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RESUMO

CUNHA, J.R. Efeitos da PEGuilagdo sitio-dirigida na termoestabilidade da L-
asparaginase. 2021. 115f. Dissertacdo (Mestrado) — Faculdade de Ciéncias Farmacéuticas,

Universidade de Sdo Paulo, Sdo Paulo, 2021.

A enzima L-asparaginase (ASNase) é amplamente usada como medicamento para tratamento
da leucemia linfoblastica aguda, bem como na industria de alimentos para evitar a formacgéo de
acrilamida em alimentos cozidos e fritos. No presente trabalho, ASNase foi covalentemente
ligada ao polimero poli(etilenoglicol) (PEG) de diferentes massas moleculares (ASNase-PEG-
5, ASNase-PEG- 10, ASNase-PEG-20, and ASNase-PEG-40) na regido N-terminal
(monoPEGuilagdo) a fim de se estudar os efeitos da PEGuilagdo na termoestabilidade da
enzima. As formas PEGuiladas e nativa foram analisadas em relacdo a termodinadmica e
termoestabilidade a partir de atividade enzimatica. A ASNase (nativa e PEGuilada) apresentou
atividade méxima a 40 °C e a desnaturacao ocorreu por cinética de primeira ordem. Com base
nesses resultados, a energia de ativacdo para desnaturacdo (E*q) foi estimada e maiores valores
foram observados para as formas PEGuiladas em compara¢do a enzima nativa, destacando-se
a ASNase-PEG10 com aumento de 4.24 vezes (48.85 kJ.mol™?) em comparagdo com a forma
nativa in (11.52 kJ.mol?). As enzimas foram avaliadas por sua atividade residual ao longo do
tempo em diferentes temperaturas de armazenamento (4 e 37 °C) e os conjugados PEGuilados
mostraram-se mais estaveis apds os 21 dias de ensaio. Pardmetros termodindmicos como
entalpia (AH?), entropia (AS?) e energia livre de Gibbs (AG?) de desnaturacéo irreversivel foram
analisados. Valores maiores — e positivos — da energia livre de Gibbs foram encontrados para
os conjugados PEGuilados (61.21 a 63.45 kJ'mol™), indicando que o processo de desnaturagéo
ndo ocorreu de forma espontanea. A entalpia também foi maior para os conjugados PEGuilados
(18.84 a 46.08 kJ'mol™), demonstrando o efeito protetivo da PEGuilagdo. Ja para a entropia, 0s
valores negativos foram mais elevados para a ASNase nativa (-0.149 J/mol-K), apontando que
0 processo de desnaturacdo aumentou a aleatoriedade e agregacdo do sistema, o que foi
confirmado pelo dicroismo circular. Dessa forma, a PEGuilacdo revelou o seu potencial de

aumento de termoestabilidade para a ASNase.

Palavras-chave: PEGuilacdo N-terminal, termoestabilidade, termodindmica, enzimas,

bioconjugacao, termo-inativacgéo.



ABSTRACT

CUNHA, J.R. Effects of site-directed PEGylation on L-asparaginase thermostability. 2021.
115p. Dissertacdo (Mestrado) — Faculdade de Ciéncias Farmacéuticas, Universidade de Séo
Paulo, S&o Paulo, 2021.

The enzyme L-asparaginase (ASNase) is broadly applied as a drug to treat acute lymphoblastic
leukemia, as well as in the food industry to avoid acrylamide formation in baked and fried food.
In the present work, ASNase was covalently attached to polyethylene glycol (PEG) of different
molecular weights (ASNase-PEG-5, ASNase-PEG-10, ASNase-PEG-20, and ASNase-PEG-40)
at the N-terminal portion (monoPEGylation). Native and PEGylated forms were analyzed
regarding thermodynamics and thermostability based on enzyme activity measurements.
ASNase (native and PEGylated) presented maximum activity at 40 °C and denaturation
followed a first-order kinetics. Based on these results, the activation energy for denaturation
(E*4) was estimated and higher values were observed for PEGylated forms compared to the
native ASNase, highlighting the ASNase-PEG10 with a 4.24-fold increase (48.85 kJ.mol™?) in
comparison to the native form (11.52 kJ.mol?). The enzymes were evaluated by residual
activity over time (21 days) under different storage temperatures (4 and 37 °C) and the
PEGylated conjugates remained stable after the 21 days. Thermodynamic parameters like
enthalpy (AHY), entropy (AS*) and Gibbs free energy (AG*) of ASNase (native and PEGylated)
irreversible denaturation were also investigated. Higher — and positive — values of Gibbs free
energy were found for the PEGylated conjugates (61.21 a 63.45 kJ'mol™), indicating that the
process of denaturation was not spontaneous. Enthalpy also was higher for PEGylated
conjugates (18.84 a 46.08 kJ'mol?), demonstrating the protective role of PEGylation. As for
entropy, the negative values were more elevated for native ASNase (-0.149 J/mol'K), pointing
out that the denaturation process enhanced the randomness and aggregation of the system,
which was observed by circular dichroism. Thus, PEGylation proved its potential to increase

ASNase thermostability.

