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Chapter 1

Introduction

Based on the building block of modern molecular biology, proteins are the products of
the genetic information preserved in the DNA. They are involved in a plethora of vital
biological functions, i.e. from the catalysis of biochemical reactions to the formation of
receptors, carriers, and membrane channels [1]. 25,000-40,000 different genes are
currently estimated in the human genome and the number of functionally distinct
proteins is much higher [2,3]. Proteins can be the subject of focused studies aimed at the
understanding of disease mechanisms and/or at their exploitation for therapeutic
purposes.

To date, more than 130 different proteins or peptides are approved for clinical use by the
US Food and Drug Administration (FDA), and many more are in development [4]. They are
mostly produced by recombinant DNA technology and purified from a wide range of
organisms, whose choice is mainly based on post-translational modification required for
the protein activity and on the production costs [4]. The best example of trends in the
production and use of protein therapeutics is provided by the history of insulin in the
treatment of diabetes mellitus type | (DM-1) and type Il (DM-II). In 1922 insulin was first
purified from bovine and porcine pancreas with high protein purification costs and
immunological side effects; in 1982 the US FDA approved recombinant insulin, for the
therapy of DM-I, as the first commercially available recombinant protein therapeutic
[5,6]. Thanks to the recombinant DNA technology, proteins can be more efficiently
produced and modified to improve their function or to provide a novel activity.

The currently approved protein therapeutics can be classified based on their
pharmacological action (from Group | to Group IV) [4].

Protein therapeutics classified in Group | are enzymes and regulatory proteins whose

function can be related to the replacement of a protein that is deficient or abnormal and
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to the enhancement of an existing pathway; the administration of proteins can provide
also novel functions when the body is lacking a particular activity. Proteins such as
immunoadhesins and monoclonal antibodies, belonging to Group I, exert their targeting
activity by binding specifically to molecules or organisms and blocking their function
directly or through the activation of signaling pathways. Group Il and Group IV proteins
are respectively protein vaccines, that provide protection against infectious agents, and

protein diagnostics that are critical to medical decision before therapy [4].

Challenges in protein therapeutics

Protein therapeutics dramatically increases in number and frequency of use over the
years and their pharmacokinetic evaluation plays an important role in their development.
In fact, potential protein therapy failure is often related to a number of challenges that
are faced in the development and use of these compounds. Protein solubility, stability,
route of administration and distribution are factors that can hinder the successful
application of a protein therapy [1,7]. Proteins may undergo different degradation
pathways during their lifecycle including expression, purification, storage and
administration. One of the most common instability challenges is aggregation, often due
to the loss of native, three-dimensional structure resulting in the formation of high
molecular weight (HMW) species and possibly sub-visible aggregates. Moreover, poor
solubility can lead to protein precipitation, formation of visible particles and surfaces
absorption resulting in loss of a soluble, therapeutically active, protein [8]. Proteins can
be prone to chemical degradation reactions such as deamidation (asparagine, less often
glutamine), isomerization (aspartic acid), oxidation (methionine, tryptophan, tyrosine),
etc. The peptide bonds can be hydrolyzed and different protein chemical degradation
pathways include loss of sugar moieties for glycosylated proteins or loss of disulfide
bonds, resulting in the formation of compounds that are not biologically active [8]. Most
of the therapeutic proteins are not administered via the oral route due to gastrointestinal
enzymatic degradation. The intravenous and the subcutaneous are the two most

frequently used routes of administration; however, for high molecular weight proteins,
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even the extravascular route of administration may not be possible [1]. Following
subcutaneous administration, a protein drug may enter into systemic circulation via the
blood capillaries or lymphatic system. For a protein administered through the
subcutaneous route, its molecular weight may play an important role in the absorption
process [9]. For high molecular weight proteins the lymphatic system becomes the
predominant pathway for absorption resulting in the enhancement of the time to reach
maximum concentration compared to a protein drug which is absorbed via the blood
capillaries [4,1]. Another important challenge is that the body may react with an immune
response against the therapeutic protein. The administration of proteins obtained from
non-human sources can result in an immunogenic response and the advent of human
recombinant proteins does not completely overcome this problem [10].

The formation of antibodies in response to exogenous protein administration may have
an impact on the pharmacokinetics of drugs, above all on protein biological activity,
safety and clearance [1]. Clearance of protein drugs represents, by itself, a significant
limitation for their administration. Several pathways are involved in the removal of
therapeutic proteins from circulation or interstitial fluid such as degradation by
proteolysis, Fcy receptor-mediated clearance, target-mediated clearance, nonspecific
endocytosis, formation of immune-complexes (ICs) followed by complement- or Fc
receptor-mediated clearance mechanisms and direct glomerular crossing in the kidney
without previous modifications [11]. Renal filtration of endogenous compounds is a
complex process that involves passage in the Bowman capsule, tubular re-absorption and
secretion, in which solutes are exchanged owing to their size and physicochemical
properties. The first process is a filtration step within the glomerule where unbound
plasma components with a molecular size less than 50—-60 kDa are filtered into the
primitive urine. This cut-off is a strong determinant in the clearance of biotherapeutics
because small proteins such as interferons or growth factors are quickly filtered and have
half-lives of only a few hours, while large proteins such as antibodies have an elimination
rate 10- to 50-fold lower. A short half-life in blood, common for proteins having a

molecular weight below the kidney excretion threshold, poses a significant limitation in
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their use because they have to be administered at high doses to reach the desired effect,
simultaneously exacerbating side effects. On the other hand, some of the mechanisms of
protein elimination, degradation, and post-translational modifications affect also
administered therapeutic proteins thus influencing the response/dose ratio and the
efficacy [12,13]. Researchers have several tools for the development of better therapeutic
proteins, such as genetic engineering, advanced protein formulation and delivery. The
development of protein drug delivery systems (DDSs) has been and will be essential for
the full exploitation of protein-based drugs. For example, genetic engineering is strictly at
the base of some delivery approaches like the expression of fusion or hyper-glycosylated
proteins. In addition other DDSs have been applied to proteins such as incorporation into
micro/nanoparticles [14,15], liposomes [16] or hydrogels [17], and chemical modification
with small molecules (e.g. acetylation [18]) or polymers[19]. In this context, the covalent
attachment of the polymer polyethylene glycol (PEG) to bioactive substances has become
the leading approach for overcoming most of the aforementioned limits. Since the first
PEGylated product was approved by the Food and Drug Administration in 1990,
PEGylation has been widely used as a post-production modification methodology for
improving biomedical efficacy and physicochemical properties of therapeutic proteins

[13,20].

PEGylation of therapeutic proteins

Protein conjugation with polyethylene glycol (PEG) is a largely employed technology that
improves the pharmacokinetics behavior of protein therapeutics. In the 1970s the first
attempts of protein PEGylation were carried out by Abuchowski et al., and in 1990 the
first PEGylated biopharmaceutical appeared on the market: a PEGylated form of
adenosine deaminase, Adagen® (Enzon Pharmaceuticals, USA), for the treatment of
severe combined immunodeficiency disease (SCID). Since then, about a dozen of
bioconjugate therapeutics currently approved for human administration consist of

PEGylated proteins [20,21].
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PEG has been approved by the US FDA as ‘generally recognized as safe’. It is synthetized
by ring opening polymerization of monomeric ethylene oxide. Water or ethanol can be
used to initiate the polymerization reaction, leading respectively to bifunctional polymer
chains or monofunctional PEG. The last one, mono- methoxylated PEG (mPEG), is often
preferred for protein conjugation either in its linear or branched form, and can be further
functionalized through its free hydroxyl end group. There are various chemical groups on
the amino acid side chains that could in principle be exploited for the reaction with the
PEG active moiety, such as -NH2, -NH-, COOH, -OH, -SH groups as well as disulfide (-S-S-)
bonds. As lysine is one of the most abundant amino acids in protein sequences, many
PEGs were designed for reacting with amino groups. Nowadays several other routes are
available on the market [20].

PEG is a rather unique flexible polymer, soluble in both organic and aqueous solvents. It is
able to coordinate about 6-7 water molecules per monomer unit and for this reason its
hydrodynamic volume is higher than that of a globular protein of the same molecular
weight [22]. Interestingly, the PEG/protein hydrodynamic volume ratio increases in
correlation with the polymer molecular weight (e.g. 10 and 40 kDa PEGs have
hydrodynamic volumes corresponding to that of proteins of 65.4 and 670.7 kDa,
respectively) [23].

Conjugation of PEG to proteins results in a new macromolecule with significantly changed
physicochemical features. PEGylation, by increasing the molecular weight of a molecule,
can impart several significant pharmacological advantages over the unmodified form,
such as:

e Improved drug solubility

e Reduced dosage frequency (with potentially reduced toxicity)

e Extended circulating lifetime

e Increased drug stability

e Enhanced protection from proteolytic degradation

e Reduced immunogenic response


https://en.wikipedia.org/wiki/Drug
https://en.wikipedia.org/wiki/Drug
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PEGylation is typically an additional step, implemented at the end of an already existing
process for the production of a given protein. Therefore, the additional manufacturing
costs introduced by PEGylation, caused by supplementary reactions and purification
steps, should be minimized. The reactor for PEGylation in the pharmaceutical industry is
typically a batch reactor. Small scale batch reactors are likely to be more economical, and
easy to develop, control and maintain, without requiring too many auxiliary equipment

[24,20].

PEGylation strategies overview

Looking back into the history of PEGylation, it can been seen that, until recently, a
“random” conjugation approach has been carried out targeting the amino groups on the
protein, most frequently the e-amino groups on the side chains of lysine residues [20].

In fact, lysines, widely expressed on protein surfaces, are polar amino acid residues prone
to chemical reactions with properly derivatized PEG reagents such as PEG-chlorotriazine
[25], succinimidyl succinate (SS-PEG) [26] and succinimidyl carbonate PEG reagents (SC-
PEGs) [27]. Although other chemistries have also been tried in the past, most of the
random PEGylation reagents possess the activated carbonyl group in the form of N-
hydroxy-succinimide esters that form stable protein-PEG conjugates via amide linkages.
However, due to reactions with different nucleophilic groups on the protein, even mono-
PEGylation leads to positional isomers that can differ substantially in their biological and
biomedical properties. A clear consequence of such approach is the resulting complex
mixture of conjugates, with different degrees of PEGylation due also to the abundance of
lysine residues and to the reactions with other protein nucleophiles (i.e. N-terminal amino
groups, the imidazolylnitrogen of histidine residues and even the side chains of serine,
threonine, tyrosine and cysteine residues). The first PEGylated pharmaceuticals, Adagen®
(pegademase) and Oncaspar® (PEGylated asparaginase, pegaspargase), were actually
complex mixtures of various PEGylated species [28,29]. Also subsequently approved
drugs, such as Peglntron® and Pegasys®, are produced by random PEGylation. Both the

latter biopharmaceutical drugs are mixtures of mono-PEGylated positional isomers:
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PegIntron® contains linear 12 kDa PEG chains bound to different sites of IFN-a2b and
Pegasys® includes branched 40 kDa PEG chains bound mainly to four Lys residues of IFN-
a2a [24].

PEGylation technology, aimed at the development of better defined products, shifted
from random to site-specific PEGylation reactions. Two milestones of this kind of
approach are N-terminal and cysteine-specific PEG conjugation.

For N-terminal PEGylation, PEG aldehydes were developed that under acidic conditions
(pH 4-5) are more selective for N-terminal a-amine; a reducing agent was used (i.e.
sodium cyanoborohydride) [30] to obtain a stable secondary amine from a Schiff base
intermediate [20]. An example is Neulasta®, which is an N-terminally mono-PEGylated G-
CSF bearing a 20 kDa PEG. The improved pharmacokinetic behavior enables
administration only once per chemotherapy cycle, to be compared to the first generation
molecule, Neupogen®, which was administered daily [31].

Cysteines, usually forming a disulfide bridge, when unpaired on protein surface or
genetically introduced exhibit good selectivity. A variety of thiol-specific reagents are
available, such as maleimide, pyridyl disulfide, vinyl sulfone, thiol reagents. Genetically
introduced cysteines represent an opportunity to direct the PEG moiety to a pre-defined
site in the protein. A very promising group of proteins for cysteine-specific PEGylation are
Fab’ fragments. PEGylation appears to be an ideal method to reduce their antigenicity
and prolong their in vivo circulation times [32].

To overcome free unpaired cysteine scarcity in the amino acid sequence, strategies based
on disulfide bridge opening have been adopted. TheraPEG™ is a PEGylation technology
from PolyTherics that exploits special PEG monosulfone reagents. The site-specific bis-
alkylation of both sulfur atoms in the natural disulfide bond that is sufficiently exposed on
the protein surface results into the insertion of the PEG linker into the disulfide bond and
formation of a three-carbon PEGylated bridge [33].

Taking into account that histidine affinity tags are among the most frequently used tools
for easy and rapid purification of recombinant proteins, a strategy targeting histidine tag

for PEG attachment has been developed by PolyTherics [34].
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Another alternative strategy, aimed at the development of homogeneous products, is
PEGylation targeting non-natural amino acids, requiring the genetic manipulation of the
protein and of the host organism to allow incorporation of non-natural amino acids (the
so-called Amber technology), which can be specifically conjugated with appropriate PEG
reagents [35].

Finally, instead of traditional conjugation reactions through chemical procedures,
enzymes can also be employed to achieve specific PEGylation. For instance,
transglutaminase has been used to catalyze the addition of PEG amine to the acyl group
of glutamine residues. The reaction offers a high degree of specificity since only those
glutamine residues that are encompassed in a flexible or unfolded region are modified

[20].

Peptides therapeutics and diagnostics

More than 7000 naturally occurring peptides have been recognized for having a wide
variety of roles in human physiology [36,37]. In general, peptides are efficacious signaling
molecules that bind to specific cell surface receptors or ions channels, with high
selectivity, triggering intracellular effects. Peptides are in the sweet spot between small
molecules and biopharmaceuticals in terms of production complexity and costs.

For these reasons peptides represent an excellent starting point for the design of novel
therapeutics, not only for their selectivity and efficacy but also for their safety and
tolerability profile.

At present, there are more than 60 US FDA-approved peptide medicines on the market
and therapeutic peptide research is currently growing. In fact approximately 140 peptide
drugs are in clinical trials and more than 500 therapeutic peptides are in preclinical
development [38]. The main disease areas currently driving the therapeutic use of
peptide drugs are metabolic diseases and oncology [39].

Naturally occurring peptides are often not directly suitable for use as therapeutics agents
because they have intrinsic weakness, including poor chemical and physical stability, and

a short circulating plasma half-life. Consequently traditional rational design of peptides
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has focused on techniques to mitigate these weaknesses and/or to enhance the peptides
affinity for their biological target. Rational design can start with a known crystal structure
of the peptide giving the secondary and tertiary structure. Then, based on the input from
various analyses, such as alanine substitutions (Ala-scan), and small focused libraries, the
structure-activity relation (SAR) is built in sequential steps that lead to the identification
of essential amino acids and also sites for possible substitution [40,41].

At present small-medium size peptides can be chemically synthesized using the
combination of solid phase peptide synthesis with microwave irradiation (MW-SPPS) with
higher yield and purity with respect to biotechnological techniques.

Thanks to their specific mode of action, peptides are often excellent biomarkers and
therefore can also be used in diagnostic assays [42]. For example peptide microarrays
have become increasingly accessible in recent years; beyond their initial utility in
substrate profiling to sense protein activity, the peptides on the arrays can act as
molecule ligands in detection systems. A collection of peptides displayed on a solid
surface (chip) can be directly incubated with a variety of biological samples.

In the development of a detection system, peptides can be used to recognize a given
target in a biological sample. Moreover, peptides can be synthetically produced and
modified by conjugation with an extrinsic chromophoric probe, giving an easily detectable

signal and acquiring a vital role in the development of biosensors.
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Chapter 2

Rebuilding the urate degradation pathway in humans: a

triad of PEGylated enzymes for uricolysis

Introduction

Hypoxanthine-Guanine phosphoribosyltransferase deficiency

Purine nucleotides can be synthesized in two distinct pathways. First, purines are
biologically synthesized de novo in particular as ribotides (bases attached to ribose 5-
phosphate), starting from simple materials such as amino acids and bicarbonate. A key
regulatory step is the production of 5-phospho-a-D-ribosyl 1-pyrophosphate (PRPP) by
ribose phosphate pyrophosphokinase. Alternatively, purine bases, released by the
hydrolytic degradation of nucleic acids and nucleotides or from diet, can be salvaged and
recycled. The so called purine salvage pathways are known for the energy that they save
and the remarkable effects of their attenuation and/or absence [1]. Hypoxanthine-
guanine phosphoribosyltransferase (HPRT) is a key enzyme involved in these recycle
pathways, catalyzing the conversion of hypoxantine to inosine monophosphate (IMP) and
guanine to guanosine monophosphate (GMP) via PRPP-dependent transfer reactions

(Scheme 1).
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Scheme 1 Urate biosynthesis and degradation. Enzymes names are in bold, and abbreviated as follows: HPRT,
hypoxanthine-guanine phosphoribosyltransferase; Xdh, xanthine oxidase/dehydrogenase; Gda, guanine
deaminase; Uox, urate oxidase; Urah, 5-hydroxyisourate (HIU) hydrolase; Urad, 2-oxo-4-hydroxy-4-carboxy-5-
ureidoimidazoline (OHCU) dehydrogenase. Genes that are lost in hominoids are denoted by a dagger symbol.
Reactions inhibited by allopurinol and febuxostat are indicated by inhibition symbols. The proposed
therapeutic approach is based on the facilitation of purine degradation through the administration of

uricolytic enzymes (asterisks), and is anticipated to normalize the level of upstream metabolites.

