 46-Cu was reported as the
best catalyst of this family of compounds and accelerated the cleavage process of 22- and 12-folds
compared to TACN-Cu and 48-Cu, respectively. Interestingly, also Salvio et al. studied the activity of
Zn(ll) and Cu(ll) complexes of ligand 46 and found that, in different experimental conditions
(DMSO/H,0 8/2, pH 9.0 and 9.8), the guanidinium pendant and the metal centers cooperate to cleave
HPNP. In fact, in the presence of 46-Zn and 46-Cu, the transesterification of the substrate was
accelerated by 6- and 40-folds with respect to the monofunctional TACN-Zn(ll) and TACN-Cu(ll)
complexes, respectively.

1.4.5 Metal-free artificial phosphodiesterases

As reported in Paragraph 1.3.1, phosphodiesterase enzymes do not always need metal cations as
cofactors and can cleave their substrates thanks to the action of the side chains of amino acid
residues®>%, More in detail, metal free-enzymes use positively charged amino acid residues to interact
with the scissile phosphate group, in order to stabilize the negatively charged transition state during the
attack of the incoming nucleophile. The role of nucleophile can be played both by an external water
molecule and by the alcoholate -O" or thiolate -S* groups belonging to the side chain of other amino
acids presents in the active sites. Moreover, a general base activation of the nucleophile or a general
acid stabilization of the leaving groups can be provided by these important type of functionalities.
Accordingly, many researchers focused their efforts into the synthesis of artificial models devoid of
metal centers and where all the catalytic functions of the active units have to be performed by organic
moieties.

The earliest studies in this field were carried out in the cleavage of RNA sequence or model compounds,
because they undergo hydrolysis thanks to the intramolecular attack of a -OH group present in B-
position3® of their backbone. In principle the process can be activated simply by the presence of a
general base that promotes the B-OH deprotonation, eventually assisted by the corresponding
conjugated acid that can provide electrostatic and/or general acid catalysis. According to this idea,
Breslow et al. studied the cleavage of a poly-U RNA sequence by an imidazole buffer (Figure 22a)!%. The
plot of the reaction rates versus the pH gave a bell-shaped curve that suggested the participation of
both imidazole and imidazolium species in a sequential reaction mechanism® that reminds the one

observed for bovine Ribonuclease A% (Figure 8b).
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Similar results were reported in a study of Komiyama et al. concerning the cleavage of the ApA
diribonucleoside by diamines 49-55% (Figure 22b). In fact, they found that the only diamines able to
cause a noticeable acceleration of the substrate hydrolysis were compounds 50-53, which were also the
only ones to be at least partly in their monoprotonated form at neutral pH, together with 49. These
compounds were thus supposed to promote the ApA cleavage by exploiting the intramolecular
cooperation of their amino and ammonium groups to deprotonate the ribose 2’-OH and to stabilize the
negatively charged phosphate group, respectively. In fact, the control monoamines 56-58 and the more
basic compounds 54 and 55 tended to be in their fully protonated form in the same experimental
conditions, resulting almost catalytically inactive. The lack of reactivity for the monocationic form of 49

was instead ascribed to the marginal basicity of its deprotonated amino group.
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Figure 22: a) Conjugated acid-base couples and b) polyamines tested in the cleavage of RNA model compounds.

The importance of the cooperation of a general base and its conjugate acid in the cleavage of phosphate
esters was also reported in the case of the guanidine/guanidinium buffer. A detailed kinetic study of the
transesterification of HPNP (DMSO/H,0 80/20) was performed by Yatsimirsky et al.1% and it pointed out
that, in the presence of a guanidine/guanidinium dyad (Figure 22a), the reaction rate is 1000-folds
higher compared to the background. On the basis of the experimental data the authors concluded that
the buffer cleaves the substrate thanks to the cooperation of both its protonated and deprotonated
forms. The protonated form was found to act via electrostatic stabilization of the transition state rather
than via proton transfer to the leaving group, at least when, as in this case, a general base catalysis is
present and the leaving group is a good one. In the case of hydroxide-catalyzed reactions or in the
presence of poor leaving groups the proton transfer can instead occur.

In order to exploit these properties intramolecularly, Salvio et al.??’

synthesized compounds 59-61
(Figure 23a). All the catalysts were effective in the cleavage of HPNP and the kinetic data, together with
the effective molarity values, confirmed that their monoprotonated form was the only catalytically
active species and that the guanidine/guanidinium dyad cooperate with a high degree of synergism. The

reactivity of the three compounds increase with the rigidity of their molecular scaffold caused by the
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steric hindrance produced on the diphenylmethane spacers. In fact, 61 was found to be 2- and 9-times
more effective than 60 and 59, respectively, thanks to the presence of a bulky adamanthyl group that
disfavours the rotations around the C-phenyl bonds, thus orienting the two active units in a position
suitable for catalysis. Evidences of general acid-base cooperation in the cleavage of HPNP were reported
by the same authors also for compound 62 (Figure 23b)*%?, which was designed with a slightly different
approach. In this case a hybrid acid-base couple was formed by attaching to a m-xylylene platform a
guanidinium and an imidazole pendant, where the role of general base is expected to be played by the
latter. Unless this compound afforded only modest acceleration of the transesterification process

compared to the background, the cooperation of the two active units was clearly detectable, being
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around 6-folds more effective than the control monofunctional compound 63.
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Figure 23: Artificial phosphodiesterases bearing a) a guanidine-guanidinium dyad and b) a imidazole-guanidinium dyad as

active units with the corresponding monofunctional compound.

However, the contemporary presence of a general base is not strictly necessary to obtain guanidinium-
based phosphodiesterase. According to what has been observed in some enzymes>>*"*°, in fact, the
ability of this functionality to provide ion-pair interactions with the phosphate group can be combined
to the action of active units that mimic the presence of nucleophilic amino acid residues. Compounds
64-67 were synthetized by Gobel et al. according to this approach and were tested in the
transphosphorylation of 1,2-phenylcyclophosphate 68 (Figure 24). The first catalyst to be tested was
64% and it hydrolyzed the substrate thanks to the nucleophilic attack of its alcoholic pendant 2700-
folds faster than the parent compound which miss the guanidinium moiety. In a subsequent study?®,
the system was improved by synthesizing the two bisguanidinium derivatives 65 and 66, which, in the
presence of a base, were phosphorylated readily and reversibly, resulting 800- and 75- folds more
effective than 64, respectively. The increase in catalytic activity observed when unsubstituted
guanidinium groups are replaced with heterocyclic guanidinium cation was ascribed to their higher

acidity, that allow the formation of tighter interactions with the phosphate group and/or a more

effective protonation of the leaving group.
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Figure 24: Guanidinium derivatives exploiting the action of alcoholic or naphtholic pendants in the transphosphorylation of

compound 68, BNNP and plasmid DNA.

More recently the same group presented compound 67 as a further development of this family of
enzyme models. This compound was tested in the cleavage of the BNPP in DMF, with an initial rate of
3.7°10° s to yield the corresponding phosphorylated analog. HPLC and 3P-NMR studies proved that the
reaction takes place via O-phosphorylation of the naphthol moiety rather than N-phosphorylation of a
guanidine group. This intermediate then slowly hydrolyzed in DMF/H,O mixtures to regenerate the
starting catalyst and phosphate monoester. The same catalyst was also tested in the cleavage of plasmid
DNA and, in HEPES buffer at 37°C, was able to degrade 37% of the substrate after 20 hours of
incubation. Appropriate control experiments proved that the DNA degradation is not metal dependent
and that it occurs mainly via hydrolytic scission of the phosphate bridges, although pathways that
involve naphthoxy radicals cannot be completely excluded.

The activity of compound 69 (Figure 25) was instead investigated by Xu and co-workers!'?, This catalyst
was able to induce a 10’-folds acceleration for the cleavage of supercoiled DNA respect to the
background, resulting much more effective than the parent non-guanidinium compounds 70 and TACN.
Unexpectedly, 63 was around 3 times more effective than its corresponding Zn(ll) complex 69-Zn in the
same process. To explain this loss of catalytic activity the authors suggest that, at neutral pH, the
guanidinium pendant can coordinate to the metal cation, thus disfavouring the cooperation between

the active units of the catalyst.
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Figure 25: Artificial phosphodiesterases bearing a guanidinium and an alchoholic groups as active units, corresponding Zn(1l)

complex and parent non-guanidinium monofunctional analog tested in cleavage of supercoiled DNA.

In this paragraph have been described the main strategies used in past years to obtain artificial

phosphodiesterases by assembling metal ligands or organic functional groups on a simple molecular
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scaffold. Nevertheless, in literature there are several example of enzyme models obtained with more
sophisticated architectures®*®3, For example, these type of catalytic units have been conjugated to DNA
or RNA recognition groups like intercalators and complementary oligo(ribo)nucleotides, PNA or peptide
sequences, in order to increase the binding to these substrates and to induce site-specific cleavage.
Another strategy that has been reported is the functionalization of nanoparticles with spacers bearing at
one end metal complexes or guanidinium units, in order to exploit the multivalency effect to increase
the reactivity. However, the detailed description of these strategies is out of the topic of this thesis,
because the approach used to create this kind of enzyme models was different.

In fact, in the following paragraph will be presented the synthesis and the phosphodiesterase activity of
supramolecular catalysts obtained by the arrangement of proper catalytic units on a cone-calix[4]arene
platform. This molecular scaffold has been reported as very convenient for the creation of artificial
catalysts, thanks to its high ability to provide dynamic preorganization®® of the active units which are
consequently able to cooperate in the promotion of the studied reaction. Thus, the most important

example of calixarene-based artificial phosphodiesterases will be now reviewed.

1.4.6 Calix[4]arene-based artificial phosphodiesterases
The extreme versatility of calix[4]arenes scaffold is at the base of their intensive use in supramolecular

68112114 I fact, this kind of molecular scaffold can be easily and selectively derivatized, with the

catalysis
possibility to insert, both at the upper and at the lower rims of the macrocycle, a wide variety of
functional groups in different reciprocal orientations. Moreover, the opportunity to finely tune the
conformational properties of this platform, contemporary preserving a certain degree of flexibility, can
be exploited by chemists to achieve effectively the dynamic arrangement of the active sites of enzyme
models which is required for catalysis. Additionally, the molecular cavity that constitute the backbone of
these family of cyclophane can act as host in the substrate recognition step, having thus a potential
active role in increasing the catalytic activity of the system.

Tacking into account the remarkable catalytic activity of many metal-based artificial
phosphodiesterases, the first generation of calix[4]arene-based artificial phosphodiesterases was
developed by Reinhoudt et al. by preparing the Zn(ll) complexes of compounds 71-74 (Figure 26)!1>16,
71-Zn; was found to cleave HPNP with turnover (CHsCN/H,0 1/1, pH 7, 25°C), giving an acceleration of
the process of 23000-folds compared to the background®®. This catalyst was also reported to be 300-
times more active than the corresponding monofunctional complex 72-Zn, which was in turn 6-folds
more effective than the parent simple Zn(ll) complex of ligand 75. According to these data, the high
catalytic activity of 71-Zn, was supposed to take origin both from a very effective cooperation between
the two metal centers to bind and activate the substrate and from a direct participation of the
calix[4]arene cavity to the transesterification process, probably by causing a further lowering of the pKa

of a metal-bound water molecule which act as general base once converted into the corresponding
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hydroxyl ion. The hypothesis that the residual flexibility of the cone-calix[4]arene scaffold could be
beneficial to enhance the degree of synergism in the action of the two active units of 71-Zn, was
subsequently confirmed by the same authors. In fact, they found that the rigid flattened cone-
calix[4]arene-based analog 73-Zn,, where the mobility of the macrocyclic cavity is suppressed by the

presence of a short crown-ether bridge at its lower rim, cleaves HPNP 8-times slower?>,

73-Zn,

74-Zn3

Figure 26: First generation of calix[4]arene-based artificial phosphodiesterases and simple non-calix[4]arene control complex 75-

Zn.

A noteworthy phosphodiesterase activity was also reported for the di-Cu(ll) complex 76-Cu; (Figure
27)*, which was found to cause the cleavage of HPNP 10000-times faster than the background reaction
(EtOH/H,0 3.5/6.5, pH 6.4). The catalyst was 330-folds more effective than its monometallic control
complex 77-Cu, representing another interesting example of metal-metal cooperation in a dinuclear
catalyst. Contrary to 71-Zn,, 76-Cu, was also able to cleave the DNA model compound EPNP, whose

hydrolysis was accelerated of 27000-folds with respect to the background.
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Figure 27: Dinuclear Cu(ll) complex of calix[4]arene 76 tested in the cleavage of HPNP and EPNP and corresponding

monofunctional control compound.

The different activity of the two catalysts was proposed to be due to the different average distance
between their metal centers. In fact, in 76-Cu,, the two Cu(ll) cations were reported to be close enough
to provide double Lewis acid activation of the phosphate of EPNP or HPNP, facilitating the participation
of a metal-bound water molecule to the cleavage process as nucleophile (Figure 28a) or general base,
respectively. In 71-Zn,, the two metal centers are, instead, too far each from the other and the catalyst
can afford only a single Lewis acid activation of the phosphate group, which, in the case of EPNP, is not
strong enough to allow the attack of a metal-bound hydroxide on it. The transesterification of HPNP was
indeed effectively promoted by this catalyst!!®, because its Zn(ll) ions were reported to be correctly
oriented to provide a contemporary activation of the phosphate group and of the B-OH of the

substrate, thus accelerating its cleavage (Figure 28b).

71-Zn,

Figure 28: Mechanism of action of a) 76-Cus in the hydrolysis of EPNP and b) of 71-Zn; in the transesterification of HPNP.

Both 71-Zn, and 76-Cu, were tested in the transesterification of different diribonucleoside

monophosphates, resulting however almost inactive for these substrates. An interesting increase of
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reactivity was observed with the insertion a third metal center to the system, by synthesizing complex
74-Zn3'8. In fact, together with a 3-folds enhancement for the cleavage rate of HPNP with respect to its
dinuclear analog 71-Zn; (CHsCN/H,0 1/1, pH 7, 25°C), this trifunctional catalyst gave high acceleration to
the transesterification of the considered ribonucleoside dimers with catalytic turnover, thanks to the
cooperation between its three Zn(ll) ions. The maximum rate accelerations were of 72-10°- and 8.5-10°-
folds compared to the background for GpG and UpU, respectively, which were cleaved 160- and 19-
times faster than ApA. Substrate saturation studies pointed out that the selectivity of the catalyst for the
two former diribonucleosides rises from a higher binding affinity, which has been ascribed to the
coordination of the imidic nitrogen of uridine or guanosine by one of the metal centers.

Despite these calix[4]arene-based catalysts showed a remarkable phosphodiesterase activity, their poor
solubility in water is an handicap for their use as biomimetic systems. To overcome this drawback,
Ungaro et al. decided to synthesize calix[4]arenes 78-80 (Figure 29a)'°, decorated at the upper rim with

two or three triazacyclododecane units ([12]aneNs).

H N
NN (U

Figure 29: a) Water-soluble Cu(ll) complexes of calix[4]arenes 78-80 and b) parent monofunctional compounds tested as

artificial phosphodiesterases.

The solubility of corresponding Zn(ll) complexes was still too low for catalytic measurements, but
complexes 78-Cu,, 79-Cu; and 80-Cus; were soluble enough to carry out a detailed study of their activity
in aqueous medium. The 1,2-vicinal complex 78-Cu, was first tested in the cleavage of HPNP in HEPES
buffer (25°C, pH 7) and was able to accelerate of 1090-folds the transesterification process over the
buffer-catalyzed reaction. Acceleration of 42- and 73-times respect to the monofunctional compounds

81-Cu and 82-Cu (Figure 29b), respectively, pointed out once again a high degree of synergism between
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the two metal centers and a beneficial influence of the calix[4]arene cavity for catalysis. Interestingly,
the 1,3-distal regioisomer 79-Cu, was a poor catalyst for the same substrate and did not exploit any
metal-metal cooperation, being only 40- and 2-folds more effective than the background and 81-Cu,
respectively. Also in this case, thus, the catalytic activity of the studied calix[4]arene derivatives was
dependent on the geometrical disposition of the active units at the upper rim of the macrocycles. More
in details, experimental data for the transesterification of HPNP by 78-Cu, were in agreement with a
mechanism of action where the two Cu(ll) cations provide double Lewis acid activation of the phosphate
group, while a metal-bound hydroxide ion act as general base to deprotonate the -OH moiety (Figure
30a). However, according to CPK models, to afford this pattern of interactions 79-Cu, need to adopt a
pinched cone conformation where the two [12]aneN; units produce a high steric hindrance around the
phosphate group which disfavours the attack of the B-hydroxyl group on it, thus causing a loss in
catalytic activity of the 1,3-distal complex (Figure 30b). Accordingly, the trimetallic complex 80-Cus,
always for the cleavage of HPNP, was found to be approximately as effective as 78-Cu,, confirming that
these systems prefer to work by exploiting the action of the active units present at the 1,2-vicinal

positions of their upper rim.

HPNP

(“‘Q

P\o

(( >3 (t D
O 00N

78-Cu, 79-Cuy
Figure 30: Mechanism of action of a) 78-Cu2 and b) 79-Cu2 in the cleavage of HPNP.

Being the most soluble of this group of Cu(ll) complexes, 80-Cus was also tested as phosphodiesterase
agent for a small library of diribonucleoside monophosphates.'?® This complex caused an enhancement
of the transesterification rate in the order of 10*-folds compared to the background for most substrates.
As in the case of 74-Zn;, the catalyst had a preference for uridine- and guanine-containing dimers and it
was able to accelerate the cleavage of UpU and UpG of 5 orders of magnitude. Unexpectedly, 80-Cus
was not active towards CpA, but its inertness towards this substrate was ascribed to the formation of an
unproductive adduct with it rather than to a problem of intrinsic reactivity. In fact, the control
monofunctional compound 81-Cu was found to be able to cleave this diribonucleoside. The
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transesterification of UpU was also studied in the presence of 78-Cu,, whose catalytic activity was
similar to the one of its trifunctional analog, thus supporting the idea that in 80-Cus the third metal
center act essentially as innocent spectator.

The Cu(ll) complexes of calix[4]arenes 78-80 were also able to hydrolyze a series of oligoribonucleotides
(ACCAUC, CGCUGA, AGGUUAA, CAGGCC, CCGGCA, ACUAUC) with high efficiency'®, but for these
substrates was very difficult to understand the factors that control the reactivity of the catalysts. In fact,
if on the one hand a certain tendency for the catalytic efficiency to increase with the number of metal
centers was observed and 80-Cus; was in general the best catalyst of the lot, on the other hand, in some
cases, the dinuclear complexes were superior to their parent trinuclear analog and, at contrary to what
was reported for HPNP, the 1,3-distal derivative 79-Cu, was more effective than the 1,2-vicinal isomer
78-Cuy. In marked contrast to the type of substrate-selectivity observed for diribonucleoside
monophosphates, all the catalysts had a clear preference for the cleavage of the CpA bonds of the
studied oligoribonucleotides. For example, 80-Cus was able to cleave the CAGGCC hexamer at the CpA
bond with an acceleration factor of 5-10°-folds respect to the background, which is one of the highest
values reported in literature for the cleavage of oligoribonucleotides by an artificial metal-based
phosphodiesterases. This picture was also confirmed in the reaction of longer oligoribonucleotide (5’
GCAAGCACAGACAUCAG 3’), in which the CpA bonds were the only ones to be cleaved by 78-Cu, and 79-
Cu,, while bonds between other nucleotides did not react at a feasible rate.

The cone-calix[4]arene scaffold is an appropriate platform to obtain also effective metal-free artificial

phosphodiesterases. This type of enzymes models have been synthesized by the groups of Casnati and

Salvio?! and exploit the action of two to four guanidinium groups as active units.
*H,N *H,N
*HoN NH,*  *HoN SNH, HaN SN, NH*
SNH HN NH HN

HN
PN HN/Z(NH2

q
o7 " Yoy "

Figure 31: a) Metal-free artificial phosphodiesterase based on guanidino-calix[4]arenes and b) monofunctional control

compound.
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Compounds 83-86 (Figure 31a) were first tested in the transesterification of HPNP in DMSO/H,0 80:20
in the pH range 9-12 which, in this reaction medium, correspond to neutral or moderately basic
conditions (pKw = 18.4 at 25 °C). As reported in literature for other guanidinium-based catalysts, the
combination of pH-rate profiles and potentiometric titrations pointed out that these systems require
the presence of a guanidine-guanidinium dyad at their upper rim to be active towards the cleavage of
the substrate. The best catalyst of this family was the 1,3-distal difunctional calixarene 83, which
accelerated the substrate cleavage of 430-folds compared to the background (DMSO/H,O 80/20, pH
10.4, 25°C), resulting twice as effective as the corresponding 1,2-vicinal isomer 84. The catalytic activity
of these compounds was proposed to rise from a good degree of cooperation between the two active
units, with the guanidine moiety acting as general base and the guanidinium group as an electrophilic
activator (Figure 32). For example, 83 was found to be three order of magnitude faster in the cleavage
of the substrate than a buffer solution of control compound 87 (Figure 31b), were the active guanidine-
guanidinium dyad is not connected on the same molecular scaffold. The presence of additional
guanidinium cations did not cause any enhancement of catalytic activity for the trifunctional
calix[4]arene 85, where the third active unit was thus reported to act as innocent spectator, and led

even to a loss of reactivity for the tetrafunctional compound 86, probably because of overcrowding.

HPNP

Figure 32: Mechanism of action of 83 in the cleavage of HPNP.

Calix[4]arenes 83 and 84 were also tested in the cleavage of some diribonucleoside monophosphates?2,
The reaction rate enhancement was in the order of 10% — 10° folds respect to the background for this set
of substrates, with maximum accelerations obtained for guanine- or uridine-containing dimers GpU,
GpG and UpU. In contrast with what observed for the transesterification of HPNP, in these cases the 1,2-
vicinal compound 84 was in general slightly superior to the 1,3-distal calix[4]arene 83, although for the

CpA and GpA dimers the reverse is true.
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Figure 33: Cooperation of the active units of calix[4]arene 86 in the cleavage of ATP. The deprotonated guanidine group could
provide a) direct nucleophilic attack on the terminal phosphate group of the substrate or b) general base catalysis by

deprotonating an external water molecule.

In a subsequent study, the whole set of guanidine-calix[4]arenes was tested as cleaving agent for ATP!23,
Compound 86, when present in solution in its triprotonated form (DMSO/H,0 80/20, pH 9.8, 80°C), was
able to hydrolyze this substrate with turnover, approximately 1000-folds faster than the background
reaction. The cleavage process was supposed to occur thanks to the synergic action of the three
guanidinium units and the deprotonated guanidine moiety to bind and activate the substrate and to act
as a general base or as nucleophile, respectively (Figure 33a and 33b). The contemporary occurrence of
a triple electrophilic activation of the phosphate groups and of a nucleophilic attack or activation by a
guanidine unit was proved to be crucial, by observing that the catalyst in its triprotonated form was
much more effective than in its di- or tetraprotonated species and the tri- or di-functional calix[4]arenes

83-85.

1.5 Conclusions and outline of the research

Phosphodeisterase enzymes are involved in the hydrolytic cleavage of phosphate diester bonds, which
constitute the backbone of many biological componds. By exploiting a combination of different
strategies this enzymes family is able to induce huge acceleration respect to the background for this
type of reaction, resulting one of the most efficient in nature. These observations attracted, in last
decades, the attention of supramolecular chemists, that have spent many efforts in the attempt of
create arificial systems, called enzyme models, which can be able to mimic the action of their natural
analogs.

Since the X-ray crystal structure of the active sites of some phosphodiesterase enzymes were reported,
it is known that they exploit the synergic action of metal cations and amino acid residues to promote the

cleavage of their substrate. Accordingly, corresponding artificial models have been obtained by
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functionalizing a proper molecular scaffold with ligands for metal cations or organic functional groups
able to mimic the presence of these types of active units.

Although artificial phosphodiesterases are still far to reach the catalytic activity and substrate selectivity
of corresponding enzymes, a large variety of system able to cleave very effectively RNA, DNA and model
compounds have reported and their efficiency and selectivity is continuously improving. A crucial phase
of the building of effective enzyme models is the choice of an appropriate molecular scaffold to be used
to preorganize the active units. In fact, in good artificial catalysts the molecular scaffolds have to provide
a correct compromise between rigidity and residual flexibility of the system, in order to provide the so-
called dynamic preorganization of the reactive groups, that is the ability to contemporary dispose them
in an orientation suitable for catalysis and to allow their rearrangement to adapt to the change in
conformation that the substrate undergoes during the overall catalytic process.

The cone-calix[4]arene cavity has been reported as a platform that can easily afford these particular
requirements and, in fact, the synthesis of both metal-based and metal-free artificial
phosphodiesterases has been successfully achieved by appropriate functionalization of the upper rim of
this family of macrocycles. However, example of calix[4]arene-based phosphodiesterase models where
the action of metal cations and organic functionalities is contemporary exploited was never reported
before this PhD thesis, despite in many enzymes like Staphilococcal Nuclease and Alkaline Phosphatase
this kind of strategy is observed. For this reason a part of my PhD was focused on the investigation of
the properties of the hetero-bifunctional calix[4]arene derivatives 88 and 89 (Figure 34a)'**'?°, whose
synthesis and study of catalytic activity of corresponding Zn(lIl) and Cu(ll) complexes will be presented in

the next chapter of this thesis.

*HoN

88-M
M2*= Zn2* Cu?* M2*= Zn2*, Cu?*

Figure 34: Calix[4]arene based artificial phosphodiesterases whose synthesis and catalytic activity will be described in the

following chapters of this thesis.

As mentioned before, the first generation of metal-free artificial phosphodiesterase based on
calix[4]arenes exploited the synergic action of guanidine and guanidinium units, to provide general base
catalysis and electrophilic activation of the substrate, respectively. In Chapter 3 of this thesis will be,

instead, reported the mechanism of action of the trifunctional diguanidinium-hydroxyl-calix[4]arene 90
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(Figure 34b)'%, which was synthesized with the aim of studying the possibility to create a system where
electrophilic guanidinium groups can effectively cooperate with nucleophilic functional groups in the

cleavage of DNA model compounds, thus creating a mimic of human DNA Topoisomerase I.
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Chapter 2

2.1 Introduction

Phosphodiesterase enzymes are involved in the cleavage of phosphodiester bonds'3, which keep
together the backbone of important bio(macro)molecules, such as RNA and DNA. Because of the
relevance of their biological activity, the production of artificial catalysts able to mimic the action of this
family of enzymes has attract much attention over the years, with the final goal to obtain systems that
can have applications in biotechnologies and medicine*®. The catalytic activity of these systems, also
called enzyme models, is provided by the active units which have the task to activate the substrate
through electrophilic activation, to afford a nucleophile or a proper general acid-base function and to

6-8

stabilize the transition state®™. These functions are quite often fulfilled by metal-ion-containing

912 and/or functional groups which can be easily protonated/deprotonated in the pH range of

moieties
operation'?®, In a biomimetic approach, quite often these functional groups are those present in the
side chains of natural amino acids, since these are known to be exploited by natural enzymes to cleave
their substrates (see Chapter 1, Paragraph 1.3.1)%17-21,

A crucial role to determine the activity of enzyme models is played also by the molecular scaffold on
which the active units are placed. The molecular scaffold has the essential task to keep the active sites
at a proper distance and with an orientation suitable to afford their cooperation in catalysis. The
scaffold should possibly afford a proper dynamic preorganization®* of the active sites, allowing their
rearrangement to fit the conformational changes of the substrate along the overall catalytic process®.
The cone-calix[4]arene platform has been reported to be particularly effective into achieve this purpose,
thanks to a special compromise between rigidity and residual flexibility of its structure. For example,
effective artificial phosphodiesterases able to cleave ATP, DNA or RNA model compounds and
oligoribonucleosides have been obtained by decorating the upper rim of this molecular scaffold with
guanidinium groups or ligands for metal cations?%242,

Interestingly, the possibility to place these two different types of active units on the same cone-
calix[4]arene scaffold, in order to exploit their cooperation for the cleavage of phosphodiester bonds,
had not been evaluated yet, despite this “mixed active sites” strategy is known to be used by both

111718 and artificial phosphodiesterase models built on simpler platforms?™4, Thus, in

natural enzymes
collaboration with the group of Riccardo Salvio and Luigi Mandolini from the university “La Sapienza” in
Rome, we decided to synthetize two new cone-calix[4]arene derivatives, bearing at the upper rim a
guanidinium group and a triazacyclononane moiety as ligating unit for Zn(ll) or Cu(ll) ions and to
investigate their catalytic activity for the cleavage of different RNA and DNA model compounds. These

two different regioisomers, differ for the relative disposition of the active units, which are held in 1,3

distal- or 1,2 vicinal- positions, since in the past it was observed that the distance and relative
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disposition of the active units on the macrocyclic scaffold might result in artificial enzymes with quite a
different activity?*2,

The synthesis, the potentiometric characterization and the investigations on the catalytic activity of
these compounds will be presented in the following pages of this chapter. These studies are already

published in the literature33?,

2.2 Results and discussion

2.2.1 Calix[4]arenes synthesis

Compounds 1 and 2 were synthetized starting from the corresponding 1,3 distal- and 1,2 vicinal
dichloromethyl precursors 332 and 8%, In both the cases, the crucial step of the synthetic pathway was
the first one, where the desymmetrization of the functional groups present at the upper rim of the
studied calix[4]arenes took place. Focusing on the synthesis of 1 (Scheme 1), this step was initially
carried out by reacting 3 with a stoichiometric amount of potassium phthalimide and dicyclohexyl-18-
crown-6 in refluxing toluene, to form the corresponding monochloromethyl-monophthalimidomethyl-
derivative 4 as main product (38%) in a mixture containing also the diphthalimido-derivative (16%) and

the unreacted starting material (23%).
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Scheme 1: a) Potassium phthalimide; dry DMF, rt. b) N,N’-Bis-(Boc)-1,4,7-triazacyclononane, K;COs;

CHsCN, rt. c) N2H,-H;0; MeOH, 60 °C. d) N,N’-Bis-(Boc)-N"-triflylguanidine, NEt;; DCM, rt. e) CFsCOOH

(TFA), EtsSiH (TES); DCM, rt and then 1M aqueous HCI; EtOH, rt.

An improvement of the reaction conditions was then achieved by following a standard protocol for the

Gabriel synthesis, that is by performing the same reaction in dry DMF without the use of the crown-
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ether, allowing the isolation of the desired compound in larger amount than the expected statistical one
(57% yield).

The following steps were then performed easily. A N,N’-bis-(Boc)-1,4,7-triazacyclononane (bis-Boc-
TACN) group was first inserted on the remaining chloromethyl moiety of 4 to obtain 5 (70% yield),
whose phthalimidomethyl group was quantitatively converted in the corresponding aminomethyl unit to
yield compound 6. Subsequently, the insertion of the guanidine group on this latter calix[4]arene was
performed by reaction with [N,N’—bis-(Boc)]triflylguanidine®* to give 7 (63% vyield), from which 1 was
obtained as tetrahydrochloride salt by removal of the Boc protecting groups with trifluoroacetic acid
(TFA), followed by exchange of the resulting trifluoroacetate counterion with chloride (98% yield).

To obtain compound 2 it was instead necessary to modify the first steps of the just described synthetic

| «ﬁ@

strategy (Scheme 2).
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Scheme 2: a) Potassium phthalimide; dry DMF, r.t. b) N,N’-Bis-(Boc)-1,4,7-triazacyclononane, K;CO3;
CH3CN, rt. c) N,N’-Bis-(Boc)-1,4,7-triazacyclononane, Kl, strong bases; CHsCN, high temperature. d)

Potassium phthalimide, dicyclohexyl-18-crown-6; dry toluene, 110°C.

In fact, on the contrary of what previously reported, after the treatment of the bis-chloromethyl
derivative 8 with 1 mol equivalent of potassium phthalimide, which gave 9 in 65% yield, the reaction
with bis-Boc-TACN did not afford compound 11 even using strong bases, high temperatures, iodide as
catalyst and long reaction times. To explain these results it was suggested that, moving from the 1,3-
distal calix[4]arene 3 to the corresponding 1,2-vicinal isomer 8, the reactivity of the two chloromethyl
groups became influenced by steric effects which, if on the one hand seemed to promote a moderate
regioselectivity in the synthesis of the corresponding monophthalimido derivative (65% for 9 vs. 57% for

4), on the other hand completely prevented the subsequent insertion of the TACN unit. The low
48



Guanidium-triazacyclononane calix[4]arenes as catalysts for the cleavage of
DNA and RNA model compounds

reactivity of the —CH,Cl moieties of 1,2-vicinal calix[4]arene derivatives toward the attack of highly
hindered nucleophiles was further confirmed once these two reaction steps were reversed, since the
introduction of a bis-Boc-TACN group on 8 to give 10 took place in 56% yield, without observing the
formation of the disubstituted compound and allowing the recovery of 27% unreacted starting material.
These steric effects did not affect negatively the following conversion of 10 into compound 11 by
reaction with potassium phthalimide, which was achieved in 90% vyield.