Keywords: N-terminal PEGylation, enzyme thermostability, thermodynamics, enzymes,

bioconjugation, thermo-inactivation.
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1. INTRODUCTION

Due to patent protection and the high market Therapies based on biological medicines
were a revolutionary innovation in the pharmaceutical industry due to the success obtained in
meeting previously unmet medical needs of diseases such as hemophilia, diabetes, arthritis, and
diseases of the immune system. price of biological products, the companies that own innovative
molecules have generated considerable revenues. An increase of 6.9% in the protein
therapeutics market is expected from 2018 to 2025 (an estimative to reach at least $17,813
million) (Jaiswal and Shinde, 2018). In 2017, twelve new biological drugs were approved by
the Food and Drug Administration (FDA), one referring to a new treatment by gene therapy
(La Torre, De and Albericio, 2018). Figure 1 illustrates the increase in biological drugs over

the years.
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Figure 1. Chemical and biological drugs approved over two decades (La Torre, De and Albericio, 2018).
Despite the large advantages attributed to the biological drugs, a few caveats can be

enumerated, such as the low plasma half-life and immunogenicity. The low half-life renders to

frequent administration and consequently, impairs treatment adherence due to the discomfort
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of the dosing interval (Santos, et al., 2018). As for immunogenicity, the main concerns are the
production of anti-drug antibodies that can reduce clinical efficacy by neutralizing biological

activity, hypersensitivity, and anaphylactic reactions (Barbosa, 2011; Barbosa et al., 2012).

Another concern regarding biological products available on the pharmaceutical market
is the “patent cliff”, an economic burden for industry financing. It is a market phenomenon
evident for traditional drugs (small molecule drugs) and which is also approaching biological
drugs. This term refers to an abrupt drop in sales for a group of “blockbuster” products as the
end of patent protection approaches. This drop in sales may impact the main players in the
biological medicine industry negatively or positively, depending on the marketing strategies

adopted (Calo-Fernandez and Martinez-Hurtado, 2012).

Aligning both the economic need to remain competitive in the market and the demand
to solve intrinsic problems of biological drugs, we have a new generation of biological products,
the “follow-on” biologics, which include biosimilars and biobetters (Santos et al., 2018).
Biosimilars are biological products with the same molecular profile of reference products and
sufficient evidence that there are no significant clinical differences (Satterwhite, 2013)
compared to the reference product. Despite of the similarity, there are some limitations
concerning the information on the clinical efficacy and safety of biosimilars and usually,
regulatory agencies do not preclude interchangeability. However, even after almost 30 years of
approval of the first biosimilar in Europe, there have been no differences in terms of safety to

date (Ingrasciotta et al., 2018).

Biobetters, on the other hand, are other class of “follow-on” biologics containing
changes in the originating molecular profile, such as bioconjugation, with the specific purpose
of increasing therapeutic efficacy, thus introducing a superior product to the market

(Satterwhite, 2013). In the context of the next generation of biological drugs, biobetters
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represent an opportunity for innovation with reduced risks, since the mechanism of action of
the originating molecule is already known. Bioconjugation comprises natural and non-natural
modifications to protein surfaces. Natural modifications such as glycosylation (addition of
sugar to a molecule), phosphorylation (addition of a phosphate to a molecule), and acetylation
(addition of an acetate group to a molecule) are intended to improve the pharmacokinetics of
biological drugs or change the folded state of the protein, adding new characteristics and
dynamics to the molecule. As for non-natural modifications, strategies such as atom transfer
polymerization (ATRP), radical addition-fragmentation chain transfer (RAFT), and PEGylation
are common techniques involving the addition of a polymer to the side chain of one or more

amino acid residues at the protein surface.

One of the most used techniques of bioconjugation to produce biological drugs,
including biobetters, consists of the covalent attachment of poly(ethylene glycol) (PEG) chains.
This technique allows the improvement of pharmacokinetic profiles of biological drugs (Pfister
and Morbidelli, 2014; Wu et al., 2017). For instance, Neulasta® (a PEGylated version of
Neupogen®) and Aranesp®, (PEGylated version of Epogen®) are examples of biobetters

presenting longer half-lives than their originating drug (Strohl, 2015).

Biological drugs also face problems related to transport and stock (Silva et al., 2018).
In this regard, it is essential to ascertain the differences in temperature, pH, and humidity to
which they are submitted until they reach their delivery point. In addition to the
pharmacokinetics benefits of PEGylation, it is widely recognized that this strategy commonly
increases the thermostability of protein drugs (Mora, White and DeWall, 2020). However, there
IS not a consensus on the real advantage — or disadvantage — of coupling PEG to molecules and,
which criteria of PEGylation are considered to enhance thermostability is still a matter of debate
(Matthews, 2013; Turecek et al., 2016). Therefore, important factors should be investigated to

correlate with thermostability, such as temperature, degree of PEGylation, and coupling
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chemistry (Turecek et al., 2016). In order to explore the thermostability, thermodynamic and
kinetic parameters should be considered. The difference between the parameters of the unfolded
and folded state of the protein — i.e. half-life (ti2), first-order denaturation constant (ka),
enthalpy (AH), entropy (AS), and Gibbs free energy (AG) — indicates the profile of structural
conformation under different temperatures (Franca, 2018). These parameters address the real
improvement in thermostability attributed to PEGylation. In this dissertation, we evaluated the
thermodynamic and kinetic parameters of N-terminal site-directed PEGylated L-asparaginase
and correlated to thermostability. We investigated PEGylation with PEG of different molecular
weights (PEGs of 5, 10, 20, and 40 kDa) to determine whether it would interfere on the degree

of thermostability conferred to the enzyme.
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1 LITERATURE REVIEW