The lack or deficiency of HPRT catalytic activity leads to the augmented degradation of
free purine bases, hypoxantine and guanine, that cannot be recycled, and consequently
to the overproduction of the end product of purine degradation in humans, uric acid [2].
This slightly soluble metabolite accumulates in plasma (hyperuricaemia) and urine
(hyperuricosuria) and precipitates in joints and kidney causing juvenile gout and renal
failure. Among disorders of purine metabolism, the Lesch—Nyhan disease (LND) is also
characterized by neurological manifestations. The LND is a rare X-linked disease
characterized by severe deficiency of HPRT enzyme caused by mutations of the human

gene HPRT1 diminishing or abrogating the catalytic activity of the encoded enzyme. LND
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patients are affected by motor disabilities such as severe action dystonia, involuntary
movement, by cognitive impairments such as moderate mental retardation and by
unusual self-injurious behavior as a result of obsessive-compulsive behavior [3]. While
overproduction of uric acid is present in all HPRT-deficient patients, the neurological
manifestations of the disease show a continuum spectrum of gravity depending on the
degree of the enzymatic deficiency. Different classifications of HPRT-deficiency exist
according to the severity of the neurological symptoms. At the higher end of the
spectrum is the classic LND with the full clinical phenotype. At the lower end of the
spectrum is HPRT-gout with no apparent neurological deficits. Inbetween are Lesch-

Nyhan variants (LNV) with different degrees of abnormalities [4].

Traditional uricostatic therapeutic approach

The most common current therapeutic approaches to uric acid-related symptoms of HPRT
deficiency rely on uricostatic drugs (i.e. allopurinol, febuxostat). These drugs exploit their
action blocking the purine degradation and reducing serum urate and urine uric acid
levels. Allopurinol (Figure 1), an analogue of hypoxanthine, acts as a competitive inhibitor
of xanthine oxidase, the enzyme responsible of the hypoxanthine conversion in xanthine

and finally in uric acid (Scheme 1).
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Figure 1 Allopurinol chemical structure

Control of uric acid overproduction with allopurinol reduces the risk for nephrolithiasis,

urate nephropathy, gouty arthritis, and tophi, but without effects on behavioral and
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neurologic symptoms [5]. The uricostatic approach, at the same time, causes the
accumulation of urate precursors xanthine and hypoxanthine resulting in alteration of
their physiological concentrations. The increased concentration of hypoxanthine and
xanthine represents the most evident biochemical dysfunction in the central nervous
system. A toxic effect of hypoxanthine has been implicated in the severe neurological
manifestation of LND probably through inhibition of the adenosine transport [6]; an
increase in hypoxanthine and xanthine excretion rates of about 5-10 fold is observed in
allopurinol-treated patients [5,6]. So, paradoxically, a therapeutic treatment contrasting
uric acid production through a block of the degradation pathway is expected to aggravate

rather than normalize the purine imbalance caused by HPRT deficiency.

Uric acid degradation pathway

At variance with humans (and hominoids in general), most mammals are able to produce
enzymes catalyzing the conversion of uric acid in its much more soluble metabolite (S)-
allantoin, easily excreted with urine. For this reason they are not prone to gout or urate
kidney stones formation. It has long been thought that urate oxidase (Uox) is the unique
enzyme involved in this conversion [7,8]. Nevertheless bioinformatic and biochemical
studies have revealed a multi-enzymatic pathway (Scheme 1): Uox is responsible for the
oxidation of uric acid to (S)-5-hydroxyisourate (HIU); HIU is then converted into (S)-2-oxo-
4-hydroxy-4-carboxy-5-ureidoimidazoline (OHCU) by HIU hydrolase (Urah), and the last
step gives (S)-allantoin from OHCU decarboxylation thanks to OHCU decarboxylase (Urad)
catalysis [9].

The metabolite HIU, in vitro, is able to spontaneously degrade to racemic allantoin on a
time scale of several hours, while the reaction catalyzed by the enzymatic triad directly
leads to (S)-allantoin production in seconds, confirming the presence of the enzymatic
pathway in cells [10]. Starting from these knowledge an uricolytic treatment has the
possibility to reduce uric acid levels and also to normalize the concentrations of upstream
metabolites by increasing the metabolic flux towards degradation. The first enzyme of the

pathway, Uox, has been approved for human use in US and Europe in two different
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formulations: Rasburicase® (Sanofi-Aventis, for prevention and treatment of tumor lysis
syndrome) [11] which is not in an appropriate form for a prolonged use (as in the case of
LND) and Pegloticase® (Savient Pharmaceuticals, for treatment-refractory, chronic gout),
with augmented half-life [12]. However, the treatment with the full enzymatic pathway
would be preferable because bioinformatic data suggest that the two enzymes following
Uox in the degradation pathway have a detoxification role [9]; it is also known that in the
animal model, the presence of urate oxidase in the absence of the downstream enzyme

(Urah) has a potent oncogenic effect [13].
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Research purpose

The current therapeutic approach to uric acid overproduction related to HPRT-deficiency
is characterized by the inhibition of xanthine oxidase using uricostatic drugs (i.e.
allopurinol). For those cases irresponsive or intolerant to uricostatic therapies [14], Uox
can be administered. When a chronic treatment is required (as in the case of LND), the
therapy with only Uox shows important side effects. It is known that in animal models,
the product of Uox catalysis, HIU, can have toxic and oncogenic effects [13]. This
knowledge together with bioinformatic data suggests that the two enzymes following Uox
in the degradation pathway, Urah and Urad, have a detoxification role [9].

The enzymatic triad (Uox, Urah and Urad), present in other mammals but not in humans,
catalyzes the conversion of uric acid to its more soluble metabolite (S)-allantoin. The
treatment with the full enzymatic set would be preferable because it controls the
upstream oxypurines concentration by facilitating the metabolic flux towards
degradation. For this reason the uricolytic treatment could be effective on behavioral and
neurologic symptoms in HPRT-deficient patients. Anyway the proposed enzymatic
treatment would also represent an alternative treatment for those cases irresponsive or
intolerant to uricostatic drugs without purine imbalance-derived side effects.

This research line has the purpose to contribute to the development of a more sound
treatment for HPRT-deficiency and LND, facilitating rather than blocking purine
degradation. Our strategy is to obtain Uox, Urah and Urad in recombinant form, and to
increase their half-life and decrease their immunogenicity while preserving enzymatic

activity and stability, through polyethylene glycol (PEG) modification of enzymes surface.
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Materials and Methods

Enzymes PEGylation

All PEG preparations were of the best available purity and polydispersivity. For protein
modification PEG functionalized with maleimido-group (MAL-PEG) of three different
molecular masses (5, 20 and 40 kDa) was used. PEG with nominal molecular weight of 5

kDa was purchased from NOF Corporation (Figure 2).

(o}

Figure 2 MAL-PEG (Sunbright, NOF) chemical structure

20 kDa and 40 kDa MAL-PEG were obtained from Iris Biotech GMBH (Figure 3).

%Mb

Figure 3 MAL-PEG(Iris Biotech) chemical structure

Different conjugation schemes were followed by varying PEG molecular weight, the
stoichiometry of the reactants, the molar ratio between protein and PEG and the time of

reaction.

21



Chapter 2

DrUox and DrUrah PEGylation

Uox and Urah enzymes from Zebrafish (Danio rerio) were expressed in E. coli and purified
at the Biochemistry and Molecular Biology laboratory at the University of Parma. DrUox
was purified by affinity chromatography onto an agarose resin functionalized with
xanthine, an analog of the enzyme substrate that cannot be oxidized by Uox. The protein
was then eluted by adding an uric acid solution. DrUrah was purified by subsequent
cationic and anionic exchange chromatography at different pH values. The two enzymes
solutions were finally diafiltered and concentrated before storage.

For DrUox and DrUrah the same conjugation scheme was followed. The reactions were
carried out in vials adopting a direct PEG attachment based on the number of free
cysteines on protein surface.

2 mg/ml enzyme stock solution was reacted with fresh reagents solutions in 100 mM
potassium phosphate, 150 mM NaCl, pH 7.4 at 20 °C. As a control, a sample not treated
with PEG (added with the same volume of buffer) was used for each enzyme. The
conjugation was stopped and monitored over the time by adding a molar excess (6-fold
with respect to the protein concentration) of free cysteine. The PEGylated samples were
then dialyzed at 4 °C in 100 mM potassium phosphate, 150 mM NaCl, pH 7.4 in order to
eliminate unreacted MAL-PEG and other reagents. Dialysis was carried out using Millipore
Amicon Ultra ultrafiltration tubes supplied by Merck Millipore; a membrane with a cut-off
of 10 kDa was used for the unmodified protein, 30 KDa for the 5 and 20 kDa PEGylated
proteins and a cut-off of 100 kDa for the 40 KDa PEGylated enzymes.

DrUrad PEGylation

Urad enzyme from Zebrafish was expressed in E. coli and purified at the Biochemistry and
Molecular Biology laboratory at the University of Parma. DrUrad was purified by affinity
chromatography on cobalt resin (Talon, Clontech), thanks to its N-terminal poly-histidine
tag. The protein was eluted using a buffer containing imidazole. The enzyme solutions
were finally diafiltered and concentrated before storage. In this case, for protein

modification, a two-step procedure was followed. The first step involved the modification
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of the amino groups of the enzyme by reaction with 2-imino thiolane (IMT) (Figure 4),
adding a spacer arm ending with a thiol group which is able to react with the maleimido

ring of MAL-PEG (second step) [15].

HN

Figure 4 2-iminothiolane (IMT) chemical structure

The reactions were quenched by the addition of an excess of lysine (10-fold with respect
to the IMT concentration) and cysteine (6-fold with respect to the PEG concentration).
Finally the PEGylated samples were dialyzed at 4 °C in 100 mM potassium phosphate,
150 mM NacCl, pH 7.4 in order to eliminate unreacted PEG and IMT using Micro Float-A-
Lyzer® micro dialysis devices (cut-off membrane 20 kDa, 50 kDa and 100 kDa) purchased

from Spectrum Labs.

Lyophilization

The PEGylated enzymes and the control samples (unmodified proteins) were split in small
aliquots and added with 4% mannitol and 1% sucrose (w/v, final concentration) as
lyoprotectant agents [16]. All the aliquots were then flash-frozen in liquid nitrogen and
then lyophilized O/N using a Modulyo® Freeze Dryer apparatus (Edwards). Lyophilized

samples were then stored at -20 °C.

SDS PAGE of PEGylated enzymes

In order to evaluate the degree of protein derivatization, denaturing polyacrylamide gel
electrophoresis was used. Protein samples were added with acetone (1 protein volume :
5 acetone volume) and left overnight at - 20 °C. After centrifugation (20 minutes at 13000

rom) the pellet was dried using a SpeedVac concentrator (Christ RVC 2-18) and
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resuspended in sample buffer. For each sample 5 to 10 pug were usually loaded on gels.
Staining was carried out with Biosafe® Coomassie (destaining with water) for the
detection of protein bands. The SDS PAGE gels were scanned using a ChemiDoc® imager
(BIO-RAD) and bands intensity was evaluated by densitometric analysis through Image
Lab software. In addition, the subunits to which PEG molecules are attached were
revealed using a PEG specific dye (barium iodide) solution. 50 mL of 5% BacCl, solution and
2.5 ml of 0.05 M iodine solution were added to the previously Coomassie-stained gel for

5-10 minutes; after a quick rinse with deionised water the gel was electronically scanned.

Activity assays

The activity assays for the three enzymes were performed at 37 °C in 100 mM potassium
phosphate, pH 7.4. The enzymatic activity of DrUox was analyzed by directly monitoring
at 292 nm the uric acid consumption in the presence of 100 uM urate and an excess of
HIU hydrolase. The secondary enzyme is required in order to eliminate HIU, one of the
Uox reaction products, that absorbs in the same UV region of urate and affects the
uricase activity with a product inhibition kinetics.

The substrates of Urah and Urad, HIU and OHCU, respectively, are not commercially
available because of their instability. It was therefore necessary to produce them during
the assay, by adding the enzymes responsible of their synthesis. The activity of DrUrah
and DrUrad was monitored by measuring absorbance at 312 nm and 257 nm,
respectively, in the presence of an excess of DrUox (for DrUrah), and DrUrah (for DrUrad)

and 100 uM urate.

Circular dichroism spectroscopy
Circular dichroism spectra were carried out with a Jasco J715 spectropolarimeter
equipped with a Peltier thermostatic cell set at 20 °C. Spectra were collected using a 1

mm quartz cuvette, in 20 mM potassium phosphate, pH 7.4.
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Results and discussion

The purpose of this project was to obtain all the three enzymes involved in the uricolytic
degradation pathway of purine catabolism (DrUox, DrUrah and DrUrad), in a form
suitable for therapy after recombinant expression and covalent conjugation with PEG. In
view of a future scaling-up of the PEGylation procedure for testing in animal models and
perspective therapy, a common PEGylation chemistry for DrUox, DrUrad and DrUrah was
adopted. PEG derivatized with maleimido-group (MAL-PEG) was used for the reaction
with the thiol functional groups exposed at the protein surface. All the three sequences of
recombinant enzymes used in this study are from zebrafish. This source has been selected
because of the high solubility and stability of the isolated proteins and of the availability
of three-dimensional structures [17,18]. For Uox the three-dimensional structure (PDB ID:
5LL1) has been recently solved. Anyway structure knowledge was helpful for the rational
design of the chemical modification protocol.

DrUox, DrUrah and DrUrad sequences contain 5, 2 and 5 reduced cysteine residues per
monomer, respectively (20, 8 and 10 cysteines per biological unit). Visual inspection of
the DrUox structure indicates that under oxidizing conditions 4 Cys side chains are
engaged in disulfide bridges and 16 are available for chemical conjugation.

In the table below (Table 1) the molecular weights, the quaternary structure and the

content in free cysteine residues of each enzyme are summarized.

Table 1 DrUox, DrUrah and DrUrad molecular weights, quaternary structures and number of free cysteine

residues per biological unit.

Molecular Quaternary Free
Weight (kDa) structure Cysteines
DrUox 136748 tetramer 16
DrUrah 52992 tetramer 8
DrUrad 44000 dimer 10
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DrUox PEGylation

DrUox is a homotetrameric enzyme with 16 available cysteines for chemical conjugation.
As a starting point, the reaction conditions were optimized investigating the time-
evolution of the DrUox conjugation with 5 kDa MAL-PEG at two different PEG/free
cysteines molar ratios (1.25 and 7.5). The reaction was carried out at 20 °C and monitored
over the time by adding a molar excess of cysteine respectively after 15, 30 and 45
minutes from PEG addition. In Figure 5 the SDS-PAGE and its densitometric analysis are
reported, indicating that the degree of conjugation strongly depends on PEG molar
excess, as expected; in fact the highest PEG molar excess (7.5) already leads to significant

protein derivatization after 15 minutes.
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Figure 5 Panel A: SDS-PAGE of DrUox PEGylation as a function of time at two different MAL-PEG/free cysteine
ratios. Unstained Precision Plus Protein(® standards (Biorad) were used as MW markers (M) (25, 50 and 75
kDa bands are highlighted in the gel). Panel B: PEGylation kinetics of DrUox at different PEG/cysteine molar
ratios. The conjugation reaction was carried out at 20 °C, at a 5 kDa MAL-PEG/reactive cysteines molar ratio
of 7.5 (circles) and 1.25 (squares). Grey symbols refer to the fraction of di-PEGylated monomers, open symbols
refer to the fraction of mono-PEGylated monomers, and closed symbols to the fraction of unmodified

monomers. Dashed lines through data points are just drawn for eye guidance.
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Considering the modest progression of the conjugation reaction at times longer than 30
minutes a 7.5 PEG/cysteine molar ratio and a 30 minutes reaction time were chosen in
order to assure both a sufficient degree of PEGylation and to limit the incubation time for
concerns relative to protein stability. Next, the effect of PEG chain length on the degree
of covalent modification and the retention of enzymatic activity were investigated. To this
end, DrUox was conjugated with MAL-PEG of three different molecular weights, 5, 20 and
40 kDa, using the same protocol. Figure 6 reports SDS-PAGE of DrUox reacted with the

three different PEGs, in comparison with the unmodified protein.

M 1 2 3 4
kDa

250
150
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50 "
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Figure 6 PEGylation of DrUox. SDS-PAGE gel of unmodified and PEGylated DrUox. Lane M, MW standards;
Lane 1, unmodified DrUox; Lane 2, DrUox + 5 kDa PEG; Lane 3, DrUox + 20 KDa PEG; Lane 4, DrUox + 40 kDa
PEG. The gel underwent a double staining procedure, first with Coomassie blue (blue bands), and then with the

PEG-specific dye barium iodide (yellow-brown bands).