The reaming synthetic steps to obtain the target calix[4]arene derivative where then carried out

according to the same strategy used for compound 1 (Scheme 3).

Boc Boc Boc : Boc H H
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CFA Y OF Y

Scheme 3: a) N;H,-H,0; MeOH, 60 °C. b) N,N’-Bis-(Boc)-N"'-triflylguanidine, NEts;; DCM, rt. c) CF;COOH
(TFA), Et;SiH (TES); DCM, rt and then 1M aqueous HCI; EtOH, rt.

Treatment with hydrated hydrazine of 11 afforded the corresponding aminomethyl derivative 12 (92%
yield), which was then guanidinylated by reaction with N, N’-bis(Boc)-N"’-triflylguanidine3* and converted
in the tetrahydrochloride form of compound 2 by removal of the Boc groups and exchange of the
triflouroacetate anions with chloride (overall 46% yield).

'H- and 3C NMR spectra of all the intermediates bearing at their upper rim the bis-Boc protected TACN
unit (i. e. compounds 5-7 and 10-13) showed patterns of signals compatible with the presence in
solution of different rotamers, in slow exchange with respect to the NMR timescale. This phenomenon
was ascribed to the steric bulkiness afforded by the protected azacrown moiety and it was reported in
the literature also for other bis-Boc-TACN functionalized derivatives®. After removal of the Boc
protecting groups to obtain 1-4HCI and 2-4HCI the signals ascribed to these rotamers disappeared and
the spectra of the target compounds turned to be compatible with the presence of single chemical

species (Figure 1).
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Figure 1: 1H NMR spectra of a) compound 7 (400 MHz, CDCl3) and b) compound 1-4HCI (300 MHz, CD30D). The pattern of signals
in the upper spectrum was compatible with the presence of different rotamers in slow exchange respect to the NMR timescale.
The spectral region comprising the aromatic and the —CH,NH guanidine protons was magnified since the phenomenon was
particularly evident. After removal of the Boc protecting group from the TACN moiety the lower spectrum turned to be

consistent with the presence of a sole chemical species.
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2.2.2 Potentiometric titrations

Potentiometric titration of calix[4]arenes 1-4HCI and 2-4HCI| were performed to determine their acidity
constants and their affinity for the metal cations with whom are expected to form catalytically active
complexes. The experiments were carried out in DMSO/H,0 8/2 (thereafter indicated as simply 80%
DMSO), a mixture of solvents where our compounds are well soluble and not associated and that has
been demonstrated to be suitable for kinetic studies of hydrolytic reactions'>3® and for the
determination of the pK. values of different compounds®”:3, Moreover, the use of this medium is
particularly favorable for investigations about the mechanism of action exploited by guanidinium-based
catalysts for the cleavage of phosphate esters, since, respect to the use of pure water3*3°, it advantages
the establishment of two-point hydrogen bonding interactions to bind and/or activate the substrate??.
However, for the treatment of the experimental data it is important to remember that in 80% DMSO the
autoprotolysis of water is strongly suppressed (pKw= 18.4)*, with pH values necessary to reach
neutrality equal to 9.2.

The potentiometric titrations, shown in Figure 2, were carried out on 1-4HCl and 2-:4HCl alone and in the

presence of a stoichiometric amount of ZnCl, or CuCl..
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Figure 2: Titrations curves obtained by addition of increasing aliquots of a solution of MesNOH to solutions containing 1-4HCI
and 2-4HCI (80% DMSO, 25°C, left and right, respectively) in the presence of a) no additives, b) 1mol equiv. ZnCl,and c) 1mol
equiv. CuCl,.

As expected, in the absence of additives, for both compounds it was detected the presence of four
titratable protons, of which the three most acidic were those present on the nitrogen atoms of their
TACN groups and the least acidic was the one on their guanidinium moieties. The addition of 1 mol
equivalent of Zn(Il) or Cu(ll) salts strongly modified the shape of the resulting titration curves since it led
to a strong increase of the acidity for the protons belonging to the triazacyclonane unit, as a result of the

tight binding of the metal cations. In fact, the fitting of the experimental data yielded, respectively,
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logKz,= 7.6 and 6.9 as estimation of the equilibrium constants for the formation of the Zn(ll) complexes
of the monoprotonated catalysts 1H* and 2H*, while for the coordination of the Cu(ll) cations the
calculated logKc, were equal to 9.2 and 8.8, respectively. The pK, for the deprotonation of the
guanidinium group, instead, did not undergo to significant variation®!, thus excluding a participation to
the coordination of the metal cations, which could have been detrimental for the catalytic activity of the
studied complexes. Moreover, in the presence of both ZnCl, or CuCl; it was also observed the
appearance of a fifth titratable proton, which was due to the coordination of a water molecule to the
metal centers. The pK, values found for the additional Zn(ll)- and Cu(ll)-bound water molecules were of
9.9 and 8.8, respectively, in the case of compound 1 and 9.8 and 8.9 in the presence of compound 2,
thus indicting that their deprotonation took place in neutral or slightly basic conditions.

In general, as it can be seen in Table 1, the differences in acidity for the same types of titratable protons
were negligible for the two regioisomeric calix[4]arenes, pointing out that the acid-base properties of
the two compounds were not significantly different. A similar observation can be done for the stability
constants of the complexes formed in the presence of Zn(ll) or Cu(ll), since, as reported just above, the
association constant calculated for the coordination of these metal ions by the 1,3-distal derivative 1H*

were essentially identical to those obtained for the 1,2-vicinal compound 2H*.

Table 1: Acidity Constants (pKa) of 1-4HCl and 2-4HCI, in the absence and presence of 1 molar equiv of ZnCl, or CuCl,, (80%

DMSO, 25 °C). The pK, data were obtained from potentiometric titrations with Me,NOH of 1.0 mM substrate solutions in the
presence of 10 mM Me4NCIO4 with experimental uncertainty = + 0.1 pK units, unless otherwise stated.? Error limit = +0.3 pK
units.b Under the same conditions, the pKq of guanidine-HCl is 13.7 (see Ref. 41). < From the potentiometric titration: log Kz, =
7.6 +0.4 and 6.9 * 0.5, for the binding of Zn(ll) to the triazacyclononane moiety in 1H* and 2H*, respectively. ¢ From the

potentiometric titration: log K¢, = 9.2 + 0.4 and 8.8 + 0.4, for the binding of Cu(ll) to the triazacyclononane moiety in 1H* and

2H*, respectively.

Tested compound | Additive | pKa1 | pKaz | pKas | pKas | pKas

none 2.2°| 40 | 9.6 | 13.45 -

1-4HCl ZnCly* <2 | <2 | 64 9.8 13.6

CuCh? | <2 | <2 | 5.7 8.9 13.7

b
none | 2.4 | 42 |93 | 138 | -

2-4HCl ncle | <2 | <2 |69 | 99 |137

cuched | <2 | <2 |59 | 88 [139
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2.2.3 Cleavage of HPNP

Both the Zn(ll) and the Cu(ll) complexes of compounds 1H" and 2H* were tested as catalysts for the
cleavage of different phosphate diesters. The first reaction to be investigated was the transesterification
of the RNA model compound 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP) in 80% DMSO (Figure
3a), at pH values equal to the pK, of the water molecule bound to the metal center of the catalysts. This
choice guaranteed the tight complexation of the metal cations, together with the deprotonation of 50%
of the water molecules coordinated to them and the presence the guanidinium unit in its fully

protonated form.

o o NO, o}
HA cat "0
04 O /
o +
OH/‘HPNP
NO,
pNPO

( r 01 ( r 1 TACN-M

M2*= Zn2* Ccu?*

16H*-M
MZ+*=znZ* Cu?*

Figure 3: Different metal complexes used to catalyze the cleavage of the RNA model compound HPNP in a) this work of thesis, b)
Ref. 26 and c) Ref. 41.

The pseudo-first-order rate constants for the studied reaction were calculated as kobs= vo/[HPNP], where
Vo was the spectrophotometrically determined initial rate of p-nitrophenol (pNPOH) release from the
substrate (Figure 4a). It is worth to mention that in these experiments the quantity which is directly
measured is the absorbance at A=400 nm due to the liberation of the p-nitrophenol/p-nitrophenolate
dyad in the reaction mixture, since the departing p-nitrophenol is released as a mixture of its protonated

and deprotonated forms. Calibration curves were built at each tested pH values by measuring the
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absorbance of known amounts of p-nitrophenol at the same wavelength and in the same reaction

medium (Figure 4b), in order to extrapolate the total concentration of pNPOH (sum of the concentration

of the protonated and the unprotonated forms) released during the cleavage processes, without

knowing the molar ratio of each single protonation species.
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Figure 4: a) Spectrophotometric determination of the initial rate of pNPOH release from a 0.2 mM solution of HPNP in the
presence of 0.5 mM 2H*-Zn (80% DMSO, 25°C, pH 9.9). b) Calibration curve built at the same pH value to extrapolate the total
concentration of pNPOH released during the kinetic investigation. The curve was obtained by plotting the absorbance at 400 nm

of solutions containing known aliquots of p-nitrophenol.

The results of these kinetic investigations were listed in Table 2, together with those obtained for the

same experiments carried out in the presence of the TACN-Zn or TACN-Cu complexes (TACN-M in Figure

3a), used as monofunctional control compounds.

Table 2: Transesterification of the RNA model HPNP in the presence of metal complexes 1H*-M, 2H*-M, and TACN-M, where M=

Zn(1l) or Cu(ll). The experiments were performed in 0.10 M N,N’-diisopropyl ethanolamine buffer (80% DMSO, 25.0 °C) at 0.20

mM HPNP and 0.50 mM catalyst concentrations. @ keps was calculated as v./[HPNP], with error limits on the order of #10%. ° ke

was calculated as kops(bifunctional catalyst)/kops(TACN—M). ¢ The background rate constant (kyg, s%) for the hydroxide-catalyzed

cleavage is a function of pH and it is given by the following expression?3: kyg = 10(PH-17.2),

Entry | pH | Catalyst [10° x kobs (5™1)9 kret® | Kobs / kbg©
1 9.9 | TACN—-Zn 20 1.0 400
2 9.8 | 1H*-Zn 110 5.5 2200
3 9.9 | 2H*-Zn 73 3.6 1800
4 8.8 | TACN—Cu 14 1.0 350
5 89| 1H™—Cu 1300 930 320000
6 8.8 | 2H™—Cu 1800 1600 | 360000
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The best catalytic performances were observed for compounds 1H*-Cu and 2H*-Cu, which were around
two order of magnitude more effective than the corresponding Zn(ll) complexes, accelerating the
studied transesterification process of 3.2-10°- and 3.6-10°-folds respect to the uncatalyzed reaction,
respectively. In marked contrast with what found for other calix[4]arene derivatives, the catalytic
activity of the tested metal complexes was not significantly affected by the different position of the
active units at their upper rim. In fact, after coordination of the same metal ion, the two tested
regioisomers gave to the cleavage of the substrate very similar acceleration respect to the background,
at contrary of what reported in literature (100% H,0, 20 mM HEPES buffer, pH 7.0) for the bimetallic
Cu(ll) complex of the 1,2-vicinal compound 14, which cleaved HPNP 30-folds faster than the parent
1,3-distal complex 15-Cu;, (Figure 3b)%°. The highest activity of catalysts 1H*-M and 2H*-M respect to
their monofunctional control compounds TACN-Zn and TACN—Cu, together with the previous report
that guanidinium chloride is not able to enhance the cleavage rate of HPNP in the pH range 9.0-9.8*,
pointed out the existence of cooperation between the TACN-M and the guanidinium catalytic units
when supported on the calix[4]arene scaffold. The degree of cooperation was modest for 1H*-Zn and
2H*-Zn, while was relevant for the corresponding Cu(ll) complexes, whose catalytic performances
exceed that of the monofunctional control TACN—Cu by a factor of 103. These results are in agreement
with those reported for the bifunctional catalyst 16H* (Figure 3¢)*!, bearing the same reactive groups on
a simple m-xylylene spacer, whose Cu (ll) complex 16H*-Cu was much more effective than the parent
Zn(ll)-based analogous 16H*-Zn into catalyze the cleavage of HPNP. Moreover, in the same experimental
conditions, 16H*-Cu promoted this process 25- and 30-folds less effectively than the corresponding
supramolecular catalysts 1H*-Cu and 2H*-Cu, respectively, thus indicating once again the beneficial role
played by the calix[4]arene scaffold into increase the degree of synergism between the active units in
artificial phosphodiesterases.

Further investigations, performed by using compound 1H*-Cu, evidenced a strictly linear dependence of
the initial rate of p-nitrophenol release respect to the substrate concentration (Figure 5a), pointing out
that the effect of the catalyst-substrate association on the kinetics of the reaction was negligible in the
tested concentration range. This observation means that the energy coming from the interaction
between their guanidinium and phosphate groups was not significantly used by the two reacting
partners to bind to each other, resulting instead fully translated into catalysis by stabilization of the

transition state.
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Figure 5: a) Plot of initial rates for the cleavage of HPNP catalyzed by 0.50 mM 1H*-Cu vs substrate concentration (80% DMSO,
pH 25 °C). From the slope of the straight line kops = (1.36 #0.06)-103s71. b) pH-rate profile for the cleavage of 0.20 mM HPNP
catalyzed by 0.50 mM 1H"-Cu (80% DMSO, 25 °C). Data points are experimental and the line is the plot of the regression analysis
with Egn. 1.

Important results were obtained also from the studies of the catalytic activity of the same Cu(ll) complex
as function of the pH. The plot of the experimental data gave in fact a sigmoidal shaped curve (Figure
5b) which is typical of kinetic titrations in which an unreactive species is transformed into a reactive one
at higher pH values. The treatment of the given pH-rate profile with Eqn. 1, where k was the
second-order rate constant for a reaction catalyzed by the fully deprotonated form of a generic chemical
species whose acidity constant was K, and stoichiometric concentration was [Cat]::, gave pKa =8.7 £ 0.1
and k=5.3 £ 0.2 Ms? as best values for the fitting parameters after a least-squares regression
procedure.

k [Cat]eor

kops = —————— Eqn.1
TR,

The perfect agreement of the pK, value for the Cu(ll)-bound water molecule of 1H*-Cu determined by
this kinetic investigation (8.7 = 0.1) with the one obtained from potentiometric titrations (8.8 + 0.1)
clearly indicated that the hydroxo form was the sole active species of the catalyst. To further support
this idea, it can be observed that the limiting value of (2.65 + 0.10)-10"'s? approached by the quantity
kobs = k [Cat]:or for high pH values (i.e. when [H*]/K, <<1) was twice as large as the kobs value previously
measured at pH 8.9 (Table 2, entry 5), where only an half of the water molecules coordinated to the
metal center were deprotonated.

According to these data we proposed, for the cleavage of HPNP by the studied calix[4]arene derivatives,
the catalytic mechanism reported in Figure 6, where the metal-coordinated hydroxide of 1H*-Cu acts as
a general base to deprotonate the [B-OH group of the substrate, while the positively charged
guanidinium ion interacts with the phosphate to stabilize the transition state through electrostatic

interactions, eventually assisted in this task by the metal center®..
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Figure 6: Proposed mechanism of action of 1-Cu in the cleavage of HPNP.

2.2.4 Cleavage of diribonucleoside monophosphates (NpN’s)

Regardless to whether the cleavage of phosphate diesters occurs via an associative (An+Dn) or a
concerted (AxDn) mechanism (see Chapter 1, Paragraph 1.3.1)%, it is currently accepted that the
replacement of a good leaving group with a poor one leads the transition state to bear a higher
pentavalent phosphorane dianion character. Thus, it has been argued that the cleavage of substrates
less activated than HPNP by the given calix[4]arene catalysts could undergo to larger rate enhancements
respect to the background, thanks to a stronger electrophilic/electrostatic interaction between the
altered form of the phosphate group and the neighboring guanidinium unit and/or metal center of the
catalysts. Accordingly, a set of investigations was performed to study the transesterification of four
different diribonucleoside monophosphate (NpN’), namely GpU, CpA, UpU and GpA, in the presence of
compounds 1H*-Cu and 2H*-Cu (Figure 7).
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Figure 7: Generic mechanism for the cleavage of diribonucleoside monophophosphates (NpN’s) by 1H*-Cu and 2H*-Cu.
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The experiments were carried out in the same conditions tested for HPNP, but increasing the
temperature from 25°C to 50°C, since, bearing a worse leaving group, NpN’s are less prone to
transesterification than HPNP. The reaction progress was monitored by HPLC analysis of periodically
withdrawn samples of the reaction mixtures?*#>*3 (Figure 8) and pseudo-first-order rate constants kobs

were calculated as kobs= Vo/[NpN’], where v, was the initial rate of nucleoside N’ formation.
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Figure 8: HPLC monitoring of the cleavage of UpU dimer into 2’,3’-Ucp and U by 1H*-Cu. The reaction progress was studied by
analyzing periodically withdrawn samples from the reaction mixture (0.1 mM diribonucleoside monophosphate, 0.5 mM
catalyst, 80% DMSO, 50°C, pH 9.9). The peaks corresponding to uridine, the starting diribonucleoside monophosphate and the
internal standard (p-hydroxybenzoic acid) are indicated as a, b and c, respectively.

The experimental data (Table 3) show that both compounds were able to cleave all the tested
substrates, giving an increase of their cleavage rates ranging from 4 to 7 order of magnitude respect to
the uncatalyzed reaction. The catalytic efficiency was quite similar within the two regioisomers only for
the transesterification of GpU and UpU. On the other side, 1H*-Cu cleave GpA much faster than CpA,
while the opposite is true for reaction catalyzed by 2H*-Cu. More in details, GpA and CpA were cleaved
160-folds faster and 40-folds slower by the 1,3-distal Cu(ll) complex than by its 1,2-vicinal isomer,
respectively, indicating that the phosphodiesterase activity was strongly dependent on the identity of
both the substrate and the catalyst which composed the catalytic system. In fact, being the rate
constant for the spontaneous cleavage (ky,) similar for each diribonucleoside monophosphates, it
seemed unlikely that the different transesterification rates enhancements observed within the various

substrates could be originated by their different intrinsic reactivity.
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Table 3: Cleavage of diribonucleoside 3',5'-monophosphates NpN' by and 2H*—Cu 1H*—Cu. The reaction mixtures were composed
of 0.50 mM catalysts, 0.050 mM NpN’, 0.10 M N,N’-diisopropyl ethanolamine buffer in 80% DMSO (pH 8.9, 50°C). Error limits
were on the order of #10%. 2 The kyg values (s7), were calculated from data measured in the presence of 1.0 mM MesNOH in
80% DMSO, 50.0 °C, and extrapolated to pH 8.9. kyg (GpU)= 3.1x10! s"(from Ref. 29), kpq (CpA)=1.8x1011 s (from Ref. 29);
kpg (UpU) = 2.6 x10°11 s (from Ref. 43); kpg (GpA)= 1.5x101 s (from this work).

1H*-Cu 2H*-Cu
105-kobs (s™2) | Kobs/kbg | 10%kobs (571) | Kobs/Kbg @
GpU 85 3.4 x 10 93 3.0 x 10
CpA 1.2 8.6 x 104 48 2.7 x 10°
UpU 26 1.3 x 106 15 5.8 x 10°
GpA 160 1.3 x 107 1.0 6.7 x 10*

A convenient comparison of the cleavage activity experienced by this type of substrates was obtained
(Table 4) by dividing the koss/ksg values listed in Table 3 for NpN’ ribonucleosides with the those
indicated in Table 2 for HPNP in the presence of both 1H*-Cu and 2H*-Cu, under the assumption that the
data obtained for HPNP at 25°C give a reasonable estimation of the data that would have been

measured at 50°C.

Table 4: Comparison of rate accelerations over background induced by 1H*—Cu and 2H*—Cu in the cleavage of NpN’ and HPNP
substrates. The (Kobs/kbg)Hpne and (kobs/kng)npn’ values are taken from Table 2 and Table 3, respectively.

Catalyst /substrate (Kobs/Kbg) Npn’
pairs (Kobs/ kbg)HPNp
1H*—Cu / GpA 41
1H*—Cu / GpU 11
2H"-Cu / GpU 8.3
2H™—Cu / CpA 7.5
1H*—Cu / UpU 4.1
2H*-Cu / UpU 1.6
1H*—Cu / CpA 0.27
2H*—Cu / GpA 0.19
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Most of the diribonucleosides were cleaved more efficiently than HPNP by the tested Cu(ll)-complexes,
thanks to the exploitation of a larger electrostatic stabilization of their transition states. The effect was
more evident for the most reactive catalyst-diribonucleoside pairs, with the best results obtained for the
GpA which was cleaved 41-folds faster than HPNP by 1H*-Cu, while became gradually less important for
the other substrates. In two cases, namely for the transesterification of CpA by 1H*-Cu and of GpA by
2H*-Cu, the rate accelerations were instead lower than those observed for HPNP, indicating that the
benefits arising from a higher stabilization of the transition state was overcome by other unfavorable
factors, probably of steric origin. Thus, once again, it can be observed that the structural features of
both the catalysts and the substrates can have an important role to determine the efficiency of the
catalytic transesterification of diribonucleoside monophosphates.

The comparison of the phosphodiesterase activity of 1H*-Cu and 2H*-Cu in the cleavage of the tested
NpN’ ribonucleosides with the ones reported for other artificial catalysts is quite difficult since, often,
the investigations have been performed under different experimental conditions and reliable estimation
of the kg values, necessary for the calculations of the rate enhancements respect to the background, are
not available. To the best of our knowledge, the only investigations which were carried out in conditions
similar enough to allow a consistent comparison with the kinetic data in our possession are referred to
catalysts based on cone-calix[4]arenes?® or nanostructured supports functionalized with the guanidine-
guanidinium pair(s) ***. Also in these cases the catalytic efficiency was strongly dependent on the
identity of the various catalyst-substrate combination, but, in general the two calix[4]arene derivatives
presented in this chapter are the best catalysts for the studied substrates, both in terms of absolute
cleavage rates and of acceleration respect to the background in the given solvent mixture, temperature

and concentration ranges.

2.2.5 Cleavage of BNPP

Both the Zn(ll)- and Cu(ll) complexes of 1-H* and 2-H* were also tested as cleaving agents of the DNA
model compound bis(p-nitrophenyl)-phosphate (BNPP) (Figure 9a), together with their corresponding
monofunctional compounds TACN-Zn and TACN-Cu. For consistency with the previously presented
investigations on the transesterification of HPNP, the experiments were carried out in 80% DMSO at pH
values coincident with the pK, of the metal bound water molecule present on each catalyst. The
reaction was carried out at the temperature of 50°C in order to counterbalance the lower reactivity of
the substrate compared to HPNP, as a consequence of the absence of the intramolecular nucleophilic -

OH group.
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Figure 9: a) Artificial bifunctional catalysts 1H*-M and 2H*-M and corresponding monofunctional compounds TACN-M (M= Zn(ll)
and Cu(ll)) tested in the cleavage of the DNA model compound BNPP and b) proposed mechanism of action for the cleavage of
the substrate by the Zn(ll) and Cu(ll) complexes of 2H*.

Pseudo-first-order rate constants kops were calculated from the initial rate values of the p-NPOH
liberation (spectrophotometric detection) and are listed in Table 5, together with rate enhancements
over background values (kobs/kug). The ability to hydrolyze BNPP was remarkable for all the bifunctional
catalysts, with rate enhancements respect to the background process ranging from 4.9-10% to 1.1-10°-
folds. A large degree of cooperation between the active units was also observed since the increase of
catalytic activity respect to the corresponding control compounds was comprised between 110- and
1400-folds for 1H*-Zn and 2H*-Cu, respectively. The high degree of synergism observed for the reactive
units of the Zn(ll) complexes, together with the marked superiority of the 1,2-vicinal calix[4]arene over
the regioisomeric 1,3-distal compounds, are in contrast with what found in similar investigations on
HPNP (see Table 2). Moreover, in terms of specific rate constants, the catalytic activity of the Zn(ll)-
binding calix[4]arenes was comparable or even higher than those of the corresponding Cu(ll) complexes
(see entry 2 vs 5 or entry 3 vs 6 of Table 5 for a comparison), despite 1H*-Cu and 2H*-Cu were more
efficient in terms of rate enhancement respect to the background hydroxide-catalyzed reaction, since

they were tested at lower pH values.
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Table 5: Cleavage of the DNA model BNPP in the presence of metal complexes 1-H*-M, 2-H*-M, and TACN-M (M = Zn(ll), Cu(ll)).
The experiments were carried out in the presence of 0.20 mM BNPP, 0.50 mM catalyst, 0.10 M N,N’-diisopropyl ethanolamine
buffer (80% DMSO, 50.0 °C). 2In the presence of 0.50 mM guanidinium chloride (pH range 8.8-9.9), no detectable liberation of p-
nitrophenol was observed within 12 h. ®k.ss were calculated as vo/[HPNP]; error limits on the order of +10%. k.. were calculated
as keps(bifunctional catalyst)/kops(TACN-M). 9kpy data from extrapolation to the given pH value of the hydroxide catalyzed
cleavage of BNPP were measured in the presence of 1.0 mM MesNOH (kops=5.4 x 10 s71). The following kyg values (s) were
obtained (pH value in parenthesis): 1.7 x 10 (9.9), 1.4 x 109 (9.8), 1.7 x 101° (8.9), 1.4 x 1019 (8.8).

Entry | pH | Tested catalyst? | 10%-kobs (s2) ? krel® (Kobs/kvg )@
1 9.9 TACN—Zn 0.74 1.0 430
2 9.9 1H*—Zn 84 110 49000
3 9.8 2H"—Zn 180 240 130000
4 8.8 TACN—Cu 0.14 1.0 1100
5 8.8 1H*—Cu 20 140 140000
6 8.9 2H*—Cu 190 1400 1100000

It can be also pointed out that, on the contrary of what it could be expected by simple considerations of
the electronic activation of the substrates*®, BNPP was cleaved approximately with the same efficiency
of HPNP by 1H*-Cu and 2H*-Cu and even faster by the corresponding Zn(ll)-complexes. In the hydrolysis
of BNPP, in fact, the two negative charges present in the phosphorane-like transition state, formed
during the attack of the incoming nucleophile, can be delocalized on two electron withdrawing p-

nitrophenyl moieties, while HPNP bears only one of these groups (Figure 10).

t
BNPP & &
Figure 10: Schematic representation of the dianionic phosphorane-like transition state of HPNP (HPNP*) and BNPP (BNPP!)
during the cleavage by 1-H*-M and 2-H*-M (M=2Zn(ll), Cu(ll)). In the case of BNPP*the negative charge density on the altered

form of the phosphate group is lower with respect to HPNP', because of the presence of two electron withdrawing p-nitrophenyl
units instead of one.

Thus, in the former substrate, the lower electron density in the altered form of the scissile phosphate
would be suggested to disfavor the establishment of electrostatic/electrophilic interaction with the
guanidinium unit and/or the metal center of the catalysts, thus resulting in a lower stabilization of the
transition state and consequently in lower acceleration of the studied reaction, when compared to the
background. However, for the metal ion-catalyzed cleavage of BNPP, these detrimental factors could be

balanced by the entropic gain generated thanks to the conversion of an otherwise intermolecular
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reaction (Figure 9a) into an intramolecular nucleophilic attack of a metal-bound hydroxide ion (Figure
9b)*>4647  Additionally, it has not to be excluded that the participation of the B-OH group could
determine a lower reactivity of HPNP by imposing particular steric and geometrical requirements to
allow transesterification to occur. Moreover, it is possible that the importance of these steric and
geometrical requirements depends on whether between Zn(ll) and Cu(ll) is the metal center
coordinated by the catalysts, suggesting that they are at the origin of the lower catalytic activity of 1-H*-
Zn and 2-H*-Zn respect to the parent Cu(ll) complexes into cleave HPNP. In the case of BNPP, it can be
also suggested that analogous steric and geometric effects were responsible of the different catalytic
efficiency reported for the tested calix[4]arene as function of the orientation of the two neighboring
active units at their upper rim, resulting in a superiority of the 1,2-vicinal regioisomer which was not
observed in the case of HPNP.

According to the analysis of the kinetic data in our possession, the mechanism of action that we propose
for the cleavage of BNPP was analogous to that previously proposed for HPNP (Figure 9b and 6,
respectively), with the difference that, while the guanidinium group and the Zn(ll) or Cu(ll) ion
cooperate to provide electrostatic/electrophilic activation of the substrate, the metal-bound hydroxide
act as nucleophile to attack the phosphate group instead of as general base to deprotonate the lacking

B-OH unit.

2.3 Conclusions

In this chapter the synthesis and characterization of the novel bifunctional calix[4]arenes 1 and 2,
decorated at the upper rim with a guanidinium and a TACN unit in 1,3 distal or 1,2-vicinal position,
respectively, have been described. These derivatives were subsequently tested as artificial
phosphodiesterases in the cleavage of different DNA and RNA model compounds. The metal complexes
1H*-M and 2H*-M, formed after coordination of Zn(ll) or Cu(ll) metal cations by the monoprotonated
form of the catalysts, were able to cleave efficiently all the tested phosphate diesters, despite the
catalytic performances were dependent on the identity of the studied calix[4]arene-substrate pair.

For the transesterification of the RNA model compound HPNP the best results were obtained with the
Cu(ll)-complexes of the two catalysts, which were significantly more efficient respect to the
corresponding Zn(ll)-adducts and gave an acceleration of the process of 5 order of magnitudes respect
to the background. Also the extent of the cooperation between the two active units was much higher in
the Cu(ll) derivatives, suggesting that the different features of the coordination spheres of the two
metal centers could give different steric requirements that influence the activity of the corresponding
catalysts. No significant variations of the catalytic efficiency were instead found by comparing the

results obtained within the two studied regioisomers after coordination of the same metal cation. The
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combination of the kinetic and potentiometric data clearly evidenced the participation of a metal-bound
water molecule to the cleavage of HPNP, acting as generic base for the deprotonation of the B-OH group
of the substrate and facilitating its intramolecular nucleophilic attack on the phosphate group. Quite
interestingly, a significant role was demonstrated to be played by the guanidinium unit and the metal
center of the catalysts, which lower the activation energy of the phosphodiester cleavage by
electrostatic stabilization of the negatively charged transition state.

Another set of kinetic investigations involved compounds 1H*-Cu and 2H*-Cu and four different
diribonucleoside monophosphates. The observed rate acceleration respect to the hydroxide catalyzed
reaction were as high as 10*-107-folds and strongly dependent on the structure of the catalyst-substrate
pair, with diribonucleoside which were cleaved more efficiently by the 1,2-vicinal Cu(ll) complex and
others by the 1,3-distal regioisomer. Being the intrinsic reactivity of the given substrates similar, it was
proposed that the reported differences in catalytic efficiency arose from the different steric and
geometrical requirements of the each catalyst-substrate pairs. Most of the catalyst-diribonucleoside
pairs experienced cleavage accelerations higher than those given by the same calix[4]arenes on HPNP,
thanks to the operation of a larger electrostatic stabilization of the transition states, whose dianionic
phosphorane-like character was increased by the presence of a worse leaving group on the phosphate.
However, for the CpA/1H*-Cu and GpA/2H*-Cu pairs the reverse was observed, probably because of the
presence of detrimental steric effects that overcame the benefits deriving from a higher stabilization of
the transition state.

Compounds 1H*-M and 2H*-M (M= Zn(ll), Cu(ll)) were also tested in the catalytic hydrolysis of the DNA
model compound BNPP. Independently of whether a Zn(ll) or a Cu(ll) ion was complexed, the 1,2-vicinal
calix[4]arene derivative was superior than its 1,3-distal isomer, with a maximum rate acceleration
respect to the uncatalyzed reaction of 1.1-10°%folds reported for 2H*-Cu. Considering the two isomers
separately, the catalytic activity of their Zn(ll) and Cu(ll) complexes was similar in terms of specific
cleavage rates, despite for the latter ones highest acceleration over the background were reported,
since the investigations were performed at lower pH values. Similar, and particularly relevant, was also
the extent of cooperation between the catalytic units, being the tested calix[4]arene complexes 2-3
order of magnitude more active than the corresponding monofunctional TACN-M complexes (M=Zn(ll),
Cu(ll)). According to the experimental data, it was proposed that the cleavage of the substrate took
place via nucleophilic attack on the phosphate of a hydroxide ion bound to the Zn(ll) or Cu(ll) cations of
the studied catalysts, assisted by both the metal center and the guanidinium moiety, which provided
electrostatic stabilization of the transition state. BNPP was cleaved as efficiently as HPNP by the tested
catalysts, despite the presence of better leaving groups on its phosphate moiety would suggested a
lower electrostatic stabilization of the transition state respect to the latter substrate. To explain these

finding it was proposed that the conversion of the intermolecular hydroxide nucleophilic attack of the
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uncatalyzed reaction into a calix[4]arene-catalyzed intramolecular process was particularly beneficial to

promote the hydrolysis of the BNPP substrate.