Amongst non-natural modifications, PEGylation is one of the most used strategies to
develop biological drugs. It refers to the covalent attachment of poly(ethylene glycol) (PEG) to
the protein surface (Veronese and Pasut, 2005). PEGs are commonly used as excipients in the
industry due to their characteristics, they are uncharged molecules presenting flexibility,
solubility, and biocompatibility (Ekladious, Colson and Grinstaff, 2019; Pelegri-O’day and
Maynard, 2016). The PEG polymer is hydrophilic and, therefore, its hydrodynamic volume is
higher than that of a globular protein of the same molecular mass, due to the number of
hydrogen bonds between the polymer oxygen atoms and water molecules (Kolate et al., 2014;
Pasut and Veronese, 2012). The solubility of PEG in both organic and aqueous solvents
(Torbica, 2015) is an important characteristic to enhance the solubility of the molecule

conjugated.

Abuchowski and collaborators (1977) published the first study of PEGylation, which
describes the random conjugation of PEG molecules to lysine residues in catalase (from the
bovine liver) resulting in a PEG-catalase solution with low immunogenicity, resistance to
proteases, increased stability, and enhanced half-life. Considering the assets brought by
PEGylation, the technique became over the years a suitable tool to modify nanoparticles (drug
delivery) or drugs such as proteins, peptides, oligonucleotides, small molecules, and aptamers

(Ekladious, Colson and Grinstaff, 2019).

PEGylation technique was consolidated for industrial applications over the ‘90s when
FDA approved the first PEGylated protein, Adagen®. This biological drug corresponds to the
PEGylated adenosine deaminase, used as enzyme replacement therapy in patients with severe
combined immunodeficiency disease (SCID). The first generation of PEGylation is non-
specific, yielding products with high polydispersity in terms of the number of PEG molecules

attached and low control of the conjugation sites. Commonly known as random PEGylation,
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this conjugation occurs frequently in lysine residues. Lysine is one of the most abundant amino

acids in proteins, comprising up to 10% of total amino acids in proteins (Roberts, Bentley and

Harris, 2002). Hence, there is a lack of batch-to-batch control over the PEGylation sites. In

order to solve the caveats of random conjugation, site-specific PEGylation methods were

developed, known as the second generation of PEGylation (Pasut and Veronese, 2012). Control

over the conjugation site is important for regulatory agencies’ approval since the requisitions

for approval are becoming more stringent with increasing knowledge of the technique.

According to the FDA, 27 molecules were PEGylated and marketed, and 23 correspond

to biological medicines (Table 1). However, most of the reactions described for these

biotherapeutics correspond to random PEGylation.

Table 1. FDA approved PEGylated drugs. (Biochempeg, 2020)

Average

Entry Drug Company PEGylated entity Indications MW of Ap\p{woved
ear
PEGs
Macromolecular Drugs
1 Esperoct Novo Nordisk recomblnar}gi?g:hemophlI|c hemophilia A 40 kDa 2019
2 | Ziextenzo Sandoz G-CSF infection during 20 kDa 2019
chemotherapy
3 Udenyca | Coherus Biosciences G-CSF infection during 20 kDa 2018
chemotherapy
. BioMarin recombinant .
4 Palynzig Pharmaceutical phenylalanine ammonia lyase phenylketonuria 9x20kDa 2018
5 Revcovi Leadiant Bioscience recomblnant_ adenosine ADA-SCID 80 kDa 2018
deaminase
6 | Fulphila Mylan GmbH G-CSF infection during | 545, | 2018

chemotherapy

Table 1. (cont.) FDA approved PEGylated drugs. (Biochempeg, 2020)
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Average Approved
Entry Drug Company PEGylated entity Indications MW of PP
Year
PEGs
7 Asparlas Servier Pharma L-asparaginase leukemia 31-k3[9))ax 5 2018
8 Jivi Bayer Healthcare recomblnan]:[a;r;trlhemophlI|c hemophilia A 2 x 30 kDa 2017
9 Rebinyn Novo Nordisk recombinant C(I)igulatlon factor hemophilia B 40 kDa 2017
10 Adynovate Baxalta recomblnar}ggg:hemophlI|c hemophilia A >1 x 20 kDa 2015
11 Plegridy Biogen peginterferon beta-1a multiple sclerosis 20 kDa 2014
12 Omontys Takeda erythropoietin anemia 2 X 20 kDa 2012
13 Sylatron Merck peginterferon-alfa-2b melanoma 12 kDa 2011
14 Krystexxa Horizon Pharma recombpl?(;r;ti#rlcase gout 40 X 10 kDa| 2010
15 Cimzia ucB antitumor necrosis factor rheumatoid arthritis 40 kDa 2008
16 Mircera Roche erythropoietin anemia 30 kDa 2007
17 Macugen Pfizer aptamer macular degeneration | 2 x 20 kDa 2004
18 Somavert Pfizer human growth hormone acromegaly 4-6 x 5 kDa 2003
19 Neulasta Amgen G-CSF infection during 20 kDa 2002
chemotherapy
20 Pegasys Roche peginterferon-alfa-2a hepatitis B and C 40 kDa 2002
21 Pegintron Schering peginterferon-alfa-2b hepatitis C, melanoma| 12 kDa 2001
22 Oncaspar Enzon asparaginase leukemia 69?;; S 1994
23 Adagen Enzon adenosine deaminase ADA-SCIO 11_k1|;ax S 1990
Small Molecule Drugs
24 Movantik AstraZeneca naloxone constipation 339 Da 2014
25 Asclera Chemische Fabrik dodecyl alcohol varicose veins 400 Da 2010
Kreussler
Nanoparticles
26 Doxil Schering liposomal ovarlan cancef, 2 kDa 1995
multiple myeloma

Drugs containing multiple units of PEGs are indicated (number of units) x (MW of each PEG unit). G-CSF: growth colony-
stimulating factor.