Yellow-brown bands in lanes 2, 3 and 4 are due to gel staining with a dye specific for PEG
(barium iodide). Barium iodide staining was carried out after Coomassie blue staining to
confirm the attribution of slowly migrating bands to PEGylated forms of DrUox
monomers. Starting from the densitometric analysis of protein bands to evaluate the

degree of PEGylation of single monomers, an estimate of the degree of tetramers
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PEGylation and fraction of un-modified tetramers was obtained following the procedure
previously reported for PEGylated hemoglobin [19]. DrUox PEGylation with MAL-PEG of

different molecular weight resulted in similar PEGylation yields (Table 2).

Table 2 Distribution of un-reacted and PEGylated DrUox monomers and tetramers, and enzymatic activity,

after reaction with 5, 20 or 40 kDa MAL-PEG

Average
% non- % mono- % di- % %
no. of PEG
PEGylated PEGylated PEGylated Unmodified Enzymatic
bound (per
monomers monomers monomers tetramers activity ?
tetramer)
No PEG 100 0 0 0 100 87.7+19.2°
5 kDa
60 28 12 2.1 13 87.9+3.5
PEG
20 kDa
46 54 0 2.2 5 124.1+10.7
PEG
40 kDa
71 21 8 1.5 25 141.6%2.0
PEG

3 The activity is expressed as percentage with respect to freshly prepared DrUox (mean + SE).

The enzymatic activity of all samples was checked right after the conjugation reaction.
The results, shown in Table 2, indicate a good retention of the enzymatic activity after
PEGylation, very close to the native enzyme for the 20 kDa or 40 kDa PEGylated protein.
The enzymatic activity of the un-conjugated protein was measured on samples
representing the control that underwent the same procedure of PEGylated ones, without
the addition of MAL-PEG in the reaction mixture. The value significantly lower than 100 %
is consistent with the observation that recombinant DrUox is marginally stable at room

temperature.
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DrUrah PEGylation

DrUrah is a tetrameric protein possessing 2 cysteines per monomer available for PEG
attachment.

For DrUrah derivatization, we first tried to define the optimal PEGylation conditions
measuring as a function of time the degree of PEGylation upon reaction with 5 kDa MAL-
PEG, at a 1.25 or 7.5 PEG/free cysteines molar ratio, as seen for DrUox. In Figure 7 the

SDS-PAGE and its densitometric analysis are reported.
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Figure 7 Panel A: SDS PAGE of DrUrah PEGylation as a function of time at two different MAL-PEG/free cysteine
ratios. Unstained Precision Plus Protein® standards (Biorad) were used as MW markers (25, 50 and 75 kDa
bands are highlighted in the gel). Panel B: PEGylation kinetics of DrUrah at different PEG/cysteine molar
ratios. The conjugation reaction was carried out at 20 °C, at a 5 kDa MAL-PEG/reactive cysteines molar ratio
of 7.5 (circles) and 1.25 (squares). Grey symbols refer to the fraction of di-PEGylated monomers, open symbols
refer to the fraction of mono-PEGylated monomers, and closed symbols to the fraction of unmodified

monomers. Dashed lines through data points are just drawn for eye guidance.

As already observed with DrUox, also for DrUrad a PEG/free cysteines molar ratio of 7.5

resulted in a good degree of derivatization, and the reaction apparently reached
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completion within 30 minutes. Hence, in all following experiments DrUrah was PEGylated
at 20 °C at a PEG/cysteine ratio of 7.5. The reaction with 5, 20 or 40 kDa MAL-PEG always
yielded a good degree of derivatization, showing the presence of mono- and di-PEGylated
hydrolase monomers as shown by the SDS-PAGE (Figure 7B). Densitometric analysis of
the gel and probabilistic calculations allowed to determine the average number of PEG
chains conjugated to DrUrah tetramers, as well as the probability to have unmodified
tetramers, an undesired occurrence since the latter would be rapidly filtered through the

kidneys (Table 3).

Table 3 Distribution of un-reacted and PEGylated DrUrah monomers and tetramers, and enzymatic activity,

after reaction with 5, 20 or 40 kDa MAL-PEG

Average
% non- % mono- % di- % %
no. of PEG
PEGylated PEGylated PEGylated Unmodified  Enzymatic
bound (per
monomers monomers monomers tetramers activity ?
tetramer)
No PEG 100 0 0 0 100 85.6+28.5
5 kDa
26 71 3 3.1 1 55.316.6
PEG
20 kDa
26 61 13 35 1 183.3+43.9
PEG
40 kDa
42 15 43 4.0 3 166.5+33.3
PEG

a The activity is expressed as percentage with respect to freshly prepared DrUrah (mean + SE).

Compared to DrUox, the average number of conjugated PEG molecules per tetramer
resulted to be higher, and the fraction of non-conjugated tetramers appeared to be
almost negligible. Enzymatic assays showed that PEGylation, regardless of the molecular
weight of the conjugated PEG, did not significantly impair enzymatic activity. Increased

activity of PEGylated enzymes, though apparently counterintuitive, could be rationalized
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taking into account quaternary stabilization of oligomeric proteins [20], selective
stabilization of active conformations and, possibly, perturbations of the active site

environment causing favorable ligand partitioning and binding.

DrUrad PEGylation

In view of a common PEGylation chemistry, DrUrad was firstly modified adopting the
same conjugation protocol used for the two upstream enzymes. PEGylation with 5, 20
and 40 kDa MAL-PEG (7.5 PEG/free cysteines molar ratio, 30 min reaction time) occurred
with good vyields (Figure 8), but PEGylated DrUrad was almost totally inactive in all three

cases.

DrUrad-PEG 20kDa
DrUrad-PEG 40kDa
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Figure 8 SDS-PAGE of DrUrad before and after reaction with 5, 20 and 40 kDaMAL-PEG. The reaction was
carried out at a PEG/cysteine ratio of 7.5, at 20 °C for 30 minutes. Unstained Precision Plus Protein(®

standards (Biorad) were used as MW markers (25, 50 and 75 kDa bands are highlighted in the gel).

The analysis of DrUrad structure [17] indicates that the enzyme has five cysteine residues;
interestingly, two are close to the dimer interface, and two, Cys-25 and Cys-66, are very

close to the active site, not directly involved in catalysis (Figure 9).
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Figure 9 3D structure of dimeric DrUrad (PDB ID: 2073). Cysteine residues (red) and the competitive inhibitor

(S)-allantoin (green) bound to the active site are shown, respectively, in sphere and ball and stick mode.

Therefore, it is possible that PEG derivatization of cysteine residues could interfere with
DrUrad enzymatic activity either by destabilizing the dimer interface, or by perturbing the
accessibility of the substrate to the active site. To better investigate the situation, the
PEGylation reaction was carried out in the presence of allantoin, the final product of
DrUrad catalysis; allantoin binds to the catalytic site as an inhibitor allowing the
protection of Cys-25 and Cys-66 from PEG conjugation. This test resulted in a completely
inactive PEGylated enzyme after removal of the inhibitor. We further investigated the
role of Cys-25 and Cys-66 by exploiting their proximity, likely to favor the formation of a
disulphide bridge under non-reducing conditions, as an alternative way to protect them
from PEGylation. Incubation of DrUrad at 20 °C for 5 hours, corresponding to the
preparation time of the PEGylated enzyme (reaction and dialysis), without the presence
of a reducing agent results in an enzymatic activity that is almost completed abolished
(Figure 10). Such loss of specific activity, that is not observed after incubation in ice for an
equivalent time, is almost completely reverted after the addition of the reducing agents

glutathione or tris(2-carboxyethyl)phosphine (TCEP) (Figure 10). This reversible
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inactivation of DrUrad has to be attributed to oxidation of the cysteines close to the
active site, and not those participating to the dimer interface, as demonstrated by

inspection of the crystallographic structure, that does not show any inter-subunit

disulphide bridge [17].
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Figure 10 Enzymatic activity of DrUrad under oxidizing and reducing conditions. From left to right, bars refer
to freshly prepared DrUrad (chosen as a reference), the enzyme spontaneously oxidized after an incubation of
5 hours at 20 °C, and the recovery of activity after treatment of the inactivated (oxidized) enzyme with 1 mM

tris(2-carboxyethyl)phosphine (TCEP) or ImM glutathione (GSH).

In view of a future administration as a protein therapeutic the presence in the plasma of
sufficient reducing agents such as glutathione should assure that the protein will be in the
fully active form. However, PEGylation trials carried out on inactive (oxidized) DrUrad
yielded an inactive enzyme, even after the addition of reducing agents. The fact that the
reduction of oxidized cysteines is not sufficient for the recovery of the enzymatic activity
indicates that chemical conjugation of residues involved in inter-subunit contacts is an

important determinant of function loss upon PEGylation, likely because of dimer

destabilization.
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Overall, our results led to change PEGylation strategy. In order to use the same PEG
derivative (MAL-PEG) changing the target aminoacid a two-step procedure was chosen.
The first step involved the modification of the amino groups of the enzyme by reaction
with 2-imino thiolane (IMT), adding a spacer arm ending with a thiol group which is able
to react with the maleimido ring of MAL-PEG (second step). This technique has already
been used in PEGylation of human hemoglobin to increase the number of reaction sites
[21,22] while avoiding the derivatization of cysteines with crucial role in protein activity
[15]. To further reduce the possible reaction between cysteines and PEG, DrUrad was
incubated O/N at 15 °C to increase the thiol groups oxidation before PEGylation. Different
reaction conditions were investigated, performing the reactions at 10, 5 or 2.5 MAL-
PEG/DrUrad molar ratio (Figure 11), in the presence of a 20x or 40x IMT molar excess

with respect to protein dimer concentration.
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Figure 11 SDS-PAGE of DrUrad PEGylation after reaction with iminothiolane. PEGylation reactions were
carried out at an IMT/protein ratio of 20, at different MAL-PEG/protein ratios (2.5, 5 and 10). Unstained

Precision Plus Protein® standards (Biorad) were used as MW markers (25, 50 and 75 kDa bands are

highlighted in the gel).
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The degree of PEGylation was evaluated by densitometric analysis of SDS-PAGE bands.

While the molar excess of IMT had a scarce effect on the PEGylation yield (data not

shown), since IMT is highly reactive and a 10x molar excess is enough to assure that most

reactive amino groups are functionalized, significant differences were observed between

a MAL-PEG/DrUrad ratio of 2.5 or 5, and much less between 5 and 10 (Figure 12A).

fraction (%)

80
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PEG/monomer
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Figure 12 PEGylation of DrUrad. Panel A: Effect of MAL-PEG/DrUrad ratio on the degree of PEGylation. Circles,

triangles and squares refer to a MAL-PEG/DrUrad ratio of 2.5, 5 and 10, respectively. Panel B: SDS-PAGE gel of

unmodified and PEGylated DrUrad. Lane M, MW standards; Lane 1, unmodified DrUrad; Lane 2, DrUrad + 5

kDa PEG; Lane 3, DrUrad + 20 kDa PEG; Lane 4, DrUrad + 40 kDa PEG. The gel underwent a double staining

procedure, first with Coomassie blue (blue bands), and then with the PEG-specific dye barium iodide (yellow-

brown bands).
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Based on this result, and keeping in mind that an excessive PEGylation rate might involve
cysteine side chains and prove detrimental for the maintenance of enzyme activity,
DrUrad was reacted with MAL-PEG of 5, 20 and 40 kDa molecular weight, keeping
constant the 20x molar excess of IMT with respect to protein concentration and a MAL-
PEG/DrUrad molar ratio of 5. In all cases, the conjugation reaction resulted in a
distribution mainly of unmodified and monoPEGylated monomers, with smaller fractions
of di-, tri- and tetraPEGylated monomers (Figure 12B). As previously reported for DrUox
and DrUrah, densitometric analysis of the SDS-PAGE bands and combinatorial calculations
yielded the average number of PEG chains conjugated to DrUrad monomers and dimers,

and the probability to have unmodified dimers (Table 4).

Table 4 Distribution of un-reacted and PEGylated DrUrad monomers and dimers, and enzymatic activity, after

reaction with 5, 20 or 40 kDa MAL-PEG
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No PEG 100 0 0 0 0 0 100 24.8%+1.6
5 kDa
29 42 10 19 0 2.4 17 39.2+2.4
PEG
20 kDa
27 52 9 8 4 2.3 5 17.7£3.1
PEG
40 kDa
48 35 9 4 4 1.7 25 23.1+1.7
PEG

a The activity is expressed as percentage with respect to freshly prepared DrUrad (mean * SE).
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In all cases, and at variance with respect to DrUox and DrUrah, the activity of the
PEGylated enzyme was significantly lower than the freshly prepared protein, though
comparable to that of samples that underwent the same treatment, with the exclusion of
MAL-PEG from the reaction solution (24.8 + 1.6%). It has to be noted that data reported
in Table 4 were originated by experiments carried out in the presence of reducing agents.
The only partial retention of enzymatic activity of the unPEGylated protein does not
contradict the full functional recovery induced by TCEP, because the activities reported in
Table 4 are from samples that underwent O/N dialysis, a procedure that is necessary to
eliminate excess reagents, but is badly tolerated by DrUrad. On the other hand, the fact
that the activity of PEGylated DrUrad is close to that of the unmodified enzyme indicates
that PEG conjugation by extension arm chemistry does not cause any further perturbation
of enzyme functionality. In our experimental setting, conjugation with 20 kDa PEG
appears to be the most promising approach for future development of a therapeutic form
of DrUrad, in spite of a slightly lower residual enzyme activity, since it appears to yield a

lower fraction of unmodified dimers (Table 4).

Lyophilization of DrUox, DrUrah and DrUrad: effect of PEG on enzyme activity
and stability.

Lyophilization represents the elite strategy for storage of protein therapeutics allowing to
produce a stable formulation, in form of a powder to be resuspended at the moment of
use, with long shelf life. Therefore, for each enzyme, both unmodified and conjugated
with 5, 20 or 40 kDa PEG, the preservation of the enzymatic activity upon lyophilization
and resuspension was evaluated and monitored over the time. Each sample was
separately flash-frozen and lyophilized in the presence of 4% w/v mannitol and 1% w/v
sucrose as lyoprotectants [16]. Once lyophilized, samples were stored at -20 °C. After
resuspension in water for parenteral uses, the enzymatic activity of PEGylated DrUox,
DrUrah and DrUrad was monitored up to several days and compared with that of the

unmodified protein. Resuspended enzymes samples were stored at 4 °C.
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In the case of DrUox, PEGylation allows to retain a higher degree of enzymatic activity,
about 60-80 % that of a freshly prepared, unmodified sample (Figure 13A). PEG molecular
weight does not affect the enzyme activity that is quantitatively maintained throughout a

storage time after resuspension of 8 days at 4 °C.
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Figure 13 Activity of PEGylated enzymes after lyophilization and resuspension. Panel A, DrUox; Panel B,
DrUrah; Panel C, DrUrad. Different colors correspond to the different molecular weight PEG conjugated to the
enzymes: black, no PEG (control); red, 5 kDa PEG; green, 20 kDa PEG; yellow, 40 kDa PEG
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In the case of DrUrah, all PEGylated forms exhibited native-like enzymatic activity that
was fully maintained for more than a week (Figure 13B), with no significant differences
related to PEG chain length.

DrUrad confirmed to be the more labile component of the enzymatic triad. Not only the
initial enzymatic activity after lyophilization and resuspension is significantly lower than
that observed for DrUox and DrUrah, but it gradually decays to marginal values within 8
days storage at 4 °C (Figure 13C). PEG does not appear to confer increased stability upon
long term storage.

Anyway we can say that lyophilization and resuspension of PEGylated proteins after
storage at -20 °C do not significantly affect enzymatic activity. Even in the case of the less
stable DrUrad, the activity just after PEGylation (last column in Table 3) is comparable to
that initially retrieved after resuspension of lyophilized samples (Figure 13C); despite the
apparent lability of DrUrad catalytic activity, the lyophylized enzyme retains a measurable
activity for at least a few days upon resuspension, and upon appropriate dosage can
effectively complete the set of PEGylated proteins required for full enzymatic conversion
of urate to soluble (S)-allantoin, in a formulation suitable for prolonged storage and

intravenous administration.

Catalytic competence of a combination of PEGylated DrUox, DrUrah and DrUrad
The final goal of this work was to provide evidence that the three PEGylated enzymes
DrUox, DrUrah and DrUrad conserve catalytic activity when co-present in the same
reaction solution, allowing the full conversion of urate to (S)-allantoin with no
accumulation of reaction intermediates. Since the results exposed in the previous
sections indicate that in our experimental conditions the 20 kDa PEG is always a valuable
solution (granting good retention of enzyme activity and low amounts of unreacted
proteins), for symmetry reason a 20 KDa-PEGylated DrUox-DrUrah-DrUrad combination
was chosen for the following tests.

Circular dichroism spectroscopy is able to discriminate between the products of this

enzymatic pathway: HIU, OHCU and enantiomeric (S)-allantoin [8]. Therefore, a solution
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containing PEGylated DrUox, DrUrah and DrUrad (0.26 uM, 0.02 uM, and 0.12 uM,
respectively) was prepared and circular dichroism spectra after addition of a 200 uM
urate concentration (a concentration of the same order as the physiological range [23])
were recorded as a function of time. It is clearly visible, over the time, the formation of a
species with a positive peak at 208-210 nm and a less intense, broader negative band at

around 240-250 nm (Figure 14).