2.4 Experimental section

2.4.1 General information

All moisture sensitive reactions were carried out under a nitrogen atmosphere, using previously oven-
dried glassware. All dry solvents were prepared according to standard procedures, distilled before use
and stored over 3 or 4 A molecular sieves. Analytical TLC were performed using prepared plates of silica
gel (Merck 60 F-254) and then revealed with UV light or with ninhydrin (5% in EtOH) when free amino
groups were present on the studied compounds. Merck silica gel 60 (70-230 mesh) was used for flash
chromatography and for preparative TLC plates. mQ water were used in the preparation of 80% DMSO
used in kinetic and potentiometric experiments. HPNP*, was prepared according to literature
procedures. All other solvents and reagents were commercial samples and used as such. Commercial
samples of NpN’ and their aqueous solutions were stored at -20 °C.

Care was taken when handling tetramethylammonium perchlorate because it is potentially explosive®.
No accident occurred in the course of the present work.

'H NMR and ¥3C NMR spectra were recorded on Bruker AV300 and Bruker AV400 spectrometers
(observation of *H nucleus at 300 MHz and 400 MHz, respectively, and of *C nucleus at 75 MHz and 100
MHz, respectively) and partially deuterated solvents were used as internal standards to calculate the
chemical shifts (6 values in ppm). All *C NMR spectra were performed with proton decoupling. High
resolution electrospray ionization (ESI) mass analysis were performed with a Waters single-quadrupole
spectrometer in positive mode using MeOH or CHsCN as solvents. Melting points were determined on
an Electrothermal apparatus in closed capillaries. Potentiometric titrations were performed by an
automatic titrator equipped with a pH electrode. Spectrophotometric measurements of p-nitrophenol
liberation were carried out at 400 nm on a double beam spectrophotometer. HPLC analyses were

performed on a liquid chromatograph equipped with a UV-vis detector operating at 254 nm.

2.4.2 Potentiometric titrations

Potentiometric titrations were carried out according to a previously reported procedure®. A freshly
prepared solution of 50 or 100 mM MesNOH in 80% DMSO was added in small increments under an
argon atmosphere a 1 mM solution (5mL, 80% DMSO, 25°C) of 1-4HCl or 2-4HCI, using 10 mM MesNCIO,
as ionic strength buffer, in the absence or presence of 1 mol equiv of ZnCl, or CuCl,. The electrode
calibration was performed as reported in literature*'. Elaboration of the titration plots was carried out

with the software HYPERQUAD 2000°%>,
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2.4.3 Kinetic Measurements

Metal complexes were formed in situ by addition of the calculated stoichiometric amount of a
concentrated aqueous solution of the metal salt (ZnCl; or CuCl;) to the reaction mixture. The solutions
were incubated for 1h before the start of the kinetic run by fast addition of a small volume of the

substrate solution.

2.4.4 HPNP and BNPP

Observed rate constants were obtained by UV-vis monitoring of p-nitrophenol liberation at 400 nm
(initial rate method). Experiments were carried out in the presence of 0.50 mM precatalysts 1-4HCI or
2:4HCI, 10 mM MesNCIQ4, 0.50 mM CuCl; or ZnCl;, and 0.10 M N,N’ diisopropyl ethanolamine buffer,
(80% DMSO, 25°C for HPNP, 50°C for BNPP). The total concentration of released p-nitrophenol was
extrapolated from calibration curves built at the required pH values by measuring the absorbance at 400
nm of known aliquots of pNPOH dissolved in the same medium. The pH of the solutions was adjusted
with a 50 or 100 mM solution of HCIO4 in 80% DMSO.

The pseudo first order rate constants for the spontaneous background reaction (ksg) of the cleavage of
BNPP were obtained by extrapolation to the required pH values of the pseudo first order constant

measured in the presence of 1.0 MM MesNOH (pH 15.4), 10 mM MesNCIO,, (80% DMSO, 50.0 °C).

2.4.5 Diribonucleoside monophosphates

HPLC monitoring of nucleoside liberation (initial rate method) was carried out on solutions with the
following composition: 0.50 mM precatalysts 1-4HCl or 2:4HCI, 10 mM MesNClO,4, 0.50 mM CuCl,, 0.10
mM NpN', 0.10 M N,N’-diisopropyl ethanolamine buffer (80% DMSO, pH 8.9, 50.0°C); the pH of the
solution was adjusted with a 50 or 100 mM solution of HCIO4 in 80% DMSO. Aliquots of the reaction
mixture (60—80 uL) were withdrawn at appropriate time intervals and quenched with the same volume
of a 15 mM solution of HCIO4 in 80% DMSO. After addition of p-hydroxybenzoic acid (internal standard)
in 80% DMSO, the solution was filtered and analyzed by HPLC on a Supelcosil C-18 DB column (25 cm x
4.6 mm |.D., particle size 5 pum), using the following eluent: H,O (0.1% trifluoroacetic acid)/CHsCN,
gradient from 100:0 to 85:15 in 28 min, flow 0.9 mL/min. The pseudo-first order specific rate for
background reaction (kv) of GpA was extrapolated at pH 8.8, from the initial rate of hydroxide catalyzed
nucleoside liberation in the presence of 1.0 mM MesNOH (pH 15.4), 10 mM Me4NClO,4, 80% DMSO, 50.0
°C.

2.4.6 Calix[4]arene synthesis
Compounds 1-4HCl and 2-4HCI were prepared starting from the 5,17-bis(chloromethyl)-25,26,27,28-
tetrakis(2-ethoxyethoxy)calix[4]arene 3 and the 5,11-bis(chloromethyl)-25,26,27,28-tetrakis(2-

ethoxyethoxy)calix[4]arene 8, respectively, in turn synthetized according to literature procedures%33,
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5-(N-phthalimidomethyl)-17-(chloromethyl)-25,26,27,28-tetrakis(2-ethoxy-ethoxy)calix[4]arene (4).
To a solution of 3 (0.24 g, 0.30 mmol) in dry DMF (20 mL), potassium phthalimide (0.061 g, 0.30 mmol)
was added. The reaction mixture was stirred overnight at r.t., then was quenched by adding distilled
water (20 mL) and extracted with AcOEt (2 x 20 mL). The organic layers were combined, washed with
brine (3 x 20 mL), dried over anhydrous Na,SO4 and evaporated under reduced pressure. The crude was
purified by flash chromatography (hexane/AcOEt 6:4) to give 4 as a white solid foam (0.16 g, 0.170
mmol; 57% yield): mp 68-72°C. *H NMR (300 MHz, CDCl3) 6 (ppm): 7.87-7.82 (m, 2H, ArH phthalimide);
7.70-7.69 (m, 2H, ArH phthalimide); 6.80 (s, 2H, ArH-meta-CH,phthalimide); 6.77 (s, 2H, ArH-meta-
CH,Cl); 6.51 (m, 6H, ArH-meta and ArH-para); 4.54 (s, 2H, CHyphthalimide); 4.51 (d, J =13,4 Hz, 2H,
ArCH,Ar ax.); 4.44 (d, J =13,4 Hz, 2H, ArCH-Ar ax); 4.40 (s, 4H, CH.CI); 4.15 (t, J =5,6, 4H, ArOCH,CH,0);
4.12-4.03 (m, 4H, ArOCH,CH0); 3.85-3.78 (m, 8H, ArOCH,CH0); 3.56-3.45 (m, 8H, OCH>CHs); 3.16 (d, J
=13,4 Hz, 2H, ArCH-Ar eq.); 3.11 (d, J =13,4 Hz, 2H, ArCHAr eq.); 1.28-1.11 (m, 12H, CH,CHs). **C NMR
(75 MHz, CDCl3) 6 (ppm): 168.1, 157.1, 153.5, 155.8, 135.9, 135.6, 134.4, 134.2, 133.9, 132.2, 130.9,
129.7, 128.7, 128.2, 128.0, 123.2, 122.5, 73.3, 73.1, 72.9, 69.7, 69.6, 66.4, 66.3, 46.8, 41.3, 30.8, 30.7,
15.3. HR ES-MS: m/z Calcd for CssHs2010CINNa [(4+Na)*] 942.39599, found 942.39545; m/z Calcd for
Cs4HesCIN,O10, [(4+NH4)*] 937.44060, found 937.44005.

5-(N-phthalimidomethyl)-17-[N,N’-bis(Boc)-1,4,7-triazacyclo-non-1-yllmethyl-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (5).

To a solution of 4 (0.105 g, 0.114 mmol) in dry CH3CN (4 mL), 1,4-bis(Boc)-1,4,7-triazacyclononane (0.055
g, 0.17 mmol) and K,COs3 (0.021 g, 0.15 mmol) were added. The reaction mixture was stirred for 4 days
at room temperature, during which additional 1,4-bis-(Boc)-1,4,7-triazacyclononane (2 x 0.015 g, 0.046
mmol) was added. The reaction was then quenched by evaporating the solvent under reduced pressure.
The residue was taken with DCM (20 mL) and the organic phase was washed with a saturated solution of
NaHCOs (20 mL), dried over anhydrous Na,SO,4 and evaporated under reduced pressure. The crude was
purified by flash chromatography (hexane/AcOEt 6:4 — AcOEt/MeOH 7:3) to give 5 as a colorless oil (0.11
g; 0.080 mmol; 70% yield) and recover unreacted 1,4-bis-(Boc)-1,4,7-triazacyclononane (0.066 g, 0.055
mmol; 48% yield): 'H NMR (300 MHz, CDCls) 6 (ppm): 7.83-7.82 (m, 2H, ArH phthalimide); 7.70-7.67 (m,
2H, ArH phthalimide); 7.08, 6.99, 6.97 (3 s, 2H, ArH-meta-CH,phthtalimide); 6.89, 6.85, 6.75 (3 s, 2H,
ArH-meta-CH,TACN); 6.46, 6.33-6.30 (2 m, 6H, ArH-meta and ArH-para); 4.76, 4.72, 4.68, 4.58 (4 s, 2H,
CHphthtalimide); 4.55-4.40 (m, 4H, ArCH,Ar ax.); 4.18-3.92 (m, 8H, ArOCH,CH,0); 3.86-3.76 (m, 8H,
ArOCH,CH,0); 3.57-3.45 (m, 14H, OCH,CHs, CH,TACN and N'(Boc)CH.CH:N"(Boc)); 3.23-3.08 (m, 8H,
ArCHAr eq., N'(Boc)CH,CH;N and N"(Boc)CH.CH;N); 2.36 (m, 4H, N'(Boc)CH,CH:N and N"(Boc)CH,CH:N);
1,47-1,44 (m, 18H, OC(CHs)s); 1.28-1.11 (m, 12H, CH2CHs). 3C NMR (75 MHz, CDCls) & (ppm): 168.1,
157.6, 155.8-155.3, 136.2-135.7, 133.9, 132.5-132.0, 129.8, 129.2, 127.8, 123.3, 122.4, 73.7, 73.3, 72.7,
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69.6, 66.4, 60.7, 52.6, 52.4, 50.3, 49.9, 49.4, 41.6, 30.8, 28.6, 15.3. HR ES-MS: m/z Calcd for C7oHs3N4O14
[(5+H)"] 1213.66883, found 1213.66828; m/z Calcd for Cs;H92N4O1sNa, [(5+Na)*] 1235.65078, found
1235.65453.

5-(Aminomethyl)-17-[N,N’-bis(Boc)-1,4,7-triazacyclonon-1-yl]-methyl-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (6).

To a solution of 5 (0.043 g, 0.035 mmol) in dry MeOH (4 mL), N2Hz-H,0 (44 L, 1.42 mmol) was added.
The reaction mixture was heated to 60°C and stirred for 3 h, then was quenched by evaporating the
solvent under reduced pressure. The residue was taken with DCM (20 mL) and the organic phase was
washed with a solution of NaOH 1M (20 mL), dried over anhydrous Na,SO. and evaporated under
reduced pressure. 6 was obtained as a colorless oil (0.038 g, 0.035 mmol; quantitative yield), pure
enough to avoid further purifications. *H NMR (300 MHz, CDCl5) 6 (ppm): *H NMR (300 MHz, CDCls) 6
(ppm): 6.83, 6.75, 6.67 (3 s, 2H, ArH-meta-CH,NH,); 6.79, 6.69, 6.64 (3s, 2H, ArH-meta-CH,TACN); 6.53,
6.44, 6.36 (3 m, 6H, ArH-meta and ArH-para); 4.48-4.43 (m, 4H, ArCH,Ar ax.); 4.17-4.01 (m, 8H,
ArOCH,CH,0); 3.86-3.81 (m, 8H, ArOCH,CH;0); 3.69-3.41 (m, 16H, OCH,CHs, CH,TACN, CH;NH, and
N'(Boc)CH,CH;N"(Boc)); 3.13-3.08 (m, 8H, ArCH.Ar eq. and N'(Boc)CH.CH;N e N"(Boc)CH.CH;N); 2.60-
2.46 (m, 4H, N'(Boc)CH,CH.N e N"(Boc)CH,CH:N); 1.47-1.44 (m, 18H, OC(CHs)s); 1.28-1.17 (m, 12H,
CH,CH;). 3C NMR (75 MHz, CDCls) & (ppm): 157.1, 155.9, 155.8, 155.7, 155.6, 155.5, 155.3, 136.7, 135.9-
134.0, 133.2, 133.0, 132.8, 129.2, 128.9, 128.5, 128.1, 127.9, 127.8, 127.8, 127.1, 127.0, 122.3,79.4,
79.3,79.3, 73.5-72.6, 69.7, 69.6, 66.4-66.2, 60.5, 53.6, 53.4, 50.3, 49.9, 49.6, 49.3, 46.1, 30.9, 28.6, 15.3.
HR ES-MS: m/z Calcd for CsHoiN4Oi12 [(6+H)*] 1083.66335, found 1083.66638; m/z Calcd for
Ce2HooN4O12Na, [(6+Na)*] 1105.64530, found 1105.64758.

5-N-[N’,N”’—bis(Boc)guanidine]methyl-17-[4,7-bis(Boc)-1,4,7-triazacyclonon-1-yl]methyl-25,26,27,28-
tetrakis(2-ethoxyethoxy)calix[4]arene (7).

To a solution of 6 (0.040 g, 0.037 mmol) in dry DCM (4 mL), N,N’-bis(Boc)-N"-triflylguanidine (0.017 g,
0.044 mmol) and triethylamine (5 uL, 0.037 mmol) were added. The reaction mixture was stirred
overnight at room temperature, then was quenched by adding distilled water (20 mL) and was
vigorously stirred for an additional 30 min. The aqueous phase was separated and washed with DCM (2
x 20 mL), then the combined organic phases were dried over anhydrous Na,SO4 and evaporated under
reduced pressure. The crude was purified by preparative TLC plates (hexane/AcOEt 6.5:3.5) to give 7 as
a light yellow oil (0.033 g, 0.025 mmol; 68% yield). *H NMR (400 MHz, CDCls) 6 (ppm): *H NMR (400 MHz,
CDCl3) & (ppm): 11.52 (s, 1H, NHBoc); 8.56, 8.50, 8.44 (3 br. t, J/=4,8 Hz, CH,NHguanidinium); 6.96, 6.87,
6.79 (3 s, 2H, ArH-meta-CH,guanidinium); 6.93, 6.85, 6.78 (3 s, 2H, ArH-meta-CH,TACN); 6.40-6.20 (m,
6H, ArH-meta and ArH-para); 4.52-4.39 (m, 6H, ArCH.Ar ax. and CHzguanidinium); 4.21-4.10 (m, 4H,

ArOCH;CH,0); 4.03-3.93 (m, 4H, ArOCH.CH,0); 3.87-3.81 (m, 8H, ArOCH,CH:0); 3.56-3.46 (m, 14H,
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OCH,CHs, CH,TACN and N'(Boc)CH.CH;N"(Boc)); 3.23-3.09 (m, 8H, ArCHAr eq, N'(Boc)CH-CH;N and
N"(Boc)CH,CH;N); 2.65-2.55 (m, 4H, N'(Boc)CH,CH,N and N"(Boc)CH,CH:N); 1.51-1.44 (m, 36H,
OC(CHs)s); 1.26-1.22 (m, 12H, CH,CHs). **C NMR (75 MHz, CDCl3) 6 (ppm): 163.6, 157.7, 156.9, 156.5,
155.9, 155.7, 155.5, 155.1, 154.8, 136.7-135.3, 133.9-133.0, 130.5, 129.6, 129.3, 128.8, 128.0, 127.8,
122.3, 83.0, 79.5-79.2, 73.5-72.3, 69.7, 69.6, 66.4-66.2, 60.5, 53.9-53.2, 51.0-49.0, 44.2, 30.9, 28.6, 28.3,
28.1, 15.3. HR ES-MS: m/z Calcd for C73H10sNeO16 [(7+H)*] 1325.79001, found 1325.78946; m/z Calcd for
C73H10sNeO16Na [(7+Na)*] 1347.77195, found 1347.77140.

5-N-guanidinomethyl-17-N-[1,4,7-triazacyclonon-1-ylJmethyl-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene, Tetrahydrochloride (1-4HCI).

In a mixture of DCM/TFA/TES 95:2.5:2.5 (10 mL), 7 (0.040 g, 0.030 mmol) was dissolved. The reaction
mixture was stirred over night at room temperature and quenched by evaporating the solvent under
reduced pressure. The residue was first taken in a solution of HCl 1 M in EtOH (3mL) and vigorously
stirred for 30 min three times, to exchange the TFA anion, then was recrystallized from DCM with
hexane to give 1-4HCl as a light gray solid (0.032 g, 0.030 mmol; 98% yield): mp 123-130 °C. *H NMR (300
MHz, CDs0D) 6 (ppm): 7.56 (t, J=5,0Hz, 1H, CH.NHguanidinium); 7.08 (s, 1H, NH,guanidinium); 6.89 (s,
2H, ArH-meta-CH,guanidinium); 6.80 (s, 2H, ArH-meta-CH,TACN); 6.53 (d, J=6,6 Hz, 4H, ArH-meta); 6.49
(t, J=6,6 Hz, 4H, ArH-para); 4.59 (d, 4H, ArCH,Ar ax.); 4.19-4.15 (m, 6H, ArOCH,CH,0 e CH,guanidinium);
4.08-4.05 (m, 4H, ArOCH,CH,0); 3.92-3.85 (m, 8H, ArOCH,CH;0); 3.70 (s, 2H, CH,TACN); 3.60-3.54 (m,
12H, OCH,CH3 and N'HCHCH,N"H); 3.22-2.97 (m, 8H, ArCH,Ar eq., N'HCH,CH,NH and N"HCH,CH;NH);
2.69 (m, 4H, N'HCH,CHN and N"HCHCH.N); 1.23-1.16 (m, 12H, CH2CHs). 3C NMR (75 MHz, CDsOD) &
(ppm): 157.1, 156.9, 156.8, 155.8, 136.1, 135.8, 134.2, 134.1, 130.2, 129.4, 129.4, 127.9, 127.8, 127 .4,
122.0, 73.3, 72.1, 69.9, 69.7, 69.6, 66.0, 58.8, 47.4, 44.8, 43.3, 42.1, 30.5, 30.4, 14.3. ES-MS: m/z 925.9
[(2+H)*]. HR ES-MS: m/z Calcd for Cs3sH77N6Os [(2+H)*] 925.58029, found 925.58091.

5-(N-phthalimidomethyl)-11-chloromethyl-25,26,27,28-tetrakis(2- ethoxyethoxy) calix[4]arene (9).

To a solution of 8 (0.255 g, 0.31 mmol) in dry toluene (8 mL), potassium phthalimide (0.058 g, 0.31
mmol) and dicyclohexyl-18-crown-6 (0.117 g, 0.31 mmol) were added. The reaction mixture was stirred
at 110 °C under nitrogen atmosphere. After 3 h, 25 mL of distilled water and 10 mL of toluene were
added and the mixture was stirred for 20 min. The separated organic phase was washed with distilled
water (2 x 20 mL), dried over anhydrous Na,SO, and evaporated under reduced pressure. The residue
was then submitted to flash chromatography (hexane/AcOEt 6/4). Pure compound 9 was isolated as a
white foam after evaporation of the solvent (0.185 g, 0.201 mmol; 65% yield): 7.86-7.84 (m, 2H, ArH
phthalimide); 7.71-7.67 (m, 2H, ArH phthalimide); 6.85 (d, 1H, J= 2.0 Hz, ArH-meta-CH,phthalimide);
6.83 (d, 1H, J= 2.0 Hz, ArH-meta-CH,phthalimide); 6.80-6.78 (m, 2H, ArH-meta); 6.71 (t, 1H, J= 7.6 Hz,
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ArH-para); 6.40-6.36 (m, 5H, ArH-meta-CH,Cl, ArH-meta and ArH-para); 4.63 (s, 2H, CH.phthalimide);
4.49 (d, J =13,6 Hz, 2H, ArCH.Ar ax.); 4.45 (d, J =13,6 Hz, 2H, ArCH-Ar ax.); 4.12 (m, 6H, CH.Cl and
ArOCH,CH,0); 4.04-3.98 (m, 4H, ArOCH,CH,0); 3.85-3.78 (m, 8H, ArOCH,CH;0); 3.56-3.45 (m, 8H,
OCH,CHs); 3.15-3.07 (m, 4H, ArCH.Ar eq.); 1.25-1.11 (m, 12H, CH,CHs). *C NMR (100 MHz, CDCls) &
(ppm): 168.1, 157.1, 153.5, 155.8, 135.9, 135.6, 134.4, 134.2, 133.9, 132.2, 130.9, 129.7, 128.7, 123.2,
122.5, 73.3, 73.1, 72.9, 69.7, 69.6, 66.4, 66.3, 46.8, 41.3, 30.8, 30.7, 15.3. HR ES-MS: m/z Calcd for
CsaHe2CINO1oNa, [(7+Na)*] 942.39544, found 942.39552.

5-Chloromethyl-11-[N,N’-bis(Boc)-1,4,7-triazacyclonon-1-ylmethyl]-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (10).

To a solution of 8 (0.084 g, 0.10 mmol) in dry CHsCN (5 mL), 1,4-bis(Boc)-1,4,7-triazacyclononane (0.034
g, 0.10 mmol) and K,CO3 (0.014 g, 0.10 mmol) were added. The reaction mixture was stirred at room
temperature for 6 days. In the course of reaction additional amounts of 1,4-bis-(Boc)-1,4,7-
triazacyclononane (2 x 0.010 g, 0.030 mmol) were added. The reaction was then quenched by
evaporating the solvent under reduced pressure. The residue was dissolved with DCM (20 mL) and the
organic phase was washed with distilled water (2 x 20 mL), dried over anhydrous Na,SO, and evaporated
under reduced pressure. The crude material was purified by flash chromatography (hexane/AcOEt/DCM
7:2:1 — hexane/AcOEt 7:3) to recover unreacted 8 (0.022 g, 0.027 mmol; 27% yield) and give 10 as a
colorless oil (0.064 g, 0.058 mmol; 56% yield): *H NMR (300 MHz, CDCl3) & (ppm): 6.82-6.78, 6.71-6.65 (2
m, 5H, ArH-meta-CH,TACN, ArH-meta and ArH-para); 6.60 (t, 1H, J= 7.4 Hz ArH-para); 6.51-6.40, 6.39-
6.38 (2 m, 4H, ArH-meta-CH,Cl and ArH-meta); 4.51 (br. d, 2H, J =12.6 Hz, ArCH,Ar ax.); 4.48 (br. d, 2H, J
=13.2 Hz, ArCH;Ar ax.); 4.32-4.05 (m, 10H, CH.Cl and ArOCH,CH,0); 3.84-3.82 (m, 8H, ArOCH,CH.0);
3.55-3.44 (m, 14H, OCH,CHs, CH,TACN and N'(Boc)CH.CH>N"(Boc)); 3.15-3.08 (m, 8H, ArCH,Ar eq. and
N'(Boc)CH>CH2N and N"(Boc)CH,CH;N); 2.59-2.37 (m, 4H, N'(Boc)CH,CH:N and N"(Boc)CH,CH:N); 1.49 (s,
9H, OC(CHs)3); 1.45 (s, 9H, OC(CHs)s); 1.23-1.17 (m, 12H, CH,CHs). 3C NMR (100 MHz, CDCl3) 6 (ppm):
156.8-155.2, 135.7-133.9, 133.3-133.1, 128.7-127.8, 122.2, 79.4, 79.3, 73.4, 73.2, 72.9, 69.7, 66.4, 66.3,
60.2, 59.8, 53.6-52.9, 50.8-49.0, 46.6, 30.8, 28.6, 28.5, 15.3. HR ES-MS: m/z Calcd for Cs;Hso012N3Cl
[(3+H)*] 1102.61293, found 1102.61236.

5-(N-Phthalimidomethyl)-11-[N,N’-bis(Boc)-1,4,7-triazacyclo-non-1-ylmethyl]-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (11).

To a solution of 10 (0.060 g, 0.055 mmol) in dry DMF (8 mL), potassium phthalimide (0.011 g, 0.060
mmol) was added. The reaction mixture was stirred overnight at room temperature and quenched by
evaporating the solvent under reduced pressure. The crude material was dissolved in AcOEt (20 mL) and
the organic phase was washed with a saturated solution of NaCl (3 x 20 mL), dried over anhydrous

Na,S0O,, and evaporated under reduced pressure. Compound 11 was obtained as a pale white oil (0.060
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g, 0.049 mmol; 90% vyield), pure enough to avoid further purifications: *H NMR (400 MHz, CDCl3) 6
(ppm): 7.83-7.81 (m, 2H, ArH phthalimide), 7.71-7.67 (m, 2H, ArH phthalimide); 7.04, 6.93, 6.88, 6.78,
6.72, 6.63, 6.54, 6.45, 6.32 (9 m, 10H, ArH-meta-CH,phthtalimide, ArH-meta-CH,TACN, ArH-meta, ArH-
para); 4.65-4.38 (m, 6H, CH phthtalimide, ArCH,Ar ax.); 4.23-3.97 (m, 8H, ArOCH>CH,0); 3.90-3.76 (m,
8H, ArOCH-CH-0); 3.64-3.34 (m, 14H, OCH,CHs, CH-TACN and N'(Boc)CH.CH.N"(Boc)); 3.26-3.06 (m, 6H,
ArCH-Ar eq., N'(Boc)CH2CH,N); 3.00-3.70 (m, 2H, N"(Boc)CH2CHaN); 2.49-2.29 (m, 4H, N'(Boc)CH,CH:N
and N"(Boc)CH,CH:N); 1.50 (s, 9H, OC(CHs)s); 1.44 (s, 9H, OC(CHs)s); 1.22-1.10 (m, 12H, CH,CHs). *C
NMR (100 MHz, CDCls) & (ppm): 167.7, 156.9-155.7, 135.9, 135.5, 134.2, 133.8, 133.1, 129.9, 128.7-
127.9,123.1,122.1,79.2,73.3,72.9, 69.6, 66.3, 60.0, 53.4, 50.3, 50.4-49.1, 41.8, 30.8, 28.6, 15.2. HR ES-
MS: m/z Calcd for C;0H93N4O14 [(4+H)*] 1213.66828, found 1213.66847; m/z Calcd for C70Hs2N4O14Na3,
[(4+Na)*] 1235.65022, found 1235.65075.

5-(Aminomethyl)-11-[N,N’-bis(Boc)-1,4,7-triazacyclonon-1-yl-methyl]-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene (12).

To a solution of 11 (0.034 g, 0.028 mmol) in dry MeOH (4 mL), N,H4-H,0 (35 pL, 0.72 mmol) was added.
The reaction mixture was heated to 65°C and stirred for 3 hours, then was quenched by evaporating the
solvent under reduced pressure. The residue was dissolved with DCM (20 mL) and the organic phase
was washed with a solution of NaOH 1M (20 mL), dried over anhydrous Na,SO, and evaporated under
reduced pressure. Compound 12 was obtained as a colorless oil (0.028 g, 0.026 mmol; 92% yield).
Because of the instability of the amino group®? the compound was not fully characterized and used as
such in the following reaction. HR ES-MS: m/z Calcd for Cs;HoiN4O12 [(5+H)*] 1083.66280, found
1083.66238.

5-N-[N’,N”’-Bis(Boc)guanidine]methyl-11-[4,7-bis(Boc)-1,4,7-triazacyclonon-1-ylmethyl]-25,26,27,28-
tetrakis(2-ethoxyethoxy)calix[4]arene (13).

To a solution of 12 (0.028 g, 0.026 mmol) in dry DCM (5 mL), N,N’-bis(Boc)-N"-triflylguanidine (0.015 g,
0.039 mmol) and triethylamine (5.4 pL, 0.039 mmol) were added. The reaction mixture was stirred
overnight at room temperature, then quenched by adding distilled water (20 mL) and vigorously stirred
for an additional 30 min. The aqueous phase was separated and washed with DCM (2 x 20 mL), then the
combined organic phases were dried over anhydrous Na,SO4 and evaporated under reduced pressure.
The crude material was purified by preparative TLC plates (hexane/AcOEt/DCM 6:3:1) to give 13 as a
yellow oil (0.020 g, 0.018 mmol; 58% yield). *H NMR (400 MHz, CDCls) & (ppm): 11.55 (s, 1H, NHBoc);
8.38,8.31,8.25 (3 br. t, 1H, J=4.8 Hz, CH,NHguanidinium); 6.77-6.72 (m, 1H, ArH-para); 6.66-6.61 (m, 4H,
ArH-meta-CH,guanidinium and ArH-para); 6.58-6.52 (m, 4H, ArH-meta-CH,TACN and ArH-meta); 6.49-
6.3 (m, 1H, ArH-para); 4.52-4.45 (m, 4H, ArCH,Ar ax.); 4.37, 4.29, 4.24 (3 t, 2H, J=4Hz, CH>guanidinium);
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4.22-4.04 (m, 8H, ArOCH,CH,0); 3.91-3.84 (m, 8H, ArOCH,CH,0); 3.72-3.40 (m, 14H, OCH>CHs, CH,TACN
and N'(Boc)CH,CH;N"(Boc)); 3.32-3.08 (m, 6H, ArCHAr eq and N'(Boc)CH,CH;N); 2.98-2.78 (m, 2H,
N"(Boc)CH:CH,N); 2.53-2.25 (m, 4H, N'(Boc)CH,CH:N and N"(Boc)CH.CH:N); 1.54-1.46 (m, 36H,
OC(CHs)3); 1.24-1.20 (m, 12H, CH,CH;). *C NMR (100 MHz, CDCls) & (ppm): 163.6, 156.2, 155.9, 155.8,
155.7, 155.2, 153.1, 150.8, 135.7-134.1, 133.1, 130.4, 128.3, 128.2, 127.6, 127.4, 122.2, 82.9, 79.3, 73.5-
72.8,69.5, 66.3, 60.2, 53.4-52.9, 50.5-49.2, 45.0, 30.9, 28.7, 28.6, 28.3, 28.1, 15.3. HR ES-MS: m/z Calcd
for Cz73H100NsO16 [(6+H)*] 1325.78946, found 1325.78946; m/z Calcd for C;3Hi10sNeOisNa [(6+Na)*]
1347.77140, found 1347.77186.

5-N-Guanidinomethyl-11-N-[1,4,7-triazacyclononane-1-methyl]-25,26,27,28-tetrakis(2-
ethoxyethoxy)calix[4]arene, Tetrahydrochloride (2-4HCI).