ADA-SCIO: adenosine deaminase severe combined immune deficiency.
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1.1.  Advantages of PEGylation

PEGylation was applied to improve several commercialized biological drugs conferring
advantages such as (i) increased hydrodynamic volume, which slows down the renal clearance
and prolong in vivo half-life (Mishra, Nayak and Dey, 2016), (ii) reduced immunogenicity of
the molecule conjugated to PEG, less exposure of the immunogenic epitopes of the molecule;
(iii) protection against in vivo degradation (proteases and endocytosis); and (iv) improved water
solubility (Fee, 2007; Turecek et al., 2016). These benefits are usually achieved without

significant conformational changes (Pasut and Veronese, 2012; Santos et al., 2021).

1.1.1. Renal clearance

Bioproducts with a low molecular weight (until 50-70 kDa) are more likely to pass
through the renal glomerular filter. Therefore, PEGylation holds the ability to decrease kidney
filtration and improve circulation time, since it increases the drug molecular weight
(Akbarzadehlaleh et al., 2016). In addition to the molecular weight, PEGylation also increases
the hydrodynamic volume, reducing the glomerular sieving coefficient (Fee, 2007). In the case
of proteins with larger molecular weight, the effect of PEGylation is observed mostly by the
increased serum half-life and prolonged elimination half-life (Lu and Zhang, 2018). For
instance, the PEGylated version of the enzyme L-asparaginase (~137 kDa) is an antileukemic
drug commercialized as Oncaspar® with a 17.85-fold increase in the half-life compared to the
non-modified molecule (Graham, 2003). Despite the elevated prices of Pegaspargase in
comparison to the unmodified enzyme, the conjugation represents cost savings for the patients
due to the lower frequency of doses and hospital assistance contrasted with the non-modified
L-asparaginase (Hu et al., 2019). As for smaller biomolecules like interferon-a2a (~19 kDa),
PEGylation at lysine at the a-amino group and e-amino group with N-hydroxysuccinimide 40

kDa branched PEG represented a significant decrease in the renal excretion of the bioproduct
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(Bailon et al., 2001; Monfardini et al., 1995). Pegasys®, the PEGylated interferon-a.2a, is used
for the treatment of hepatitis C and compared to the native protein, presents a 70-fold increase
in serum half-life and 50-fold increase of residence in serum plasma. The advantages of
PEGylation to interferon-o2a also included enhanced thermostability, protection against
proteases, and improved pH stability relative to the native protein (Bailon et al., 2001). The in
vitro activity of Pegasys® is 7% of the native protein, but the advantages in pharmacokinetics

brought by PEGylation compensate the loss of activity (Bailon et al., 2001; Gefen et al., 2013).

1.1.2. Reduced immunogenicity and Protection Against Proteases

The reduced immunogenicity is also associated with the extended half-life of the
conjugated molecules (Mishra, Nayak and Dey, 2016). As long as the immune system is not
recognizing the PEGylated molecule, it could stay longer in the organism. In terms of
architecture, branched-PEGs usually result in a more efficient shielding and, therefore, a

smaller number of PEG molecules is needed (Lu and Zhang, 2018).

In addition to lowering the immunogenic response, PEGylation promotes protection
against proteases and aggregation (Pandey et al., 2013). Meneguetti et al. (2019) studied the
antileukemic protein L-asparaginase (~137 kDa) PEGylated with mPEG-NHS of 10 kDa at the
N-terminal site and showed that site-directed PEGylation protected against proteases like
asparaginyl endopeptidase (AEP) and cathepsin B (CTSB) in vitro. Parikh and collaborators
(2015) demonstrated the potential of PEGylation of recombinant SsoPox (rSsoPox) (~35 kDa),
an enzyme that acts as a therapeutic agent for the prophylaxis of organophosphate compounds
poisoning in humans. The PEGylation at the N-terminal site with mPEG-propionaldehyde (5

kDa) enhanced resistance to degradation by trypsin.
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1.2. Drawbacks of PEGylation

Despite the advantages of PEGylation, it has some drawbacks such as: (i) decreased
activity due to steric shielding during the target-protein process of recognition (Pasut and
Veronese, 2012; Zhang et al., 2016), (ii) polydispersity, (iii) cytoplasmic vacuolization and (iv)
PEG may present immunogenicity (Zhang et al., 2016). These drawbacks are mainly associated
with the first generation of PEGylation. Random PEGylation may cause steric shielding or
disrupt the tertiary structure of the protein (Giorgi, Agusti and Lederkremer, 2014).
Nonetheless, site-directed PEGylation tends to lower these effects since fewer PEGs molecules
are attached and at specific sites, lowering polydispersity and interfering less in the protein
activity. In other words, site-directed PEGylation yields products with higher homogeneity and

less activity loss (Verhoef et al., 2014).