200 220 240 260 280 300 320 340

wavelength (nm)

Figure 14 Time-evolution of far-UV circular dichroism spectra of an urate solution in the presence of DrUox,
DrUrah and DrUrad. The solution contained 200 uM urate and 0.26 pM DrUox, 0.02 uM DrUrah and 0.12 uM
DrUrad, all conjugated with 20 kDa PEG, in 20 mM potassium phosphate, pH 7.4. The time sequence of the

spectra, collected every 5 minutes, is indicated by the arrow.

These spectral features correspond to the S enantiomer of allantoin [8] demonstrating
that using the three enzymes urate is rapidly converted to the soluble metabolite (S)-

allantoin, without the accumulation of oxidized purines.
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Conclusions

The current therapeutic approaches to uric acid overproduction related to HPRT
deficiency are characterized by the inhibition of xanthine oxidase using uricostatic drugs
(i.e. allopurinol) or by the uricolytic treatment through the administration of PEGylated
urate oxidase, favoring the conversion of the insoluble urate to HIU, that slowly converts
to OHCU and racemic allantoin. Both therapies show side effects: in the first case an
accumulation of the upstream metabolites occur and in the second one an increased
concentration of HIU, known to be toxic [13].

Based on this knowledge the current therapeutic standard could be greatly improved if
Urah and Urad, the two enzymes that complete the purine degradation pathway, could
be administered in combination with Uox in a biocompatible and bioavailable form.

Our results show that all the three enzymes that constitute the urate degradation
pathway present in most animals and lost in humans, can be obtained in recombinant
form and maintain an acceptable degree of activity after PEGylation, necessary to reduce
immunogenicity and to increase circulation lifetimes of protein therapeutics, and
lyophilization, granting long term storage of the formulation. A combination of the three
enzymes, in appropriate ratios, demonstrated to effectively convert uric acid to (S)-
allantoin in vitro, with no accumulation of intermediate metabolites. These encouraging

results pose the basis for future tests in a mouse model of disease.
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Chapter 3

PEGylation of engineered human hemoglobin A towards the

development of a hemoglobin-based blood substitute

Introduction

Blood transfusion represents a key life-saving therapy in many chronic or acute diseases,
during or upon surgical interventions and in many traumatic events. The fast recovery of
oxygen delivery to organs makes blood transfusion the elite treatment to restore
circulation volume, thus maintaining a physiological blood pressure and an efficient blood
flux. While the blood pressure control can be fulfilled to some extent by using plasma
expanders, up to now no approved alternatives to red blood cells exists for restoring
oxygen delivery capacity [1].

There is a worldwide increased demand for blood transfusions. In Western countries, this
trend is due to the aging of the population, whereas in Third World countries this is due
to the increase of infectious and parasitic diseases. Moreover, blood supply in Western
countries is not increasing, and in Third World countries is not sufficient due to the
spreading of infections, such as HIV [2].

Thanks to the voluntary action of blood donors, transfusion represents an effective and
safe treatment when accurate procedures are strictly followed [3], but this oxygen-based
therapy is exposed to a series of limitations. For example, blood transfusion usually
requires a careful cross-matching between donor and acceptor; blood units are not
always promptly available in emergency events such as accidents and battle fields. In
order to avoid potential health risks, expensive analyses are required to detect infective

agents in blood [1]. Furthermore, in stored blood units the intracellular levels of effectors
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such as 2-3 bisphosphoglycerate (2,3-BPG), potassium ions, lactate, together with the
intracellular pH of red cells, change as a function of time affecting the efficacy of
hemoglobin as oxygen carrier [4]. There are examples of clinical needs unmet by blood
transfusions such as the supply of oxygen to ischemic tissues where red blood cells
cannot penetrate, and the treatment of patients that are immunoreactive to all blood
types or that refuse blood transfusions for religious concerns.

Based on this knowledge, the development of an "artificial blood" or a "blood substitute"
represents one of the main challenges of biotechnology and modern medicine. Attempts
to develop substances that could replace blood span more than 7 decades, and exploited
several strategies many of which are based on cell-free hemoglobin-based oxygen carriers
(HBOCs) [5].

Hemoglobin (Hb), contained in red blood cells, efficiently delivers oxygen from lungs to
tissues thanks to its four heme groups incorporated in a tetrameric protein structure.
Oxygen binds to Hb cooperatively, with an affinity increased as a function of saturation
and modulated by specific allosteric effectors [6]. However, Hb, when free in the plasma,
causes hypertension and renal failure. Inside the erythrocytes Hb is almost entirely in a
tetrameric form, while free in solution at low UM concentration dissociates in dimers,
that are small enough to be filtered by glomerulus causing nephrotoxicity [1]. The heme
iron of the Hb dimer is more prone to oxidation than in the tetramer and the formation of
ferric ions triggers a cascade of reactions that generate reactive oxygen and nitrogen
species involved in the oxidative damage [7] that cannot be counterbalanced by the
plasma antioxidant activity [8]. Hb also binds NO, either in its deoxy form through the
reaction with the heme group, leading to the formation of nitrosyl-hemoglobin, or when
oxygenated forming cysteine 93 S-nitroso oxyhemoglobin or methemoglobin [9,10].
Cell-free Hb is much more effective in scavenging NO with respect to Hb inside red blood
cells because the interactions are not limited by NO diffusion through the erythrocyte
membrane [11]. Furthermore, Hb both in dimeric and tetrameric forms extravasates and
scavenges NO directly in its site of action [12], causing hypertension for the loss of NO

regulatory activity on the vascular tone.
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Taking into account the wide knowledge about the oxygen transport physiology and Hb
structure and function, different strategies aimed at the development of Hb derivatives
have been carried out via either genetic or chemical modifications of Hb.

Recombinant technology allowed to modulate functional properties through the
production of engineered Hb molecules by amino acid substitutions, for example to
prevent NO scavenging [13]. Another genetic approach is based on mutations that
generate a Hb with a single cysteine on the surface, able to autopolymerize, as in the case
of hemoglobin Polytaur [14,15,16].

Different strategies involved also chemical modifications of Hb using reagents, such as
glutaraldehyde, that cross-link tetramers intra- or inter-molecularly, generating stable
tetramers or polymers [17,18] (as in the case of Hemopure and Polyheme) or
biocompatible organic compounds that decorate Hb surface such as polyethylene glycol
(PEG) [2,19,20] (Hemospan and Euro-PEG-Hb). Structural and functional investigations on
PEGylated Hb highlighted two major shortcomings: heterogeneity in the degree of
PEGylation and enhanced tetramer dissociation upon PEG conjugation that may cause
vasoconstriction due to enhanced HBOC extravasation [19]. Basically, HBOCs show
adverse effects that limit their applicability; a meta-analysis of the clinical studies carried
out with HBOCs indicated that their use is associated with a significantly increased risk of
myocardial infarction and death [21]. The HBOCs are designed to be an alternative to
blood transfusion mimicking just one component of the whole blood, hemoglobin; for this
reason interferences with other functions are observed. Despite the failure of many
HBOCs, based on the knowledge accumulated over the years a combination of different
approaches (i.e hemoglobin genetic and chemical manipulation) could be useful to

overcome HBOCs shortcomings or to better understand the toxicity mechanisms.
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Research purpose

Over the years, several attempts have been made to produce an alternative to blood
transfusion. Different strategies have been adopted and after almost fifty years, a safe
product has not been developed yet. Starting from the knowledge that molecular
homogeneity of a HBOC is a critical issue to evaluate the relationship among its chemical
structure, biological activity and adverse effects, the genetic manipulation of human
hemoglobin has been combined with surface modification using poly-ethylene glycol to
create a PEGylated Hb more homogeneous than the previously available products.

Hb mutants, expressed in recombinant form in E.coli, have been engineered by replacing
the cysteine B93 residue with an alanine residue, obtaining a sample named A11 Hb with
no exposed cysteines residues; A11 was further engineered by replacing with cysteine a
surface alanine residue on alfa or beta chains, obtaining the A12 and A13 Hb samples,
respectively. In the present work, the specific sites of the mutations are not mentioned
because the Hb mutants are under evaluation at the patent office. These genetically
added cysteines will be used for the direct attachment of PEG molecules functionalized
with a maleimido group aiming to obtain homogeneous products.

The Hb mutants will be then characterized in terms of oxygen affinity and cooperativity

before and after PEGylation.
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Materials and Methods

Protein concentration measurement

Absorption spectra were collected using a Cary 4000 UV-Vis spectrophotometer. A buffer
containing 100 mM HEPES, 100 mM NacCl, 1.2 mM Na phosphate, 1 mM ETDA, pH 7 was
used for PEGylation and p50 measurements. The buffer was bubbled with carbon
monoxide before adding protein samples. For each sample, an absorption spectrum was
collected in the range 450-700 nm to check concentration and oxidation state of the
proteins: firstly, each sample was diluted with CO-equilibrated buffer (5 ul of stock
protein samples + 115 pl of CO-equilibrated buffer) to check the fraction of oxidized Hb.
Then, sodium dithionite (powder) was added to the sample to remove oxidized Hb, thus
obtaining a pure carbon monoxide Hb (HbCO). Another spectrum was then acquired to
determine protein concentration by using the molar extinction coefficient of HbCO (&=
13.4 mM? cm?). All the samples were brought to 1 mM concentration (on monomer

basis) with the CO-equilibrated PEGylation buffer.

Protein PEGylation under CO-saturated and anaerobic conditions

The HbA mutants Al1l, A12, A13, and the recombinant wt Hb Al were directly conjugated
with 20 kDa maleimido-functionalized PEG (MAL-PEG) (MeO-PEG-mal, Iris Biotech) in CO-
saturated and anaerobic conditions. MAL-PEG stock solution (10 mM) was freshly
prepared from powder just before the reactions. The final volume of the samples to be
PEGylated was 200 pl.

In the first case, the Hb samples (0.25 mM on tetramer basis), previously equilibrated
with CO gas, were reacted with 20 kDa MAL-PEG in 12:1 PEG:tetramer molar ratio, at 25
°C for 60 min. The reactions were quenched by adding 2 pl of a 0.9 M cysteine solution to
each sample. The PEGylation under anaerobic conditions was carried out in vials fluxed
with inert gas, at 25 °C, by adding deoxygenated solutions of reagents and using the same
protein/reagents ratio used in the previous protocol. Unreacted reagents and unmodified

Hb were removed by dialysis (100 kDa MWCO centrifuge filters). A colored flow through
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was observed for all the samples due to unmodified and/or monoPEGylated Hb. After
dialysis, absorption spectra were collected to check concentration and oxidation state.

The samples were then freeze-thawed and stored at -80 °C.

SDS-PAGE of PEGylated samples

Denaturating protein electrophoresis (SDS-PAGE, 12% acrilamide/bisacrilamide) was
carried out loading 10 pg of unmodified and PEGylated samples. Protein samples were
added with sample buffer and brought to 100 °C for 10 minutes. Protein staining was
carried out with Biosafe” Coomassie. The SDS-PAGE gels were scanned using a ChemiDoc’

imager (Biorad) and bands intensity was evaluated by densitometric analysis.

Mass spectrometry
Spectra were acquired using a 48000 Plus MALDI TOF/TOF™ AbSciex mass spectrometer.
The samples were prepared by dried droplet method using a 10 mg/Ml a-cyano-4-

hydroxycinnamic acid (CHCA) solution prepared in acetonitrile 75 % - TFA 0.05 %.

Oxygen binding measurement

For each sample (equilibrated in air), the absorption spectrum was collected immediately
after thawing. Ascorbate and catalase were added to the solution before titrations to
reduce metHb and to limit its formation during titration. The samples were deoxygenated
using a helium flow and then equilibrated with oxygen/helium gas mixtures at different
oxygen partial pressures. Each titration required about 5 hours.

p50 measurements were carried out diluting the stock Hb solutions in 100 mM HEPES,
100 mM sodium chloride, 1.2 mM sodium phosphate, 1 mM EDTA, pH 7.0. The final
protein concentration was 100 uM (on heme basis).

The determination of oxygen binding curves of Hb samples was carried out at 25 °C using
a tonometer; the sample chamber consists of a 2 mm cuvette fused to a 2.5 ml open-top

threaded reservoir, where a screw cap with fittings for inlet and outlet gas lines was
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mounted. In this way, the sample chamber is continuously fluxed by the gas mixture,
maintaining a defined oxygen partial pressure, with no pressure changes within the
chamber [2]. Gas mixtures were prepared by using an Environics 200 gas mixture
generator with a gas flow of 50 ml/min. During sample equilibration (30-40 minutes), the
tonometer is thermostatted at 25 °C in a shaking bath. The fractional oxygen saturations
and the fraction of oxidized hemes are determined by fitting the observed spectra in the
470-670 nm range to a linear combination of reference spectra [22,23], i.e. the spectra of

pure deoxygenated, oxygenated and oxidized Hb.
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Results and discussion

Human Adult hemoglobin (HbA) was expressed in recombinant form in E. coli obtaining
Al Hb sample; Al sequence was engineered by replacing the cysteine 93 residue with an
alanine residue, in order to delete the reactive cysteine constitutively present in human
hemoglobin, obtaining A11. A11 was further engineered by replacing an alanine residue
on the surface of either a or B chain with a cysteine, obtaining A12 and A13, respectively.
Summarizing, four recombinant Hb samples have been obtained and produced (by
collaborators at the University of Essex, UK):

e Al, the recombinant form of HbA

e Al1l, with no reactive cysteine residues

e Al12, with two exposed cysteine residues per tetramer (on a subunits)

e A13, with two exposed cysteine residues per tetramer (on B subunits).
The number of reactive cysteine residues were evaluated for the mutants A11, A12 and
A13 by reaction with PMB. As expected, it was found that A12 and A13 contain two

reactive cysteines per tetramer whereas A1l contains no reactive cysteines.

Engineered HbA characterization

The purity of recombinant HbAs, as assessed by SDS-PAGE, is reported in Figure 1. The
visual inspection and the densitometric analysis of gels indicate that predominantly A12,
but also A1l and A13 preparations contain traces of a band at around 26-30 kDa. Band
excision, followed by digestion and peptide mass fingerprint allowed the identification of
the band as being constituted by beta subunits. This contaminant has already been
observed during recombinant expression of heme proteins due to metal-catalyzed

oxidative deamination and identified as beta dimers [24].
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Figure 1 SDS PAGE of recombinant HbAs: A1, A11, A12, A13. Unstained Precision Plus Protein® standards
(Biorad) were used as MW markers (25, 50 and 75 kDa bands are highlighted in the gel).

The oxygen binding curves of Al, Al11, A12, and A13 were determined (Figure 2). A
comparison of the oxygen binding curve of human purified Hb (A0) with recombinant
Hbs, clearly showed that recombinant Hbs exhibit a higher affinity and a moderately

reduced cooperativity.
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Figure 2 Oxygen binding curves in 100 mM HEPES, 100 mM sodium chloride, 1.2 mM sodium phosphate, 1 mM

EDTA, ascorbate and catalase as a reducing system, pH 7 at 25 °C. Curves refer to Hb A0 (black), A1 (red), A11
(green), A12 (blue), A13 (pink).

The p50 and Hill coefficients (n) are reported in Table 1. The comparison of oxygen
binding properties of the different mutants indicates that these mutations do not

significantly affect Hb oxygen affinity and cooperativity.

Table 1 Oxygen binding parameters for non-PEGylated recombinant HbAs

A0 Al All Al12 Al13
p50 (torr) 9.3+0.2 5.0+03 46+0.1 44+0.2 4.2+0.2
n 24+0.1 1.7+0.2 1.9+0.1 1.6+0.2 19+0.3

PEGylation of recombinant HbA forms

Recombinant HbAs were conjugated with maleimido-functionalized PEG (MAL-PEG) (20
kDa MW) in either CO-saturated or anaerobic conditions. A direct conjugation approach
was chosen, using as reactive protein groups the genetically cysteines introduced on A12

and A13 mutants, aimed at the development of homogeneously PEGylated products. The
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recombinant Hb Al and A1l mutant, with no exposed cysteines, were also PEGylated as

control. The degree of PEGylation was assessed by 1D-PAGE (12%) (Figure 3).

Al All Al12 Al13 Al All Al12 A13
KDa M PEG PEG PEG PEG KDa M PEG PEG PEG PEG
A B
75 75
50 i 50 o
25 25
a— o —-— - - -_—

Figure 3 SDS PAGE of PEGylated Hb A1, A11, A12 and A13 in CO-saturated (Panel A) and anaerobic (Panel B)
conditions. Unstained Precision Plus Protein® standards (Biorad) were used as MW markers (25, 50 and 75

kDa bands are highlighted in the gel).

The comparison between the SDS-PAGE of samples PEGylated in CO-saturated and
anaerobic conditions clearly shows that PEGylation occurs under both conditions with
similar yields. Hb A1 PEGylation under anaerobic conditions should not occur because it is
known that cysteine $93 is only exposed and reactive in the R state whereas it is buried in
the T state. However, the relatively high amount of metHb, that is known to be in the R
state, might be responsible for the observed PEGylation. Furthermore, A11 does not react
under either anaerobic or CO-saturated conditions, as expected, because no exposed
cysteines are present.