In a mixture of DCM/TFA/TES 95:2.5:2.5 (10 mL), 13 (0.020 g, 0.015 mmol) was dissolved. The reaction
mixture was stirred overnight at room temperature and quenched by evaporating the solvent under
reduced pressure. The residue was first treated with a solution of 1 M HCl in EtOH (3mL), and vigorously
stirred for 30 min three times, to exchange the TFA anion, then recrystallized from DCM/hexane to give
2-4HCl as a waxy white solid (0.012 g, 0.013 mmol; 86% yield): *"H NMR (400 MHz, CD;0D) & (ppm): 6.92-
6.87 (m, 4H, ArH-meta-CH,guanidinium and ArH-meta-CH,TACN); 6.77-6.72 (m, 2H, ArH-para); 6.64-6.57
(m, 4H, ArH-meta); 4.62 (d, 2H, J/=12.8 Hz, ArCH,Ar ax.); 4.61 (d, 1H, J=13.2 Hz, ArCH.Ar ax.); 4.60 (d, 1H,
J=12.8 Hz, ArCH,Ar ax.); 4.27-4.22 (m, 6H, CHzguanidinium and ArOCH.CH,0); 4.08-4.07 (m, 4H,
ArOCH,CH,0); 3.99-3.96 (m, 4H, ArOCH,CH;0); 3.90-3.85 (m, 4H, ArOCH,CH0); 3.65-3.56 (m, 14H,
CH,TACN, OCH,CHs and N'HCH.CH;N"H); 3.25-3.18 (m, 4H, ArCH.Ar eq.); 3.03-3.00 (m, 4H,
N'HCH>CH>NH and N"HCH,CH,NH); 2.55 (m, 4H, N'HCH>CH:N and N"HCH,CH:N); 1.27-1.20 (m, 12H,
CH>CHs). 3C NMR (100 MHz, CD3;0D) & (ppm): 157.1, 156.8, 156.7, 155.8, 136.3, 136.2, 135.7, 135.6,
134.8, 134.6, 134.5, 134.2, 130.0, 129.9, 129.6, 128.3, 128.2, 128.0, 127.9, 127.8, 127.5, 127.4, 122.0,
73.8,73.7,73.0, 72.8, 69.9, 69.8, 69.7, 69.6, 66.0, 58.2, 47.4, 44.6, 43.2, 42.1, 30.4, 14.3. HR ES-MS: m/z
Calcd for Cs3H77N6Os [(1+H)*] 925.57974, found 925.57982.
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Chapter 3

3.1 Introduction

The presence of arginine residues in the active site of phosphodiesterase enzymes is often crucial to
allow the accomplishment of their biological role’™. The guanidinium group at the end of this amino
acid side chain has been in fact reported to assist the action of metal cations*? or other amino acid
residues®>* in the cleavage of the target substrates, by providing stabilization of the transition state

through electrostatic interactions with the oxygen atoms of the scissile phosphate group. Accordingly,

5-8 5,9-12

both metal-free>™ and metal-containing artificial catalysts, showing remarkable phosphodiesterase

activity, have been developed by inserting guanidinium units on different types of molecular scaffolds,

including the cone-calix[4]arene macrocyclic cavity®>’

. However, still little explored is the possibility to
create models for the human DNA Topoisomerase 1'%, an enzyme able to cleave single strands of DNA by
exploiting the nucleophilic attack of a tyrosine residue on specific phosphate groups of the sequence,
together with the establishment of electrostatic interactions between two neighboring arginine side
chains and the phosphate group (Chapter 1, Paragraph 1.3.1)**. Thus, with the aim to mimic the
catalytic triad present in the active site of this enzyme, it was decided to synthetize compound 1H-2HCI,
by functionalizing the upper rim of a cone-calix[4]arene with a phenolic hydroxyl group and two
guanidinium units. This new artificial phosphodiesterase was then tested in the cleavage of the DNA
model compound BNPP (bis-p-nitrophenyl phosphate) and the results of the corresponding kinetic

investigations, which were the object of also of a joint publication with the group of Salvio and

Mandolini in Rome?®, will be reported in this chapter.

3.2 Results and discussion

3.2.1 Calix[4]arene synthesis

Compound 1H-2HCI was obtained starting from the dinitrocalix[4]arene 2%, according to the synthetic
pathway reported in Scheme 1.

The first reaction step consisted in the insertion of a formyl moiety on 2 to give 3, by modifying a
protocol already known in literature to perform Gross formylation on calix[4]arene derivatives?'. The
desired product was isolated from a mixture containing also the diformyl compound, in an amount
exceeding the expected statistical distribution (59% yield). However, the yield value obtained for the
synthesis of 3 was lower than the 84% one reported for the obtainment, under similar conditions, of an
analogous dinitro-monoformyl derivative of a tetrapropoxy-calix[4]arene??. To explain these results, it
was suggested that the four ethoxyethyl chains at the lower rim of 2 can complex the Sn(IV) ions used to
provide Lewis acid catalysis, thus decreasing the reactivity toward electrophilic aromatic substitution at
its upper rim. Subsequently, compound 3 was submitted to Baeyer-Villiger oxidation?® to convert its

formyl unit into the corresponding formate ester, which was readily hydrolyzed under basic conditions
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to give the desired dinitro-hydroxy calix[4]arene 4 (81% overall yield from 3). Then, the two nitro groups
of 4 were quantitatively reduced to obtain 5%, in turn converted in compound 6 (42% yield) by
guanidinylation of the amino groups at the upper rim with [N,N’—bis(Boc)]thiourea and HgCl, as already
reported in literature for analogous calix[4]arene derivatives'*!°. Target compound 1H-2HCI was finally
obtained by removal of the Boc protecting groups and exchange of the trifluoroacetate with chloride as

counterions of the guanidinium units (93% yield)’.

o,N NO, O,N CC/ NO, o,N OH o,
d = d = d =
’ ’ S
\ W7 \ W7 Q4 V4
(o 1S o>o a 05 %o b 0p S0
C ¢ ) ¢ J
Y Y Y
2 3 4
"HoN ¢ " NHy J ¢
>\NH OH q 2 Boc~N N=Boc
HoN HNTMH, D—NH oH H2N OH  NH,
& = I Boc~NH g N=Boc ] _
S\ G2 S\
0o 00 3 P h y

Scheme 1: a) SnCl,, CI,CHOCH3; dry CHCI3, -10° C. b) m-CPBA; DCM and then NaOH 2M; MeOH-H,0 4:1.
¢) NaBH,, NiCl;-6H,0; MeOH, 65° C. d) [N,N’-bis(Boc)]thiourea, HgCl,, NEts; dry DMF. e) TFA, TES; DCM
and then HCl 1M; EtOH.

HR-MS, 'H- and C NMR spectra are fully consistent with the structure of all the synthetized
calix[4]arene derivatives. To demonstrate the presence of ABAH trifunctionalized compounds, in the H
NMR spectra, the pattern of signals observed for the ArCH,Ar and ArH resonances are particularly
diagnostic (see Figure 1 for the case of 1H-2HCI). In fact, both the axial and the equatorial protons of the
aromatic methylene bridges give rise to two doublets of equal intensity, according to the substitution
pattern created at the upper rim. Moreover, for all the compounds excluding 3, the signals of the
aromatic protons adjacent to the two A substituents in 1,3 distal-position (A= nitro, amino or
guanidinium groups depending on the considered calix[4]arene derivative) are split in two singlets or
two doublets when the resolution was sufficient to see the meta J coupling, since they were differently

shielded by the electron density of the B- (B= -OH) and H-functionalized vicinal aromatic rings.

79



Chapter 3

. cr cr
HaN NH,*

S NH oH |y A
HaN . /* - NH,
o‘(oto O)DHQ
TN

1H:2HCI

» . Wi

Figure 1: 1H NMR spectrum of compound 1H-2HCI (400 MHz, CDs0D). The pattern of signals belonging to the ArCH,Ar and to the
aromatic protons are diagnostic to demonstrate the occurrence of a ABAH trifunctional substitution at the upper rim.

3.2.2 Acid-base titrations

Potentiometric and UV-VIS titrations were performed on 1H-2HCI, which will be hereafter indicated as
(1Hs)** for simplicity, to investigate its acid-base properties before its use as artificial phosphodiesterase.
The experiments were carried out in DMSO/water 8/2 (80% DMSO) which, as already reported in
Paragraph 2.2.2, is a solvent mixture suitable to carry out the pK, determination®® and kinetic studies
for the hydrolytic cleavage of phosphate diesters®>31".?7, For a reliable treatment of the experimental
data it is important to remember that in this medium the acidity constant for the autoprotolysis of

water (Ky) is increased to 18.4%, thus implying that neutrality is reached in solutions with pH equal to

9.2.
18
a)
16 s ® OH
14 [,,
o~
12 a
pHm, r./pra3= 12.3 OCH;
" pKaz=9.9 8H
8'.’/'me: 9.1 pK,= 12.7
o 1 2 3 4 PKq1=9.3
MesNOH mol equiv. pKgo= 11.5

Figure 2: a) Titration of 2 mM (1H3)** with Mes;NOH (80% DMSO, 25 °C, 10 mm Me4sNCIO4) and b) pK, values determined for
model compounds (7H2)?* (Ref. 13) and 8H under the same experimental conditions.
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Potentiometric titrations (Figure 2a) pointed out, as expected, the presence of three titratable protons
in the tested calix[4]arene, whose identification was not trivial without the support of other
investigations. In fact, the comparison of the pK, values reported for its parent compound (7H,)** (Figure
2b)™3 seems to indicate that the most acidic proton of (1Hs)?** belongs to one of the two guanidinium
units, whose acidity were suggested to be not significantly affected by the presence of an additional OH-
group at the upper rim. However, the possibility that the same pK, has to be assigned to the phenolic
hydroxyl was not excluded in principle, since it is expected to be much more acidic than that of the
model compound 8H (Figure 2b), thanks to the electrostatic stabilization of the resulting phenolate
anion afforded by the neighbouring guanidinium dyad. To clarify this question, it was decided to
perform a UV-VIS titration in which the absorbance change at A= 320 nm as function of the increasing
concentration of MesNOH was used to monitor the deprotonation of the phenolic -OH moiety of both

(1H3)?* and 8H (Figure 3a and 3b, respectively).

a) 0.6 b) 0.8
‘Eos ] —o & Eos; o
c c e
o
E 0.4 1 m 0.4 -
m —
=4 0.2 < 0.2 /‘
0.0 7 . 0.0 .
0 3 4 o 2 3 4

1 3 1
MesNOH mol equiv. MesNOH mol equiv.

Figure 3: UV-Vis titration of a) 0.2 mM calix[4]arene (1H3)?* and b) 0.2mM 8H with Me,NOH (DMSO 80%, 25°C).

The experiment pointed out that after the addition of 1mol equiv. of base only 55% of the phenolic
hydroxyl of (1H3)* is converted into the corresponding phenolate form, contrarily with what observed
for its monomeric control compound (8H), which is instead fully deprotonated under the same
condition. The proton removal process was completed only in the presence of a second equivalent of
MesNOH, thus indicating that the OH-unit and one of the two guanidinium groups at the upper rim
participate with similar contributions to the first two deprotonation steps of (1Hs)?* (pKai= 9.1 and pKa=
9.9). As expected, these observations indicated also that the phenolate anion acts as an innocent
spectator in the neutralization of the least acidic proton (pKas= 12.3) by a third equivalent of base, which
involves only, or very nearly so, the remaining guanidinium moiety.

Accordingly, the combination of the potentiometric and UV-VIS data allows to identify the various
protonation species of compound 1 as function of the pH, which were visualized in the distribution
diagram calculated on the basis of the given pK, values (Figure 4a). More in details, it is possible to state

without ambiguity that the bis- and monoprotonated form of the tested calix[4]arene (1H2)* and 1H are
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represented, respectively, by almost equal amounts of the two tautomers A and B and by the

zwitterionic derivative C shown in Figure 4b.

Figure 4: a) Distribution diagram of the species of compound 1 as a function of pH and b) structure of its bis- and
monoprotonated forms (1H,)* and 1H.

3.2.3 BNPP cleavage

3.23.1 Initial rate experiments

Kinetic investigations were performed for the cleavage of the DNA model compound BNPP (bis-p-
nitrophenyl phosphate) by (1H3)** in 80% DMSO (Figure 5), buffered in the pH range 8.5-12.0 by the

presence of N,N’-diisopropyl ethanolamine-perchlorate salt.

"HoN NH,*

D—NH OH HN*/(

Figure 5: DNA model compound used as substrate for the human DNA Topoisomerase mimic (1H3)?*.

The pseudo-first-order rate values for the cleavage of BNPP were calculated as kons = Vo/[BNPP], where v
is the spectrophotometrically determined initial rate of p-nitrophenol (pNPOH) liberation from the
substrate. The total concentration of released pNPOH was extrapolated from calibration curves
obtained, at the given pH values, by plotting the absorbance at 400 nm of solutions at increasing p-
nitrophenol concentration (see Paragraph 2.2.3, Figure 3b). The experimental data (Table 1, entries 1-
7), pointed out that, in the given pH range, the tested compound is able to accelerate the studied
process from 10°- to 10%-folds, with respect to the background reaction. The catalytic activity of (1Hs)**is

significantly higher than that reported for the control compounds (7H)?* and 8H in the cleavage of the
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same substrate (Table 1, entries 8 and 9, respectively), thus indicating a good degree of cooperation
between the three catalytic units present at the upper rim. In fact, at the given pH values, the
monofunctional model compound 8H is not able to induce significant acceleration over the background
for the hydrolysis of BNPP, while the bis-guanidinium calix[4]arene (7H,)%*, lacking the penolic -OH

group, is found to catalyze this reaction 42-folds slower than the studied trifunctional derivative.

Table 1: Cleavage of BNPP in the presence of different additives, (80% DMSO, 50 °C). The reaction mixtures were composed of
0.20 mM BNPP, 1.0 mM additive, 0.10 M N,N’-diisopropyl ethanolamine buffer, 10 mM MesNCIO, solutions. ° k.ps were
calculated as vo/[BNPP], with maximum error = +10%. b The background rate constant (kps s?) for the hydroxide-catalyzed
cleavage has been calculated by the expression kyq = 10(PH-18.67) (see Ref. 16). ¢ Corrected for the contribution of the background
reaction OH  + BNPP: kpg=1.1 x 10%-s1 at pH 12.7.

Entry | Tested additive | pH 105-Kobs (s*) ° kobs /kbg®
1 1H-2HCI 8.5 8.8 1.3-10°

2 9.0 23 1.1-10°

3 9.5 44 6.5-10*

4 10.0 42 1.9-10%

5 10.5 35 5.1-103

6 11.1 26 9.6-10?

7 12.0 19 8.8:10

8 7-2HCI 10.4 0.64 1.2-10?

9 9H 12.7 0.50°¢

Other information about the extent of the cooperation between the reactive groups of (1Hs)** were
obtained by studying the plot of the kobs values reported in Table 1 as function of the pH. In fact, the
corresponding plot of the data point resulted in a nonsymmetrical bell-shaped profile, consistent with
the presence of more than one catalytically active species in the tested conditions (Figure 6a). According
to the distribution diagram in Figure 4a, it was suggested that the active species of the studied
calix[4]arene are its bis- and monoprotonated forms (1H,)* and 1H, whose pH dependent concentrations
were calculated from standard equations for a triprotic acid (Egn. 1 and Eqn.2, respectively), where Ciot

is the initial concentration of (1H3)**and K1, Koz and K3 its experimental acidity constants.

[(1H )+]: Ctot[H+]2Kal Eqn 1
2 [H* B+ [H* 12 Kyy +[HY] Koy Ko+ Ky Knz Kz '
C..[HTK.1 K.
[1H]= tot[ ] alfra2 Eqn.2

[HTB+[H*]2 K, +[HY] Ky Koo+ Koy Koy Koz
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The resulting concentration values were then inserted as known quantities into Eqn. 3 to fit the given
pH-rate profile, using k; and k. as adjustable parameters to estimate the individual contribution of the

two species to the overall catalytic activity of compound (1Hs)%.
kobs = ki[(1H2)*] + k2[1H] Eqn.3

A non-linear least-squares treatment of the data points gave as best fit values k1 = (6.2 + 0.4)-10%2 M1s?
and k; = (2.8 + 0.2)-102 M's’?, indicating that the bis-protonated form of the tested calix[4]arene (1H,)*
is twice as active than its neutral species 1H. Taking into account that nearly a half of (1Hy)" is in the
catalytically-active-phenolate form, it turned out that tautomer B (Figure 4b), featuring two positively
charged guanidinium units, is about four times more effective than 1H, where only a guanidinium group
is protonated. Thus, it appears clear that the participation of both the guanidinium units to the catalytic

process is crucial to improve the phosphodiesterase activity of the tested compound.

O,N

a) °° b) 2\ BNPP
- Y
&3‘0 4) O—' :NH

= Og_ H
_? 20 HN:H’ O/ ‘\\O_’
n T 0
& ) S
- 10 HT)\”/H 7f

0.0

NO,

Figure 6: a) pH-rate profiles for the cleavage of 0.20 mm BNPP in the presence of 1.0 mM (1H3)?*, 0.10 M N,N-diisopropy!
ethanolamine buffer, 10 mM Me4NCIO,, (data points from Table 1). The solid line is the plot of Eqn. 3 with best fit values of k1
and k. The dotted and dashed lines are the plots of the individual contribution of the species (1H;)* and 1H, respectively, to the
overall reactivity. b) Suggested mechanism of BNPP cleavage promoted by (1H,)* involving two guanidinium units as
electrophilic activators and a phenolate moiety acting as a nucleophile.

The experimental data in our possess are hence consistent with the suggestion that the three catalytic
units of the studied calix[4]arene act synergistically into the cleavage of BNPP, which presumably occurs
by nucleophilic attack of the deprotonated phenolic hydroxyl moiety on the phosphate group of the
substrate, assisted by the electrostatic stabilization of the negatively charged transition state by at least

one of the two guanidinium units (Figure 6b).

3.2.3.2 Time course experiments

The release of p-nitrophenol (pNPOH) from BNPP was monitored by UV-VIS spectrometry in time-course
experiments under substrate-excess conditions, with the aim to obtain more information about the
ability of compound (1H)* in the promotion of phosphoryl transfer processes. The experiments were

carried out in the presence of 0.1 mM calix[4]arene and 5.0 mM BNPP, buffering the reaction mixture at
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pH 9.5, in order to guarantee the maximum absolute rate of the substrate cleavage (see Table 1, entry

3).
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Figure 7: Liberation of pNPOH in a 5.0 mm solution of BNPP upon addition of 0.10 mM calixarene (1H3)* (10 mM Me4NCIO4, 0.10

M N,N-diisopropyl ethanolamine buffer, pH 9.5; 80% DMSO, 50° C). Data points are experimental and the solid line is the plot of

Eqn. 4 with best fit parameters k' = 2.0 x 104 s1, and k ”’= 5.4 x 10¢ s1. The solid line at the bottom corresponds to background
pNPOH liberation calculated at pH 9.5.

The pNPOH release took place with an initial burst followed by a much slower phase (Figure 7),
suggesting that the cleavage of BNPP was occurring according to a kinetic scheme composed by two
consecutive irreversible first-order reactions®. A prediction of the time-dependent concentration of
liberated pNPOH was obtained by using Equation 4, yielded after adaptation of standard integrated
equations to the investigated reaction system, where Ci: is the total concentration of the calix[4]arene

derivative, k' = k[BNPP] and T = (k"+k”)".
¢ .
[PNPOH]=Cot TK’ [T k'(l- e T) +(1-ek t)] Eqn. 4

This equation can also be rearranged into a simpler form to give Eqn. 5 once the first exponential term

dies out and the second exponential decay becomes apparent.
[DNPOH]=Cyoy 7' %+ Cior (1-€*1)  Eqn.5

A nonlinear least-squares procedure to fit the experimental data to Eqn 4 gave k' = (2.0 £ 0.2)-10™* 57!
and k”= (5.4 £ 0.2)-107% s7* as best values for the fitting parameters. Interestingly, the pseudo-first-order
rate constants k’ and the k.,s measured at the same pH but with different reactant concentrations
(Table 1, entry 3) corresponds to second order rate constants of 4.0-1072 M™? s and of 4.4-1072 M? s7%,
respectively. The good agreement of the two values indicates that, as previously reported in other

cases'®!%30 the association between (1H)* and the substrate is too weak to affect the kinetics, since the
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rate constants are concentration-independent quantities. In other words, in the tested conditions, the
studied calix[4]arene works under sub-saturating conditions and it selectively use all of the available
binding energy arising from the interaction of its guanidinium unit(s) with the scissile phosphate group
to stabilize the transition state, rather than to interact with the reactant state.

These additional experimental data are thus in agreement with a reaction sequence featuring a fast step
of phosphoryl transfer from BNPP to the nucleophilic phenolate moiety of (1H,)*, with the release of the
first molar equivalent of pNPOH to form 9, which subsequently slowly converts into 10 by liberation of a
second equivalent of pNPOH, presumably thanks to the assistance of the neighbouring

guanidine/guanidinium catalytic dyad (Figure 8)"%3°,

BNPP pNPO 0, N pNPO"
0 ' 0 © OH'
*H,N @ . Ho, 9 .
HoN // HoN -~ P NH;
NH O 2 o~ (ORI /
> R 0, PNH 2 HN

°‘;o>3 )
1 Cf n Cr

Figure 8: Sequential two-steps mechanism proposedfor the cleavage of BNPP by (1H>)*.

The occurrence of this reactive pathway was further supported by ES-MS analysis of aliquots of the
reaction mixtures after different times of incubation. In fact, the spectrum of a sample withdrawn after
15 min showed the formation of the O-phosphorylated derivative 9, whose peak was detected with
higher intensity in an aliquot withdrawn after 3 days, together with the m/z signal belonging to
calix[4]arene 10 (Figure 9a and 9b, respectively). On the other hand, the complete dephosphorylation of
this latter intermediate was not observed in the explored time range, indicating that the regeneration of
the starting compound (1H,)* was not occurring. Thus, turnover is not ensured and it is consequently
more appropriate to describe the tested calix[4]arene as a promoter of phosphoryl transfer processes

rather than as a catalysts.
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Figure 9: ESI-MS spectra after a) 15 min and b) 3 days of the reaction mixture of the experiment time-course experiments for
the cleavage of BNPP. The analysis confirms the presence of the p-nitrophenyl phosphoryl derivative 9 ( m/z=1044) and of the

phosphoryl derivative of the calix[4]arene 11 (m/z=923), according to the mechanism in Figure 8.
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3.3 Conclusions

In this chapter it has been presented the synthesis and the investigations of the catalytic activity of the
trifunctional calix[4]arene (1H3)%*, functionalized at the upper rim with a phenolic —OH and two
guanidinium units to mimic the catalytic triad at the active site of the human Topoisomerase | enzyme.
The studied compound was found to be effective in the cleavage of the DNA model compound BNPP,
whose hydrolysis was accelerated respect to the background by 2 to 5 orders of magnitude, under
weakly acid or moderately basic conditions (pH 8.5-12 in 80% DMSO). The superiority of (1Hs)?* over its
control compounds (7H)* and 8H, lacking respectively the phenolic hydroxyl and the guanidinium dyad,
indicates the presence of cooperation between the three catalytic units at the upper rim. Moreover, the
data collected from kinetic investigations about the pH-dependent initial rate liberation of pNPOH from
the substrate, together with the results given by UV-VIS and potentiometric titrations, clearly pointed
out that the presence of two catalytically active species for the tested calix[4]arene derivative, namely
its bis- and monoprotonated forms of (1H;)* and 1H. More in details, it was found that the tautomeric
form B (Figure 4b) is four time more active than the neutral calix[4]arene 1H in the cleavage of the
substrate, presumably thanks to the double electrostatic stabilization of the transition state afforded by
the two positively charged guanidinium units, to assist the nucleophilic attack of the deprotonated
phenolate on the scissile phosphate group.

Time-course kinetic investigations, in combination with ES-MS analysis of periodically withdrawn
aliquots of the reaction mixtures, evidenced that the cleavage of BNPP by (1H,)* occurs in two steps,
with the overall release of two mol equiv. of pNPOH. The first step, involving a phosphoryl transfer
process to the phenolate moiety of (1H,)* to form 9, was found to be much faster than the second, in
which compound 10 is given by liberation of the second equivalent of pNPOH form the resulting
phosphorylated intermediate, probably thanks to the electrophilic activation provided by the
neighbouring guanidinium dyad.

In the investigated timescale, compound 10 was inert toward dephosphorylation, thus impairing the
turnover of the starting active species (1H2)*. The low efficiency of this step prevents the complete
mimicking of the catalytic cycle of DNA topoisomerase | and it has to be further improved to develop

more effective mimics of this enzyme.

3.4 Experimental section

3.4.1 General information
Synthesis of compounds 3 and 6 were carried out under nitrogen atmosphere, using previously oven-
dried glassware. All dry solvents were prepared according to standard procedures, distilled before use

and stored over 3 or 4 A molecular sieves. Analytical TLC were performed using prepared plates of silica
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gel (Merck 60 F-254) and then revealed with UV light. 2,4-dinitrophenylhydrazine (0.1 M in
H,2S04/H,0/EtOH 1:2:4), FeCl; (1% in MeOH/H,0 1:1) and Ninhydrin (5% in EtOH) TLC stains where also
used to confirm the presence of, respectively, free formyl, penolic hydroxyl or amino groups on the
studied compounds. Merck silica gel 60 (70-230 mesh) was used for flash chromatography and for
preparative TLC plates. DMSO, purged 30 min with Argon, and mQ water were used in the preparation
of 80% DMSO used for kinetic and potentiometric experiments. The bis(hydrochloride) diguanidino
derivative 7-2HCI, was prepared according to literature procedures®. All other solvents and reagents
were commercial samples and used as such.

Care was taken when handling tetramethylammonium perchlorate because it is potentially explosive3!.
No accident occurred in the course of the present work.

'H NMR and ¥3C NMR spectra were recorded on Bruker AV300 and Bruker AV400 spectrometers
(observation of *H nucleus at 300 MHz and 400 MHz, respectively, and of 3C nucleus at 75 MHz and 100
MHz, respectively) and partially deuterated solvents were used as internal standards to calculate the
chemical shifts (6 values in ppm). All 3C NMR spectra were performed with proton decoupling. High
resolution electrospray ionization (ESI) mass analysis were performed with a Waters single-quadrupole
spectrometer in positive mode using MeOH or CHsCN as solvents. Melting points were determined on
an Electrothermal apparatus in closed capillaries. Potentiometric titrations were performed by an
automatic titrator equipped with a pH electrode. Spectrophotometric measurements of p-nitrophenol
liberation were carried out at 400 nm on a double beam spectrophotometer. HPLC analyses were

performed on a liquid chromatograph equipped with a UV-vis detector operating at 254 nm.

3.4.2 Acid-base titrations

Potentiometric titrations were carried out according to a previously reported procedure®®. A freshly
prepared solution of 50 or 100 mM MesNOH in 80% DMSO was added in small increments under an
argon atmosphere a 2.0 - 3.0 mM solution (5mL, 80% DMSO, 25°C) of 1H-2HCI or 8H, using 10 mM
Me;NCIO, as ionic strength buffer. The electrode calibration was performed as reported in literature®.
Elaboration of the titration plots was carried out with the software HYPERQUAD 20003*33, UV-Vis
spectrophotometric titrations of a 0.2 mM solutions 1H-2HCl or 8H were carried out analogously under

argon atmosphere, by incremental addition of MesNOH (DMSO 80%, 25 °C).

3.4.3 Kinetic measurements

The liberation of pNPOH from the substrate was monitored by UV-VIS spectrometry at 400 nm. Initial
rate experiments were performed on reaction mixtures composed of 0.20 mM BNPP, 1.0 mM additive
((1Hs)** or (7H2)*" or 8H), 0.10 M N,N-diisopropyl ethanolamine buffer, 10 mM Me4sNCIO4 (80% DMSO,
50.0 °C). The total concentration of released p-nitrophenol was extrapolated from calibration curves

built at the required pH values by measuring the absorbance at 400 nm of known aliquots of pNPOH
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dissolved in the same medium. The pH of the solution was adjusted at the selected pH value with a
50-100 mM solution of HCIO4 in 80% DMSO.

Time-course experiment was carried out in the presence of 5.0 mM BNPP, 0.1 mM (1H3)*, 10 mM
MesNClO4, 0.10 M N,N-diisopropyl ethanolamine buffer solution (80% DMSO, 50.0 °C). The pH of the
solution was adjusted to pH 9.5 by addition of the proper volume of the 50 — 100 mM solution of HCIO4
in 80% DMSO. Non-linear least-square fit of experimental data to Eqn. 4 was carried out with the

software SigmaPlot 12.0 (Systat Software, Inc.).

3.4.4 Calix[4]arene synthesis
Compound 1H-2HCI was prepared starting from the 5,17-dinitro-25,26,27,28-tetrakis(2-

ethoxyethoxy)calix[4]arene 2, in turn synthetized according to literature procedures?.

5,17-Dinitro-11-formyl-25,26,27,28-tetrakis(2-ethoxyethoxy) calix[4]arene (3).

To a solution of 2 (0.22 g, 0.27 mmol) in dry CHCI3 (20 mL) cooled at -10°C, SnCl, (1.6 mL, 13.92 mmol)
and CI,CHOCHs; (1.26 mL, 13.81 mmol) were added. The reaction mixture was stirred for 2 hours at -
10°C, then it was quenched with distilled water (30 mL) and vigorously stirred for additional 30 minutes.
The organic layer was washed with a saturated solution of NaHCOs (2 x 20 mL) and brine (20 mL), dried
over anhydrous Na,SO4 and evaporated under reduced pressure. The crude material was purified by
flash chromatography (hexane/AcOEt 5.5:4.5 — hexane/AcOEt 1:1) to give 3 as a white solid (0.13 g, 0.16
mmol; 59% yield): mp 65—-67 °C. 'H NMR (300 MHz, CDCls) § (ppm): 9.61 (s, 1H, ArCHO), 7.75 (s, 4H, ArH-
meta-NO;); 7.03 (s, 2H, ArH-meta-CHO); 6.48 (m, 3H, ArH-meta and ArH-para); 4.70 (d, 2H, J =12.6 Hz,
ArCHAr ax.); 4.61 (d, 2H, J =13.8 Hz, ArCHAr ax.); 4.35-4.26 (m, 4H, ArOCH,CH;0); 4.17 (t, 2H, J=4.8 Hz,
ArOCH,CH,0); 4.07 (t, 2H, J=4.8 Hz, ArOCH,CH,0); 3.85-3.76 (m, 8H, ArOCH,CH,0); 3.55-3.47 (m, 8H,
OCH,CHs); 3.38 (d, 2H, J=12.6 Hz, ArCH,Ar eq.); 3.31 (d, 2H, J=13.8 Hz, ArCH,Ar eq.); 1.23-1.15 (m, 12H,
CH,CH;s). 3C NMR (100 MHz, CDCls) 6 (ppm): 191.1, 162.7, 161.2, 155.6, 142.6, 137.1, 136.3, 134.8,
133.3, 131.6, 130.2, 128.5, 124.2, 123.6, 123.1, 74.1, 74.0, 73.7, 69.8, 69.6, 69.5, 66.6, 66.5, 66.4, 30.9,
15.3. HR ES-MS: m/z Calcd for CasHssO13N; [(3+H)*] 831.36987, found 831.36950.

5,17-Dinitro-11-hydroxy-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene (4).

To a solution of 3 (0.13 g, 0.16 mmol) in DCM (15 mL), m-CPBA (0.19 g, 1.10 mmol) was added. The
reaction mixture was stirred for 5 days at room temperature, then was quenched with a solution of
NaHSOs 0.2 M and vigorously stirred for additional 30 minutes. The organic layer was washed with brine
(2 x 20 mL), dried over anhydrous Na,SOs and evaporated under reduced pressure. The resulting
material was taken with a solution of NaOH 2 m in MeOH:H,0 4:1 (5 mL) and was stirred for 2 hours at
room temperature, then the mixture was concentrated by evaporation of the MeOH under reduced
pressure. The remaining aqueous layer was neutralized with a solution of 1M HCl and extracted with
DCM (2 x 15 mL), then the combined organic layers were dried on anhydrous Na,SO. and evaporated
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under reduced pressure. The residue was triturated in refluxing hexane overnight, for three times, to
give 4 as a pale yellow oil (0.11 g, 0.13 mmol; 81% vyield): *H NMR (300 MHz, CDsOD) & (ppm): 7.38 (d,
2H, J=2.7 Hz, ArH-meta-NOy); 7.34 (d, 2H, J=2.7 Hz, ArH-meta-NO,); 6.91 (dd, 2H, J;=7.6 Hz, J,=2.1 Hz,
ArH-meta); 6.86 (td, 1H, J;=7.6 Hz, J,=2.1 Hz, ArH-para); 6.36 (s, 2H, ArH-meta-OH); 4.67 (d, 2H, J=13.8
Hz, ArCH-Ar ax.); 4.60 (d, 2H, J=13.8 Hz, ArCH,Ar ax.); 4.20 (t, 6H, J=5.1 Hz, ArOCH,CH,0); 4.14 (t, 2H,
J=5.4 Hz, ArOCH>CH,0); 3.90 (t, 8H, J=5.4 Hz, ArOCH,CH,0); 3.60-3.55 (m, 8H, OCH,CHs); 3.33 (d, 2H,
J=13.8 Hz, ArCHAr eq.); 3.22 (d, 2H, J=13.8 Hz, ArCHAr eq.); 1.24-1.17 (m, 12H, CH,CHs). *C NMR (75
MHz, CDs0OD) & (ppm): 161.6, 156.7, 152.0, 149.7, 142.4, 136.5, 136.4, 135.3, 134.7, 128.7, 122.8, 122.7,
115.1,74.1, 73.1, 73.0, 69.7, 69.6, 60.1, 66.0, 65.9, 30.6, 30.5, 14.3. HR ES-MS: m/z Calcd for C4sHssN2013
[(4+H)*] 819.36987, found 819.36987; m/z Calcd for CssHssN,Oi3Na [(4+Na)*] 841.35181, found
841.35284.

5,17-Diamino-11-hydroxy-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene (5).