As for the cytoplasmic vacuolation, it occurs mainly in phagocytes and is not correlated
to changes in organ function under toxicological studies (lvens et al., 2015). It is suggested an
alternative for these problems by controlling the size of PEG attached to the molecules, using

polymers of lower molecular weight (Zhang, Liu and Wan, 2014).

Immunogenicity caused by PEG is still a matter of debate, there are no validated
protocols to predict immunogenicity in PEGylated biomolecules (Schellekens, Hennink and
Brinks, 2013). Notwithstanding, a pre-clinical screening of anti-PEG antibodies is included in
the Food and Drug Administration (FDA) guidelines for PEGylated biological drugs (Verhoef
et al., 2014). The number of papers concerning the immunogenic potential and antigenicity of
this polymer is growing over the years and building important data. Unmodified biological
drugs are usually associated with higher immunogenicity and frequent dose administration than
PEGylated drugs (Fu and Sakamoto, 2007; Wu et al., 2017; Xu et al., 2018). Wroblewska and
Jedrychowski (2002) PEGylated cow whey protein with different concentrations of PEG 8000

and investigated the formation of anti-PEG antibodies in humans by immunoassays
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(competitive and indirect ELISA). The systems containing higher concentrations of PEGs
presented a significant decrease in immunoreactivity, corresponding to 0.05% of the
immunoreactivity of raw milk. However, further studies are needed to comprehend the effect

in a larger number of volunteers.

In another work, L-asparaginase (Oncaspar®) and uricase (Pegloticase®) demonstrated
to result in anti-PEG antibodies development (Armstrong et al., 2007; Ganson et al., 2005; Ivens
et al., 2015). PEG-uricase induced anti-PEG antibodies (both IgM and IgG) in 38% of patients
and PEG-ASNase resulted in 32% of anti-PEG antibodies (mainly IgM) in treated patients
(Armstrong et al., 2007; Ganson et al., 2005). The presence of PEGs in other compounds such
as cosmetics, food, and drugs may have contributed to the hypersensitivity reactions of the
conjugated drugs in the first application. Nonetheless, these drugs have proved useful and are
currently in use. Additionally, most of the tests on anti-PEG antibodies refer to molecules
randomly conjugated to PEG. Nyborg et al. (2016) presented studies of site-specific PEGylation
of uricase, that indicated lower effects of immunogenicity. Consequently, despite the immune
response generated by random PEGylation, comparative research of immunogenicity of drugs
associated with PEGs demonstrated that site-directed PEGylation is an available technique in

continuous advance.

Towards the efforts to decrease immunogenicity, studies of derivatives of less
immunogenic PEGs such as branched PEGs (Zhang, Liu and Wan, 2014) and hydroxy-PEGs
(Saifer et al., 2014; Schellekens, Hennink and Brinks, 2013) are important to explore this
unpredictable issue. With the aid of computational techniques, the specific sites at the protein
for PEG attachment can be investigated (Sousa et al., 2018). These tests are important to predict

the stability and activity of the PEGylated protein.
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Another alternative to minimize the effects of low activity refers to cleavable
PEGylation (Figure 2). Accordingly, the conjugation is based on a cleavable linkage that, at a
certain kinetic rate will result in PEG release by hydrolysis or reduction in vivo (Veronese and

Pasut, 2008; Yadav and Dewangan, 2020).
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Figure 2. Examples of releasable PEGylated drugs action scheme. The black arrows indicate the ester
linkage that causes the cleavage point after hydrolysis (Veronese and Pasut, 2008).

More studies are needed for a better knowledge of PEGylation and PEG effects in the
body, however new and specific methods to quantitatively analyze the biodistribution and

immunogenicity of PEG are needed (Zhang et al., 2020).
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1.3.  Strategies for Site-Specific PEGylation

In experimental planning of site-specific PEGylation, some parameters must be taken
into consideration, such as PEG chemical structure and molecular mass (Figure 3), the sterical
shielding, and the reactivity of the biomolecule and polymer (Ginn et al., 2014; Pasut and
Veronese, 2012). In order to improve pharmacokinetics and pharmacodynamics, it is vital to
analyze the protein to be associated with PEG, for controlling the number of molecules of PEG
and the site of conjugation. Therefore, for each protein the PEGylation conditions could be

different, indicating the need for individual studies (Pfister and Morbidelli, 2014).

A

Linear

ol

Bifunctional

[\o/\/]O Multi-arm
IOOGe

Y-shaped Fork-shaped PEG2

Figure 3. Types of PEG structure used for PEGylation reaction (Santos et al., 2018).

For protein PEGylation, usually one of the ends of the reactive PEG acts as a selective
ligand to specific residues at the surface of the protein, while the other end is methylated to
avoid reactivity and remains exposed to the solution (Zhang et al., 2012). Due to the presence
of one methyl ether group at the end of the linear chain, mPEG avoids cross-linking and
polymerization of the molecule (Zalipsky, 1995a; b). In addition, the methyl ether group at the

end of the linear chain also protects from oxidation or degradation in the solution (Hermanson,
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2013). More recently, branched PEG molecules are also used for protein PEGylation. Polymers
with more than one reactive end such as fork-shaped and multi-arm PEGs are interesting for

small molecule drugs.