PEGylation in the R state occurred for A1, A12 and A13 with good yield, as estimated from
the densitometric analysis, which detected a 50% of unmodified and 50% of mono-

PEGylated globin bands for PEGylated A12 and A13. For Hb Al a 30% of mono-PEGylated

57



Chapter 3

globins and a 70% of unmodified globin bands was observed, demonstrating that the
cysteine residues introduced by site-specific mutagenesis are more exposed and hence
more reactive than betaCys93.

In order to confirm PEG conjugation under CO-saturated and anaerobic conditions for
A12 and A13 mutants, a mass spectrometry analysis was carried out using MALDI

TOF/TOF instrumentation (Figure 4).
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Figure 4 Comparison of the mass spectra of A12 (Panel A) and A13 (Panel B) either unmodified (black line), or
PEGylated under CO-saturated conditions (red line) or under anaerobic conditions (green line). Inset: a-peak is

associated to the Hb a-monomer and 8-peak to the Hb 8-monomer.

The mass spectra of unmodified or PEGylated A12 (Figure 4A) and A13 (Figure 4B), either
obtained under CO saturation or in anaerobic conditions, were compared. In the region
14000-17000 m/z (Figure 4, insets), A12 and A13 showed both a and B peaks, while in the
region 30000-34000 three peaks appear, corresponding to a-a, a-f and B-f complexes,
possibly due to artifacts generated by mass spec experimental conditions, as also
observed for human HbA. Upon PEGylation in conditions favoring the R or the T state, the

A12 sample (Figure 4A) showed an almost complete disappearance of the peak
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corresponding to the a chain. This is due to the derivatization of the cysteine, genetically
introduced in the alpha subunit, with 20 KDa MAL-PEG that exhibited a broad peak
around 36000 m/z. It is known that PEG-conjugated proteins exhibit a low propensity to
fly and, consequently, to give signal in mass spectrometers. The same behavior was
observed for A13 (Figure 4B) where the peak corresponding to the beta subunit
disappears and a peak at 36000 m/z appears. This means that, independently of the T or
R quaternary state, cysteines react giving similar PEGylation yields.

In order to investigate the oxygen binding profile of A12 and A13 mutants after
PEGylation in both CO-saturated (R-state) and anaerobic (T-state) conditions, the oxygen
binding curves were determined in the same experimental conditions used for the
characterization of the unmodified Hb samples. In table 2 the p50 and Hill coefficients (n)

values are reported.

Table 2 Oxygen binding parameters for recombinant A12 and A13 Hb PEGylated in both CO-saturated (R

state) and anaerobic (T state) conditions

A12-PEG A12-PEG A13-PEG A13-PEG

R state T state R state T state
p50 (torr) 41+0.2 3.0+0.2 4.6+0.2 4.0+0.2
n 1.6+0.1 1.3+0.2 2.0+0.2 1.6+0.1

Comparing the oxygen binding parameters of recombinant Hbs before (Table 1) and after
PEGylation (Table 2), it is interesting to notice that the conjugation with PEG did not
cause a significant change in p50 and cooperativity for both A12 and A13, independently
of the conjugation conditions.

Looking back into the literature, the retention of oxygen binding properties after PEG
attachment represents a novelty in the development of PEGylated HBOCs. It is largely
appreciated that PEGylation affects Hb in different ways: perturbation of the T and R
state [25], perturbation of the quaternary transition [26], and influence on the tetramer-

dimer equilibrium [27]. PEGylated HBOCs usually change their oxygen binding profile after
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conjugation, as in the case of MP4 [20] and Euro-PEG-Hb [2]. MP4 is obtained via the
conjugation of human Hb with an average of 6-7 5 kDa PEG chains under oxygenated
conditions in a two step procedure characterized by thiolation and PEG-maleimido
derivative conjugation [20,28]; Euro-PEG-Hb is a 7-PEG molecules derivative Hb obtained
using the same approach but in deoxygenated conditions [2]. The altered oxygen affinity
and cooperativity, observed in both cases, might not be due merely to lysines
modifications. It is known that interface mutants or chemically modified Hbs
characterized by an increased oxygen affinity and reduced cooperativity exhibit a
perturbed tetramer-dimer equilibrium, favoring the latter species [29]. Furthermore the
same behavior is observed for non-human Hb species, such as for the tetra-PEGylated
canine Hb [30]. The proposed recombinant Hb mutants, A12 and A13, may be
homogenously modified without affecting oxygen binding profile. Given the complexity of
the protocol for PEGylation under anaerobic conditions, their preparation can be more
easily carried out under aerobic conditions. Moreover, the presence of CO will prevent
oxidation that might occur during processing. Finally their further genetic manipulation,
for example to reduce or avoid autoxidation or NO scavenging, should lead to mutants in

which PEGylation will not affect the oxygen binding properties.
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Conclusions

In this work the genetic manipulation of recombinant human hemoglobin has been
combined with protein surface chemical modification, for the development of
homogeneous hemoglobin-based blood substitutes.

Starting from the production of human recombinant Hb, expressed in E. coli, Hb mutants
have been engineered by replacing the reactive cysteine 93 with an alanine residue,
obtaining the A11 Hb sample. A1l was further engineered by replacing a surface alanine
residue on alfa or beta chains, obtaining A12 and A13 Hb samples, respectively. The
genetically introduced cysteines were used for the attachment of PEG aiming to develop
PEGylated compounds that are homogeneous in terms of derivatization. These
compounds were PEGylated under CO-saturated and anaerobic conditions and
characterized in terms of oxygen affinity and cooperativity.

The cysteine residues introduced in A12 and A13 mutants allowed us to have a better
control of PEG conjugation, obtaining homogeneous products as characterized through
1D-PAGE and mass spectrometry. Interestingly, the oxygen binding profile remains almost
the same after PEGylation in both conditions. Thus, given the higher complexity of the
protocol for PEGylation under anaerobic conditions, the preparation of these mutants can
be more easily carried out under aerobic conditions.

The production of these PEGylated Hb mutants will be carried out in large scale for
studies in animal models. Based on our preliminary data, these studies might
demonstrate that PEGylated Hb, once proper mutations will be introduced, may allow to
overcome the main shortcomings that have impeded so far the development of safe and

effective HBCOCs, such as autooxidation, vasoactivity, NO scavenging.
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Chapter 4

Chapter 4

Development of an innovative user-friendly device for the

detection of Staphylococcus aureus from biological sources

Introduction

Staphylococcus aureus (S. aureus), a common commensal of skin and nares, is one of the
leading causes of health care-associated infections and a cause of mortality and morbility
[1,2]. It is a Gram-positive pathogen, which affects humans and animals, causing different
kinds of diseases, ranging from minor skin to life threatening infections such as
pneumonia, osteomyelitis, acute endocarditis, meningitis and abscesses. The prognosis of
these infections is dramatically worsened when the etiological agent is resistant to
methicillin [3]. For these reasons, there is currently a huge demand for rapid methods to
detect S. aureus in biological samples. Conventional methods to detect S. aureus, such as
cell cultures, require more than one day and cannot distinguish between strains
belonging to other species such as S. intermedius, S. caprae, S. simulans and S. capitis [4].
Rapid S. aureus agglutination tests have been developed as an alternative for routine
diagnosis, but their accuracy, specificity and predictive capacity have been questioned
[5,6,7]. The advent of real-time PCR led to the development of rapid methods (few
hours), not requiring the bacteria isolation [8,9,10], but this technique requires expensive
equipment and trained personnel, hence is not suitable for bedside point-of-care use.
MALDI-TOF MS-based identification of bacteria is a fast and accurate technology
[11,12,13,14] and could be an alternative to molecular tests if the test accuracy is proven
[15], but requires an expensive instrument as well. The future of bacterial detection

seems to reside in the development of biosensors, which are devices where a biological
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component, such as proteins or oligonucleotides, is coupled with a transducer for
obtaining a readable signal. For this application, the research is focused on designing
novel and user-friendly devices, allowing the rapid detection of bacteria without the need
of expensive and fixed equipments. The most common recognition tools in the
development of detection systems are: antibodies [16], bacteriophages [17], phage
display peptides and phage’s receptor binding proteins and nucleic acids. The last case is
mainly represented by a novel and highly performing approach for diagnostic
applications, i.e. aptamers [18]; these are short single-stranded DNA or RNA sequences
that fold into well-defined three-dimensional structures forming pockets and clefts for
the tight and specific binding of any given molecular target. Therefore, aptamers
represent tailored nucleic acids segments acting as artificial recognition elements that are
able to recognize conserved epitopes on the surface of a bacterium. Aptamers libraries
are continuously growing thanks to the recent progress in the aptamer selection
procedure. Moreover, thanks to the relatively easy prediction of their secondary
structure, the possibility to modulate affinity towards a target by a rational modification
of the sequence has been recently demonstrated [19]. Aptamers interacting with S.
aureus are already known [20,21,22,23] and hence a set of the molecular recognition
probes are available, but the development of a proper transducer for a biosensor is still
calling for an intensive research in the field. One of the technological challenges to the
use of aptamers-based biosensors in the clinical practice is the lack of materials allowing
their high-density immobilization while maintaining their binding properties.
Nanostructured surfaces are very promising for this kind of applications [24,25,26,27]
because they can favor the high density immobilization of biorecognition elements while
retaining their structure and functionality. In particular, it has been demonstrated that
the surface nanoscale morphology promotes protein adsorption [23,28]. Thus, the
capability of producing nanostructured substrates having well controlled and scalable
roughness represents a unique asset for the implementation of aptamers-based devices

suitable for point-of-care diagnostics.
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Taking advantage of this knowledge, a new device was proposed based on the
conjugation of three building blocks: aptamers, nanostructured surfaces and peptides

labeled with new solvatochromic probes (Figure 1).
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Figure 1 Schematic representation of the proposed user-friendly device for the detection of S. aureus in

biological samples.

The concept of the device is to immobilize, on a nanostructured support, aptamers
hybridized with labeled peptides that could be displaced in the presence of S. aureus,
inducing a colorimetric switch of the probe in the visible region. As a surface for aptamers
immobilization a nanostructured support was chosen for a high density derivatization.
The rationale for the selection of peptides able to form specific complexes with aptamers,
is based on the concept of ‘energetic amino acid-base recognition code’ [29]. The code
was achieved by determining, in a dataset consisting of 100 functionally heterogeneous
high resolution protein-DNA structures, the frequency and the energy of interaction
between each amino acid and base. Based on the selected aptamer(s), proteins able to
interact with nucleic acids will be screened and mutated accordingly to the recognition

code.
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Research purpose

Staphylococcus aureus (S. aureus) is a Gram-positive pathogen, which affects humans and
animals, causing different kind of diseases, ranging from minor skin to life threatening
infections. The prognosis of these infections is dramatically worsened when the
etiological agent is resistant to methicillin [3]. Currently, the most important detection
methods are classical cultures and biochemical tests. However, they are time-consuming
and not highly sensitive. Therefore, there is currently a huge demand for rapid methods
to detect S. aureus in biological samples.

This project is aimed at the development of an innovative user-friendly device for the
detection of S.aureus that does not require any expensive detection system. The project
aims at the development of a device consisting of three elements: an aptamer sequence,
a nanostructured support, and a peptide labeled with a solvatochromic dye. The idea is to
immobilize, on the nanostructure support, aptamers hybridized with labeled peptides,
that can be displaced in the presence of S. aureus inducing a colorimetric switch in the
visible region.

Within this multicenter project, our role is i) to characterize the spectroscopic properties
of the synthesized polar-sensitive dyes, choosing the best candidate to be used in the
colorimetric detection system and, more generally, for biological applications; ii) to
characterize, using circular dichroism and fluorescence spectroscopy, the interaction
between the selected aptamer(s) and the peptides that are designed and synthesized.
Finally, the resulting construct will be tested for its capability to give a naked-eyes

detectable signal as a consequence of the interaction with the aptamer.
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Materials and methods

1. Spectroscopic characterization of the MediaChrom polar-sensitive dyes

The small library of six polarity-sensitive fluorescent dyes, nicknamed MediaChrom, was
designed and synthesized by the DISFARM-Section of General and Organic Chemistry “A.
Marchesini”, University of Milan [30]. This class of dyes is characterized by a
pyrimidoindolone core fitted out with a conjugated push-pull system and a carboxy linker

for a conceivable coupling with biomolecules (Figure 2).

Figure 2 General formula of MediaChrom dyes (ED= electron-donating group, EW= electron-withdrawing

group, R=Bn, H).

The electron-donating (ED) and the electron-withdrawing (EW) groups were selected
based on literature data. The most used ED groups in push—pull solvatochromic dyes are
secondary amines and in this study diethylamino and morpholine groups were used.
Different EW groups are present in most effective polarity sensitive dyes, ranging from
carbonyl to sulfonic, nitro, and cyanogroups. The effect of the latter three groups was
investigated for their strong mesomeric EW effect, and the trifluoromethyl group was
also studied, being a strong inductive EW group.

In table 1 the combination of ED and EW groups for each MediaChrom dye was reported.
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Table 1 ED and EW substituent combination for MediaChrom dyes.

MediaChrom ED substituent EW substituent
15a EtaN- -SO2-Me
15b Et2N- -NO2
15¢ Et2N- -CF3
15d EtoN- -CN
15e morpholine -SO2-Me
15f morpholine -CF3

1.2 Absorption spectroscopy

Absorption spectra were collected using a Cary 4000 UV-Vis spectrophotometer.
MediaChrom stock solutions (5 mg/mL) were prepared by dissolving lyophilized powders
in DMSO, while Prodan stock solution was prepared in ethanol. To collect absorption
spectra, 2 uL of stock solutions were layered in a vial, and DMSO or ethanol was
evaporated by a vacuum concentrator. 500 mL of different solvents were then added and
transferred to the cuvette to obtain a final dye concentration of 0.02 mg/mL. The cuvette
was kept protected from light. Extinction coefficients were determined by acquiring
absorption spectra at four different concentrations(MediaChrom 15c from 139 to 13.9
MM, Prodan from 100 to 10uM) in solvents with different polarity (hexane, n-octanol,

ethanol, DMF).

1.3 Fluorescence spectroscopy

Fluorescence spectra were collected using a FluoroMax-3 spectrofluorimeter. Dye stock
solution was diluted in ethanol to obtain a 0.2 mg/mL solution that was further diluted in
ethanol at different concentrations (from 2.5 to 5 uM). The fluorescence intensity values
were recorded by exciting the samples at a 380 nm wavelength. Fluorescence quantum
yields were determined by taking Prodan in ethanol (QY = 71%) as a reference, using an
excitation wavelength of 380 nm. The quantum vyield values were corrected for the

solvent refractive index.
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1.4 Fluorophore characterization
Onsager cavity radii were calculated for MediaChrom dyes and Prodan by applying the

following equation [31][30]:

(1)
where M is the molecular weight of the fluorophore, NA is Avogadro’s number, and 6 is
the compound density. Dipole moment changes upon excitation were assessed through

the general solvent effects described by the Lippert-Mataga equation (equation 2) [32]:

+ const

_ . 2fe-1 nP-1\(@-w?
va_vf=E<2£+1_2n2+1> a3
(2)
where v, and vy are the wavenumbers in cm™ of absorption and emission peaks, h is
Planck’s constant, c is the speed of light, a is the Onsager cavity radius, and p* and p are

the dipole moment of the molecule in the excited and ground state, respectively.

1.5 Photodegradation test

In the photodegradation tests, a 5 uM solution in ethanol of a given dye in a quartz
cuvette (path length 0.5 cm) was illuminated at 380 nm by the light of a xenon lamp of a
spectrofluorometer (excitation slits = 8 nm, emission slits = 1 nm). During the time of
illumination (100 min), the fluorescence signal was recorded as a function of time. A
THORLABS power meter (PM100USB) was used to measure the energy on the sample,

corresponding to 1.01 mW on an area of 15 mm? for this experimental setup.
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1.6 Dipalmitoylphosphatidylcholine (DPPC) vesicle preparation
DPPC vesicles were prepared by sonication for 5 min of a 1 mg/mL DPPC solution in

double distilled water.

2. Peptides-aptamers interactions studies

The aptamers oligonucleotide sequences were purchased in lyophilized form from Sigma
Aldrich and stock solutions were prepared using sterile water. The interaction studies
were carried out both on SA23 aptamer and on the shorter versions, SA23 short 1 and
SA23 short 2, in which the double strand region used as a scaffold for peptides design is
present (Figure 3, Results and discussion); as a control, a mismatching sequence of SA23
short 2, named SFAV-IIA, was specifically designed to have no interaction with the
synthetic peptides.

The sequences of the A-Cro peptide mutants designed and synthesized to interact with

the aptamers are reported in Table 2.

Table 2 A-Cro peptide mutants sequences

Peptides Sequences
IA Ac-GQTKTAKDLGVYKSAIEEAIHAG
IAser Ac-GQTKTAKDLGVYKDAIEEAIHAG
I1b2 Ac-GQTKTAKDLGVYDSAIEEAIHAG
A Ac-GQTKTAKDLGVYESAIEEAIHAG
11A2 Ac-GQTKTAKDLGVYEDAIEKAIHAG
I1A3 Ac-GQTKTAKDLGVYEDAIEFAIHAG

The peptides were designed by the molecular modeling laboratory, Food Science Dept.,

University of Parma and synthesized by the DISFARM, University of Milan.
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2.1 Circular dichroism studies
Circular dichroism experiments were carried out on a Jasco J-715 spectropolarimeter
equipped with a Peltier thermostatic unit set at 20°C. Secondary structures analysis were

performed by using Dichroweb server (CDSSTR algorithm-reference set 7).