To a solution of 4 (0.053 g, 0.065 mmol) in MeOH (10 mL), NiCl,-6H,0 (0.062 g, 0.072 mmol) and NaBH,4
(0.025 g, 0.66 mmol) were added. The reaction mixture was stirred for 3 hours at room temperature,
then was quenched with a solution of 1 M HCI (15 mL) and the pH raised to 8-9 with a solution of 1 m
NaOH. The resulting mixture was extracted with AcOEt (3 x 15 mL) and the combined organic layers
were washed with distilled water (2 x 20 mL), dried over anhydrous Na,SO, and evaporated under
reduced pressure. Compound 5 was obtained as an orange to brown oil (0.049 g, 0.065 mmol;
quantitative yield), pure enough to avoid further purifications. *H NMR (400 MHz, CDs0D) 6 (ppm): 7.10
(br. d, 2H, J=7.6 Hz, ArH-meta); 6.92 (br. t, 1H, J=7.6 Hz, ArH-para); 6.56 (s, 2H, ArH-meta-OH); 5.99 (s,
2H, ArH-meta-NH,); 5.89 (s, 2H, ArH-meta-NH.); 4.58 (br. d, 2H, J=12.8 Hz, ArCH.Ar ax.); 4.52 (br. d, 2H,
J=12.8 Hz, ArCH,Ar ax.); 4.26 (m, 2H, ArOCH,CH,0); 4.17 (m, 2H, ArOCH,CH,0); 3.94-3.83 (m, 12H,
ArOCH>CH,0 and ArOCH,CH,0); 3.63-3.55 (m, 8H, OCH;CHs); 3.17 (br. d, 2H, J=12.8 Hz, ArCHAr eq.);
3.06 (br. d, 2H, J=12.8 Hz, ArCHAr eq.); 1.26-1.19 (m, 12H, CH,CHs). 3C NMR (75 MHz, CDs0D) & (ppm):
151.3, 140.7, 135.5, 135.4, 134.9, 127.9, 116.2, 114.3, 73.1, 69.6, 66.0, 30.6, 30.5, 14.3. HR ES-MS: m/z
Calcd for CasHsoN2Os [(5+H)*] 759.42151, found 759.42188.

5,17-Bis-[N,N’-bis(Boc)guanidine]-11-hydroxy-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene (6).

To a solution of 5 (0.049 g, 0.065 mmol) and triethylamine (72 L, 0.039 mmol) in dry DMF (5 mL), N,N’-
bis-(Boc)-thiourea (0.015 g, 0.039 mmol) and HgCl, (0.070 g, 0.26 mmol) were added. The reaction
mixture was stirred for 2 days at room temperature, then was quenched by adding AcOEt (15 mL) and
the precipitated HgS was filtered off. The filtrate was washed with brine (3 x 20 mL) and the organic
layer was dried over anhydrous Na,SO, and evaporated under reduced pressure. The crude material was
purified by flash chromatography (hexane/AcOEt 7:3) to give 6 as a colorless oil (0.034 g, 0.027 mmol;
42% vyield). *H NMR (300 MHz, CDCl3) § (ppm): 11.62 (br. s, 2H, NHBoc); 10.18 (s, 2H, ArNHguanidinium);
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7.25 (s, 4H, ArH-meta-guanidinium); 6.38 (t, 1H, J=6.9 Hz, ArH-para); 6.28 (d, 2H, J=6.9 Hz, ArH-meta);
5.68 (s, 2H, ArH-meta-OH); 4.49 (d, 2H, J=12.6 Hz, ArCH.Ar ax.); 4.42 (d, 2H, J=13.5 Hz, ArCH;Ar ax.); 4.24
(t, 4H, J=6.6 Hz, ArOCH>CH,0); 3.90-3.84 (m, 8H, ArOCH,CH,0O and ArOCH,CH,0); 3.78-3.72 (m, 4H,
ArOCH,CH,0); 3.60-3.48 (m, 8H, OCH,CHs); 3.15 (d, 2H, J=12.6 Hz, ArCH-Ar eq.); 3.09 (d, 2H, J=13.5 Hz,
ArCHAr eq.); 1.60-1.49 (m, 36H, OC(CHs)s); 1.25-1.15 (m, 12H, CH,CHs). 3C NMR (75 MHz, CDCls) &
(ppm): 163.6, 155.5, 155.0, 153.9, 153.4, 150.7, 137.1, 137.0, 133.9, 133.0, 127.8, 123.6, 123.3, 122.5,
114.7, 83.6, 79.5, 74.0, 72.5, 69.6, 66.5, 66.2, 30.9, 30.8, 29.7, 28.2, 28.1, 15.4, 15.3. HR ES-MS: m/z
Calcd for CesHosNgO17 [(6+H)*] 1243.67482, found 1243.67444; m/z Calcd for Ce1Hs7NgO1s [(6-Boc+H)']
1143.62239, found 1143.62122.

5,17-Diguanidine-11-hydroxy-25,26,27,28-tetrakis(2-ethoxyethoxy)calix[4]arene,  bis-hydrochloride
(1-2Hal).

In a mixture of DCM/TFA/TES 95:2.5:2.5 (10 mL), 6 (0.034 g, 0.027 mmol) was dissolved. The reaction
mixture was stirred overnight at room temperature and quenched by removal of the solvent under
reduced pressure. The residue was taken into a 1 M HCI EtOH solution (3 mL), vigorously stirred for 30
min and then the solvent removed under reduced pressure. This procedure was repeated three times to
exchange the CFsCOO" anion to chloride. Then 1-2HCI was obtained as a colorless oil (0.021 g, 0.025
mmol; 93% yield), pure enough to avoid further purifications. *"H NMR (400 MHz, CD30D) & (ppm): 6.89
(d, 2H, J=7.2 Hz, ArH-meta); 6.77 (t, 1H, J=7.2 Hz, ArH-para); 6.55 (s, 2H, ArH-meta-guanidinium); 6.51 (s,
2H, ArH-meta-guanidinium); 6.32 (s, 2H, ArH-meta-OH); 4.63 (d, 2H, J=13.2 Hz, ArCH,Ar ax.); 4.57 (d, 2H,
J=13.2 Hz, ArCH,Ar ax.); 4.26 (t, 2H, J=5.6 Hz, ArOCH,CH,0); 4.18 (t, 2H, J=5.2 Hz, ArOCH,CH,0); 4.12 (m,
4H, ArOCH,CH,0); 3.94-3.91 (m, 8H, ArOCH,CH,0); 3.67-3.56 (m, 8H, OCH>CHs); 3.26 (d, 2H, J=13.6 Hz,
ArCHAr eq.); 3.15 (d, 2H, J=12.8 Hz, ArCH,Ar eq.); 1.27-1.18 (m, 12H, CH,CHs). 3C NMR (100 MHz,
CDs0D) & (ppm): 156.6, 155.5, 151.8, 149.6, 136.6, 136.5, 135.5, 135.0, 128.4, 128.1, 124.9, 124.8,
122.5,114.8, 73.9, 73.0, 72.9, 69.9, 69.8, 69.7, 66.2, 66.1, 66.0, 30.5, 30.4, 14.3 HR ES-MS: m/z Calcd for
CaHe3N6Os [(1+H)*] 843.46510, found 843.46593.
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Chapter 4

4.1 Introduction

Proteins!® are large biomolecules that perform a wide variety of functions in living organisms. They are
constituted by one or more polypeptide sequences which impart them a sophisticated and unique 3D
structure, called protein folding?, and determine their specific biological activity. Proteins are known to
act as enzymes and antibodies in living organisms, by catalyzing several types of biological
transformations® and by supervising the activation of the immune response®, respectively. They are also
involved in cell signaling®®, working as selective receptors present on the cell surface to govern cell
proliferation, growth and differentiation’, and participate to the transport or storage processes of
various types of molecules through the cell membrane. Receptorial roles are also played in infections,
where pathogens use proteins as recognition tools to tether the target cell membrane® and in cancer,
where they might favor the proliferation and spreading of metastases®'°. Moreover, proteins can also
have several important mechanical and structural roles, being constitutive parts of connective tissues,
cell cytoskeletons, animal shells and muscles®!12,

A common feature of all proteins is that their functions are driven by recognition processes of specific
counterparts, which can be both macromolecules, such as nucleic acids, polysaccharides and other
proteins or small molecules, like oxygen, metal cations, peptides and other types of ligands'*=*°, In order
to understand in detail how these processes take place, it is crucial to achieve the most complete
characterization possible of the mechanism of the interactions which involve the given protein-ligand

1718 noint of view. These information can give to

pair, both under a structural*!® and under an energetic
researchers precious insights for the creation of artificial molecules that can tightly bind to a target
protein in order to influence its action, thus affording a great contribution for the discovery, the design
and the development of new drugs?®. In fact, many drugs available on the market, sometimes also being
mimics of their natural substrates, exploit interactions with target proteins in order to interfere or
modulate their action. These interactions can inhibit protein aggregation?® or specific protein-protein
interaction?! which have a pathological effect on the human body or, at contrary, can promote, manage

2223 \with a beneficial physiological effect.

and stabilize oligomerization processes
In the first part of this chapter, the main features of the kinetics and energetics that drive protein-ligand
interactions will be briefly reported, followed by a description of some of the most important
experimental techniques that can be used to obtain both a structural and a thermodynamic
characterization of these processes. In the second part will be also reported the main results and
progresses in the design of small molecules as ligands for target proteins. Of course, the amount of
literature regarding this field of research is huge and an exhaustive review of this subject is out of the

scopes of this thesis. Hence, in that part of the chapter, only the most important examples of

calix[4]arene-based ligands will be surveyed, with a short description of the strategies followed to make
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this family of macrocycles able to interact with the target protein and, in some cases, to influence its

biological activity.

4.2 Mechanism of protein-ligand interactions

To achieve a deep understanding of the protein-ligand interaction process a detailed study of the
physico-chemical factors that govern the formation of the corresponding complex is required. For this
reason, a basic description and/or rationalization of the kinetic and thermodynamic concepts and of the

binding driving forces behind this kind of phenomenon will be now reported.

4.2.1 Kinetics of protein-ligand binding
The rate of association of a generic protein P with a ligand molecule L to form the parent protein-ligand
complex PL can be described according to Scheme 1'°:

K4

K1

P+L PL Schemel

where k; and k. are the rate constants for the association and the dissociation reaction of PL,
respectively. At the equilibrium the rate for the binding process equals the one for the reverse
unbinding event and the kinetic law for the overall process can be written as follow in Eqn. 1, whit [P],
[L] and [PL] indicating the molar concentration of the protein, of the ligand and of the protein-ligand
complex, respectively.

k.[P][L] = k_4[PL] Eqn.1
Consequently, both the equilibrium constant for the association (K,) and the dissociation (K4) of PL can

be expressed as function of the corresponding kinetic rate constant (Eqn. 2).

_1_P ko
TR P ko

In most cases, tight protein ligand binding rises from processes in which the formation of the complex is
much faster than the backward dissociation reaction.

4.2.2 Thermodynamics of protein-ligand binding

Under a thermodynamic point of view, the protein-ligand binding process can be described by
considering a system composed by the solvent and by the two binding partners as solutes. The resulting
binding event is generated by the balance of the various interactions that take place among the protein,
the ligand and the solvent and the occurrence of these interactions is dictated by the laws of
thermodynamics!”18,

In analogy with any other spontaneous processes, the protein-ligand binding takes place when the

variation of its standard free energy AGy° is negative, and the magnitude of this change is related to the

equilibrium constant K, for the association of the protein-ligand complex. The higher is the K, value the
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most negative will be AGy, and the most favorite will be the binding event. For a generic binding
reaction, AGy® is composed of an enthalpic contribution AH,°, which is a measure of the total heat
exchange caused by the interactions involving the components of the system, and of an entropic
contribution ASy°, which indicates the distribution of heat among the whole thermodynamic system and
is commonly reported as an index of its degree of disorder. These concepts can be easily visualized in
the well-known definition of binding Gibbs free energy?* which is reported in Eqn. 3.

AG, = —RTInK, = AH, — TAS, Eqn.3
In a non-strict sense AH,° can be also indicated as the energy balance deriving from the formation of
new noncovalent interactions between the protein and ligand and from the disruption of preexisting
interactions between the solvent and both the ligand and the protein®*%. According to this principle,
when this balance is favorable for binding AH,° has negative values and the process is exothermic, while
when AHy’ is positive the protein-ligand association is endothermic and not spontaneous. At contrary,
positive and negative AS,° values will advantage and disadvantage binding, respectively. The net
entropic variation ASy°® associated with the protein-ligand binding process can be expressed as a sum of
three terms?>2%: AS¢,,° which is the entropy change caused by the solvent release from both the ligand
and the protein, ASconf® Which indicates the change in conformational freedom of both the two entities
upon binding and AS,,® which is related to the loss of rotational and translational degrees of freedom
that the protein and the ligand experience during their complexation (Eqn. 4).

ASp = ASgo + ASpons + AS, ), Eqn.4

ASson° is always largely positive and thus contributes favorably to the protein-ligand association, while
AS,;° is always negative and disadvantages the occurrence of binding?®. AS.on°, instead, can afford both
a negative and a positive contribution to the total binding entropy because the conformational freedom
of the ligand and the protein can both increase and decrease when they bind to each other?. Hence,
since the sign and the magnitude of AG, depends on two contributions, the driving forces that govern
the protein-ligand association can be different. More in details, when the change of binding free energy
is mainly due to enthalpic factors it is said that the process is enthalpy-driven, while when it is
dominated by the entropic ones the phenomenon is indicated as entropy-driven.
It has been observed that the contributions of AHy and AS, to AGp, are closely related®2°, For example,
when the formation of the protein-ligand complex derives from the formation of multiple interactions
between the associating entities a highly negative enthalpy change will be recorded, but at the same
time, a decrease of entropy of the system will take place because of the reduction of mobility of both of
the binding partners. On the hand, when the protein-ligand binding is entropy driven, for instance
because of the release of a high number of solvent molecules from the surface of both the protein and

the ligand, a positive binding enthalpy is generally expected, due to the disruption of a high number of
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pre-existing interactions. The complementary change of entropy and enthalpy often observed during
the protein-ligand binding event is called enthalpy-entropy compensation. The observation of this
phenomenon in several thermodynamic binding studies3®3!, together with the results of some
theoretical models3*3 |eads to suggest that it could be a general feature of protein-ligand interaction
and of other association events, despite its origin has not been elucidated with certainty. In fact, a large
variety of factors, such as the properties of the solvent?®3%35, the structure and mobility of both the
ligand and the protein and the nature of the molecular forces involved in the binding process?*323, have
been reported to influence the enthalpy-entropy compensation and its detailed analysis is generally
difficult.

In this paragraph an introduction on the basic thermodynamic concepts that govern the protein-ligand
binding have been reported. A quantitative dissection of the enthalpic and entropic contributions to the
overall free energy of these processes is crucial, because it can provide precious insights for the
improvement of the design of ligands able to interact the most effectively as possible with a target
protein.

In the next paragraph it will be shown how these general notions can be used for a detailed description

15,37

of the multivalency effect, which is one of the main tools that can be exploited by both synthetic'*’ and

natural ligands® to bind a protein with high affinity.

4.2.3 Multivalency effect

Multivalency® is one of most powerful instruments exploited by nature to achieve strong but yet
reversible binding between two or more entities. Considering the case of proteins, the non-covalent
interactions that they use to recognize their counterparts, i.e. hydrogen bonding, r-it stacking, cation- m,
hydrophobic, ionic, and van der Waals forces, are too weak to promote strong and selective binding
processes, if considered singularly. Thus, to achieve the formation of stable complexes, they exploit the
contemporary use of several of these interactions in their binding site, where the contact with the given
binding partner takes place. To further increase the strength and the specificity of the forming
complexes, multivalent proteins present on their surfaces multiple identical binding sites, each of them
used to establish the same non-covalent interactions with an equal number of binding units belonging
to the ligand. The power of this phenomenon, generally indicated as multivalent effect, is that the
resulting overall affinity of proteins for their ligands is higher than the one that would have been
obtained by simply adding the binding energies arising from the interaction between each single
receptor/binding unit pair.

The generic binding of a i-meric protein by an i-valent ligand can be described as a sequential process

that starts with an intermolecular interaction followed by i-1 intramolecular ones, leading to the
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formation of the corresponding ligand-receptor complex. A general model for the description of such a
system has been introduced by Jenks*® by exploiting the principle of additivity of free energies (Eqn. 5).
AG:nulti = iAGmono + iAG:nteraction Eqn.5

In this model the total free energy associated with the process AG°muri is separated in two contributions,
one including the sum of the binding energy AG°mono, corresponding to i monofunctional interactions
between the protein and the ligand, and the other representing the balance of the favourable and
unfavourable energetic factors AG°interaction Which derive from the occurrence of tethering. In other
words, AG®interaction IS @ correction term introduced to describe the deviation of the overall free energy
from the one expected by summing i intermolecular monofunctional binding events. When the
multivalent effect is beneficial for protein-ligand interaction this term can be extremely negative, thus
resulting in a high free energy gain.
However, a detailed thermodynamic analysis of the AG°iteraction term can be difficult and Kitov et al.
proposed an alternative model for the description of multivalency®. According to the limiting conditions
that only one multivalent ligand can bind to a target oligomeric receptor at a time, thus excluding the
formation of aggregates, and that all the binding units of the ligand and the binding sites of the protein
are identical and act independently, Eqn. 5 can be in fact rearranged as follow:

AG; = AGipper + (i — 1)AGiyrq — RTING; Eqn.6
where AG®inter=AG’mono and (i~-1)AG°intra=(i-1)AG°mono + AG°interaction are the contributions to the binding
free energy derived from intermolecular and intramolecular interactions, respectively, and RTInQ; is a
statistical term consistent with the Boltzmann-Gibbs definition of entropy®.
The convenience of Eqn. 6 is that it allows to perform a dissection of the different energetic factors that
give rise to the multivalent effect. The enthalpic and part of the entropic factors are in fact combined in
its first and second terms, which represent the gain in binding free energy due to presence of additional
intramolecular interactions once the initial intermolecular one has occurred. The maximum number of
these additional interactions determine the highest value possible for this term, which is approached
asymptotically with the increasing of binding units of the ligand. The third term, also indicated by the
author as avidity entropy AS°adiy, is instead related to the probability of the occurrence of a generic
binding event and incorporate the statistical entropic contributions of the multivalent effect. The
magnitude of the avidity entropy is always positive and increase non-linearly with the number of both
the binding units of ligand and the binging sites of the receptor, becoming a determining contribution
for high valency values.
Good estimation of the extent of the multivalency effect can be also obtained without rigorous
treatment of the energetics associated with the binding process, by considering simple parameters. One
of the most used of them is the enhancement factor 337, which was introduced by Whitesides et al. and

was defined as the ratio between the binding constant Kmuti and Kmono Obtained for the binding of,
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respectively, a multivalent ligand and its corresponding monovalent analog to the same target receptor
(Egn. 7).

Kmulti

p = Eqn.7

Kmono

A parameter that can be obtained with a similar approach is the relative potency rp (Eqn. 8), calculated
as the ratio between the IC50 values of a monovalent compound (IC50mone) and of its parent multivalent
ligand (IC50muri), where the IC50 indicates the concentration required to inhibit a certain process by 50%

and is frequently used to establish the power of inhibitors for target proteins.
Eqn. 8

These parameters are useful because allow us to obtain an estimation for the magnitude of the
multivalent effect also when the number of effective interactions is unknown, because in general the
higher the S or rp values will be, the more beneficial will be multivalency for the binding process,
despite no insight about the cooperativity and on the topology of the ligating groups will be obtained.
More detailed information can be instead deduced when the valency of the ligand is known. In fact, for
a i-valent ligand, by dividing S or rp by i, it is possible to calculate how many time a single ligating unit is
more effective in binding (or inhibiting) target protein, when compared to the same binding unit in the
corresponding monovalent compound. In other words, the resulting /i or rp/i values easily allow to

compare the binding ability of ligands with different valency, topology or structure.

4.3 Experimental techniques for the study of protein-ligand interactions

The various features of protein-ligand interactions can be studied according to several experimental
techniques. X-ray crystallography, nuclear magnetic resonance (NMR), Laue X-ray diffraction, small-
angle X-ray scattering, transmission electron microscopy (TEM), scanning electron microscopy (SEM) and
cryo-electron microscopy (cryo-EM, recently awarded with the Nobel Price*!) furnish (near-)atomic-
resolution of the structure of protein ligand-complexes and related larger aggregates, while isothermal
titration calorimetry (ITC) and differential scanning calorimetry (DSC) are powerful techniques to obtain
a detailed thermodynamic characterization of the corresponding binding processes®. The combination
of the data obtained from these techniques can provide a detailed understanding of the structural and
energetic characteristics of the given protein-ligand binding events, providing precious insights on the
strategy to exploit these events for practical applications.

In the next paragraphs the attention will be focused on the introduction and the description of ITC, NMR
and X-ray crystallography, which are the techniques used in this work of thesis to study the binding of

synthetic ligands to different model proteins.

101



Chapter 4

4.3.1 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC)*>** is one of the standard techniques used to study intermolecular
interaction?®, by measuring the heat exchange that takes place during these processes. In a single
experiment it is able to provide quantitative thermodynamic information, such as the binding affinity,
the binding enthalpy and the binding stoichiometry, which can be directly obtained from the plot of
experimental data. The high sensitivity of the technique for measuring small heat of reaction, togetter
with the large practical window for reliable binding affinity, make ITC suitable for the study of the non-
covalent interactions which drive most of the biological processes, including the formation of protein-
ligand complexes.

The design of ITC instrument is quite simple (Figure 1)*. It consists of two cells, the reference cell and
the sample cell, whose temperature is constantly measured and kept constant by heaters connected to
a power compensating system. For a typical study of protein-ligand binding the sample cell is filled with
a solution of the protein and is titrated with precise aliquots of a concentrate solution of the ligand,
although the reverse setup of the experiment can also be used. In the reference cell is instead put a
solution of buffer and other additives lacking the protein. During the titration the interactions between
the ligand and the protein cause a heat release or absorption, depending on the exothermic or
endothermic nature of the process, leading to a change in temperature of the sample cell with respect
to the reference cell, which is counterbalanced by modulating the feedback power applied by the

instrument.

cell feedhack
heater

!

reference e =
heater :

calibration
heater

Reference Cell Sample Cell

Figure 1: Schematic representation of an ITC instrument (Figure taken from Ref. 45).

The raw data obtained from ITC are the heat exchanges associated with the addition of each aliquot of
ligand per unit of time (Figure 2a). The area of the corresponding peaks, proportional to the fraction of
protein complexed at each addition in the sample cell, decreases gradually until saturation of the
binging sites is reached and only heat of dilution will be measured. The most common representation of
these data is the so-called Wiseman isotherm®®, where the molar heat of reaction detected for each

102



Strategies for the study of protein ligand-interactions and
for the development of supramolecular ligands

addition of ligand is plotted versus the ratio between the ligand and the protein concentration [L]/[M].
The resulting binding curve has generally a typical sigmoidal shape (Figure 2b), from which it is possible

to extract directly the stoichiometry, the enthalpy and the equilibrium constant of binding as fitting

parameters, after a proper nonlinear analysis.
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Figure 2: a) Raw data and b) typical binding curve derived from a generic ITC experiment, from which it is possible to extract
estimations of n, AH, and K, by simple graphical analysis.

In fact, according to the expression of the association constant (K,) for the formation of the given

protein-ligand complex PL and to the mass conservation of both the protein and ligand, the total heat

exchanged (Q::) during the binding process can be expressed as follow (Egqn. 9):

Qtor = NVo[PL]AH), =

2
[Pleoe + [Meor + == |(IPleoe + [Lleor + 1) = 4Pleoc (Lo

= nV,AH, > Eqn.9

where n is the stoichiometry of the complex, Vo the volume of the sample cell, AHy the enthalpy of
binding, and [Plwt and [Llwt are the total concentrations of the protein and the ligand, respectively.
Moreover, further information about the energetics of the protein-ligand binding can be extracted
indirectly by considering the connection between the association constant and the binding free energy
(Egn. 3), thus obtaining a complete thermodynamic characterization of the process.

The convenience of the Wiseman isotherm is that an estimation of n, AH, and K, can be obtained also by
simple graphical analysis of the experimental data #’. In fact, the binding enthalpy can be extrapolated
as the difference between the initial and the final heat exchanged during the titration, while the

stoichiometry and the association constant will be deduced by the inflection point and the slope of the

linear part of the titration curve, respectively (Figure 2b).
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Other important information that can be obtained from the Wiseman isotherm are included in the
dimensionless parameter ¢ (Eqn. 10)*, expressed as multiplication of the total protein concentration,
the stoichiometry of binding and the association constant or, as reported more commonly in
biochemistry, the dissociation constant Kj.

n[P]

c = TL[P]Ka = K—d Eqn10

This parameter gives crucial guidelines for the setup of an ITC experiment, because it can be used to
predict the form of the resulting binding isotherm. As shown in Figure 3, in fact, in the limiting case of
c<1 the experimental titration curve will approach linearity and, despite the association constant can be
determined, it will not be possible to calculate the binding enthalpy, while the reverse will happen for
¢>10000, where a rectangular isotherm will be obtained. For intermediate ¢ values, and in particular for
10<c<1000, will be instead obtained a reliable curve with a well-defined inflection point, allowing an

accurate thermodynamic analysis of the binding process.
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Figure 3: Shape of the Wiseman isotherm for different c values.
Since n and K, are fixed parameters, it is necessary to play with concentration of the protein to obtain
optimal ITC experimental data****. However, this purpose it is not always possible to reach. In fact, for
very tight binding events (K,~108-10° M) the required concentrations of protein will be too low to
generate detectable heat of reaction during the ligand additions and, at contrary, for weak binding
processes (K, ~10%-10®> M?) prohibitively high reactants concentrations will be necessary, yielding
calorimetric signals out of the instrumental range or leading to a not practically feasible preparation of
the sample.
Looking at Eqn. 9 it appears clear that another parameter that modulate the form of the Wiseman
isotherm is the enthalpy of binding AH,, from which the amount of reaction heath developed during the
binding is directly proportional. Thus, for low affinity ligand a high enthalpic contribution to the overall

energetics of the process could be determining to have measurable reaction heat, while the opposite

104



Strategies for the study of protein ligand-interactions and
for the development of supramolecular ligands

can happen for processes involving high affinity ligand, whose reaction heat could exceed the upper
detection limit of the instrument.

Nevertheless, a window of 5-6 order of magnitudes for measurable Ks is one of the largest for the
available techniques used to study protein-ligand interaction and, to obtain suitable experimental data,
corresponds to the concentration range commonly used to investigate this kind of process (10° M to 10
3 M). Moreover, according to literature, for ligands with affinity values that approach both the lower and
the higher instrumental detection limits it is possible to obtain reliable ITC data by performing
displacement titrations, where an additional ligand with intermediate affinity is present***-5, Finally, it
is necessary to remember that the heat exchange recorded by the instrument during the titration is the
total heat exchange that takes place once the ligand enters in the sample cell, including the
contributions related to dilution and to interactions different from protein-ligand binding. For a correct
evaluation of the heat of reaction deriving from binding it is thus necessary to perform always control
experiments where the heat of dilution of both the ligand and the protein are measured and then
subtracted from the raw data. However, in some cases, this process can be much complicated by the
occurrence of undesired processes, such as self-aggregation of both the reactants, that provides
additional heat of reaction to the system.

Also considering the disadvantages of this technique, from this short description it appears clear that ITC
is one of the most powerful techniques to study protein ligand interactions, in particular when most of

the attention is focused on the thermodynamics of the binding.

4.3.2 Nuclear magnetic resonance — >N HSQC experiment

Nuclear magnetic resonance (NMR)>! is one of the most important experimental techniques for the
study of protein-protein® or protein-ligand®** interactions. Currently are in fact available different
experiments® from which it is possible to get detailed information about these binding processes, under
both the structural and the thermodynamic point of view.

One of the most used experiments to obtain these information exploits the *H->N heteronuclear single
quantum correlation and is commonly named *N HSQC. In this experiment the pulse sequence applied
by the instrument on the sample results in 2D-spectra where the cross-peaks indicate the N-H couplings
present in the studied protein. This is a powerful technique for the structural characterization of
proteins in solution, since the cross-peaks related to the N-H amide bonds of the backbone fall in a
characteristic window of chemical shifts (approximately from 100 to 140 ppm for *N and from 6 to 11
ppm for H, respectively) and, within this window, each cross peak will occupy a unique position. In fact,
because of the folding of the protein, every amide bond of the backbone experiences a particular
chemical environment and, in the corresponding >N HSQC spectrum, they will give rise to resonances
with a precise position, allowing the assignment of the amino acid residue to which are referred. In this

way each amino acid of the backbone will be identified by a single signal of the 2D-spectrum, with the
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exception of proline, since as tertiary amide lacks the N-H amide proton, and of asparagine and
glutamine, whose lateral amide NH groups will give rise to an additional cross peak.

The typical strategy to extract information on the binding of a ligand to a protein consists in performing
an NMR titration, where increasing aliquots of ligand are added to a solution of a >N-labelled protein
and the shifts experienced by the N-H correlations in the 2D spectra of the >N HSQC are monitored.
Depending on the kinetics of the protein-ligand binding process, the appearance of the resulting spectra
will be different®>7:58,

The presence of the ligand, in fact, will cause a chemical shift perturbation (CSP) for the resonances
belonging to the amino acid residues involved in the interaction. In the most common case of fast
binding processes, when compared to the instrument timescale, the observed cross peaks are the
average between those belonging to the bound and the unbound form of the protein. The change in
position of these resonances will be therefore proportional to the fraction of bound protein present in
solution and will reach a plateau when the binding site(s) will be saturated (Figure 4). The CSPs provide
structural information about the protein-ligand complexation, because only the cross-peaks of the
residues involved in the interaction will undergo significant changes of position. However, it is necessary
to specify not all the resonances that experience shifts belong to amino acid residues directly in contact
with the ligand, because the occurrence of the binding often causes a certain change in conformation of
the protein that can also influence the chemical environment around other residues. As mentioned
before, during the titration, the observed CSPs will be proportional to the amount of added ligand and
will reach a plateau when it is present in excess®’. By exploiting proper non-linear regression models to
fit the resulting saturation curves on both the *H and the >N dimensions, it will be possible to extract an
estimation of the association constant for the binding process, thus obtaining also thermodynamic

information about the studied protein-ligand interactions.
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Figure 4: a) Generic example of >N HSQC spectrum of a protein and b) chemical shift perturbations of some of its amide
resonances in the presence of increasing amount of a ligand, for a protein-ligand binding process faster than the NMR

timescale.
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When the protein-ligand complex formation is slow compared to the NMR timescale the signals
belonging to both the free and the bound form of the protein will be contemporary present in the °N
HSQC spectra, with an increase and a decrease of the volumes of corresponding cross peaks which will
be recorded along the titration, respectively®’*8, Thus, the parameter to monitor for the determination
of the association constant will be the change in volume of the cross-peaks belonging to the residues
involved in the process against the increasing concentration of the ligand. An intermediate situation is
instead observed for binding processes with a rate similar to the timescale of the experiment®2. In these
cases, in fact, the resonances involved in the interaction with the ligand give rise to weak and broad
signals in the spectra, which become weaker and broader during its addition, resulting suitable for a
structural analysis of the binding process, but not for the calculation of the association constant.

For all the three just descripted cases it is important to remember that the results of the N HSQC
experiments strongly depends on the experimental conditions in which they are carried out, such as pH,
temperature and concentration range of reactants®. Hence, to have reliable experimental data it is
important to keep these parameters constant among the overall titration and, if the purpose is to
compare the activity of different ligands, among all the different experiments that will be carried out.
The possibility to obtain contemporary structural and thermodynamic information about protein-ligand
interaction from the same experiment makes N HSQC titration one of the gold standard for the study
of these processes in solution. The fact that also very weak ligands are generally able to impart
measurable CSPs into the spectrum of target protein®® extents the window for the estimation of
corresponding dissociation constant in the mM range, which are values hardly detectable with other
common experimental techniques (i.e. ITC). On the other hand, the low sensitivity of this technique
forces to work in a quite high range of protein concentration, that is from the micro- to the millimolar
range. Moreover, the interpretation of >N HSQC spectra can become extremely difficult for large
proteins (MW>30 KDa) because of the overcrowding of the signals and of the broadening of their line
width due to fast transverse relaxation rates (T,). These drawbacks are gradually going to be resolved
thanks to the introduction on the market of cryogenically-cooled probes (which have their electronics
cooled to 20-25K) and the invention of TROSY (Transverse Relaxation Optimized SpectroscopY)
experiments. The cryoprobe technology®*®%, in fact, allow to greatly reduce the background thermal
noise on the raw data recorded by the instruments, leading to an improvement of the signal to noise
ratio and consequently to an enhancement of the sensitivity of this experimental technique. TROSY

62-64 nermit instead to obtain a substantial increase of the resolution of corresponding 2D-

experiments
spectra and thus to study the interaction between ligands and large proteins®®, despite the intrinsic
overcrowding of signals still makes the assignment of an exceedingly high number of cross peaks

complicated in many cases.
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4.3.3 X-ray crystallography

Although NMR spectroscopy allow to obtain many insights on the protein-ligand interaction in solution,
X-ray diffraction of protein-ligand co-crystals remains the most reliable technique for the structural
characterization of these processes in the solid state®®®”%, The combination of data from these two
techniques is probably the most effective approach to obtain a detailed understanding of the factors
that drive the formation of supramolecular assemblies and can provide important guidelines for the
design and development of new drugs.

Regardless of the fact that the aim of the work is to obtain crystals of a small molecule or of a protein-
ligand complex, the fundamental stages of the crystallization process are:

e nucleation, where a proper amount of molecules aggregates to form the so-called critical
nucleus, which afford the surfaces required for crystal growth.

e growth, where additional molecules diffuse from the bulk solution to the surface of critical
nuclei and stick on them to form the crystal lattice, by exploiting specific and highly directional
interactions.

e end of growth, which takes place when the concentration of the protein in the bulk solution
decreases under the saturation level or when the growing lattice is destabilized by deformation-
induced strain or by the presence of impurities.