PEGylation reactions have evolved from random conjugation to site-directed, resulting
in more homogeneous and potentially effective conjugates (Ginn et al., 2014; Pasut and
Veronese, 2012). In this sense, different types of PEGylation are possible, which depend on the
site of conjugation at the protein and the reactive end of PEG, as shown in Figure 4.

Enzymatic PEGylation

. . N-terminal PEGylation
via transglutaminase / v

/

GLN

h C-terminal PEGylation

Figure 4. Possible PEG binding sites to protein (Santos et al., 2018).

1.3.1. PEGylation in g&-amino group

This is one of the most studied types of PEGylation and is divided into two segments:
random (lysine and N-terminal residues) and site-directed (N-terminal). Originally, random
PEGylation was the only approach to develop PEGylated molecules. The popularity involving
the e-amino group is due to the large number of lysines in proteins, which facilitates molecules

of PEGs to be attached (Figure 5). Nonetheless, this method lacks specificity (PEG molecules
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can be conjugated to all the lysines in the molecule) and therefore polydispersity, low

reproducibility, and sterical hindrance.

ASNase PolyPEGylated ASNase MonoPEGylated

Lack control batch to batch Controlled batch to batch
Decreased activity (sterical hindrance) Monodispersity

Polydispersity Less immunogenic

Increased Immunogenicity Easy characterization

Difficult characterization Cheaper to produce {less amount of

PEGs attached)

Incresead stability and activity over time

Figure 5. Differences of number of PEGs on site-directed PEGylation and random PEGylation (Created
with Biorender).

Grafting mPEG chains in amine residues via amide linkage is achieved by using ester
derivatives of the polymer. Succinimidyl esters are a well-known option owing to their stability
in physiological conditions (Hermanson, 2013). N-succinimidyl ester (NHS), for example,
confers ease of preparation and optimized reactivity towards amine nucleophiles under mild
conditions (YYamasaki et al., 1990; Zalipsky, 1995a). The mPEG-NHS reacts with unprotonated
primary amines and yields a covalent bond (amide linkage), releasing the NHS group as a

byproduct (Roberts, Bentley and Harris, 2002).

The N-terminal strategy was developed to improve aspects aforementioned of random
PEGylation in lysine residues. This reaction involves the conjugation of a molecule of PEG to
the N-terminal of the protein, controlled by the difference in pKa for the different amino groups

in proteins: a-amino (N-terminal) is approximately 7.6 and the e-amino (lysine) is
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approximately 10.5 (Turecek et al., 2016). The N-terminal PEGylation occurs by an acylation
reaction, yielding stable amide linkage in a range of pH of 7-9 (Figure 6). In this range of pH,
lysine residues are protonated, avoiding conjugation since the pH determines the
nucleophilicity of nucleophiles (for instance, the amine residues). The nucleophilic attack takes
place when the operating pH is close to or higher than the pKa value of the amine group of the
amino acid to be conjugated so that it is predominantly deprotonated. Despite the specificity of
the reaction, undesired byproducts such poly-PEGylated proteins are still formed but at much

lower extension.

Leucine

0 (N-termunal anuno acid
of L-asparaginase)

L-asparagimase

MonoPEGylation of L-asparaginase with mPEG-NHS at N-terminal
site

Figure 6. N-terminal PEGylation reaction using methoxy-poly (ethylene glycol) carboxymethyl N-
hydroxysuccinimidyl ester (MPEG-NHS) at the N-terminal site of L-asparaginase (PDB: 3ECA)
(Created with ChemDraw).



30

1.3.2. PEGylation in thiol groups

This site-directed reaction depends on a free cysteine in the molecule to be attached to
a maleimide-PEG (Ramirez-Paz et al., 2018). Owing to the reduced number of free cysteines
in proteins compared to lysines, this strategy is considered very specific since it allows a higher
control of selectivity. Usually, it results in conjugates with less PEG attached allowing the
enzymatic activity to be maintained. However, cysteines are mainly present in disulfide bridges,
thus free cysteines occur less frequently in nature (Gupta et al., 2019; Santos et al., 2018;
Turecek et al., 2016). In these cases, it is possible to introduce a cysteine in the molecule by
mutagenesis. CIMZIA is a biological drug produced by this type of PEGylation (Figure 7). It
is derived from a monoclonal antibody (TNF-a) associated with a maleimide-PEG (Dozier and

Distefano, 2015).
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Figure 7. Schematic PEGylation of the biological drug Cimzia® (Turecek et al., 2016)

1.3.3. PEGylation in disulfide bridges

Proposed by Brocchini et al., (2006), the coupling occurs with a PEG-bis-thiol by an
alkylation reaction. This process may form a bridge of three carbons, after reducing a disulfide
bridge. The reduction allows the structure of the protein to open up, and then the cysteine

residues of the protein react with PEG (Figure 8). This reaction is not common due to the low
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frequency of disulfide bridges in proteins and the difficulty to access these sites (usually located

in hydrophobic regions). Therefore, the reaction in disulfide bridges is highly specific.

S Open First link Second link S—>_j0
IS ™ disulfide addition addition /" \.pea
Native disulfide bond PEGylated bridge

Figure 8. Representation of PEGylation reaction by disulfide bridge (Santos et al., 2018).