2.2 Fluorescence analysis

Fluorescence spectra of each peptide-aptamer complex were recorded on a Jasco FP-777
spectrofluorimeter. The SA23 aptamer tagged with carboxyfluorescein was titrated with
increasing amounts of peptide. The peptide-aptamer mixture was incubated at room
temperature for 15 min to allow the formation of the complexes before the registration
of each fluorescence spectrum. An excitation wavelength of 492 nm was used.

The fluorescence emission spectrum of peptide IAser labeled with MediaChrom 15c in the
presence and absence of SA23 was collected at a concentration of 50 uM. An excitation

wavelength of 380 nm was used.
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Results and discussion

As previously mentioned, the proposed device is characterized by four building blocks:
aptamers, peptides, new synthesis solvathocromic dyes and a nanostructured support.

Aptamers specific for S. aureus have been selected from literature [21]; the five aptamers
presented by Cao and coworkers [21] were taken under consideration for selecting the
best candidate for in silico design of the peptide sequence able to interact. SA23 was
chosen among these aptamers mainly because of a structural peculiarity: based on the
predicted secondary structure, it presents a relatively long trait in double strand

configuration (the hairpin made by nucleotides 16-44), with high GC content in its inner

portion (Figure 3A).

A
o R
G- .
A €
¢ ’T A T A
O o - 2. Ciaa N b A
Lh6 e L 2LTN N Gg 50
“. . C'C ":, /; I...a..c C .
. G 2 47 Gl
. “Gg 'C,GA""\,»C -~ G T _GA
. Yy iy TR G T G
20 ' ¢ G\ A
‘. e, ~ | 1 ‘CAV{ \
.... RTTTC { 50
-------- 10 [ A \l
C \
AC\GU,-I' 80 |
TG el \ ":’I‘ZAA
G i
GmC. 0T, A
T 70

Figure 3 Panel A: Representation of SA23 aptamer folded into its classical three-dimensional structure and the
shorter version of SA23 are highlighted in light blue (SA23 short 2) and in red (SA23 shortl); Panel B:
mismatching sequence of SA23 short 2 (SFAV-1IA) designed to have no interaction with the synthetic peptides.

This double strand DNA region of the aptamer was then selected as the binding region of
the peptides. Moreover, the SA23 aptamer results as the one with the higher affinity

within this group [21]. The rational design for the selection of peptides able to form
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specific complexes with aptamers, is based on the concept of ‘energetic amino acid-base
recognition code’ [29]. The code was achieved by determining, in a dataset consisting of
100 functionally heterogeneous high resolution protein-DNA structures, the frequency
and the energy of interaction between each amino acid and base. Based on the selected
aptamer(s), proteins able to interact with nucleic acids will be screened and mutated
accordingly to the recognition code. Cro was selected as a scaffold for the design of the
aptamer-interacting peptides. Cro is a 66 aa protein which plays a pivotal role in the
switch from lysogenic to lytic phase in the growth cycle of phage A and represents a
suitable scaffold for several reasons: i) the availability of three-dimensional structures
both in the presence and absence of its cognate DNA [33] allows detailed structural
evaluations; ii) the helix-turn-helix motif of the DNA binding domain is relatively small and
all the interactions between the nucleobases of the consensus sequence and the peptidic
backbone are well characterized; iii) the minimum functional portion of the consensus
sequence is quite short and made by contiguous nucleobases along the two strands of the
tract of the DNA target; iv) previous works reported successful examples of Cro
reprogramming in order to bind consensus sequences that differ from the wild type [34].
Moreover, the helix-turn-helix peptide domain of the Cro protein showed to well mimic
full-length protein for binding [35]. Based on these observations, the sequence of the
helix-turn-helix motif of Cro was mutated, accordingly to the previously reported
recognition code, in order to bind the double strand region of SA23, and a library of six
peptides were synthesized using stepwise solid phase synthesis (SPPS) (see Materials and
Methods). For the colorimetric detection, a new class of six polarity-sensitive fluorescent
dyes, nicknamed MediaChrom, was designed and synthesized by the DISFARM-Section of
General and Organic Chemistry “A. Marchesini”, University of Milan, for a conceivable
coupling with the aforementioned peptides. Finally as a surface for aptamers
immobilization a nanostructured zirconium dioxide support was chosen for a high density

derivatization and to test bacteria-aptamer interactions using microarray techniques.
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1. Photophysical evaluation of MediaChrom dyes
The spectroscopic properties of MediaChrom dyes were firstly characterized by collecting
absorption spectra (Table 3). For comparison, the commercially available polarity-

sensitive dye Prodan was chosen [36].

Table 3 Onsanger radius and absorption properties of MediaChrom dyes 15a-f compared to Prodan (20

ug/mlL, ethanol)

dye Osanger radius (A) Aabsorption®(NM) € (mM?*cm?)

15a 5.7162 401 8.5

15b° 5.5919 456 7.6

15¢ 5.6943 393 13.8

15d 5.6234 409 154

15e¢ 5.6323 369 17.1

15f 5.6100 377 17.5
Prodan 4.3628¢ 360¢ 18.4¢

aAs the wavelength of the most red-shifted peak. bC = 0.5 mg/mL. ¢Poor solubility. 9From ref. [37]

All MediaChrom dyes showed intense absorption peaks, spanning from 369 to 456 nm.
MediaChrom 15b, the dye with the most red-shifted absorption band, exhibits lower
absorption intensity. In order to obtain acceptable quality spectra, a 25-fold more
concentrated solution was prepared. The presence of the stronger EW group (nitro
group) is responsible of the marked red shift, typically observed when the conjugation of
the chromophoric system is increased. The comparison of the spectra of MediaChrom 15a
and 15c, characterized by the presence of the same ED group (-NEtz) but different EW
groups (-SO2Me vs -CF3), indicates that the presence of a mesyl resulted in a 8 nm red-
shifted absorption peak, with respect to the trifluoromethyl group. A similar effect was
observed by comparison of the absorption peaks of MediaChrom 15e and 15f, where the
same ED group (morpholine) was introduced. In these dyes, the presence of the
morpholine substituent causes a blue shift of the absorption peaks. MediaChrom 15d

seemed to be the most promising fluorophore for imaging applications since an
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interesting red-shifted absorption peak is accompanied by good absorption intensity
(Table 3). In fact, the availability of a dye that can be excited in the visible range with
many cheap and accessible light excitation sources represents a remarkable benefit. Next,
all dyes were characterized for their fluorescence solvatochromic properties by collecting
fluorescence spectra at20 °C in solvents at different polarities, such as hexane, n-octanol,

ethanol, and DMF (Table 4).

Table 4 Solvatchromic properties of MediaChrom dyes 15a-f

A emission (nm)?
solvent 15a 15b 15c 15d 15e 15f
hexane 525 594 490 525 512 482
n-octanol 585 - 525 585 568 514
ethanol 595 - 540 595 582 528
DMF 605 - 565 615 597 553

a Excitation wavelength.

All MediaChrom dyes exhibited fluorescence emissions in all solvents with a
solvatochromic shift spanning over 90 nm from hexane to DMF. The only exception is
15b, which showed significant fluorescence only in hexane (Table 4). This high sensitivity
to solvent polarity is comparable to that observed for many commercially available
solvatochromic probes (e.g. Prodan, Laurdan, Dansyl). For each MediaChrom dye, the
integration of the emission peak in different solvents was calculated and normalized to
the peak with the maximum intensity to evaluate the relative intensity of fluorescence

emission in solvents with different polarity (Figure 4).
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Figure 4 Normalized fluorescence emission (integrated peak area) of MediaChrom dyes at 1.6 ug/mlL
concentration in different solvents at 20 °C: 15a (black circles), 15b (red triangles), 15c (green squares), 15d

(vellow diamonds), 15e (magenta hexagon), and 15f (blue triangles).

Figure 4 shows that only MediaChrom 15c and 15f preserve an almost constant
fluorescence emission in all tested solvents over a wide range of polarity, together with a
simultaneous large change in the Stokes shift. These properties make both of these
molecules good candidates for several purposes, ranging from structural and dynamic
studies on biological macromolecules to cell imaging applications. When absorption and
emission properties are compared, 15c is considered the best candidate because it
requires a red-shifted excitation with respect to 15f (Table 3). In fact, in applications such
as fluorescent labeling for user-friendly detection kits or dyes for cell imaging, the
possibility to work at longer wavelength guarantees a reduced biological tissue
autoflorescence and scattering and/or decreased cell damage. For these reasons, the
following analysis was focused on MediaChrom 15c, and its properties were compared to
the properties of the commercial solvatochromic probe Prodan. The polarity-sensitive
properties of 15c were investigated by collecting absorbance and fluorescence spectra in

solvents at different polarities. Fluorescence quantum yields were determined by taking
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Prodan in ethanol (quantum vyield, QY = 71%) as a reference [37]. For spectroscopic
measurements, solutions of the dyes at different concentrations (from 2.5 to 5 uM) were
both excited at 380 nm, an average excitation wavelength between the absorbance Amax
of Prodan and MediaChrom 15c.

In Table 5 absorbance and fluorescence parameters are reported for both MediaChrom

15 c and Prodan.

Table 5 Comparison of the absorbance and fluorescence properties of 15c and Prodan in four solvents with

different polarities

Amax(abs), nm € (MMcm™)? Amax(fluor), nm® QY (%)°
solvent Prodan 15c Prodan  15c Prodan  15c Prodan  15c
hexane 346 396 36.8 14.6 412 480 60.4 51.5
n-octanol 362 397 33.6 14.0 473 522 59.9 52.4
ethanol 368 393 19.9 13.8 487 540 71.0 39.9
DMF 355 396 39.3 13.7 455 562 64.2 36.9

aAbsorption spectra acquired at four different concentrations (15c from 139 to 13.9 uM, Prodan from 100 to
10 uM). PExcitation wavelength: 380 nm, [dye] = from 2.5 to 5 uM. “Quantum yield values were corrected for
the solvent refractive index.

The absorption spectra of 15c in different solvents did not show significant differences
(Figure 5A). In all investigated solvents, the most red-shifted absorption peak lies around
395 + 2 nm. This property guarantees that 15c can be excited at the same excitation
wavelength (for example, with a common 405 nm diode laser), irrespective of the polarity

of the solvent.

81



Chapter 4

0.30 v T T T T T 1.0
A
025 ¢ 1+ {08
0.20 | .
g I 06
8 »
-g 015 | . c
L7:]
2 - 0.4
0.10 | . 1
- {02
0.05 \\ T
0.00 . . — L L L = 0.0
300 350 400 450 500 550 450 500 550 600 650 700
wavelength (nm) wavelength (nm)

Figure 5 Absorption (A) and normalized fluorescence (B) spectra of 15c in different solvents at 20 °C. (A) 15c
absorbance spectra in hexane (black line), n-octanol (red line), DMF (green line), and methanol (yellow line).
(B) 15¢c normalized fluorescence emission spectra (excitation wavelength = 380 nm) in hexane (black line),
triethylamine (red line), n-octanol (green line), chloroform (gray line), n-butanol (light blue line), ethanol

(vellow line), methanol (brown line), acetone (magenta line), and DMF (blue line).

Conversely, Prodan displays a pronounced difference in the maximum of absorbance
depending on the nature of the solvent (from 346 to 368 nm), together with an
unfavorable blue-shifted absorption maximum (ranging from —25 nm in ethanol to -50nm
in hexane, compared to 15c). The absorption coefficients (g) of 15c in the four solvents
tested are from 13.7 to 14.6 mM™tcm™. In all solvents (except for ethanol), they are lower
than those observed for Prodan. The fluorescence emission spectra of MediaChrom 15c
in solvents with different polarities show that the dye exhibits a Stokes shift from 84 nm
in hexane to 166 nm in DMF (Table 5 and Figure 5B). This large solvatochromic shift (82
nm) suggests that the chromophore is able to detect even small polarity changes.
Moreover, the emission maxima are also strongly red-shifted with respect of those of
Prodan. Despite being lower than those of Prodan, the quantum yields of MediaChrom

15cin all examined solvents are good.
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To describe quantitatively the effects of the physical properties of the solvent on the
fluorescent emission spectra of the dye, the Lippert-Mataga equation was used (equation
2, Materials and methods) [32].This correlation is based on the assumption that the
solvent is a continuum in which the fluorophore is contained, and solvent-specific
interactions are not considered. It can be approximated that the energy difference
between the ground and the excited states is a property of the refractive index (n) and
the dielectric constant (g) of the solvents. In Figure 6, the orientational polarizability (Af)
is plotted against the Stokes shift (in cm™) for MediaChrom 15c and compared to Prodan

under the same experimental conditions.
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Figure 6 Lippert plot for MediaChrom 15c (triangles) and Prodan (circles) in aprotic (black) and protic (red)

solvents.

For both fluorophores, a clear dependence of the Stokes shift on orientational
polarizability of the solvent was observed. It is worth noting that the Stokes shifts for
MediaChrom 15c in protic solvents are weaker than those for aprotic solvents of similar
polarity (Figure 6, red triangles vs black triangles), while Prodan displays exactly the

opposite trend (Figure 6, red circles vs black circles). These phenomena are usually
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retraced to specific interactions of the fluorophore with the solvent. For example, in
Prodan, this phenomenon was related to H-bonding of the protic solvents with the
carbonyl group of the fluorophore [38]. The reverse effect observed in MediaChrom 15c
could be related to a particular interaction with the solvent, probably due to the presence
of the uncommon trifluoromethyl group in the D-ni-A system. Since the Lippert-Mataga
equation usually well describes fluorophore behavior in aprotic solvents, only data for
both dyes in aprotic solvents were used in the fitting to determine the change in dipole
moment upon excitation (u*-p). MediaChrom 15c and Prodan Stokes shifts showed a
well defined dependence to orientational polarizability, considering all solvents. In
particular, data obtained in aprotic solvents showed a good correlation, with a u*-u of
13.3+0.6 and 8.1 £0.4 D, respectively.

To estimate the photostability of MediaChrom 15c, a photodegradation test was

performed (Figure 7).
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Figure 7 Photodegradation test for MediaChrom 15c (red line) and Prodan (black line) in ethanol (c = 5 uM,

excitation wavelength = 380 nm).
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Ethanol solutions of 15c and Prodan were prepared in two different quartz cuvettes and
illuminated at 380 nm with a xenon lamp for 100 min, while the fluorescence signal was
recorded as a function of time. The power density applied to the sample was 6.7
mW/cm?2. As shown in Figure 7, MediaChrom 15c decays more slowly than Prodan,
showing a halved emission after 2800 seconds (1750 seconds for Prodan). Based on these
results, the comparison between MediaChrom 15c and Prodan suggests that, in spite of
exhibiting a slightly reduced quantum vyield, the former possesses photochemical
properties comparable to those of the commercial dye, with the advantage of a strong,

red-shifted absorption and fluorescence emission and an increased photostability.

1.2 Behavior of MediaChrom 15c in Dipalmitoylphosphatidylcholine (DPPC)
vesicles

Prodan dye is widely used for probing the membrane state, including transition phases
and oxidation processes of phospholipid systems, due to its capability of penetrating in
the lipophilic layer and sensing polarity changes [38,39]. In order to evaluate the potential
of MediaChrom 15c as a membrane probe, we collected fluorescence spectra of both
Prodan and MediaChrom 15c after their addition to a DPPC vesicles suspension at
different temperatures. It has already been observed that an increase in temperature
causes a change in the fluorescence emission spectrum of Prodan. This is due to the
transition of the phospholipid system from the gel to the liquid phase that allows more
water molecules to enter into the lipid phase [40]. The fluorescence spectra of
MediaChrom 15c embedded in DPPC vesicles showed an emission peak centered at 528
nm (Figure 8), very similar to that observed when it is dissolved in n-octanol (525 nm) at

the same temperature (20 °C).
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Figure 8 Fluorescence spectra of 1.6 ug/mL MediaChrom 15c¢ (A) and Prodan (B) in DPPC vesicles at different

temperatures: 20 °C (black lines) and 37 °C (red lines). Excitation wavelength = 380 nm.

This result suggests that the fluorophore lies in the lipid phase of DPPC vesicles, probing
this region. The comparison of the behavior of MediaChrom 15c and Prodan clearly
demonstrates that the former is able to sense the transition phase of phospholipid
systems similarly to Prodan, with the advantage of an emission wavelength red-shifted by
100 nm, significantly reducing scattering effects that are considerably high in micellar

suspensions as well as when cellular membranes are present.