The protein-ligand co-crystallization process can be described as a particular case of protein
crystallization in which the presence of the ligand is one of the variables that have to be optimized to
obtain the target co-crystals, together with pH, temperature, concentration of the protein, of the
precipitant agents and of other additives®72,

Thus, a convenient representation of this process can be obtained according to bi-dimensional phase
diagrams used to describe standard protein crystallization (Figure 5)5”%%72, in which the stable states of
the protein (liquid, crystalline, amorphous solid) are represented as function of only two of these

parameters at time, where one is generally the initial protein concentration [P].

Supersaturation

Precipitation zone

Nucleation
one

Undersaturation Solubility curve

- - - - >
Adjustable parameter
Figure 5: Schematic illustration of a protein crystallization phase diagram (Figure adapted from Ref. 72).
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The regions of the diagrams that can be identified are the undersaturation zone, which is delimited by
the values of [P] and of the other adjustable variable where the protein is soluble in the studied
medium, and a supersaturation zone. The latter region can be further divided in three parts: the
precipitation zone where the supersaturation level is too high and amorphous aggregates are obtained;
the nucleation one, where the formation of the crystal around the critical nuclei begins and crystal
growth starts to occur; and the metastable zone, where only growth can slowly take place because
nucleation is kinetically inhibited. To obtain optimal conditions for crystallization, the various
parameters that govern the process should be tuned in order to drive the system in a part of the
nucleation zone as close as possible to the border with the metastable one (Figure 5). In this way, since
the protein concentration will gradually decrease during the process, once that nucleation has occurred
the system will pass readily in the metastable zone, where growth occurs slowly and the resulting crystal
will be of higher quality.

Despite extensive studies to understand the physico-chemical principles that rule protein crystallization
have been carried out, a full comprehension of this phenomenon has not been achieved yet and the
obtainment of protein crystals suitable for X-ray diffraction is still a hard challenge. Further
complications appear when the purpose is to crystallize the target protein together with its ligand’?,
because the presence of the binding partner represent an additional parameter to be optimized.
However, according to the great interest attracted by this topic, several methods for protein-ligand co-
crystallization have been developed over the years.

Among them, the most commonly used is by far the vapor-diffusion experiment® 7372, which has been
exploited also in this work of thesis and hence will be now quickly described. In this technique an
aqueous droplet containing the protein, the ligand, the buffer and the precipitating agents (generally
inorganic salts or polyethylene glycols (PEGs) of high molecular weight) is equilibrated against a
reservoir solution, composed by the same buffer and precipitant agents but at a higher concentration.
Because of the different amount of buffer and precipitants contained in them, slow diffusion of water
from the crystallization mixture to the reservoir solution will take place, causing an increase of the
protein and ligand concentrations and, in some cases, their co-crystallization. These experiments are
carried out in appropriate plates containing hermetically sealed wells, where the relative position of the
two solutions can be different. In the so-called hanging drop design the crystallization mixture is put on
the cover slides that close the wells and is suspended over the reservoir solution, while in the sitting
drop design it is placed on proper support (Figure 6a and 6b, respectively). Under a practical point of
view’?, the sitting drop experiments are easier to be prepared, but sometimes are disadvantageous
because the crystals can adhere on the support where they are located, resulting hard to be
collected® %879, On the other hand, the set-up of the hanging drop experiments is more difficult, but

they give often better results since crystals do not stick on the cover slide and the higher distance’® from
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the reservoir solution guarantee a slower evaporation of the crystallization droplet and thus a higher

quality of the crystals.

a) b) | ! 1 Crystallization

mixture

Reservoir solution

Figure 6: Schematic representation of vapor diffusion experiments in a) the sitting drop and b) the hanging drop configurations.

The most important features of the vapor diffusion method, in both the possible configurations, are the
straightforward preparation of the experiments and the low amount of protein and ligand required, that
offer the opportunity to explore systematically a large variety of different experimental conditions®7%74,
On the market are in fact available multi-well plates (Figure 7a and 7b) in which very small droplets
(with a typical volume of few L) containing protein and ligand in different concentration can be
equilibrated against reservoir of diverse compositions, which can be prepared manually or taken from
commercial crystallization kits. Moreover, for both the sitting drop and in the hanging drop
configurations, robotic technologies to automatize the set-up of the experiments have been developed
(Figure 7c), allowing to further decrease the amount of time and raw materials (droplets volume of less
than 1uL) required to carry out the crystallization tests”.

These facts have a crucial significance since, currently, protocols for the systematic co-crystallization of
protein-ligand complexes have not been established yet, and the possibility to perform quickly and
easily detailed screening of the various parameters that influences these phenomena can be

determining to succeed in the achievement of their occurrence.

Figure 7: 24-well plates commonly used to set up manual a) sitting drop and b) hanging drop vapor diffusion experiments. On

the right is reported a photo of ¢) a robot for automatized hanging drop vapor diffusion screening.
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4.4 Calix[4])arenes as ligands for proteins

Over the years, the special properties of calix[n]arenes has been exploited to develop effective and
selective receptors for the recognition of many different guest molecules’® 8. Moreover, since the
synthesis of water-soluble derivatives of these macrocycles has been reported”, their use as ligands for
biological macromolecules, such as enzymes'>#8! proteins, nucleic acids and lypopolysaccharides, has
been investigated, in order to test their potential application as anti-tumor agents, effector of the
immune response, gene- or drug-delivery systems and anti-adhesion agents against viruses, bacteria
and bacterial toxins. In these fields, the possibility to exploit the different non-covalent interactions (i. e.
hydrogen bonding, m-it stacking, cation- m, hydrophobic, ionic, and Van der Waals forces) provided by
both the lipophilic cavity® of these macrocycles and the wide variety of functional groups® that can be
easily inserted at both its upper and lower rim is a powerful tool to achieve the desired binding events.
Additionally, the possibility to tune the valency and the conformation of the calix[n]arene molecular
scaffold is particularly useful for the creation of multivalent ligands® whose number and orientation®+#°
of the binding units can be suitable to fit the surfaces of target macromolecule.

15,80,81,86-88 is huge and

The amount of literature about calix[n]arene-based ligand for bio-macromolecules
a complete review of this subject is out of the aim of this paragraph. In the following pages, thus, will
reported a general description of the features that allow these compounds to be effective ligands for
proteins and, in some cases, to influence their biological activity, with a particular attention for
calix[4]arene derivatives, since they are the sub-family of these macrocycles on which this thesis has
been focused.

Cone-calix[4]arene derivatives, for example, has been reported to be suitable for the appropriate
orientation at their upper rim of binding units able to interact with the so-called hot-spots®®°, that is
groups of amino acid surrounding the binding sites of target proteins. This property has been exploited
by Hamilton et al. for the synthesis of compounds 1 and 2 (Figure 8)°>°?, decorated at the upper rim
with four polypeptide loops. Taking inspiration by the action of antibodies, these derivatives were

designed to bind the target proteins by recognizing a large region of their surfaces thanks the

simultaneous exploitation of both hydrophobic and electrostatic multiple interactions.
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Figure 8: Cone-calix[4]arene derivatives tested as ligands for cythochrome c.
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The first protein-ligand system to be investigated was composed by 1 and cytochrome c (cyt ¢)®L. In cyt ¢
the catalytic heme group is surrounded by a lipophilic region containing a positively charged belt which
can be covered by 1 to form a highly stable 1:1 complex (K,~10% M). The binding process was proposed
to take place thanks to the presence, at the upper rim of the calix[4]arene, of four cyclic GlyAspGlyAsp
loops containing hydrophobic and negatively charged amino acid residues, which provide the
complementary interactions necessary to recognize the target region of the protein. Moreover, also the
3-aminobenzoyl moieties included in each peptide sequences was suggested to participate to the
recognition process, by affording additional hydrophobic contacts with the protein surface. Thanks to
the occurrence of the binding with 1, the reduction of the Fe(lll) ion, contained in the heme group of the
protein, by ascorbate was inhibited, such as the interaction with its catalytic partner cyt ¢ peroxidase®.
Similarly, when tested as ligand for a-chymotrypsinase, 1 was reported to bind the target protein with a
dissociation constant in the nanomolar range and to avoid the formation of complexes between the
target protein and soybean trypsin®. Compound 2 was instead tested by the same authors as inhibitor
of the binding to the corresponding receptors of growth factors involved in angiogenesis and tumor
progression. More in details, it was studied the ability of this calix[4]arene to prevent the association
between the platelet derived growth factor (PDGF) and its membrane receptor (PDGFR)??, which is a
crucial event for the maintenance of blood vessels in oncogenesis. As cytochrome ¢ and a-
chymotrypsinase, PDGF has on its surface a hydrophobic region containing a positively charged belt and,
as expected, compound 2 was a strong inhibitor of the adhesion process (ICsc=250nM). This fact seems
to highly disadvantage the growth of different human tumors implanted in nude mice.

Inhibitor properties were also reported for calix[4]arene 3%, in which the alternation of negatively
charged and hydrophobic groups was obtained by functionalizing its upper rim with monobenzylester
isophthalic acid moieties and, for this reason, it has been presented as simplified version of compounds
1 and 2. The inhibitory action was played against both PDGF and the vascular endothelial growth factor
VEGF (ICso= 190 and 480 nM, respectively), from which the development of tumors depends on, being
both involved in angiogenesis. Also in this case, the in vivo treatment of mice with this compound lead
to a suppression of implanted human tumors.

Cone-calix[4]arenes can also provide a single-point recognition of studied target proteins, by exploiting
their aromatic cavity, assisted by the action of proper functional groups at its upper rim, to host
lipophilic or positively charged amino acid residues. Examples of this kind of protein-ligand interactions
have been reported for the tetrasulfonato calix[4]arene 4 (Figure 9a). This compound® is soluble in
water and buffer solution and, at neutral pH, adopts a rigid cone conformation in these media, which is
reinforced by a network of hydrogen bonds that involves the phenolic and phenolate groups at its lower

|97

rim. The ability of 4 to bind cyt ¢ was demonstrated by Crowley et al.”’, according to the results of NMR

titrations and to the resolution of the X-ray crystal structure of the corresponding protein-ligand
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complex. More in details, the X-ray diffraction data showed that this compound is able to recognize
three lysines by exploiting, in each cases, the inclusion of the alkyl part of the side chains into its
hydrophobic cavity and the interaction of the ammonium group toward the four sulfonate units at its
upper rim (Figure 9b). The three molecules of 4 were located at the interface of a cytochrome ¢ dimer,
whose aggregation was supposed to be promoted by the burial of the target lysine residues. In fact,
additional CH-t and van der Waals contacts, formed between apolar amino acid side chains of the
opposite protein monomer and, respectively, the external part of the calix[4]arene cavity and the
phenolic/phenolate moieties at the lower rim, were supposed to allow the oligomerization of cyt ¢

during the co-crystallization process (molecular glue effect).

Figure 9: a) sulfonato-calix[4]arene tested as ligand for cytochrome c and b) inclusion of Lys4 of target protein in the crystal

structure of the cyt c-4 complex (figure taken from Ref. 97).

Similar results were reported for the lysozyme-4 system, after the resolution of the X-ray crystal
structure of the corresponding protein-ligand complex®. In this case the calix[4]arene derivative 4
recognized selectively the C-terminal Argl28 instead of lysine residues, but the feature of the binding
were very similar to those observed for the 4-cyt ¢ couple, since the side chain of the bound amino acid
sits in the macrocyclic cavity and the guanidinium group established salt bridge interactions with the
four sulfonate groups. The selectivity observed for Arg128 versus other arginine residues was ascribed
to the fact that it is the most exposed residue from the protein surface and thus the most accessible for
the ligand. Also in this case the ligand was reported to act as molecular glue, by inducing the
crystallization of the target protein as tetramer. A change in selectivity was reported when, in a
subsequent study, bis-methylation of the lysine side chains of lysozime was carried out®. In this case, in
fact, 4 turned to bind preferentially to the dimethylated Lys116, which is the most accessible between
the six lysine residues present in the protein backbone. The results of NMR and X-ray diffraction
experiments pointed out that, on the contrary of what reported for the previous crystal structures, the
dimethyl ammonium head group penetrates in the cavity of the calix[4]arene to establish a cation-n

interaction, while the remaining part of the lysine side chain stays outside the cavity. The selectivity of 4
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for dimethylated lysine side chains has been reported as a mimic of the action of proteins involved in
gene regulation and signaling pathways, such as chromodomains.

The cone-calix[4]arene scaffold has been reported to work also as stopper of lipophilic pockets deriving
from the quaternary structure of proteins. Noteworthy example of this function has been described by
De Mendoza et al., in a study where compounds 5-9 (Figure 10) were tested as inhibitors of the activity

of voltage-dependent potassium channels®,

Figure 10: Cone-calix[4]arene derivatives tested as stopper of voltage-dependent ionic channels.

The idea behind this study was that the cup-like shape of the tested compounds would be suitable to fit
the portals of these channels, while the guanidinium groups at their upper rim would be exploited to
bind the carboxylates moieties present at the channel entry. The tested compounds were able to inhibit
reversibly the action of the Shaker potassium channels and the higher inhibitor activity was reported for
7, whose rigid-cone structure, imparted by the presence of crown ether-like motifs at its lower rim,
allowed a better fit to the target channel surface. However, the presence of substituents at the lower
rim of tested calix[4]arene was not always reported as beneficial for their biological activity. For
example, compound 8 and 9 were found to cause an important, but irreversible, decrease of ionic
current for the channels expressing oocytes and this drawback was attributed to the amphiphilic nature
of the ligands, provided by their propyl and benzyl groups at lower rim, respectively. In fact, both
calix[4]arene derivatives were supposed to play disruptive detergent action against the cell membranes
containing the target ionic channels. Control experiments, performed by using carboxylate- or
ammonium groups-bearing calix[4]arenes and a monofunctional model compound of 5, pointed out no
appreciable activity for the tested derivatives, thus confirming the importance of both the macrocyclic
cavity and the positively charged guanidinium groups to obtain effective inhibitors.

Compound 10 and 11, synthetized with a similar design by the same authors and shown in Figure 11,
were instead found to restore the physiological activity of a mutated form of the tetrameric p53

transcription factor?®?,
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Figure 11: Calix[4]arene derivatives used to restore the activity of p53 mutated form.

The wild type form of p53 has an important anti-tumor activity in the human body, acting as “genome
guardian” when its association as tetramer takes place correctly. A crucial role in this process is covered
by Arg337, which recognize corresponding Asp residues on the opposite protein units, thus stabilizing
the resulting oligomer. Unfortunately, p53 can be sometimes observed in a mutated form, where
Arg337 is replaced by a histidine residue which, being not fully protonated at physiological pH, lead to
the formation of unstable tetramers, whose anti-tumor activity is strongly inhibited. A common feature
of the tetramers, formed upon association of both the wild type and the mutated form of p53, is the
presence of a Glu336 and Glu339 couple on the extremity of each of their four protein monomers,
which provides a squared distribution of negative charges at the two bases of each oligomeric protein.
DSC and circular dichroism experiments indicated this set of negatively charged residues as effective
anchoring point for the four guanidinium groups of 10, which was proposed to approach each extremity
of the tetrameric mutated protein by its lower rim side. The stability of the resulting tetramer was
strongly enhanced in the presence of 10 at 400 mM concentration and the formation of complex
containing two calix[4]arene molecules and the associated protein was confirmed by ESI mass
spectrometry. As expected, the stability of the wild-type tetrameric protein was not affected by the
presence of the ligand.

Compound 11, alkylated with simple propyl chains at the lower rim, was even more effective than its
more rigid analogue 10 into keep together the four units of mutated p531%. In fact, DSC studies showed
that a 25mM concentration of this compound is sufficient to restore the oligomerization of the target
protein and this gain of activity was assigned to the different feature of its molecular scaffold. More in
details, it was supposed that the residual flexibility of 11 allowed a better rearrangement of its
guanidinium groups at the upper rim to fit the target Glu residues and that the propyl chains at the
lower rim can penetrate the lipophilic pocket of the protein to establish additional hydrophobic
interactions.

Other important examples of protein recognition by calix[4]arene-based ligands are those concerning

15,80,81

the interaction with carbohydrate binding proteins , also called lectins. Lectins are involved in many

physiological and pathological process, in which they act as receptors for specific binding partners by
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exploiting interactions with multiple glycoside moieties, disposed on the considered ligands in specific
reciprocal orientation. This kind of binding process can be described as a particular case of multivalency,
which is commonly called glycoside cluster effect'®.

Several calix[n]arene derivatives of different valency and conformation have been functionalized with
saccharide units in order to interact with lectins and influence the biological processes in which they are
involved. Focusing on calix[4]arenes, relevant example of these ligands, also called glycocalixarenes, are

represented by compounds 12-14 (Figure 12)1°41% blocked in different macrocyclic geometries, and

functionalized at the lower rim with different glycoside units.
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Figure 12: Glycocalix[4]arenes of different conformation tested as inhibitors of PA-IL and/or PA-IIL lectines.

The target chosen for ligands 12 and 13, decorated with four B-galactoside units, was the tetrameric
galactose-binding lectins PA-IL from Pseudomonas aeruginosa*® (a bacterium responsible of chronic
respiratory diseases) and their inhibitor activity was found to be dependent on their conformational
features. In fact, ITC titrations pointed out the superiority of the 1,3-alternate-calix[4]arene 12 over the
corresponding conical isomer 13 into bind target proteins, with dissociation constants of 176 nM and
420 nM and stoichiometry for the resulting complexes of 1:4 and 1:3, respectively. Thus, the
stoichiometry of the complexes indicates that the lower binding affinity of 13 rises from the fact that
only three of its four binding units can interact with PA-IL. Since it is known that the binding sites of this
protein are located two by two in the minor faces of its parallelepipedon-like structure, to explain these
findings, it was proposed that 13 provides an orientation of its four galactoside groups which is suitable

to bridge two protein tetramers at time, whereas for the cone-calix[4]arene derivative 14 this geometry
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of complexation is disadvantaged, being its binding groups are all disposed at the same side of the
macrocyclic scaffold.

These suggestions were formulated according to docking calculations and then confirmed by AFM
analysis of samples containing proper amount of PA-IL and 13. Similar investigations were performed by
other authors in an analog study, where 13 and the parent compound 14, functionalized with four L-
fucose units instead of four galactoside groups, were tested respectively as inhibitors PA-IL of PA-1IL!%,
which is another important virulence factor expressed by Pseudomonas aeruginosa. The experiments,
carried out in vivo on mice, pointed out a block of bacterial proliferation upon treatment with both the
calix[4]arene-based ligands, thus confirming the inhibition of the action of the target lectins. At contrary
to what observed for the 13-PA-IL system, it was proposed that 14 interact with PA-IIL by binding four
different protein tetramers instead of bridging two of them at time. In fact, despite the structures of PA-
IL and PA-IIL are very similar, it is known that in the latter protein aggregate the binding sites for fucose
are farer and, for this reason, an interaction with two of them by same the calix[4]arene derivative was
supposed to be unlikely.

Other studies focused on the recognition of lectins were performed by using as ligands calix[4]-, calix[6]-
and calix[8]arene functionalized at their upper rim with galactose or lactose units'®. The studied lectins
were gal-1, gal-3 and gal-4, belonging to different subfamilies of galectins, which are proteins able to
bind selectively galactose moieties on cell surfaces, resulting involved in the development of tumors and
in the progression of metastases. Focusing on the results obtained for the calix[4]arene-based ligand
and, among them, on the more active L-lactosylated derivatives, the highest inhibitor activity was

reported for compounds 15 and 16 (Figure 13).
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Figure 13: Lactosylcalix[4]arenes tested as anti-adhesive agents for different subfamilies of galectins.

Compounds 15 and 16 were found to inhibit very effectively the adhesion of, respectively, gal-4 and gal-
1 to human pancreatic carcinoma cells. Interestingly, for gal-1 a high ligand selectivity was observed,
depending on the conformation of tested compounds. In fact, at contrary to what just mentioned for
the 1,3-alternate calix-[4]arene derivative 16, the corresponding cone- isomer 15 has been reported as
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an extremely poor inhibitor towards the target protein. The opposite was observed in the case of gal-3,
whose galectin adhesion to colon adenocarcinoma cells, was strongly suppressed by 15, but almost not
affected by the presence of 16. The selective inhibitor properties observed for 16 have an important
medical relevance because, under appropriate experimental conditions, gal-1 has been reported to play
a beneficial role into induce programmed death of some tumor cell lines, whereas gal-3 was found to
disadvantage this action. Hence, ligands able to block the activity of only the latter protein, without
influencing the activity of the former, look promising for the development of effective anti-tumoral
drugs.

Compound 17 (Figure 13)7 was subsequently obtained as a development of the aforementioned cone-
calix[4]arene, by inserting at the upper rim an N-acetyl-lactosamine (LacNAc) moiety, bearing a m-
methoxybenzyl group at the galactose 3’ position of each lactosyl unit. This modification has been
suggested according to the X-ray crystal structures of complexes including lectins and this LacNAc
derivative, that pointed out the possible use of additional interactions with both the aromatic and the
amide groups of the sugar during the binding. Thanks to this structural adjustment, the selectivity of 17
towards the two target proteins was improved respect to the one observed for 16, since this new
compound resulted to inhibit the adhesion of gal-3 to target tumor cells better than its precursor, while

was completely inactive as ligand for gal-1.

4.5 Conclusions and outline of the research

Proteins are involved in a plethora of physiological and pathological processes which are driven by the
recognition of specific counterparts. The detailed understanding of the structural and thermodynamic
features of these processes is crucial to extract the information on the properties that synthetic ligands
could have to effectively bind target proteins and to influence their biological activity, possibly with a
beneficial effect under a medicinal point of view.

In fact, the rational design of ligands as inhibitors for certain proteins is a central point for the
development of new drugs, while the possibility to restore the activity of other types of proteins, by
using synthetic molecules able to reinforce and stabilize their oligomeric structure, has been reported as
a promising approach for the same purpose.

According to what observed in nature, the exploitation of the multivalency effect, that is the gain of
overall binding affinity that can be achieved by utilizing several identical binding units to establish non-
covalent interactions with the target binding site, has been reported as an effective strategy for the
synthesis of different artificial ligands for proteins. A family of ligands that effectively takes advantage of
this effect is based on the use of calix[n]arenes as molecular scaffolds, since these macrocycles gives the
possibility to insert easily several functional groups able to contemporary interact on the target protein

surfaces at both the rims of their cavity.
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Among this kind of derivatives, calix[4]arenes are worth of a particular attention since they can be
blocked in different conformations which could induce a sharp selectivity even towards very similar
target proteins, thanks to the different orientation of the binding groups imparted by the aromatic
scaffold. Of course, the way in which the recognition of target proteins is achieved depends also on the
nature of the substituent present on the calix[4]arene scaffold, which cooperate with the aromatic
cavity of these compounds to establish different modes of binding. For example, as described in the
previous pages of this chapter, Crowley et al. reported that the sulfonato-calix[4]arene 4 is able to
recognize single positively charged amino acid residues on the surface of both cytochrome ¢ and of
lysozyme, thanks to the synergic action of the negatively charged groups at its upper rim and of the
macrocyclic cavity, which can host a part of the bound amino acid side chains®’~*°. Moreover, it has been
found that this compound is able to induce the crystallization of target proteins as oligomers.

On the basis on these observations we decided, together with the same group of research, to study the
interaction between cyt ¢ and compound 18 (Figure 14a), blocked in a rigid-cone conformation by two
crown-ether like motifs at the lower rim and bearing four C-terminal L-alanine moieties at the upper rim
as binding units for the positively charged regions of the protein surfaces.

. oL Q.
o Li* \

0o OO0

N HN _ YR
R =~ . ﬁfoo N HN ff \‘\\
\ X / N o _NH,*
X y / / AN IN~¢

///O o © 0\\\ or N NS HaN HZNmNH yNHz R, O
AN -
)/ >\ cr c cr NH2" HN o
19 20 21

Figure 14: a) Tetraalanino- and b) tetraguanidinium-calix[4]arene derivatives tested as ligand for cytochrome c and GB 1,

respectively.

The binding features of this system were investigated by NMR titrations and the results of these studies
will be described in the first part of the following chapter of this thesis.

The second part of the same chapter will be instead focused on the description of ITC investigations for
the protein-ligand systems constituted by the B1 immunoglobulin-binding domain of the streptococcal
protein G (GB1) and compounds 19-21 (Figure 14b).These experiments were carried out to strengthen,
with detailed thermodynamic data, the results obtained in a previous work!®, where the binding
processes involving these protein-ligand couples were already studied by NMR titrations.
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Chapter 5

5.1 Introduction

Recognition events involving proteins and specific binding partners, which can be both other bio-
macromolecules or small molecule ligands, are at the basis of several biological processes>. The
development of artificial ligands able to promote, modulate or inhibit these processes, with the final
goal to create bioactive compounds that can have an application in medicine, has attracted much
attention over the years*®. A detailed characterization of the studied protein-ligand interactions events

7710 since it allows to obtain crucial information about the

is the first step to achieve this purpose
features that synthetic molecules could have to bind target proteins, by mimicking the action of their
natural analogues. As described in the previous chapter, the calix[4]arene scaffold has been effectively
used for the creation of ligands able to recognize the surface of different proteins and to influence their
physico-chemical properties or biological activity*!*2, According to these observations we decided to
test some calix[4]arene derivatives as ligands for different model proteins.

The characterization of the binding processes involving these protein-ligand systems was carried out

during a five month-placement period spent in Galway at the National University of Ireland, under the

supervision of Dr. Peter Crowley, and will be presented in the following pages.

5.2 Studied proteins

5.2.1 Cytochromec

Cytochrome ¢ (Cyt ¢)® (Figure 1a) is a small, monomeric, highly water soluble, heme-containing protein
found in the inner mitochondrial membrane of several organisms, ranging from yeasts to humans.
Among these organisms the primary sequence of this protein is highly conserved and consist in around
100 amino acid residues, for a molecular weight of approximately 12KDa**.

Cyt ¢ plays different biological roles®, which are driven by the occurrence of its interaction with other
proteins or small molecules. For example, its interactions within complex Il (Coenzyme Q — Cyt ¢
reductase) and complex IV (Cyt ¢ oxidase) of the electron transport chain in mitochondria are known to
result in the transfer of one electron from the former to the latter protein®®, which constitutes an
important stage of the cellular respiration. Cyt ¢ is also known to work as intermediate in cell
apoptosis'”®8, In this case the binding of this protein to the IP3 receptor’®, which takes place in the
cytosol after that appropriate stimuli cause its release from the mitochondria, has been reported to
activate a cascade of events that results in the disruption of the considered cell. Moreover, cyt c has also
been found to play enzymatic roles, by catalyzing different redox reaction such as the removal of
superoxide and hydrogen peroxide from mitochondria or the oxidation of different electron donor

molecules?®?,
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180°

Figure 1: a) Cartoon representation of cytochrome ¢ were the backbone of the protein is shown in blue and the heme group is
colored in green. b) Electrostatic potential of the protein surfaces with blue and red areas corresponding to positively and

negatively charged regions, respectively.

The presence of standard protocols for its over-expression from bacteria and its subsequent
purification??3, together with the large availability of data about its structure?*?® and its interactions

with different binding partners?6-3°

, renders this protein suitable for different practical application, such
as the development of electron transfer devices for the construction of biosensors3=2 and its usage as
standard for different laboratory analysis. A noteworthy example of the latter type of applications is the
exploitation of cyt ¢ as model protein for the study of the interaction with new artificial ligands which
are supposed to influence its properties. This usage is particularly appropriated when the tested ligand
bears negatively charged groups on their molecular scaffold, since the protein, with a pl around 103,
own large positively charged regions on its surfaces (Figure 1b) because of the presence of several Arg
and Lys side chains in its primary sequence (in particular, for cyt ¢ from Saccharomyces cerevisiae, which
is commonly used for these investigations, the number of these amino acid residues is 8 and 11,
respectively).

Among the different ligands shown to be able to interact with cyt c, those synthetized by

functionalization of the cone-calix[4]arene?®2%35

molecular scaffold were reported to provide a
remarkable binding ability and, in this chapter, it will be presented the characterization of the new

calix[4]arene-based ligand system.

5.2.2 B1Immunoglobulin-binding domain of streptococcal protein G

Protein G from Group G Streptococcus is a large membrane protein which is believed to help these
bacteria to elude the immune response during infection processes, by interacting with immunoglobulin
(Ig) and other proteins®. Its B1 domain (Figure 2a), commonly indicated as GB1, is one of those that are
directly involved in these binding events and, because of its important biological role, it has been the
object of several investigations that have afforded detailed characterization of its structure3° and

mechanism of action*®*2,
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Figure 2: a) Cartoon representation of GB1 and b) electrostatic potential of the protein surfaces with blue and red areas

corresponding to positively and negatively charged regions, respectively (Figure taken from Ref. 49).

GB1 is a small protein composed of 56 amino acids residues which are arranged in an a-helix and two
hairpins in its secondary structure. It is highly rich in Asp or Glu amino acid residues (10 in total) and,
with a pl of 4.0%, its surfaces are mainly negatively charged at neutral pH. Its ability to tightly bind other
proteins is often exploited in medicine for the separation of different types of antibodies* and, thanks
to its high water solubility, its remarkable thermal stability®® (Tm= 87°C) and its straightforward
production and purification®®?¥, it is also an excellent model protein for folding studies or other
structural investigations. Despite wild-type GB1 is a pretty stable protein, for laboratory application it is
normally preferred the usage of the GB1-QDD form containing the T2Q, N8D and N37D mutations that
further improve its robustness under drastic conditions*. These modifications widen the range of pH in
which the protein is stable leaving essentially unchanged its structure, unless the insertion of two
additional Asp residues increase the negative charge density on its surfaces (Figure 2b). This feature
renders GB1-QDD extremely suitable for the interaction with positively charged ligands, such as some
calix[4]arene derivatives that will be presented below®. Since the structural similarity between GB1-
QDD and wild-type GB1 allows to consider the two proteins as equivalent, in the rest of the chapter this

mutated form will be indicated simply as GB1.

5.3 The ligands

The tetraalanino-calix[4]arene 1°° (Figure 3a) was tested several years ago as receptor for different
ammonium salts, native amino acids and corresponding methyl esters hydrochloride, resulting able to
bind most of the tested guest molecules with association constants (K;) in the order of 10%-10° M.
Within all the tested partners, the highest binding affinity was reported for amino acid methyl esters
bearing apolar residues. It was proposed that this calix[4]arene derivative could bind the ammonium
groups of the guest amino acids by establishing electrostatic or dipole/ion interactions with the -

C(O)NH- or carboxylate moieties belonging to its alanine residues. Combined with these interactions, it
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was supposed that also hydrophobic effects, originated by the inclusion of the guest lipophilic residues
in the calix[4]arene aromatic cavity could be effective to bind target substrates. Calixarene 1 was
therefore considered promising as ligand for cyt c, also because it has been reported that a negatively
charged calixarene such as the tetrasulfonato calix[4]arene 2 (Figure 3b) can recognize lysine residues
on the surfaces of this protein exploiting the simultaneous formation of salt bridges with the
ammonium group and the inclusion of the alkyl part of the amino acid side chain in the calixarene
cavity?®. Moreover, as reported in Chapter 4, calix[4]arene-based ligands bearing polypeptide loops at
their upper rim were already reported in the literature to bind tightly to the same model protein?3>,

Thus, it was considered reasonable to explore the binding properties of 1 toward cyt c and the results of

these investigations will be reported in following pages.

ga_ Na*

3 S0y
\ S ‘
H H O\o- Na

000

KHN/

\ . )/NHZ NH

- NH2 5 +HzN cr

Figure 3: a) Calix[4]arene derivatives tested as ligands for cyt c and b) tetrasulfonato calix[4]arene known to interact effectively
with the same protein by recognizing some Lys residues on its surfaces. In part c) of the figure are instead shown three

compounds tested as ligands for GB1.

Compounds 3-5 (Figure 3c) were instead tested as ligands for GB1 in a previous work of thesis, with the
aim to explore the ability of positively charged guanidinium-calix[4]arenes to bind proper model
proteins. In this previous work, the binding between the protein and ligands 3-5 were studied by NMR
titrations®, which yielded interesting results. In fact, if on the one hand for compound 3 it was not
possible to obtain information about the interaction with the target protein since it caused its
precipitation in the tested experimental conditions, on the other hand 4 and 5 were found to bind GB1,
with dissociation constant of 800 uM and 80 uM, respectively. In both cases, the maps of chemical shift
perturbations seemed to point out that the protein-ligand recognition mechanism takes places probably
thanks to the operation of both electrostatic and hydrophobic interactions with negatively charged and

lipophilic amino acid side residues, respectively.
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In order to obtain further detailed information on the contributions that these two types of interactions
could give to the overall binding energy of the given processes it was decided to study the same protein

to ligand binding by ITC experiments, whose set-up and results will be presented in the next paragraphs.