1.3.4. Enzymatic PEGylation

Unlike the previous methods, which require cysteine residues, the enzymatic reaction
takes place in glutamine residues (Silva Freitas, Mero and Pasut, 2013). A transglutaminase
(TGase) catalyzed acyl transfer reaction occurs between glutamine residues and an amino-
derivative PEG (Fontana et al., 2008; Sato, 2002). Like PEGylation in cysteine, enzymatic
PEGylation preserves the bioactivity of the protein (Duarte et al., 2020), which is an interesting
advantage compared to other reactions where the bioactivity decreases (Sato, 2002).
PEGylation through TGase demonstrated its high potential at a bench scale, but further studies

are needed to establish a basis for industrial processes (Figure 9).

Figure 9. Enzymatic PEGylation with transglutaminase (Dozier and Distefano, 2015).
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To remove impurities of PEGylated proteins (excess of activated PEG, impurities of low
molecular mass) as well as poly-PEGylated species, a purification process must be developed
(Fee, 2007). In general, the purification involves chromatography, especially size exclusion and
ion-exchange chromatography due to the differences in mass and charge of PEGylated and non-

PEGylated molecules (Fee and Alstine, Van, 2011).

1.3.5. Thermostability of PEGylated Proteins

For several years, studies concerning the benefits of PEGylation were related to
immunogenicity and half-life. Some studies concluded that PEGylation could be improved by
selecting the site of the conjugation of PEG to the proteins. These studies led to other questions,
such as the effect of the conjugation site in bioactivity, immunogenicity, kidney clearance, etc.
Nonetheless, few investigations have been carried out on the thermostability of PEGylated

proteins.

Thermostability is a relevant factor due to its importance for industrial application and
drug cold chain management. During storage and transportation, protein drugs may unfold and
lose activity due to long exposure to temperature variations (Franca, 2018). Knowledge of the
thermodynamics and kinetics parameters of the protein can be very helpful to reduce
thermoinactivation (Silva et al., 2018). Prior studies have demonstrated that PEGylation could
improve (Monfardini et al., 1995; Rodriguez-Martinez et al., 2008; Santos et al., 2019), reduce
(Garcia-Arellano et al., 2002a; Plesner et al., 2011) or have no effect on a protein
thermostability (Natalello et al., 2012; Popp et al., 2011). In this aspect, studies correlating
thermoinactivation over time with temperature are well-known to anticipate the thermostability
of a protein (Lawrence et al., 2014; Silva et al., 2018). Thermoinactivation can be quantified by
estimating thermodynamic constants (enthalpy, entropy, Gibbs free energy) during denaturation

and at the optimal temperature to characterize this process (spontaneity, order degree, etc.).
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Parikh et al. (2015) described the effect of the thermostability of site-directed PEGylated
recombinant Sulfolobus solfataricus paraoxonase (rSsoPox). N-terminal PEGylation occurred
with a mPEG-propionaldehyde (5 kDa) resulting in a monoPEGylated rSsoPox, enhancing
protection against proteases and thermostability. PEGylated and non-PEGylated rSsoPox were
exposed to 90 °C for 30 minutes and after measuring the residual activity, rSsoPox presented
100% of activity, but monoPEGylated rSsoPox presented higher activity (around 160%,

compared to the unmodified protein).

Under the light of the possibility of different sites of the same protein incur in unknown
effects, Matthews (2013) investigated PEGylation of the human protein Pin 1 (domain WW) at
different sites. To perform the conjugation, he modified the WW domain at certain residues
(19, 18, 14, 17, 30, 16, 26, and 23) to the amino acid asparagine (Asn) for bioconjugation. He
observed that the site of the conjugation of PEGs is relevant to increase/decrease/or preserve
thermostability. PEGylation at positions 14 and 30 had no impact on thermostability. As for 18
and 23, PEGylation seemed to decrease the thermostability of the WW domain. The positions
19 and 16 (present on the reverse turn of WW) indicated higher thermostability compared to

the other positions and PEG was found to be positioned back toward the surface of the protein.

Santos and coworkers (2019) performed a site-directed PEGylation of cytochrome c
(Cyt-c) and evaluated the potential to bring thermostability to this protein (Cyt-c-PEG-4 and
Cyt-c-PEG-8). The authors correlated the number of PEG chains attached to the protein to
improved thermostability, Cyt-c-PEG-8 presented the highest thermostability (AG' 106.55 at
95 °C) compared to the native protein (AG' 104.98 at 95 °C) and Cyt-c-PEG-4 (AG' 105.17 at
95 °C). Regarding the denaturation energy (AH"), Cyt-c-PEG-4 represented a larger amount of
energy for denaturation (69.57 kJ/mol at 95 °C), compared to the native (47.45 kJ/mol at 95
°C) and Cyt-c-PEG-8 (60.30 kJ/mol at 95 °C). Therefore, PEGylation was successful to

enhance the thermostability of Cytochrome c.
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1.4, L-asparaginase (EC 3.5.1.1)