1.3 MediaChrom 15’ as a peptide label

MediaChrom dyes 15 were designed with a benzyl ester to be easily deprotected,
transforming them into carboxy-free MediaChrom labels 15'. This transformation makes
these dyes suitable for an easy conjugation with proteins, peptides, or an amino-modified
oligonucleotide. These labeled bioconjugates could thus be used for the detection of
interactions involving a change of polarity of the system, such as protein/DNA binding. As
a proof of concept, we selected the protein Cro, whose interaction with its consensus

DNA sequence (OR3) is known and widely investigated [33,41]. In particular, Cro is a 66
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amino acids dimeric protein that plays a key role in the switch from the lysogenic to the
lytic cycle in bacteriophage A. Its interaction with DNA is mainly restricted to a small helix-
turn-helix motif spanning from residue 15 to 38, with a Ky of around 25 uM [34][35]. The
wild-type DNA binding sequence (GQTKTAKDLGVYQSAINKAIHAG) was prepared by
microwave-assisted solid-phase synthesis [35] and labeled at the N-terminus with the
MediaChrom 15'c using standard protocols [42]. Furthermore the peptide Cro has been
selected as model for the design of the aptamer-interacting peptides for the development
of the proposed device. The fluorescence spectra of 15'c-labeled Cro:1 in the presence

and in the absence of OR3 consensus DNA sequence were recorded (Figure 9).

0.0 . :
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Figure 9 Normalized fluorescence spectra of wt DNA-binding peptide of Cro in the presence (red line) and in
the absence (black line) of OR3 consensus sequence (50 uM 15°c-Cro:1, 50 uM OR3, PBS buffer, pH 7.4, 20 °C).

Excitation wavelength = 380 nm.

In the absence of a cognate DNA sequence, the labeled peptide 15'c-Cro:1 displayed a
maximum of fluorescence at 545 nm (Figure 9, black line). Upon addition of the OR3
consensus sequence, a strong hypsochromic shift (93 nm) was observed (Figure 9, red

line), thus indicating that the MediaChrom 15'c sensitively detects the change in the
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polarity of the environment when the peptide interacts with the DNA sequence. The
minor peak present in the 15'c-Cro:1 spectrum and the shoulder in the peak of the 15'c-
Cro:1-OR3 complex suggest that there is an equilibrium of two discrete peptide
conformations, clearly signaled by the dye. The binding of OR3 consensus sequence shifts

the peptide conformational equilibrium from one state to the other.

2. Peptides-aptamers interaction studies

Circular dichroism (CD) spectroscopy has been carried out on A-Cro peptide mutants
optimized to interact with the double strand portion of the SA23 aptamer in 20 mM
phosphate buffer, pH 7.4. Circular dichroism has been used to characterize the secondary
structure of synthesized peptides, and hence the effect of mutation on the stability of the

structure, by collecting far-UV CD spectra (Figure 10).
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Figure 10 Panel A: CD spectra of 20 uM peptides solutions in 20mM phosphate buffer, pH 7.4: peptide IA
(black line), peptide IAser (red line), peptide IB2 (green line), peptide IIA (yellow line), peptide IIA2 (blue line),
peptide 1IA3 (purple line). Panel B: CD spectra of 20 uM aptamers in 20 mM phosphate buffer, pH 7.4: SA23
short 1 (black line), SA23 short2 (red line), SA23 (green line), SFAV-IIA (yellow line).
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It has already been demonstrated that it is possible to mimic the DNA binding behavior of
A-Cro by shorter, chemically synthesized peptides representing the helix-turn-helix region
of the protein [35]. These peptides, also in dimeric form, showed significant helical
content only when oa-amino isobutyric acid is introduced in the sequence [35]. To
quantify the A-Cro peptide mutants helical content, the spectra of the peptides have been

analyzed using Dichroweb server (CDSSTR algorithm-reference set 7).

Table 6 Dichroweb analysis of peptides CD spectra (CDSSTR algorithm-reference set 7)

Peptide Helices (%) Strands (%) Turns (%) Unordered (%)
1A 17% 28% 18% 36%
IAser 21% 24% 20% 35%
1B2 21% 26% 21% 32%
A 19% 24% 20% 37%
11A2 7% 32% 23% 37%
A3 5% 36% 17% 40%

The spectra showed a negative band centered at 200 nm, a feature typical of random coil
folding (Figure 10A), as confirmed by spectra deconvolution (Table 6) yielding a low
percentage of helical content. This suggests that the isolated peptides in solution are
unstructured in the absence of the target nucleotides sequence. To verify that, even at
higher concentration, the peptides do not tend to form aggregates or oligomeric species
with different structural features, CD spectra have been collected as a function of peptide
concentration (10-100 uM). The CD spectra in this range of concentration appeared
identical. Peptides solutions demonstrated to be stable even after one or two freeze-
thawing cycles. CD spectra of the SA23 aptamer and its shorter versions containing the
double strand interacting region, showed well-defined bands, demonstrating that they

have a significant content of ordered secondary structure in solution (Figure 10B).
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2.1 Circular dichroism studies on peptides-aptamers interactions

The peptide-aptamer interaction has been firstly studied by near-UV CD spectroscopy. In
this region, only aptamers (DNA) contribute to the spectra. The analysis of this spectral
region allowed to observe the effect of the peptides on aptamers structure without any
interferences from the conformational changes of the peptides.

Solutions containing aptamers and peptides at the same concentration (20 uM) were
incubated before recording the spectra. A comparison between the spectra of the
aptamer-peptide mixture and the arithmetic sum of the two separated components
would highlight potential interactions. The collected data showed that the aptamer SA23
interacts with four peptides, promoting a destructuring process associated with a

decrease of CD bands intensity (Figure 11A).
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Figure 11 Panel A: Near UV CD spectra of SA23 in the absence and presence of peptides. Spectra were
recorded for solutions containing 20 mM phosphate buffer, pH 7.4 at a 20 uM concentration of aptamer and
peptides-aptamer mixtures: SA23 (black line), SA23-peptide IIA2 mixture (red line), SA23-peptide IAser mixture
(green line), SA23-peptide IIA mixture (yellow line), SA23-peptide IB2 mixture (blue line). Panel B: Ellipticity at

280 nm of SA23 in the absence and presence of interacting peptides.
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Comparing the ellipticity at 280 nm of SA23 alone and in mixture with the interacting
peptides, the most evident effect is observed for peptides IAser and IA2 (Figure 11B).

The CD spectra have been also collected at lower concentration (1 UM peptides and
aptamer); lAser is the only peptide that still showed an effect, suggesting that it should be
the one with the higher affinity.

The same studies have been performed for the shorter versions of SA23 aptamer, SA23
short 1 and SA23 short 2. The absence of differences between CD spectra of the aptamer-
peptide mixtures and the arithmetic sum of the component spectra may derive from the
fact that these sequences, shorter than SA23, upon peptide binding do not undergo
conformational changes, and then the circular dichroism signal does not significantly
change. For this reason, the absence of differences observed for the aptamer SFAV-IIA
does not guarantee the absence of interaction.

In Figure 12, the comparison between the arithmetic sum of component spectra and the

observed spectra of experimental mixtures is shown for the |Aser peptide.
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Figure 12 Comparison between the arithmetic sum of component spectra (red line) and the spectrum of the
experimental mixture (black line) for peptide IAser and SA23 (A), SA23 short 1 (B) and SA23 short 2 (C). CD

spectra were recorded at a 20 uM concentration of each component.
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To demonstrate that peptide binding is determined by the specific mutation of A-Cro
peptide mutants, we synthesized and checked sequence-scrambled peptides, and a
peptide where mutation causing unfavorable interaction were inserted. The comparison
of the CD spectrum of the mixture of these peptides and SA23 with the arithmetic sum of
the components spectra gave overlapping results, demonstrating the absence of

interaction.

2.3 Fluorescence studies

Following the results of circular dichroism characterization, further analyses were carried
out by fluorescence spectroscopy using the IAser peptide in order to calculate the
dissociation constants (Kd) of the peptide-aptamer complex, which determination is
prevented in circular dichroism measurements by the experimental limits of acquiring CD

spectra at low concentrations.
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Figure 13 Fluorescence emission at 520 nm upon excitation at 492 nm of SA23 aptamer as a function of IAser

concentration; a Ky of 83 + 30 uM is measured
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The SA23 aptamer tagged with the commercially available 3’ carboxyfluorescein was
titrated with increasing amounts of peptide using an excitation wavelength of 492 nm.
The analysis of triplicate data allowed to obtain a K4 of 83 + 30 uM.

The peptide IAser was also labeled with the most promising chromophore of the
MediaChrom series, 15c¢’, and tested for its interaction with the aptamer SA23. The
fluorescence spectra of 15'c-labeled |Aser in the presence and in the absence of SA23 are

reported in Figure 14.
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Figure 14 Normalized fluorescence emission spectra of MediaChrom 15’c-labeled IAser peptide in the presence
(red line) and in the absence (black line) of SA23 (50 uM MediaChrom 15'c-IAser, 50 uMSA23, 20 mM
phosphate buffer, pH 7.4).

In the absence of the cognate aptamer, the labeled 15'c-lAser peptide displayed a
maximum of fluorescence emission at 548 nm (Figure 14, black line). When in mixture
with SA23, a strong hypsochromic shift was observed (Figure 14, red line), indicating that
the MediaChrom 15'c dye sensitively detects the change in the polarity of the

environment when the peptide interacts with the aptamer.
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As shown in the following picture (Figure 15), the illumination with a commercial
ultraviolet LED (emitting at 400 nm) of solutions containing the IAser peptide labeled with

MediaChrom 15’c in the absence and presence of the SA23 aptamer highlighted a
different color of the emitted light detectable by naked eyes.

Figure 15 IAser peptide labeled with MediaChrom 15’c in the absence (on the right) and presence (on the left)

of SA23 aptamer under ultraviolet LED illumination

95



Chapter 4

Conclusions

The idea of the proposed device for the dection of S. aureus is to use aptamers
immobilized on a nanostructured support and hybridized with labeled-peptides, that
could be displaced by S. aureus producing an easily detectable signal in the visible region.
Within this project, we firstly characterized a small library of new polar sensitive dyes,
nicknamed MediaChrom. MediaChrom 15c shows the best features for biological
applications: a high absorption coefficient in the visible range that is almost constant in
solvents with different polarities, a wide solvatochromic effect combined with an almost
constant fluorescence emission, a good QY, and a noteworthy photostability if compared
to the commercial solvatochromic fluorophore Prodan [30]. MediaChrom 15c was
demonstrated to be a versatile solvatochromic dye that can be used as a
membrane/lipophilic probe, and its parent carboxy-free MediaChrom 15c was
demonstrated to be a highly sensitive label for peptide tagging, useful for studying the
interaction between peptides (or proteins) and other target biomolecules, such as DNA.

Circular dichroism and fluorescence studies have been carried out to test the interaction
between SA23 aptamer and the computationally designed interacting peptides. The
peptide IAser was the one that proved to be effective at lower concentration and was
choosen as the best candidate for a biosensing device. Finally, once the most promising
peptide and solvatochromic dye have been chosen, the resulting construct Mediachrom
15c’-IAser has been tested, with positive results, for its capability to give a naked-eyes

detectable signal as a consequence of the interaction with the aptamer.
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Chapter 5

Molecular insights into dimerization inhibition of c-Maf

transcription factor

Introduction

Basic region-leucine zipper (bZIP) proteins constitute one of the largest families of
transcription factors in eukaryotes. The dimeric bZIPs represent the simplest DNA binding
motif consisting of i) a region rich in basic residues binding, through hydrogen bonds and
hydrophobic interactions, the major groove of DNA (DNA binding domain), followed by ii)
heptad repeats of hydrophobic residues forming a coiled coil structure, consisting of two
parallel a-helices (leucine zipper - LZ) involved in the formation of homo- or hetero-

dimers [1]. These two long a-helices grip DNA like a pair of chopsticks [2] (Figure 1).

Figure 1 Basic Leucine Zipper Domain in complex with consensus DNA sequence.
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The Maf protein family belongs to a subgroup of bZIP proteins, the activator protein 1
(AP-1) superfamily. The basic domain of the Maf family proteins has significant homology
(up to 40%) to other bZIP AP-1 members. However, Maf proteins show a higher degree of
similarity when compared with each other, both within and outside of the basic and
zipper domains. Thus, from a structural point of view, the Maf factors form a distinct bZIP
subfamily [1]. Mafs are characterized by a unique DNA-binding domain containing a
highly conserved extended homology region (EHR), immediately preceding the basic
region, that allows to recognize longer DNA sequences than other AP-1 family members,
termed Maf recognition element (MARE). MARE is a 13—-14 bp palindromic consensus
sequence (TGCTGAC(G)TCAGCA) containing the canonical 7—8 bp core motif similar to TRE
or CRE recognized by the other subgroups of bZIP proteins such as AP1 and CREB/ATF
families, respectively, flanked by extended GC sequences [3]. The Maf family members
can be subdivided into two classes based on their molecular weight, structure and
function: Small Mafs (17-18 kDa) and Large Mafs (26-39 kDa), structurally differing for an
N-terminal transactivation domain preserved in Large Mafs and not in Small Mafs [1]

(Figure 2).
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Figure 2 Schematic representation of Large and Small Mafs domains and functions
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Maf family transcription factors (Maf TFs) regulate tissue-specific gene expression and
cell-differentiation in a wide variety of tissues and are also involved in human diseases
and oncogenic transformation [4]. Large Maf genes are bona fide oncogenes as their
products can transform primary cells and their oncogenic activity has been validated in
vivo both in birds and mammals [5]. c-Maf belongs to the large Maf subgroup and is a
major regulator of gene expression and cell differentiation during development [4].
Recurrent translocations of the genes for the Maf family transcription factors, especially
for c-Maf, are involved in the genesis of tumors, as in the case of multiple myeloma (MM)
[6]. MM is a malignant disorder characterized by the clonal proliferation of plasma cells in
the bone marrow, recently proposed as a model system for the comprehension of tumor
biology [7]. Molecular approaches, e.g. genomics, transcriptomics and molecular
cytogenetics, have allowed improving classification of MM to obtain molecular portraits
[8] leading to the identification of novel potential biological targets. Over-expression of
Maf TFs is observed in about 50% of MM cases and is associated to poor prognosis, high
proliferation index and low median survival [9]. Despite the proven critical role of Mafs,
recently recognized as innovative biological targets for MM therapy [10], no synthetic
molecules aiming to directly inhibit their transcriptional activity have been designed and
tested so far.

One of the most recurrent themes in transcriptional events is the interplay between
regulation of function and oligomeric assembly. The basic region-leucine zipper
constitutes the largest super family of TFs, exclusively operating in eukaryotes. Several
types of TFs bind DNA as homo- or hetero-dimers, thus dimerization is a crucial event for
exploiting their function. The DNA binding process involves homo- or hetero-dimerization
via LZ a-helices, with dimerization constants in the micromolar range [11]. In these TFs,
chain flexibility is a fundamental feature for exerting physiological function [11].
Eukaryotes TFs are reported to possess extended disordered regions accounting for at
least 82% of the sequence [12], in contrast to their prokaryotic counterparts, which rarely
show unstructured regions [13]. Intrinsically disordered proteins (IDPs) are involved in

regulating enzymes, or providing sites for post-translational modification or for signaling
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interactions with nucleic acids. Many are reported to become (more) structured upon
binding to their biological targets, thus sustaining coupling of folding and binding events
as a mechanism for molecular recognition and fine regulation [14]. A number of IDPs are
known to be over-expressed in major diseases (cancer, diabetes, cardiovascular diseases),
which makes them good prospective drug targets [14]. A relevant feature of IDPs as
therapeutic targets is that they can interact with a variety of molecules, some of them
showing high specificity. In fact, the interactions of IDPs are characterized by a high
specificity with a low affinity, an effective property for reversible binding in multiple

interaction networks.
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Research purpose

The physiological role of Maf TFs as regulators of tissue-specific gene expression and cell-
differentiation has been validated in a wide variety of experimental models. Maf TFs
activate expression of specific genes whose products are involved in vital cellular
functions. The deregulation of their activity is involved in the development of several
human diseases and their oncogenic activity has been validated in vivo both in birds and
mammals [5]. c-Maf belongs to the large Maf subgroup. When over-expressed is involved
in the genesis of about 50% of Multiple Mieloma cases characterized by poor prognosis,
and low median survival [9]. Despite Mafs have been recently recognized as innovative
biological targets for MM therapy [10], there is a lack of synthetic molecules aiming to
directly inhibit their transcriptional activity. From a structural point of view, Mafs DNA
binding process involves homo- or hetero-dimerization via LZ a-helices. Therefore,
dimerization represents a crucial event for exerting their function [11].

This research line aims at the development of a simple experimental model to study
potential dimerization inhibitors as a way for interfering with c-Maf function. The c-Maf
LZ motif, obtained by solid phase peptide synthesis, has been characterized in terms of
structural features and dimerization properties. This synthetic dimerization domain is
used to test potential synthetic peptidic inhibitors of c-Maf dimerization, rationally

designed starting from a homology model of the whole DNA binding domain.
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Materials and methods

Peptides and protein domain

All protein domains and inhibitors peptides were synthesized using Microwave-assisted
Solid Phase Peptide Synthesis (MW-SPPS) and purified using RP-HPLC [15] by the
DISFARM-Section of General and Organic Chemistry “A. Marchesini”, University of Milan.
After lyophilization, protein domains and peptides stock solutions (100 uM) were
prepared using 20 mM phosphate buffer, pH 7.4 and stored at -20 °C. In table 1 leucine
zipper sequences of c-Maf and MafA, and the sequences of potential c-Maf LZ

dimerization inhibitors are reported.