5.4 Results and discussion

5.4.1 Synthesis of the ligands

A 50 mg batch of calixarene 1 was already available in our laboratories from previous studies as
molecular host. The calix[4]arene derivatives 3-5 were instead obtained according to protocols already
present in literature and developed in our research group®™>3. More in details, 4 and 5 were synthetized
starting from the tetrakis[3-(phthalimido)propoxy]- intermediate 6, which was converted into the
corresponding tetrakis[3-aminopropoxy]calix[4]arene 7 by reaction with hydrated hydrazine in refluxing
EtOH in 74% vyield (Scheme 1). This reaction was performed under nitrogen atmosphere and the work up
was carried quickly in order to expose the product to the air for the shortest time possible, to avoid the
formation of stable carbamate-byproducts upon adsorption of CO, from the atmosphere®.
Subsequently, an aliquot of 7 was reacted with CHs;l to vyield the parent tetrakis[3-
(trimethylammonium)propoxy]- salt 8 (quantitative yield), whose iodide counterions were exchanged
with the more hydrophilic chloride anions by treatment with DOWEX11 resin to obtain compound 4
(75% vyield).

The remaining part of 7 was instead transformed into the calix[4]arene derivative 9 after reaction with
[N, N’=bis-(Boc)]triflylguanidine®®, which was then deprotected from the Boc groups in 1,4-dioxane with
37% HCl in 1,4 dioxane to vyield the target tetrakis(guanidiniumproxy)calix[4]arene 5 as

tetrahydrochloride salt (quantitative yield for both steps).
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Scheme 1: a) N:H4-H,O; MeOH, reflux. b) CHsl, KHCOs; dry MeOH, N,. c) DOWEX11 resin; H,0, 30 min.
d) [N, N’-bis-(Boc)]triflylguanidine, NEts; dry DCM. e) HCIl 37%, TES; 1,4-dioxane.
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Compound 3 was obtained according to the two step-synthetic pathway shown in Scheme 2, starting
from its tetrapropoxy-p-aminocalix[4]arene precursor 10. This calix[4]arene derivative was coupled with
[N, N'—bis-(Boc)]thiourea in the presence of HgCl, to obtain compound 11, whose guanidine moieties

were freed from the Boc protecting groups by reaction with 37% HCI, giving compound 3 in quantitative

yield.
Boc -
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11 7 11 SR

10 1 3 4HCI

Scheme 2: a) [N, N’-bis-(Boc)]Thiourea, HgCl,, NEts; dry DMF. b) HCI 37%, TES; 1,4-dioxane.

For all the aforementioned calix[4]arene derivatives the NMR and ESI-MS spectra, as well as the found
physico-chemical properties, were consistent with those expected according to their structure and with

the data reported literature®>3, thus confirming the successful synthesis of target compounds.

5.4.2 Characterization of the cyt c-1 binding

5.4.2.1 NMR studies

Investigations about the interaction between cyt ¢ and compound 1 were performed by NMR titrations,
where increasing aliquots of a 25 mM aqueous solution of the calix[4]arene derivative were added to a
sample containing the N labelled protein at 0.1 mM concentration (20mM KH,PO, buffer, 50mM NaCl,
pH 6). The occurrence of the protein-ligand interaction was monitored by >N HSQC experiments, where
the chemical shift perturbations (CSPs) of the resonances belonging to the amide NH groups of the cyt ¢
backbone were observed during the titrations®®>2, In order to avoid the observation of CSPs due to
oxidation of the protein, cyt ¢ was kept in its reduced form by addition of sodium ascorbate (1 mM) to
the samples. The experiments pointed out that the positions of most of the cross peaks appearing in the
15N HSQC spectra remain almost unchanged during the addition of the ligand (Figure 4a). In fact, only for
two small groups of resonances around both Lys4 and the two neighboring Lys87 and Lys 89 residues
were reported significant CSPs, thus suggesting the presence of two binding sites for calix[4]arene 1 on
the protein surface. Moreover, the increasing magnitude of the observed perturbations as function of
the concentration of 1 (Figure 4b) indicated that the bound and the unbound form of cyt c were in fast

exchange compared to the NMR timescale®®°8,
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Figure 4: a) Plot of chemical shift perturbations (CSPs) of 1H signals (black circles) and >N peaks (white circles) measured for

cytochrome ¢ backbone amides in the presence of a 30-folds excess of 1. Cytochrome c residues are numbered from =5 to 103.

Blanks correspond to proline residues 25, 30, 71 and 76, and unassigned Gly84. b) Spectral region from overlaid 1H-1*N HSQC
spectra of 0.1 mM pure cytochrome c (black) and cytochrome c in the presence of 0.1-3.1 mM 1 (blue scale). The arrows

indicate the direction of the CSPs experienced by some amide resonances during the titration.

These results were consistent with what reported in literature for the binding of the same protein with
compound 2. In fact, the co-crystal structure of cyt ¢ and compound 2 shows Lys4 and Lys89 to be two
of the three anchoring points exploited by the ligand to bind cyt c**. NMR experiments alone were not
sufficient to distinguish which, between Lys87 and Lys89, was indeed most involved in the interaction
with 1 because of the close proximity of the two amino acid residues. Therefore, both Lys87 and Lys89
have to be considered as possible binding sites for this ligand. No evidence of interaction with
calix[4]arene 1 was recorded for Lys22, which is the third lysine residue bound by compound 2 in the
solid state. The position of the corresponding amide resonance, in fact, did not experience appreciable
perturbations during the titrations indicating that probably, in solution, this amino acid residue does not
interact so efficiently with 1. However, despite the NMR data pointed out a similar ability of ligands 1
and 2 to recognize the same binding sites on the protein surfaces, it is necessary to be careful before
claiming that they exploit also the same mode of binding to the protein residues. In fact, ligand 1 and 2,
although sharing the same cone-conformation of the calix[4]arene cavity and a quite similar total charge
(4 and 5 respectively), are quite different for the polar groups adorning the upper rim. Ligand 1 has a
considerable larger distance of the negatively charged carboxylic groups from the cavity compared to
the sulfonate moieties of ligand 2 and presents four additional H-bonding acceptor/donating groups
(the amide —CONH at the upper rim). Moreover, on the contrary to what found for compound 2, the
conformational mobility, the steric hindrance and the possibility to give rise to intramolecular H-bonds
of the four alanine residues at upper rim, could impair calix[4]arene 1 to host the alkyl part of the lysine
residues in the cavity. An alternative and possible mode of binding for target lysines by host 1, for

instance, could be through H-bonds between the —NHs" head group of the guest residue and the amide
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C=0 groups of the calix[4]arene. These interactions could possibly be also assisted by CH-mt interactions
of the methylene groups of Lys with the calix[4]arene cavity. In the case of ligand 1, it cannot be even
excluded that additional non-covalent interactions between the remaining —-CONH- and -COO" groups of
the calix[4]arene alanine moieties and adjacent polar residues present on the protein surface could play
an important role in binding. All these alternative modes of binding appear reasonable since they were
already observed in solution for the tetramethyl ester® of calixarene 1 and their occurrence cannot be
excluded in principle, especially in the absence of a crystal structure of the complex between cyt cand 1
that would provide further elucidation on the mechanism that this calix[4]arene derivative exploits to
bind the target lysine side chains. More recently, Crowley et al.?° could also highlighted a rather
interesting interaction, at the solid state, of the tetrasulfonato calix[4]arene 2 with the dimethylated
lysine residues on the surfaces of lysozime. The dimethylammonium head groups of two lysines were
buried in the calixarene cavity, interacting through cation/m interactions. Such interactions should
however be excluded in the absence of methylated lysines since the highly hydrophilic and polar NH5*
head group has a clear preference to bind to charged (-COO" /-SO3’) or polar (-CO-) groups rather than to
enter the lipophilic cavity of a calixarene.

It was also noted that in the cyt ¢ — calixarene 1 binding process, the amide resonance experiencing the
highest perturbation (Ad= 0.31 ppm for 'H") was that belonging to Ala3. Although some of the observed
chemical shift perturbations might simply originate from the conformational rearrangement of cyt ¢
associated with the binding of lysine residues, this considerably high value of CSP might suggest more
specific interactions. In previous studies 1 was reported to have a fair affinity for alanine O-methylester
hydrochloride®®, but it seems unlikely that this amino acid side chain is selectively bound by 1 in place of
the adjacent residue of Lys4. Moreover, it was also noted that the binding ability of 1 towards amino
acids O-methylester hydrochlorides was strongly suppressed at basic pH values, thus indicating that is
the a-NH; group of the guest molecule in its protonated form (-NHs*) to allow the recognition event to
take place. Consequently, since in cyt ¢ the a-amino group of Ala3 is part of the amide backbone and
thus not free to interact as —NHs* with 1, the high CSP observed for the corresponding H->N resonance
should be originated by the formation of additional H-bonds between the alanine —NHCO group of the
protein and the alanine moieties on the calix[4]arene structure, after that the recognition of the
neighboring Lys4 has taken place.

An overall view of the regions of the protein surfaces most involved in the interaction with the tested
calix[4]arene derivative can be visualized in Figure 5, in which the amino acid residues whose amide
resonances were significantly perturbed at the end of the performed titrations (Ad> 0.04 ppm or 0.4
ppm for HY and N, respectively) are colored in blue. As expected, the presence of the ligand exerted

an appreciable influence only on a few resonances located around Lys4 and Lys 87/Lys 89, which have
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been instead highlighted in green, thus confirming that the interaction with the protein took place in

small regions of its surfaces which contain lysine residues.

Figure 5: Space-filling representation of cyt c highlighting the 1 binding surfaces. Residues for which the amide resonance had a
significant chemical shift perturbation (A5HN> 0.04 or 1°N > 0.4 ppm) are in blue. The heme edge is black and prolines are grey.

Lys4, Lys87 and Lys89 are colored in green.

Together with this important information on the possible structure of the cyt c-1 complex, the NMR
titration data also allowed to calculate the binding affinities of the system. In fact, by plotting the CSPs
observed in the *H dimension for the two small clusters of the amide resonances around Lys4 and Lys
87/Lys 89 as function of the ligand concentration®¢%, the hyperbolic curves of Figure 6 were obtained. A
non-linear regression of these experimental data with a two independent 1:1 binding models yielded Kq4
gave values of ~0.4 mM and ~1.2 mM for the two groups of resonances, respectively, thus supporting
the hypothesis that the protein has at least two binding sites for 1 on its surfaces. These Ky values were
similar to those of ~0.8 mM and ~1.6 mM reported in literature for the cyt c-2 system having as a target

the clusters of amino acid residues of Lys4 and Lys 89, respectively.
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Figure 6: Binding isotherms for the interaction of 1 with cyt c. The increasing CSPs of two groups of amide resonance around a)
Lys4 and b) Lys87 were fitted independently with a 1:1 binding model as function of the ligand concentration.
134



Calix[4]arene-based ligands for model proteins

5.4.2.2 ITC studies

Attempts to achieve a full thermodynamic characterization for the binding process involving cyt ¢ and
compound 1 were performed by running ITC experiments”%2, |n the absence of a standard protocol to
set up experiments for this specific protein-ligand system, it was decided to place cyt c in the sample cell
at 50 uM concentration, since this value is included in the 10-100 uM range normally used for this
technique®. Accordingly, also taking into account that during the NMR titrations the saturation of the
protein binding sites was achieved after the addition of a 30-folds excess of 1, a 2 mM concentration
was chosen for the ligand stock solution. All the experiments were carried out by sequential addition of
known aliquots of titrant (24 x 10 puL) and, for consistency, it was decided to perform them in the same
experimental conditions used for the NMR studies (30°C, pH 6, 20mM KH,PO,4 buffer, 50mM NaCl).
However, it was not possible to work with the reduced form of cyt ¢, since a buffer into protein control
titration, carried out in the presence of 1mM sodium ascorbate in both solutions, yielded highly
deformed baseline and remarkable peaks for the heat of dilution.

After the oxidation of the protein with potassium ferricyanide, which was then eliminated from the
sample by dialysis against the buffer, the same experiments gave instead heat of dilution comparable to
those observed by injecting buffer into buffer (Figure 7b and 7a, respectively), thus indicating that the

sodium ascorbate was not tolerated in the reaction medium.
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Figure 7: Raw heat rate corrected for the baseline drifting and corresponding peak areas (top and bottom, respectively)
measured for each injection of a) buffer into buffer and b) buffer into 50 pM oxidized cyt c control experiments (24 x 10 pl
injections, 30°C, pH 6, 20mM KH,PO,4 buffer, 50mM NaCl).
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The use of cyt c in different oxidation states in NMR and ITC titrations was not considered problematic
to obtain comparable information from the these two techniques since, being the ligand supposed to
recognize single amino acid residues on the protein surfaces, the conformation changes undertaken by
the protein upon oxidation?* should not affect significantly the mode of binding.

Also the ligand solution required some treatment before it could be used in ITC studies. In fact, when
the stock solution was simply prepared by dissolving compound 1 in the buffer, the titration for the
determination of the heats of dilution gave rather broad peaks (Figure 8a), thus suggesting the
occurrence of undesired by-processes. Considering that the tested calix[4]arene was available as
tetralithium salt®, the detection of additional heat could be ascribed to the exchange of the four alanine
counterions with the K* ions coming from the buffer. This problem was solved (Figure 8b) by adding a
step of dialysis against the buffer during the preparation of the solution of 1, that avoided this cation

exchange process to take place in the sample cell.
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Figure 8: Heat rate corrected for the baseline drifting and corresponding peak areas (top and bottom graphs, respectively)

measured for two solutions of 1 prepared by a) simply dissolving the ligand in the buffer and b) dialyzing the ligand solution in

buffer against the buffer.

After this set-up of the ideal operation conditions, a ligand into protein titration was performed, yielding

the experimental data shown in Figure 9a.
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Figure 9: a) Heat rate corrected for the baseline drifting and corresponding peak areas (top and bottom graphs, respectively)
measured for each injections of a solution of ligand 1 into oxidized cyt c (ITC experiment: 2mM ligand, 50 uM protein, 24x10 ul
injections, 30°C, pH 6, 20mM KH,PO, buffer, 50mM NaCl). b) Heat rate corrected for the baseline drifting (top) and
corresponding binding isotherm (bottom) measured for a solution of ligand 2 into oxidized cyt c (ITC experiment 4mM ligand,

100 pM protein, 48x5 pl injections, 30°C, pH 6, 20mM KH,PO4 buffer, 50mM NaCl).

The detection of the heat of reaction developed at each ligand injection was disturbed by a high level of
noise in the baseline, which was subsequently found to be caused by a problem of the stirring system of
the instrument. Notwithstanding, most of the resulting peaks had a regular shape and it was possible to
point out that the heat release associated with the studied cyt ¢ — ligand 1 interactions was negligible in
the tested experimental conditions. This preliminary result does not appear so surprising since, as
mentioned in Chapter 4, when estimations of the stoichiometry n and of the dissociation constant K, are
available, to obtain an optimal ITC binding isotherm the initial protein concentration [P] should be

chosen in order to afford values of the ¢ parameter between 10 and 1000 (Eqn. 1)5%54%5,

n
¢ =n[P]K, =—— Eqn.1

In the case of the cyt c — 1 complex, considering the values of n and Ky (n=2, K4 ~0.4 mM) obtained by
NMR studies and the value of [P] = 50 uM, Eqgn. 1 gives ¢ ~ 0.25, indicating that at least a 40-folds
increase in the protein concentration is necessary, which would mean to reach a cyt ¢ concentration of 2
mM in the sample cell and a ligand concentration of ~80 mM in the syringe. However, these conditions
are prohibitive under a practical point of view, since require the production of a high amount of both
the protein and the ligand and could induce the occurrence of aggregation phenomena involving the

binding partners, which are known to be detrimental to get useful data from this experimental
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technique. Therefore, it should be concluded that the interactions between the cyt c and 1 are too weak
to allow the detection of the corresponding heat of complexation. On the other hand, a titration of cyt ¢
with compound 2, carried out by the group of Crowley®® under similar conditions (4 mM ligand into 100
UM oxidized protein, 48x5 mL injections, 20mM KH,PO4, 50mM NaCl, pH6, 25°C, unpublished data),
resulted in a perfect sigmoidal binding isotherm (Figure 9b), whose regression analysis gave, as average,
a Kq value for the two binding sites of 22 uM. This value was 50-folds lower than the one determined by
NMR?, indicating that this latter technique was overestimating the dissociation constant, as reported in
literature for other binding events®”®8, Considering that the affinities of calix[4]arenes 1 and 2 for cyt c
were suggested to be similar (by NMR), it seems thus possible that a moderate increase of the protein
concentration could have been sufficient to obtain manageable data even in our case. This hypothesis
could unfortunately not be experimentally confirmed because problems to the stirring system of the ITC
instrument prevented us to perform further calorimetric titrations at higher protein concentrations.

Interestingly, the titration on the cyt c-2 system pointed out that the enthalpy and the entropy of
binding were similar in magnitude (AH= -14.53 KJ/mol and —TAS= -12.03 KJ/mol), indicating that the
ligand exploits both electrostatic and hydrophobic interactions to bind the protein surfaces, which are
known to give rise to favorable enthalpic and entropic contributions to the overall binding free
energy’®7% respectively. These calorimetric results are also in nice agreement with what observed in
the crystal structure of the corresponding complex®, where the target lysine residues are recognized by
the ligand thanks the formation of salt bridges between its sulfonic units and the ammonium head
group at the amino acid side chain and thanks to the inclusion of the alkyl part of the same side chain in
its cavity. In the case of the binding process involving ligand 1 and cyt ¢, of course, these kind of
information cannot be inferred from the collected data, but some considerations may be done on this
subject. In fact, despite the formation of the adducts of cyt ¢ with ligands 1 and 2 was investigated at
similar protein concentrations and associated with comparable Ky values, the ITC investigations of these
processes yielded different results. Being the heat exchange generated by protein-ligand interactions
directly proportional to the binding enthalpy (Chapter 4)%2%%% it can be suggested that the enthalpic
contributions to the overall free energy was lower for the cyt c-1 system, thus affording further
complications to the detection of useful heat of reaction. As a balance, it can be supposed that to allow
the binding to take place the ligand exploit a consistent entropic contribution. Also in this case,
however, the absence of substantial ITC data did not allow us to confirm our hypothesis and, at the
moment, it can be only reported that in the tested experimental conditions this technique is not suitable

to obtain insights on the thermodynamics of the studied binding process.

5.4.2.3 Crystallization tests

10,71,72

Co-crystallization experiments were carried out for the cyt c-1 system, in order to try to get further

information about their reciprocal interactions from the solid state structure of the corresponding
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complex. According to the procedure reported in the literature for the crystallization of the same
protein with compound 22°, the first attempts were done by following the manual hanging drop vapor
diffusion experiments. The protein and ligand concentrations (1.7 mM and 17 mM, respectively) and the
composition of the reservoir solution (20% PEG 8000, 50 mM NacCl, 50 mM sodium cacodylate buffer, pH
6.0) used were similar to those adopted for the system cyt ¢ - 2. However, these tests yielded only
completely clear drops even after one month of equilibration and efforts to induce crystallization by
increasing the ligand concentration and/or by changing the percentage and the molecular weight of the
PEG used as precipitant were unsuccessful.

It was then decided to explore different experimental conditions by running a robot screening over a
commercially available kit of 96 reservoir solutions, according to the sitting drop vapor diffusion
method. The experiment, carried out keeping the protein concentration at 1.7 mM, evidenced that the
presence of 10 or 20 mM ligand caused the formation of red jelly-like precipitates (Figure 10a) in drops
incubated over 22 different reservoir solutions, 11 of which containing phosphate citrate or sodium

citrate buffer together with different additives.

Figure 10: Gel formation observed during crystallization tests for the cyt ¢ - 1 complex performed by a) a robot sitting drop- and
b) manual hanging drop vapor diffusion method (1.7 mM protein, 10 mM ligand concentrations for both experiments). The
crystallization mixtures were equilibrated over reservoir solutions composed of, respectively, 20% PEG 6000, 1M LiCl, 100mM

sodium citrate buffer (pH 4) and 25% PEG 8000, 50mM sodium citrate buffer (pH 5).

In all cases the control drops, where the solution of the ligand was replaced by the same volume of
water, were devoid of any precipitates, demonstrating that the formation of the observed red gels was
induced by 1. Since this phenomenon was easily replicated in manual hanging drop tests where the
same protein and ligand concentrations were tested and the reservoir solution was composed by 50mM
citrate buffer (pH 5) and PEG 8000 as only precipitant agent (Figure 10b), it was considered useful to
perform some cycles of optimization of the experimental conditions, in order to prompt the system to

afford crystalline precipitates.
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These investigations (Table 1) pointed out that the jellification process was promoted between pH 4 and
5 and in the presence of 20-30% PEG 8000 or PEG 3350 and at both 10 or 20 mM 1, while it was
prevented at pH 6 or by increasing the buffer concentration at 100 mM. The use of phosphate citrate
buffer (pH 4.2) to set up the same experiments led instead to harsher jellification or even to
precipitation of the protein when high PEG percentage (30% PEG 3350) were employed. For both the
tested buffer, the lowering of the 1 concentration at 1.7 mM caused a milder gel formation in the
studied drops, while a further decrease of the concentration for both the binding partners to 0.1 or 0.5
mM caused the precipitation of the protein even in the control drops for the all the tested PEGs
percentages.

Table 1: Results obtained from manual hanging drop experiments for the crystallization of the cyt c-1 system, performed by
testing different compositions of the reservoir solution and ligand concentrations. The drops were prepared by combining 1 mL

volumes of the protein (1.7 mM), the calix[4]arene derivative and the reservoir solution. Control drops were obtained by

replacing the ligand with 1 ul of water.

[1] Buffers
50 mM sodium citrate (pH 5) 50mM phosphate citrate (pH 4.2)
PEG 8000 PEG 3350 PEG 8000 PEG 3350
10% | 20% | 30% | 10% | 20% | 30% | 10% | 20% | 30% | 10% 20% 30%
OmM | Clear | Clear | Clear | Clear | Clear | Clear | Clear | Clear | Clear | Clear | Clear Gel
Clear | Gel Gel Gel Gel Gel
1.7mM Clear Clear | Gel Gel | Clear Prec.
(mild) | (mild) (mild) | (mild) (strong)
Clear Gel
10mM Gel Gel | Clear | Gel Gel | Clear | Gel Gel | Clear Prec.
(strong)
Gel
20mM | Clear | Gel Gel | Clear | Gel Gel | Clear | Gel Gel | Clear Prec.
(strong)

For none of the above described tests the conversion of the formed gels or amorphous precipitates in
crystals was achieved even after several weeks of incubation and it was thus decided to study the
influence that the presence of different additives in the reservoir solution could have on this process.
More in details (Table 2), it was investigated the effect of the addition of different salts at 50 mM or 1 M

concentration to a reservoir solution containing 50 mM sodium citrate buffer and 25% PEG 8000, chosen
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as most promising composition according to what observed in the previous experiments. The

concentration of both the ligand and the protein, instead, were initially fixed at 1.7 mM.

Table 2: Results obtained from manual hanging drop experiments for the crystallization of the cyt c-1 system, performed by
testing different salts as additives for a reservoir solution composed of 50 mM sodium citrate (pH 5) and 25% PEG 8000. The
drops were prepared by combining 1 mL volumes of the protein (1.7 mM), the calix[4]arene derivative (1.7 or 50 mM) at and the

reservoir solution. Control drops were obtained by replacing the ligand with 1 ul of water.

[1] Tested salts
None Na;SO4 Li;SO, NH;0Ac NaOAc NaCl

- 50mM im 50mM im 50mM | 1M | 50mM | 1M | 50mM im

0mM Clear Gel Phase Gel Phase | Phase | Clear | Phase | Prec. | Clear | Phase
sep. sep. sep. sep. sep

1.7mM Gel Gel Phase Gel Phase | Phase | Clear | Phase | Prec. | Clear | Phase
sep. sep. sep. sep. sep.

50mM | Strong Gel Gel Strong | Phase Gel Clear | Phase | Prec. | Clear | Phase
gel gel sep. sep. sep

In general, the addition of the salts created too harsh conditions, as it can be confirmed by the fact that
in almost all control drops their presence caused phase separation or jellification of the protein. The
only exceptions were represented by the solutions containing NHsOAc or NaCl, where a salting-in and a
salting-out effect were observed moving by from 50 mM to 1M concentrations, respectively. These
experiments yielded clear drops also in the presence of the ligand, but they looked interesting since
suggested that an intermediate concentration of these two salts or their combination with the other
tested ones may be appropriate to optimize the crystallization conditions. Moreover, the same tests
were also performed in the presence of 50 mM of 1, since the consequences of its presence in large
excess respect to cyt c was not evaluated before. The increase of the ligand concentration did not lead
to the formation of crystalline precipitates in any experiment, but in some cases it seemed to be
beneficial, since it led to jellification processes instead of phase separations. Despite many efforts have
been spent to achieve this purpose, every attempts to find proper crystallization conditions for the
studied protein-ligand complex failed. These observations are in contrast with what reported in
literature for the cyt c-2 system used initially as reference, for which rough co-crystals were obtained in

preliminary studies by simply adding to the reservoir solution PEG 8000 as sole precipitant®.
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This marked difference in the properties of the two protein-ligand systems has to be probably ascribed
to the different structural features of the two ligands and in particular of the functional groups that they
bear at both the upper and the lower rim. In fact, the four alanine residues of 1, when compared to the
sulfonate moieties of 2, are much more flexible because of the presence of three rotationally mobile
bonds (i. e. between the aryl units and the —C(O)NH- groups and between the chiral carbon and both the
C- and N- terminal carbonyl moieties). This feature could disadvantage ligand 1 to fix the binding units
according to a spatial disposition suitable to crystallize with cyt ¢, thus rendering trickier the obtainment
of the desired co-crystals. Moreover, the presence of the crown-ether motifs at the lower rim, instead of
the four free phenolic —OH units, could disfavor the same compound to form additional interactions (i.
e. CH-t and van der Waals contacts) with other protein monomers once that the main recognition event
of the target lysine residues has occurred at upper rim. Ligand 2 has been reported to exploit these kind
of interactions to crystallize with different target proteins by inducing their self-assembly as oligomers
(molecular glue effect)?®’3, but, in the case of compound 1, the different structural and electronic
features of the substituent at the lower rim could prevent the formation of these further contacts,

disadvantaging its co-crystallization with cyt c to take place.

5.4.3 Characterization of the binding of GB 1 by the guanidinium calix[4]arenes 3-5

5.4.3.1 ITC studies

The binding processes involving GB 1 and compounds 3-5 have been already studied in a previous PhD
thesis work by ®N-HSQC NMR titrations®. In the case of ligands 4 and 5, these investigations were
suitable to obtain a preliminary estimation of their binding affinity for the target protein and of the
regions of its surfaces in which the recognition events were localized. On the other hand, for compound
3 it was not possible to get useful information since it induced the immediate precipitation of the
protein from the given solution, despite this observation was considered as a good indication that the
interactions between the two binding partners were significantly strong. In the present thesis work, it
was therefore decided to study the binding processes for GB1 and calix[4]arenes 4 and 5 by ITC, to
achieve a deepen knowledge of the driving forces that govern the complexation event and to possibly
extract useful suggestions about the mode in which the interactions with the protein were taking place.
For the GB 1-3 system it was instead suggested that the lower reactant concentrations normally
required by this technique could have been helpful to prevent protein precipitation and thus to
demonstrate the occurrence of the proposed protein-ligand binding process.

Initially it was decided to carry out the titration experiments according to the standard configuration for
ITC”®182, that is by placing the protein in the sample cell and the ligand at higher concentration in the
syringe, and to use conditions the most similar possible to those reported for the NMR studies (30°C, pH
6, 20mM KH,PO,4 buffer, 50mM NaCl). On the one hand these choices were suspected to be risky

because all the three tested ligands have a pronounced amphiphilic structure that, in the selected
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experimental conditions, could be suitable to induce aggregation processes able to prevent the
collection of useful ITC data”®2. For example, evidence of aggregate formation in water were reported in
literature for calix[4]arene derivatives analogous to ligand 3, being functionalized at the upper rim with
ammonium’® or tetraalkylammonium” groups and at the lower rim with long alkyl chains (= CeHi3).
However, for compound 3, it was demonstrated by DOSY experiments that it is fundamentally in a
monomeric form, at least at concentration lower than 1 mM”®. For compounds 4 and 5 the possible
aggregation in D,0 was instead studied by monitoring the increase of the line-width in their *H NMR
spectra as function of their concentration and of that of different added salts®®. For 1 mM aqueous
solutions of the calix[4]arene 4, the addition of moderate amount of inorganic salts (10 mM NaCl, 2 mM
MgCl,) did not caused a significant aggregate formation, suggesting that it is also present as monomer at
this or lower concentrations. For calixarene 5, on the other side, a broadening of the NMR spectra were
instead observed in the presence of higher concentrations of the same additives (250 mM NacCl, 50 mM
MgCl,), indicating that aggregates can form for this compound even though to a moderate extent and
under high saline concentrations.

Thus, it seemed worthy at least to verify the feasibility of the planned titrations by performing a ligand
into buffer control experiment with a 2mM solution of 4. This preliminary test, however, gave

completely unreliable results (Figure 11a).
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Figure 11: Raw heat rate corrected for the baseline drifting and corresponding peak areas (top and bottom, respectively)
measured for each injection of a) 2mM solution of 4 into buffer and b) buffer into 50 M solution of 5 control experiments (50 x

5 ul and 24 x 10 ul injections respectively, 30°C, pH 6, 20mM KH>PO, buffer, 50mM NaCl).

In fact, the heats of dilution detected for each ligand injections were huge and the shape of the

corresponding peaks was highly broadened, as it can be observed in ITC experiments highly disturbed by
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undesired aggregation processes. Since after centrifugation of the solution recovered at the end of the
titration was not collected any precipitate, the detection of those exceedingly large heats of dilution was
ascribed to the inclusion of calixarene 4 in aggregates still soluble in the studied medium. Considering
that their occurrence was not observed by NMR even though at slightly lower saline concentrions®, it is
likely to suppose that the fraction of 4 involved in this phenomenon is low, but high enough to affect
negatively the results given by a very sensitive technique such as ITC. According to these observations, it
was then decided to evaluate the possibility to improve the results of the planned ITC experiments by
inverting their configuration®?, that is by placing the ligands in the sample cell and the protein in the
syringe. In this way the initial concentration of calix[4]arene is much smaller (50 uM vs. 2 mM) and even
decreases during the titration. These conditions seemed rather promising since disadvantage the
aggregation processes of the ligands, although the risk that the contemporary increase of the protein
concentration would advantage its aggregation is on the other hand present.

At the tested concentration values, namely 50 uM for compounds 3-5 and 1 mM for GB 1, the undesired
aggregation phenomena seemed to be prevented. In fact, the heats of dilution measured during buffer
into ligand control experiments for ligands 4 and 5 (see Figure 11b for the case of compound 5) were
analogous to those observed for buffer into buffer model test (Figure 7a), while were only slightly higher
and associated with a sharp shape of the corresponding peaks in the case of the protein into buffer
blank titration (Figure 12a). Unfortunately, compound 3 was not soluble in the buffer even in this low

concentration range, thus impairing the collection of data about its interactions with GB 1 also by ITC.
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Figure 12: a) Raw heat rate corrected for the baseline drifting and corresponding peak areas (top and bottom, respectively)
measured for each injection of a 1 mM GB 1 into buffer control experiment. b) Raw heat rate corrected for the baseline drifting
and corresponding binding isotherm (top and bottom, respectively) detected for a 0.5 mM GB 1 into 50 pM solution of 5
titration (24 x 10 ul injections, 30°C, pH 6, 20mM KHPO4 buffer, 50mM NaCl for both experiments).
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At the end of this long refinement of the experimental conditions, a tests of protein into ligand titration
were finally carried out. The first ligand to be tested was 5 since it was known, according to NMR
estimation of Ky, to be able to bind more tightly GB 1 than 4 and thus the detection of measurable heats
of reaction for its interaction with the protein was considered easier. To limit as much as possible the
waste of the protein, its concentration was decreased at 0.5 mM, while that of 5 was kept at 50 uM.

The heats of reaction developed for each addition of GB 1 were sufficient to give to the plots of heat
rate versus the protein/ligand molar ratio the typical sigmoidal shape expected for an ITC binding
isotherm. It was therefore possible to fit the experimental data according to standard binding
equations® (Figure 12b). Also in this case the K, obtained as fitting parameter was lower than that given
by NMR titration in analogous conditions (8.9 uM instead of ~80 uM, respectively), in agreement with
what reported in Paragraph 5.4.2.2 for the interactions involving cyt c and ligand 2 or in literature for
the inclusion of different amino acids by the same compound®. Regarding to the thermodynamic
contributions that gave rise to the studied binding event, the treatment of the experimental data gave
AH=-11.85 KJ/mol and -TAS= -17.44 KJ/mol as values for the enthalpic and entropic terms to the overall
free energy of association, respectively. The favorable influence of both the energetic contributions
pointed out that the ligand bound to the protein by establishing both electrostatic and hydrophobic
interactions on its surfaces”®®7° with the latter appearing slightly more important than the former.
These results support the NMR data previously collected to describe the same binding event®, since
from those investigations seemed likely that both polar and lipophilic side chains of GB 1 were able to

interact with the ligand.