Table 1 Sequences of c-Maf and MafA LZ domain and potential c-Maf dimerization inhibitors (mutations in

red)

c-Maf LZ QRHVLESEKNQLLQQVDHLKQEISRLVRERDAYKEKYEKLV
MafA LZ QRHILESEKCQLQSQVEQLKLEVGRLAKERDLYKEKYEKLA
N-terminus wild type sequence wtl RFKRVQQRHVLESEKNQLLQQV

1 EFKEVQERHVRLSEKNQLIQQV

2 EFKDVQERHVKLSEKNQLIQQV

3 EFKEVQERHVRLSEKNQLI

4 EFKDVQERHVRLSEKNQLLQQI

5 EFKDVQERHVLESEKNQLL

C-terminus wild type sequence wt2 ISRLVRERDAYKEKYEKL

6 LSRLLRERDAYKEKYEKI

7 (negative control from wt1) RFKRVQQRHVAESEANQAL

Circular dichroism
Circular dichroism (CD) spectra were collected using a Jasco J-715 spectropolarimeter

equipped with a Peltier thermostatic unit set at 20 °C. The spectral scans were collected
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between 280 and 190 nm, 0.1 nm data pitch, at 50 nm/min scanning speed. Each
spectrum is the result of 3 averaged accumulations.

Depending on the peptides concentration, cuvettes with 0.1, 0.5 and 1 cm path length
were used. Secondary structure analysis was carried out using Dichroweb server (CONTIN

algorithm, reference set 7).

Sample preparation for CD experiments

Leucine zipper and dimerization inhibitor peptides stored in lyophilized form were
solubilized in 20 mM phosphate buffer, pH 7.4. 100 uM stock solutions were prepared for
single experiments. CD spectra on LZ-inhibitor mixtures were collected after overnight

incubation.

Mass spectrometry

Cross-linked samples were dialyzed against deionized water using diafiltration devices
(Amicon Ultra—0.5mL, cut-off 3000 Da) to remove glutaraldehyde and sodium
borohydride. Cross-linked and unmodified samples were prepared by dried droplet
method using a 10 mg/ml a-cyano-4-hydroxycinnamic acid (CHCA) solution prepared in
acetonitrile 50% — TFA 0.05%. The samples were mixed in equal volume with the matrix
and then 1 pl of the mixture was spotted onto MALDI plate. Spectra were acquired using
a 4800 Plus MALDI TOF/TOF™ AbSciex mass spectrometer. The instrument was calibrated

with cytochrome ¢ and apomyoglobin (Sigma-Aldrich®).

Cross-linking

Solutions containing 50 UM LZ alone or a mixture of 50 uM LZ and 50 uM dimerization
inhibitors were reacted with glutaraldehyde (the latter, after overnight incubation).
Glutaraldehyde bivalently reacts with amino groups such as N-termini and lysine or

arginine side chains giving covalent cross-linking.
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Different protocols for glutaraldehyde reaction were tested, varying glutaraldehyde

concentration and incubation time, as listed below:

Glutaraldehyde 5% for 15’
Glutaraldehyde 2% for 15’
Glutaraldehyde 0.5% for 60’
Glutaraldehyde 0.05% for 30’
Glutaraldehyde 0.005% overnight

The reaction was stopped by adding a 150 mg/ml sodium borohydride solution in 0.1 M

sodium hydroxyde to reach a 4:1 excess molar ratio with respect to glutaraldehyde.
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Results and discussions

Inhibition of LZ dimerization was previously investigated for other classes of transcription
factors [16]. Compound library screenings were performed searching for dimerization
inhibitors, and several peptidomimetic molecules were identified as in the case of c-Myc
LZ inhibitors [16]. Moreover, NMR data indicated that the binding region of bZIP domain,
when in complex with these molecules, is more structured relative to the uncomplexed
form, although conserving a substantial flexibility.

As a starting point, a homology model of the c-Maf homodimer, both free and bound to
the consensus DNA sequence, was created using the crystal structure of the homodimeric
MafA (4EOT) as the template. A rational design of a small library of peptides as putative
inhibitors of c-Maf dimerization was attempted using molecular dynamic (MD)
simulations followed by Molecular Mechanics-Generalized Born Surface Area (MM-GBSA)
analysis [15]. The c-Maf and MafA LZ fragments and putative inhibitors were chemically

synthesized using MW-SPPS (Table 1 - Materials and Methods).

Circular dichroism spectroscopy on isolated leucine zipper domains

The secondary structure of c-Maf and MafA LZ was characterized by far-UV CD
spectroscopy in order to evaluate if the isolated fragment, obtained by solid phase
peptide synthesis, was able to adopt in solution a helical structure, similar to the
expected secondary arrangement of the LZ dimerization domain of other members of the

large Maf family [3]. The LZ of MafA shows a completely unordered structure (Figure 3).
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Figure 3 Circular dichroism spectra of 20 uM c-Maf (solid line) and MafA (dashed line) isolated LZ fragments in
20 mM phosphate buffer, pH 7.4, 20 °C.

This result is in agreement with data reported in the literature indicating that, in the
absence of the consensus DNA sequence, both the LZ and the EHR of MafA are crucial for
the complete helical folding of the DNA binding domain. Moreover, post-translational
modifications are crucial for the correct folding of MafA [3]. Opposite to MafA, the c-Maf
LZ motif shows a CD spectrum with two negative bands centered at 208 and 222 nm,
typical of a-helices (Figure 3). To quantify the helical content, the spectrum was analyzed
using the CONTIN algorithm, as previously done for the bZIP domain of other Mafs [17].
The analysis yields a 43% of helical structure, indicating that the chemically synthesized,
isolated LZ fragment of c-Maf achieves a significant degree of secondary structure in
solution, in the absence of both the remaining sections of DNA binding domain in large
Mafs [3], and of the partner DNA, which is required for most of Maf members folding.
This not obvious result indicates that solid phase peptide synthesis of the isolated c-Maf
LZ region is a valuable strategy to set up a simplified model and experimental platform for
testing putative LZ dimerization inhibitors. Obviously, the capability of the LZ domain to

form dimers in solution is a necessary condition for its use as a model system to study
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dimerization inhibitors. Therefore, based on the expected dependence of secondary
structure content on the degree of dimerization, we further exploited CD spectroscopy of
c-Maf LZ at different concentrations to evaluate its oligomerization state in solution

(Figure 4).
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Figure 4 Concentration dependence of c-Maf LZ CD spectra. Spectra were recorded for solutions containing 20
mM phosphate buffer, pH 7.4, 20 °C, and different concentrations of c-Maf LZ: 50 uM (black line), 20 uM (red
line), 10 uM (green line), 5 uM (yellow line), 2 uM (blue line) and 1 uM (magenta line). Inset: signal change
monitored at 208 nm. Data were fitted to a simple binding isotherm, with a Kd of 7.0 + 4.3 uM (solid line).

The normalized CD spectra show that the intensity of the two bands at 208 and 222 nm
increases as a function of c-Maf LZ concentration spanning from 1 to 50 uM (Figure 4),
indicating that protein—protein interactions promote an increase of ordered helical
structure. In principle, we cannot exclude that under our experimental conditions the
isolated LZ region undergoes oligomerization processes other than a simple monomer—
dimer equilibrium. However, the dependence on LZ concentration of the ellipticity at 208
nm is well described by a simple binding isotherm with a dimerization constant Kd of 7.0

+ 4.3 uM (Figure 4, inset).
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Mass spectrometry on c-Maf leucine zipper domain

To better characterize the oligomerization state of c-Maf LZ, and exclude that higher
order oligomers, other than homodimers, are present at equilibrium, a mass
spectrometry analysis was carried out at a LZ concentration of 50 uM. Under these
conditions, the concentration dependence of helical content, as evaluated from CD
spectra (Figure 4), is close to plateau. As reported in Figure 5, panel A, the mass spectrum
shows a major peak at 5,076 m/z (peak 1), corresponding to the monomeric form of c-
Maf LZ, and only a small peak at 10,131 m/z (peak 2), attributable to a dimeric form, both

in the absence and presence of dimerization inhibitors.
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Figure 5 Panel A: mass spectrum of 50 uM c-Maf LZ in the absence (black line) and presence (gray line) of
peptide 5. Panel B: mass spectrum of c-Maf LZ in the absence (black line) and presence (gray line) of peptide
5, upon treatment with 0.5 % glutaraldehyde for 15 min. Peaks attribution is as follows (see main text): peak
1, c-Maf LZ monomer; peak 1’, c-Maf LZ monomer reacted with glutaraldehyde; peak 2, c-Maf LZ dimer; peak
2', c-Maf LZ dimer reacted with glutaraldehyde; peak 3, complex between c-Maf LZ monomer and peptide 5
(reacted with glutaraldehyde); peak 4, complex between c-Maf LZ dimer and peptide 5 (reacted with
glutaraldehyde).
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This result depends on the sample preparation protocol for mass spectra analysis, that
encompasses denaturing conditions that are expected to cause dimers disassembly and
LZ unfolding. To stabilize the equilibrium distribution of quaternary complexes, LZ
solutions were reacted with glutaraldehyde, a cross-linker covalently binding the amino
groups of Lys and Arg side chains as well as protein N-terminus. The reaction was stopped
using the reducing agent sodium borohydride, which also stabilizes the crosslink.
Different protocols, at varying glutaraldehyde concentrations and incubation times, were
tested (described in Materials and Methods section). The example spectrum reported in
Figure 5, panel B, was obtained reacting 50 uM LZ in the presence of 0.5% glutaraldehyde,
with a 15 min incubation time, the condition showing the best signal intensity. Indeed,
the reaction of c-Maf LZ with glutaraldehyde produced a clear change in the mass
spectrum. As compared to the unreacted solution (Figure 5, panel A), the monomer peak
(peak 1') is right shifted at about 5,700 m/z and is more heterogeneous, due to LZ
reaction with a variable number of glutaraldehyde molecules which cause an increase of
the molecular weight. The dimer peak at about 11,400 m/z (peak 2') is definitely more
intense than in the absence of glutaraldehyde crosslinking (peak 2). Peaks at higher m/z,
attributable to trimers or large oligomers, are not present. These evidences highlight that
the LZ domain is present in solution as a concentration-dependent equilibrium of
monomers and dimers, and dimerization favors the structuring of the domain. The
absence of higher order oligomers confirms the possibility to use the LZ domain of c-Maf

as a model system to test dimerization inhibitors [15].

Circular dichroism spectroscopy and mass spectrometry in the presence of
dimerization inhibitors

The interaction between the designed peptidic dimerization inhibitors and c-Maf LZ was
studied by far-UV CD spectroscopy, as already done for other Mafs [17]. All synthetic
inhibitor peptides show CD spectra indicative of a completely unstructured fold (e.g.
peptide 5, Figure 6A, green line), thus suggesting that these peptides are not prone to

form structured dimers or oligomers upon self-association.
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Figure 6 Panel A: binding of peptide 5 to c-Maf LZ. CD spectra were collected on solutions containing 20 mM
phosphate buffer, pH 7.4, 20 °C, and either 50 uM peptide 5 (green line), 50 uM c-Maf LZ (light blue line) or a
mixture of 50 uM c-Maf LZ and 50 uM peptide 5 (black line). c-Maf LZ concentrations are always expressed on
a monomer basis. The red line is the arithmetic sum of the CD spectra of peptide 5 alone and c-Maf LZ alone.
Inset: signal change at 208 nm at increasing concentration of peptide 5 in the presence of 50 uM c-Maf LZ.
Panel B: CD difference spectra between the observed spectrum of reacted mixture and the arithmetic sum of
the spectra of isolated components for c-Maf LZ and peptide 5 (black line), MafA LZ and peptide 5 (orange
line) and c-Maf LZ and peptide 7 (blue line).

Solutions containing LZ domain and peptide inhibitors at the same concentration were
incubated overnight before recording spectra. A comparison between the spectra of the
reacted LZ-inhibitor peptide mixture and the arithmetic sum of the two separated
components (at the same concentrations) highlights that the mixtures of LZ zipper
domain and peptide inhibitor have a higher helical content, as shown in Figure 6A for the
complex with peptide 5, demonstrating an interaction which promotes a structuring
process. The CD spectra of mixtures of 20 uM LZ domain and 20 uM peptidic inhibitors
were analyzed using the CONTIN algorithm and the results of the analysis of triplicate

experiments are shown in Figure 7.
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Figure 7 Dimerization inhibitors effect on c-Maf LZ secondary structure. The a-helical content of LZ in the
absence and in the presence of 20 uM dimerization inhibitors was estimated using the CONTIN algorithm. All

experiments were carried out in triplicate.

In comparison with LZ domain alone, which exhibits an estimated helical fraction of 43%,
the presence of all tested peptide inhibitors promotes an increase of helical structure,
spanning from 58 + 7% (peptide 6) to 74 + 8% (peptide 4). A similar increase of the helical
content was observed at a 2 UM LZ concentration, the lower value yielding reliable CD
spectra with our experimental apparatus. The inset in Figure 6A shows the dependence
on inhibitor concentration (peptide 5) of the signal at 208 nm, where a-helices make a
dominant contribution to molar ellipticity, of a c-Maf LZ-inhibitor mixture.

We are aware that changes in CD signal arise from the overlapping contribution of i) loss
of helical content due to LZ dimer displacement and ii) gain of secondary structure
content of LZ and, possibly, peptidic inhibitor upon LZ-inhibitor complex formation.
Therefore, from CD experiments it is not possible to retrieve reliable thermodynamic
parameters for binding of inhibitors to LZ. However, the observed concentration

dependence shows that a maximal effect is almost reached at an inhibitor concentration
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of 50 uM (Figure 6A, inset, peptide 5). From this dependence, and considering the LZ
dimerization constant of 7.0 uM, a semi-quantitative conclusion can be drawn that the
binding constant resides in the low micromolar range, which encourages further
development of more and more effective ligands. All the peptides, that have been
specifically designed to interact with c-Maf LZ, were also tested for their capability to bind
to MafA LZ domain, but no one proved to be able to promote helical secondary structure
formation. With this respect, Figure 6B shows that the spectrum of a MafA LZ-peptide 5
mixture overlaps with the sum of the spectra of the single isolated components. It should
be noted that the results of the latter control experiments do not prove specificity for c-
Maf of our inhibitors, since while the isolated c-Maf LZ is substantially structured in
solution and competent for concentration-dependent dimerization, MafA LZ is not (Figure
3), and there are several claims in the literature that dimerization of MafA i) is dependent
on post-translational modifications on the N-terminal domain and ii) occurs after a
coupled DNA binding/disorder-to-order transition. This hampers the possibility to carry
out a proper positive control by designing peptidic inhibitors targeting MafA LZ sequence
and testing them on the isolated MafA LZ fragment [15].

The interaction between c-Maf LZ domain and peptidic inhibitors has been also
investigated using mass spectrometry. Complexes between c-Maf LZ and peptidic
inhibitors were covalently stabilized by glutaraldehyde cross-linking and analyzed with
mass spectrometry to characterize the oligomerization state, as described above. The
resulting spectra showed a different m/z pattern with respect to the mass spectrum of
glutaraldehyde-treated LZ in the absence of dimerization inhibitors (Figure 5, panel B),
with a marked decrease of the peak corresponding to the LZ dimer (peak 2’), and the
appearance of broad bands at m/z values of about 8,600 (peak 3) and 14,700 m/z (peak
4), compatible with masses of LZ monomer-inhibitor and LZ dimer-inhibitor complexes.
Obviously, the latter has not to be intended as a preexisting ternary complex stabilized by
glutaraldehyde, but rather as the product of an aspecific crosslinking between a LZ dimer
and a free inhibitor peptide molecule. Although mass spectra analysis cannot be

considered a quantitative technique and the glutaraldehyde reaction is not able to
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stabilize all the complexes present in solution, these data demonstrate that the peptidic
inhibitors that we have designed and tested are able to selectively interact with c-Maf LZ
sequence. Such interaction results in the destabilization of dimers, the functional form of
Maf TFs. The increase in the content of ordered structure elicited by binding of
dimerization inhibitors to monomeric LZ domains appears to be a key feature in the

mechanism of dimerization inhibition.

119



Chapter 5

Conclusions

In this work, the LZ motif of c-Maf transcription factor was obtained by solid phase
peptide synthesis and characterized in terms of structural features and dimerization
properties. The results highlight the tight coupling between dimerization and folding,
adding new insights in the poorly characterized Maf proteins family. Potential peptidic
inhibitors of c-Maf dimerization were tested in vitro for their effect on dimerization of the
isolated LZ fragment. Some of these compounds proved to bind c-Maf LZ, promoting a
disordered-to-structured transition through an increase in helical content and inhibiting
c-Maf LZ dimerization [15]. Our results showed that solid phase peptide synthesis of
protein domains and analysis of secondary and quaternary structure by CD and MALDI
TOF techniques allow to build up a simple experimental platform to test LZ dimerization
inhibitors. Rationally designed peptide inhibitors provide a promising lead for further
development of more selective, stable and bioavailable peptidic or peptidomimetic drugs
targeting MM and other diseases whose molecular basis relies on protein—protein

recognition.
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