Figure 13: Chemical-shift perturbation map of GB1 in the presence of 10 equivalents of 5. Residues for which the amide
resonances experienced large (A6*HN> 0.2 or 1°N = 2 ppm), or small (A5 HN> 0.05 or *°N > 0.5 ppm) shifts are colored blue and
yellow, respectively. Resonances that broadened beyond detection are magenta (Figure taken from Ref. 49).
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More in details (Figure 13), the highest CSPs were concentrated in regions of the protein surfaces with
predominant negative electrostatic potentials, that means around Asp 36, Glul5 and Glu42, thus
indicating that probably interactions between the guanidinium pendants at the lower rim of 5 and the
carboxylic lateral groups of those amino acids were occurring. The guanidinium units of compound 5
could also originate additional H-bonds by interacting with the polar side chains of GIn32, Asn35, whose
amide resonances experienced significant CSP at the end of the given titrations. However, also the
peptide skeleton resonances belonging to aromatic or even positively charged amino acid residues like
Thr18, Phe30, and Lys13 were highly perturbed, pointing out that the establishments of n-m and/or CH-nt
contacts between portion of the corresponding side chains and the rest of the backbone of the ligand (i.
e. the alkyl part of the propoxy guanidinium groups or both the internal and the external sides of the
macrocyclic cavity) could contribute to the recognition process and/or cause modification in the
neighboring peptide bonds. The information about the binding stoichiometry suggested by the two
techniques are instead in partial disagreement, since the n= 0.85 value obtained by ITC suggested the
coexistence of 1:1 and 1:2 protein-ligand complexes in solution’’, while the NMR investigations are
more consistent with the idea that the protein bind only a ligand molecule at a time. Nevertheless, the
ITC data were not sufficient to provide a definitive elucidation of the mode exploited by this
calix[4]arene to bind to the target protein, although they confirmed the combination of different types
of interactions and gave insights on the binding stoichiometry. Moreover, the results of the NMR
investigations are quite difficult to be interpreted since, despite a certain preference for some regions
was reported, the ligand does not seem to be particularly selective for specific parts of the GB 1
surfaces. Additionally, for some residues, together with a consistent CSP, a variation of the line width for
the corresponding amide resonances was observed, with cross peaks which disappeared and
reappeared during the titrations, indicating that maybe different binding events are contemporary
tacking place®®’®. Accordingly, it can be thus suggested that the tested calix[4]arene recognize GB 1 by
laying on its surfaces to take advantage from the formation of different types of interactions, thus
explaining the fact that a high number of amino acid residues of different nature seem to be affected by
the binding event. The possibility that a second ligand molecule can bind to the protein could instead
explain the observation of different phenomena affecting some amide resonances during the NMR

titrations, since the two recognition processes could take place according to different mechanism.

Attempts to get a comparison with the data obtained from analogous investigations for the GB 1-4
system failed. Experiments carried out by injecting a 1 mM solution of protein into a 50 uM solution of
ligand 4 gave negligible heat of reaction and no further insights about the thermodynamics of this
binding event could be collected. These results are not completely surprising since, as reported after
NMR studies, the Kq of this ligand is around 10-folds lower than the one measured for compound 5 and,

similarly to the case described above, the studied reaction was not expected to be highly
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exothermic®*®4%>, Considering that the binding affinity observed by ITC should be at least one order of

6768 it might be possible that a moderate

magnitude larger than that obtained from an NMR titration
increase of the ligand in the calorimeter sample cell could give measurable heats of reaction. However,
this titration, together with a second one where an enhancement of the protein concentration, although

programmed could not be performed because of technical problems with the ITC instrument.

5.5 Conclusions

5N HSQC NMR and ITC experiments were used to characterize binding processes involving different
proteins and calix[4]arene-based ligands.

The first protein-ligand system to be investigated was composed by cyt ¢ and compound 1. Useful
information about their reciprocal interaction have been extracted only by NMR titrations. In these
experiments the ligand was found to recognize selectively two regions of the protein surfaces including
only a small number of amino acid residues. Among them, Lys4 and one of the neighboring Lys87 and
Lys89 were proposed to act as anchoring point for 1 on the protein surfaces. This is in agreement with
what observed in the crystal structure reported in literature for the complex composed by the same
protein and compound 2, where it could be evidenced that the residues of both these lysines are
included into the calix[4]arene cavity. Contrary to what observed by NMR and in the crystal structure of
cyt ¢ and ligand 2, where a third molecule of 2 is also bound to Lys22, the performed NMR studies with
ligand 1 did not evidence significant interaction with this amino acid residue. The increasing CSP of the
amide resonances involved in the binding process as function of the increasing concentration of the
ligand indicated that the studied recognition event was fast in the NMR time scale. By fitting the
corresponding plot of experimental data with an appropriate binding model it was possible to obtain an
estimation of the binding affinities associated with this phenomenon. The perturbations experienced by
the two clusters of resonances which were more affected by the presence of 1 were suitable to be
treated with independent 1:1 binding models, yielding Ky values of ~0.4 mM and ~1.2 mM, respectively.
Since the Ky given by analogous NMR studies for the binding of compound 2 to the same regions of cyt ¢
surfaces were as high as ~0.8 mM and ~1.6 mM, the performed experiments pointed out that the ability
of the two ligands in the association with the target protein was similar. Attempts to get more
information about the thermodynamics of the studied binding process by ITC were unsuccessful, since
resulted in the development of negligible heat of reaction, probably because of both the weakness of
the occurring interactions and the modesty of the enthalpic contribution to the overall binding energy. A
slight enhancement of the concentrations for both the binding partners is proposed as possible solution
of these problems. Unfortunately, a technical problem with the ITC instrumentation prevented the

demonstration of this hypothesis. In analogy with the examples found in the literature, ligand 1 was
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supposed to recognize target lysine residues according to two possible binding mechanisms, both of
them including the contemporary establishment of electrostatic interactions with the ammonium group
of the bound side chain and hydrophobic contacts with the alkyl part of it. To obtain further elucidation
about this subject, tests to achieve co-crystallization of the studied protein-ligand complex were
performed. However, despite a robot screen of different reservoir solutions highlighted the ability of the
ligand to induce the jellification of the protein in the presence of sodium citrate or phosphate buffer and
different additives, all the subsequent tests to optimize manually the experimental conditions did not
yield the desired crystals. Considering that compound 2 was reported to interact similarly with cyt ¢ but
also to co-crystallize relatively easily with it, it has been proposed that the difficulties faced into obtain
the same results with ligand 1 rises from the different structural features of the two calix[4]arenes
derivatives and in particular from the higher flexibility of the four alanine groups that the latter ligand
bear at the upper rim.

In this chapter were also presented ITC studies of the binding between GB 1 and compounds 3-5,
performed with the aim to obtain thermodynamic data to be combined with the information given by
NMR titrations, carried out in a previous thesis work. Useful titrations were performed by placing the
ligands in the sample cell instead than in the syringe, in order to decrease as much as possible their
concentration and to avoid their aggregation in the reaction medium. The only protein-calix[4]arene
system suitable to be studied by ITC was that formed by GB 1 and ligand 5, since ligand 3 was not
soluble enough in the used buffer and in the tested experimental conditions, while compound 4 did not
produce significant heats of reaction once in contact with the protein, probably because of weak
binding. The Ky value of 5 and GB 1, obtained by ITC as fitting parameter of the resulting binding
isotherm is 8.9 uM, while the value determined previously by NMR results is ~80 uM, nearly one order
of magnitude larger. As reported with other systems in literature, NMR seems to slightly overestimated
K4 values compared to ITC. ITC also suggest the existence, besides the 1:1 species, also of a 1:2 protein
to ligand complex. The analysis of the different thermodynamic contributions to the binding free energy
pointed out that both the binding enthalpy and the binding entropy are favorable to binding and similar
in magnitude, thus indicating that both electrostatic and hydrophobic interactions seem to be important
for the recognition process. In the absence of a crystal structure for the considered complex it is quite
difficult to clarify definitely the binding mechanism followed by the ligand to approach the target
protein, but, according to both the NMR and ITC data in our hands and to previous examples found in
the literature, some hypothesis can be proposed. More in details, it was suggested that dipole-ion or
electrostatic interactions could involve the guanidinium pendant groups at the lower rim of 5 and the
polar or negatively charged amino acid residues on the protein surfaces (i. e. Asp36, Glul5, Glu42, GIn32

and Asn35), while hydrophobic, C-H/mt or cation/mt interactions could take place between the outer or
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inner aromatic surface of the calix[4]arene scaffold and aliphatic/aromatic groups (i. e. Thri8, Phe30)

and maybe also positively charged amino acid side chains (Lys13).

5.6 Experimental section

5.6.1 General Information

All moisture sensitive reactions were carried out under nitrogen atmosphere, using previously oven-
dried glassware. All dry solvents were prepared according to standard procedures, distilled before use
and stored over 3 or 4 A molecular sieves. Most of the solvents and reagents were commercial samples
and used as such. Analytical TLC were performed using prepared plates of silica gel (Merck 60 F-254) and
then revealed with UV light or with ninhydrin (5% in EtOH) when free amino groups were present on the
studied compounds. Merck silica gel 60 (70-230 mesh) was used for flash chromatography and for
preparative TLC plates.

'H NMR and ¥3C NMR spectra were recorded on Bruker AV300 and Bruker AV400 spectrometers
(observation of *H nucleus at 300 MHz and 400 MHz, respectively, and of *3C nucleus at 75 MHz and 100
MHz, respectively) and partially deuterated solvents were used as internal standards to calculate the
chemical shifts (6 values in ppm). All 3C NMR spectra were performed with proton decoupling. For H
NMR spectra recorded in D,O at temperatures higher than 25°C the correction of chemical shifts was
performed using the expression § = 5.060 - 0.0122xT(°C) + (2.11x10%)x T%(°C) to determine the
resonance frequency of water protons”. Electrospray ionization (ESI) mass analysis were performed
with a Waters single-quadrupole spectrometer in positive mode with MeOH or CHs;CN as solvents.

Melting points were determined on an Electrothermal apparatus in closed capillaries.

5.6.2 Protein production

All the reagents were from Sigma-Aldrich. Both unlabeled and N-labelled proteins were over-
expressed in Escherichia coli BL21 (DE3) and purified according to literature methods???4%, The purity
and concentration of the protein were estimated by using 15% SDS polyacrylamide gel electrophoresis
(SDS-PAGE) and UV-vis spectroscopy (Perkin EImer Lambda 35). Luria-Bertani (LB) medium was prepared
by dissolving in 1L of water 10 g N-Z amine, 10 g Yeast extract, 5 g NaCl and then by adjusting pH to 7. LB
Agar plates were prepared according to same procedure, but with the addition of 15 g Agar and 2 mM
MgSO,. N labelled minimal medium (MM) was produced with 50 mM Na,HPQg4, 50 mM KH,PO,, 2g/L D-
glucose, 1 g/L (**NH4).S04, 20 mM citrate/20 mM succinate pH 7.0, 20 mL/L 50x5052, 30 mg/L
Thiamine), 1 uL/mL Carbenicillin (75 mg/mL), where 50x5052 contains 25 g glycerol, 7 mL water, 2.5 g

glucose, 10 g lactose monohydrate.
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5.6.3 Protein over-expression

E. coli BL21, optimized for IPTG-inducible recombinant protein over-expression, was transformed with
the plasmid encoding for the chosen protein (see paragraphs below).

1 pl of DNA plasmid was added to 50 ul of BL21 competent cells, incubated for 30 min on ice and then
treated by heat shock for exactly 45 s at 42 °C. To allow the bacteria to recover, 250 pl LB was added
and the sample was incubated for 45 min at 37 °C. Two aliquots of 100 and 150 pL of the resulting
mixture were then plated on a LB Carbenicillin plate, which was incubated overnight at 37 °C. The next
day a pre-culture was set-up by picking a single colony and inoculating 5 ml of LB medium containing 2
mM MgS0O4 and 1 mM Carbenicillin for selection. The pre-culture was then incubated overnight at 30 °C.
The next day LB medium containing again MgS0,4 and Carbenicillin was inoculated with the pre-culture.
The cells were grown at 37°C until an OD value of 0.6-0.8 at 600 nm was reached in (1h 30 min-2h).
Protein over-expression was induced by addition of IPTG (Isopropyl B-D-1-thiogalactopyranoside) to a
final concentration of 1 mM. After 4 h of over-expression at 37 °C the cells were harvested by
centrifugation for 20 min at 4500 rpm. The pellet was then re-suspended in 5 mM of lysis buffer (10 mM
TRIS-HCI, 1 mM EDTA, pH 7.5) and frozen at -20 °C, for at least one night to be ready for the further
purification steps.

For the preparation of *>’N-proteins when the OD value at 600 nm of 0.6-0.8 the cells were harvested by
centrifugation for 20 min at 4500 rpm and the pellet was re-suspended in minimal medium. After 30 min
of shaking (300 rpm) at 37 °C the culture was split in aliquots of 250 mL volumes in 2 L Erlenmeyer
flasks. Protein overexpression was then induced similarly by adding IPTG to a final concentration of 1

mM.

5.6.4 SDS-PAGE

A total of 20 pl cell/protein extract was mixed with SDS buffer and boiled at 95°C for 5min. The purity of
denatured, reduced samples were tested on 15% SDS polyacrylamide gel electrophoresis (80 minutes,
140 V). As a protein size marker 5 ul of EZ-Run™ Pre-Stained Rec Protein Ladder (Fisher BioReagents)

were loaded. Coomassie Blue staining was performed as reported in literature?.

5.6.5 Cyt c purification

5N labelled and unlabeled samples of saccharomyces cerevisae cytochrome ¢ C102T were over-
expressed according to the standard procedures reported above, by transforming E. coli BL21 (DE3) with
a pBTR1 plasmid?%?*,

After the over expression steps, the protein was purified as reported in literature??. A cell pellet,
previously re-suspended during cell harvesting and frozen, was placed in a beaker of water to thaw and
1 mL of 1 mg/mL DNase was then added. The resulting sample was sonicated for a total of 10 min (5x2

min cycles using manual pulses of 5 s on and 2 s off) at 8 microns, allowing the mixture to cool on ice.
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Then, the cell membranes and debris were removed by centrifugation (4°C, 11000 rpm, 15 min) and the
supernatant was transferred into a beaker where (NH.);SO4, previously pulverized in a mortar, was
added slowly to make a 2 M solution in the cell lysate/extract to cause precipitation of hardly water
soluble proteins. After that the solution went cloudy, it was centrifuged (4°C, 11000 rpm, 15 min) and
the supernatant was dialyzed overnight against 20 mM KH,PO, buffer at 4°C.

The next day the sample was centrifuged (4°C at 11000 rpm for 15 minutes) and further purified by
sequential steps of Fast Protein Liquid Chromatography (FPLC). The first had been performed on a
carboxymethyl (CM) ion-exchange column, equilibrated with buffer A (20 mM KH,PO4, and 100 mM
NaCl, pH 6). The elution of neutral or negatively charged proteins was induced by adding 10% buffer B
(20 mM KH;PO4, 1 M NaCl, pH 6) to the eluent, while the increase of the fraction of buffer B to 23%
allowed cyt ¢ to come out. The same purification procedure was repeated by using the same buffers and
gradients at pH 8, after concentration and reduction of the protein with 1ImM sodium ascorbate. Size
exclusion chromatography (SEC) was used as a further polishing step, separating proteins on the basis of
their size. The column was equilibrated with the same Buffer A as above (pH 6) and a < 500 puL sample
was carefully loaded onto the column. Cyt c eluted at 80 mL based on its molecular weight. The fractions
of interest were collected, concentrated and exchanged to H,0. Protein concentration was confirmed by
UV-visible spectroscopy according to the Lambert-Beer law, using an extinction coefficient of €=28.5

mM1cm™ at A=550 nm?? after reduction of the protein with 1mM sodium ascorbate.

5.6.6 GB1 purification

Protein over-expression was carried out according to standard protocol found in literature®. The
GB1K10H plasmid was transformed onto E. coli BL21 (DE3) and the protein purification followed
standard procedures?**’. The re-suspended cells from the culture were heated to 80°C and then directly
cooled on ice. They were centrifuged (10°C, 11000 rpm, 10 min) and then poured into 15 ml of buffer A
(20 mM TRIS/HCI pH 7.5).

Subsequently the protein underwent to FPLC purification steps onto anion-exchange resin. A
diethylaminoethyl sepharose (DEAE) column was equilibrated in buffer A (20 mM TRIS HCI, pH 7.5) and,
after that all the positively charged proteins came off, a gradient from 0 to 50% of buffer B (20 mM TRIS
HCI, 1 M NaCl, pH 7.5) was applied to elute GB 1-QDD. Fractions containing the protein were pooled,
concentrated and loaded into a second DEAE column, performed with a manual gradient of buffer B
(four steps from 0% to 10%, 25%, 50% B). After concentration, the sample was further purified onto an
SEC column (20 mM KPi, 50 mM NaCl pH 6.0). The presence of GB 1 and its purity were checked with
SDS-PAGE and NMR (for N-labelled samples), while its concentration was determined via UV

spectroscopy using as extinction coefficient® g,g0 = 99.7 mMtcm™.
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5.6.7 NMR titrations

Typical samples for NMR titrations contained 0.1 mM °N cyt ¢ in the presence of 20 mM KH,PO, buffer,
50 mM NacCl, 10 % D20 at pH 6, for a total volume of 0.5 mL. The experiments were performed at 30°C
by adding 0.6-15 pulL aliquots of a 25 mM stock solution of ligand, previously dissolved in water at pH 6.
Over the course of the titrations the protein was diluted by 1.14-folds and the samples were corrected
to pH 6 + 0.05 for each addition of 1. Two-dimensional *H->N HSQC experiments were obtained a 600
MHz Varian NMR spectrometer equipped with a HCN cold probe, with spectral widths of 16 and 40 ppm
for 'H and N, respectively. Ligand-induced chemical shift perturbations (CSPs) were analyzed on
Biopack and NMRpipe® as AS with respect to the spectrum of pure cyt ¢, Titrations were repeated
three times to ensure reproducibility and spectral changes due to ligand binding were assessed in CCPN.
Binding isotherms were obtained by plotting the magnitude of the chemical shift change (A8) as a
function of the concentration of 1. The data were fitted in Origin by non-linear least squares regression
to a one-site binding model, with A& and [1] as the dependent and independent variables, respectively,
and the dissociation constant (Ks) and the maximum chemical-shift change (Abmax) as fitting
parameters®®=8, A global data analysis was performed in which the curves were fit simultaneously to a
single K4 value, while Abmax was varied for each resonance. The calculated Kq4s were identical whether or

not tacking in account the final protein dilution.

5.6.8 ITC titrations

All the proteins and ligands stock solutions were prepared in an identical buffer, composed by 20 mM
KH,PO, buffer, 50 mM NaCl at pH 6, centrifuged and degassed before to be placed in the sample cell or
in the syringe. The samples containing cyt ¢, GB 1 and 1 were dialyzed over-night against the same
buffer before their use and then their concentrations were checked by UV-visible spectroscopy (&sso =
28.5 mMtem?, £250 = 99.7 mMlecm™? and €270 = 78.1 mMcm, respectively?*®°) and corrected to the
target values, while the ones containing ligands 3, 4 and 5 were prepared by directly diluting 80 mM, 50
mM and 25 mM water solutions, respectively. The titrations were performed at 30°C using a Nano ITC
(TA Instruments), after centrifugation (4500 rpm, 10 min) and degassing (586 mm Hg, 8 min) of all the
samples. Depending on the features of studied systems, one of the ligands or of the proteins were
placed in a 250 pL syringe and added every 600 s in known aliquots (24 x 10 uL, 250 rpm) to the sample
cell containing the corresponding binding partner.

For all the protein ligand systems, control experiments in which both the binding partners were titrated
alone against the buffer gave negligible heats of dilution, excluding the case 4 at 2 mM concentration,
probably because of its involvement in aggregation processes> (see Paragraph 5.4.3.1). In the case of
the cyt c-1 system, the experiments were performed by placing the ligand in the syringe and the protein

in the sample cell at 2mM and 50 puM concentration, respectively, as provided by standard protocols for
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this techniques”®. To avoid the occurrence of the aforementioned aggregation processes, for the
systems composed of GB 1 and ligands 3-5 it was decided to reverse the experimental set up, that is to
place the protein in the syringe and the calix[4]arene derivatives in the sample cell, in order to decrease
as much as possible the concentration of the latter binding partner. The experiments were carried out
by incremental addition of 1 or 0.5 mM solution of GB 1 to 50 uM 4 and 5, respectively, while no
investigations were performed on compound 3 since it was not soluble in the buffer even at this
concentration range. Among all the performed titration, only those involving the GB 1-5 system yielded
significant heats of reaction in the tested conditions and the corresponding experimental data were
fitted on NanoAnalyze according to standard procedures®. The stoichiometry (n) and the enthalpy of
binding (AH), together with the dissociation constant (K4) for the studied process were obtained as
fitting parameters directly from the analysis of binding isotherm, while other thermodynamic
parameters (i. e. the changes in entropy AS) were calculated from the equation AG= AH-TAS= RTInK,
where T is the absolute temperature and R=8.314 Jmol*K!. Two independent titrations were performed

for each ligand tested.

5.6.9 Co-crystallization tests

The hanging- and sitting drop vapour diffusion methods®’%7?2 were used for crystallization tests of
the cyt c-1 complex at 20°C. Drops for the former experimental configuration were prepared
manually in 24-well plates, by mixing 1 pL volumes of the reduced protein, the ligand and the
reservoir solution. Control drops were obtained by replacing the solution of the ligand with 1 ulL of
water. For the latter set up was the drops were instead prepared with an OryxNano robot from
Douglas Instrumets with same strategy, but by decreasing the volumes of the combined solutions to
0.3 uL.

Preliminary hanging drops experiments were carried out according to literature procedure?®® by
mixing 1.7 mM cyt ¢, 17 mM 1 and using a reservoir solution composed of 20% PEG 8000, 50 mM
NaCl and 50 mM sodium cacodylate buffer (pH 6.0), but yielded only clear drops. Subsequently, a robot
screening of 96 reservoir solution from JenaBioscience was performed and in 22 wells was observed the
formation of red gels using analogous protein and ligand concentration (1.7 mM and 10-20 mM,
respectively), with the control drops that remained devoid of any precipitate. The same jellification
process was reproduced manually without varying the concentrations of the binding partners, with a
reservoir solution containing 50 mM sodium citrate buffer (pH 4-5) and 25% PEG 8000 as sole
precipitant. Several round of optimization to convert the observed gels in crystals were performed by
changing the percentage and type precipitant (10-20-30% PEG 3350 or PEG 8000), by increasing the
concentration and the pH of the buffer (100 mM and 6, respectively) or by decreasing the ligand and

protein concentration (1.7 and 0.1-0.5 mM, respectively), but did not yielded the desired results. No
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crystals were obtained also by repeating the same experiments with 50 mM phosphate citrate buffer at
pH 4.2. The presence of Na;SO,, Li,SO4, NaCl, NH,OAc, NaOAc at 50 mM or 1 M concentrations as
additives for a reservoir solution originally composed of 50 mM sodium citrate buffer (pH 5) and 25 %
PEG 8000 was then studied as further step of refinement of the experimental conditions. Once mixed to
equal volumes of 1.7 mM cyt ¢ and 1.7 or 50 mM 1 in manual hanging drop experiments, also these

latter reservoir solutions were not suitable to induce the formation of the desired co-crystals.

5.6.10 Synthesis of the ligands

A batch of ligand 1 was already available in our labs®® and was used as such after a check of its purity by
'H NMR. Compounds 3-5 were instead synthetized according to procedures found in literature, starting
from aliquots of 25,26,27,28-Tetrakis[3-phtalimidopropoxy]calix[4]arene 6°! or 5,11,17,23-Tetraamino-
25,26,27,28-tetrapropoxycalix[4]arene 10°? as precursors. All the compounds show the same physico-

chemical properties already reported in literature®=>3,

25,26,27,28-Tetrakis[3-aminopropoxy]calix[4]arene (7)

To a solution of 6 (0.9 g, 0.77 mmol) in absolute EtOH (50 mL), N>H4:H,O (7.5 mL, 145.6 mmol) was
added. The mixture was stirred overnight under reflux for 24 h and then was quenched by evaporating
the solvent under reduced pressure. The residue was taken with DCM (20 mL) and washed with distilled
water (20 mL). The aqueous layer was extracted with DCM (2 x 20 mL), while the organic layers were
combined, washed with brine (2 x 20 mL), dried over anhydrous Na,SO4 and evaporated under reduced
pressure. 7 was obtained as white solid, pure enough to avoid further purifications (0.37 g, 0.57 mmol;
74% yield): 'H-NMR (CDCI3, 300 MHz) & (ppm): 6.60-6.57 (m, 12 H, ArH meta and ArH para); 4.41 (d, 4H,
J=13.3 Hz, ArCH,Ar ax.); 3.95 (t, 8H, J = 7.1 Hz, OCH,CH,CH>); 3.19 (d, J = 13.3 Hz, 4H, ArCHAr eq.); 2.89
(t, J=7.1Hz, 8H, OCH,CH,CH>); 2.89 (quin, J = 7.1 Hz, 8 H, OCH,CH,CH,); 1.84 (br s, 8H, CH,CH,NH5).

25,26,27,28-Tetrakis[3-(trimethylammonium)-propoxy]calix[4]arene, Tetraiodide (8)

To a solution of 7 (0.18 g, 0.28 mmol) in dry MeOH (5 mL) KHCO3(0.14 g, 1.38 mmol) and CHsl (0.25 mL,
4.0 mmol) were added. The reaction mixture was stirred overnight at r.t. and then was quenched by
evaporating the solvent under reduced pressure. The residue was taken with a 9/1 mixture of
MeOH/DCM (10 ml), the insoluble inorganic salts were filtered off and the solvents were removed from
the filtrate under reduced pressure. The crude was triturated in Et,0O for 3 h to give 8 as yellowish solid
(0.38 g, 0.28 mmol; quantitative yield): *H-NMR (300 MHz, D,0) & (ppm): 6.70 (d, 8H, J = 6.6 Hz, ArH
meta); 6.61 (t, 4H, J = 6.6 Hz, ArH para); 4.25 (d, 4H, J = 13.5 Hz, ArCH,Ar ax.); 4.16 (t, 8H, J = 7.0 Hz,
OCH,CH,CH,); 3.39-3.24 (m, 12H, ArCH-Ar eq. and OCH,CH,CH>); 3.01 (s, 36H, N(CHs)s); 2.19 (br quint.,
8H, J=7.0 Hz, OCH,CHCH,).
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25,26,27,28-Tetrakis[3-(trimethylammonium)-propoxy]calix[4]arene, Tetrachloride (4)

To a solution of 8 (0.38 g, 0.28 mmol) in distilled water (10 mL) DOWEX11 resin (5 mL in volume) was
added. The reaction mixture was stirred for 30 min, then the resin was filtered off, washed with distilled
water (3 x 10 mL) and the filtrate was lyophilized under reduced pressure to give 4 as white solid (0.21 g,
0.21 mmol; 75% yield), pure enough to avoid further purifications: *H-NMR (300 MHz, D;0) & (ppm):
6.65 (d, 8H, J = 6.2 Hz, ArH meta); 6.60 (t, 4H, J = 6.2 Hz, ArH para); 4.23 (d, 4H, J = 13.5 Hz, ArCHAr ax.);
4.09 (t, 8H, J = 6.9 Hz, OCH.CH,CH;); 3.31 (d, 4H, J = 13.5 Hz, ArCH-Ar eq.); 3.20-3.14 (m, 8H,
OCH,CH,CH>); 2.97 (s, 36H, N(CHs)s); 2.14 (br quint., 8H, J= 6.9 Hz, OCH,CH:CH.).

25,26,27,28-Tetrakis[3-(N,N’-bis-(Boc)-guanidine)-propoxy]calix[4]arene (9)

To a solution of 7 (0.18 g, 0.28 mmol) in dry DCM (7 ml), [N, N'—bis-(Boc)]triflylguanidine (0.48 g, 1.22
mmol) and NEt; (0.15 mL, 1.08 mmol) were added. The reaction mixture was stirred overnight at r.t.,
then was quenched with distilled water (10 mL) and was vigorously stirred for additional 30 min. The
organic phase was separated, washed with distilled water (3 x 10 mL), dried over anhydrous Na,SO,4 and
evaporated under reduced pressure to give 9 as white solid (0.47 g, 0.28 mmol; quantitative yield): H-
NMR (300 MHz, CDCI3) 6 (ppm): 11.51 (s, 4H, NHBoc); 8.41 (t, 4H, J = 5.1 Hz, CH,CH,CH,NH); 6.61 (m,
12H, ArH meta and ArH para); 4.41 (d, 4H, J= 13.2 Hz, ArCH.Ar ax.); 3.99 (t, 8H, J = 7.2 Hz, OCH2CHCH,);
3.60-3.56 (m, 8H, OCH,CH,CH,); 3.22 (d, 4H, J= 13.2 Hz, ArCH:Ar eq.); 2.22 (quint, 8H, J = 7.2 Hz,
OCH>CHCH,); 1.50 (s, 36H OC(CH3)s); 1.48 (s, 36H, OC(CHs)s).

25,26,27,28-Tetrakis(3-guanidiniumpropoxy)calix[4]-arene, Tetrachloride (5)

To a solution of 9 in 1,4-dioxane (0.47 g, 0.28 mmol) 37% HCI (2 mL, 23.5 mmol) and TES (0.5 mL, 3.1
mmol) were added. The reaction mixture was stirred overnight at r. t. and then quenched by
evaporating the solvent under reduced pressure to obtain 5 as white solid (0.27 g, 0.28 mmol;
quantitative yield), pure enough to avoid further purifications: *H-NMR (400 MHz, D,0) & (ppm): 6.80 (d,
8H, J = 8.0 Hz, ArH meta); 6.59 (t, 4H, J = 8.0 Hz, ArH para); 4.28 (d, 4H, J = 13.3 Hz, ArCH,Ar ax.); 3.93 (t,
8H, J = 7.0 Hz, OCH,CH,CH,); 3.25-3.17 (m, 12H, ArCH,Ar ax. and OCH,CH,CH.); 2.09 (quint, 8H, J = 7.0
Hz, OCH,CH,CH,).

5,11,17,23-Tetra[N, N’-bis-(Boc)-guanidino]-25,26,27,28-tetrapropoxycalix[4]arene (11)

To a solution of 10 (0.41 g, 0.63 mmol) in dry DMF (5 ml), [N, N’—bis-(Boc)]Thiourea (0.86 g, 3.1 mmol),
HgCl> (1.36 g, 5.0 mmol) and NEt; (1.6 mL, 11.2 mmol) were added. The reaction mixture was stirred
overnight at r.t., then was quenched by adding AcOEt (10 mL) and the insoluble salts were filtered off.
The filtrate was washed with brine (3 x 10 mL) and evaporated under reduced pressure. The crude was
purified by flash chromatography (Et,0/hexane 3/7-Et,0/hexane 6/4) to give 11 as white solid (0.68 g,
0.42 mmol; 67% yield): *H-NMR (300 MHz, CDCls) & (ppm): 11.59 (s, 4H, NHBoc); 9.82 (s, 4H, ArNH); 6.90
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(s, 8H, ArH meta); 4.41 (d, 4H, J = 12.9 Hz, ArCH:Ar ax.); 3.81 (t, 8H, ) = 7.4 Hz, OCH:CH,CH,); 3.18 (d, 4H,
J=12.9 Hz, ArCH,Ar eq.); 1.86-188 (m, 8H, OCH,CH>CH,); 1.48 (s, 36H OC(CH3)s3); 1.44 (s, 36H, OC(CHs)s3);
0.96 (t, 12H, J = 7.4 Hz, OCH,CH,CH>).

5,11,17,23-Tetraguanidinium-25,26,27,28-tetrapropoxycalix[4]arene, Tetrachloride (3)

To a solution of 10 (0.67 g, 0.42 mmol) in 1,4-dioxane (10 ml), 37% HCI (1 mL, 33.6 mmol) and TES (0.81
mL, 5.0 mmol) were added. The reaction mixture was stirred overnight at r. t. and then quenched by
evaporating the solvent under reduced pressure to obtain 3 as white solid (0.41 g, 0.42 mmol;
quantitative yield), pure enough to avoid further purifications: *H-NMR (400 MHz, CDCls) & (ppm): 6.65
(s, 8H, ArH meta); 4.45 (d, 4H, J = 13.5 Hz, ArCHAr ax.); 3.87 (t, 8H, J = 7.4 Hz, OCH.CH,CH,); 3.22 (d, 4H,
J=13.5 Hz, ArCH;Ar eq.); 1.89 (sext., 8H, J= 7.4 Hz, OCH,CH,CH,); 0.90 (t, 12H, J = 7.4 Hz, OCH,CH,CH>).
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