L-asparaginase was discovered by Kidd (1953). He observed that guinea pig serum was
inhibiting the formation of a certain lymphoma. Years later, Broome (1961) identified L-
asparaginase as the antileukemic inhibitor of lymphoma in guinea pig serum, observed by Kidd.
L-asparaginase (ASNase) catalyzes the hydrolysis of asparagine in the bloodstream into L-
aspartate and ammonia (Figure 10) and is used in the treatment of Acute Lymphoblastic
Leukemia (ALL), reducing neoplastic cells dependent on asparagine in the bloodstream
(Brumano et al., 2019; Cachumba et al., 2016). L-asparaginase is also related to the treatment
of breast cancer metastasis (Knott et al., 2018). In addition to its therapeutic applications,
ASNase is used in the food industry to avoid acrylamide formation from sugars and amino acids

when some products are exposed to high temperature processes (Cachumba et al., 2016).

o] 5 0
0 L-asparaginase
OH g OH + NH:;:
NH, NH, OH NH,
L-asparagine aspartic acid

Figure 10. Hydrolysis reaction of asparagine catalyzed by L-asparaginase (Created with Biorender).

The enzyme is a tetramer (~137 kDa), constituted by 1304 amino acid residues (326
amino acids at each monomer) and a disulfide bond located at the surface of the protein, close
to the N-terminal site. The active sites of the molecule are in fissures formed by each N-terminal
domain that binds to the C-terminal portion, linking dimers. Between the dimers, we find 22

lysines and the active sites; however only the tetrameric form is active (Cerofolini et al., 2019;
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Swain et al., 1993). Commercial ASNase for therapeutic purposes is produced by Escherichia
coli (first choice) and Dickeia chrysanthemi. A PEGylated version of E. coli ASNase,
Oncaspar® (pegaspargase) is also available; it contains 69 to 82 molecules of MPEG-NHS 5
kDa randomly connected to lysine residues in the enzyme (Sigma-Tau, 1994). Recently, a new
PEGylated L-asparaginase was released, Asparlas® (calaspargase pegol-mkin). Compared to
Oncaspar®, Asparlas® is administered no more frequently than 21 days (Oncaspar® is
administered until 14 days), due to a more stable succinimidyl carbamate linker (Lew, 2020).
Despite the modification on the linker chemistry, there are no significant differences between

Oncaspar® and Asparlas® in terms of toxicity (Angiolillo et al., 2014; Lew, 2020).

Our research group (Meneguetti et al., 2019) already studied the site-specific N-terminal
PEGylation of ASNase and determined the best reaction conditions. In the same work, it is also
shown in vitro that N-terminal PEGylation with 10 kDa PEG preserves activity, reduces protein
degradation by proteases, and increases stability overtime at 4 °C. Given that the thermostability
of proteins is hard to predict and dependent on several factors abovementioned, we aimed to
study the effect of site-directed PEGylation of ASNase with increasing PEG sizes on protein

thermostability.
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3 OBJECTIVES

Considering the importance of PEGylation as a strategy to improve the
pharmacokinetics of therapeutic proteins, the objective of this work was to study the effect of
PEGylation with different molecular weight PEGs on ASNase thermostability. To reach this

goal, the following specific objects were defined:

Study the N-terminal PEGylation of ASNase with different PEG molecular weights

(5, 10, 20, and 40 kDa);

e Purify the PEGylated ASNases, separating the monoPEGylated and native proteins;

e Study the thermostability of PEGylated and native ASNase;

e Determine the thermodynamics parameters of PEGylated and native ASNase under
denaturation, as well as specific activity and stability over time;

e Evaluate the kinetics profile of PEGylated and native ASNase;

e Study the conformational structure of PEGylated and native ASNase by circular

dichroism.
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4 MATERIAL AND METHODS
4.1.  Material

L-asparaginase (ASNase, > 96% purity) was obtained from ProSpec® Tany (Ness-
Ziona, Central District, Israel). Hydroxylammonium chloride (99% purity) was purchased from
Sigma-Aldrich/Merck  (Darmstadt, Germany). The  methoxy-polyethylene-glycol-
carboxymethyl N-hydroxysuccinimidyl ester of 5, 10, 20, and 40 kDa (mMPEG-NHS) was from
Nanocs® (New York, USA). For the PEGylation reaction and purification step, buffer solutions
PBS (Synth, Brazil), Tris-HCI (Synth, Brazil), and Bis-Tris-HCI (Sigma, USA) were prepared
with purified water obtained through a Milli-Q plus 185 water purification system
(Millipore/Merck, Darmstadt, Germany). Glutamate dehydrogenase (GDH), a-ketoglutarate,
and pB-nicotinamide adenine nucleotide were purchased from Sigma-Aldrich/Merck

(Darmstadt, Germany). All other reagents were of analytical grade.

4.2. L-asparaginase PEGylation reaction

With the aid of the H-+ software, (Anandakrishnan, Aguilar and Onufriev, 2012) the
protonation state and pKa values of each amino acid of ASNase were estimated. Briefly,
ASNase (1 mgmL™*) was dissolved in 100 mM PBS buffer (pH 7.5) and mixed with mPEG-
NHS (5, 10, 20, or 40 kDa) at room temperature for 30 minutes under magnetic stirring at 400
rpm, with a molar ratio of PEG:ASNase 25:1. The reaction was stopped with 1 M
hydroxylamine 1:10 (v/v), due to its reactive amine group that rapidly reacts with reactive PEG
molecules and it also cleaves unspecific esters linkage between PEG and protein (Meneguetti

etal., 2019).
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4.3. Purification of L-asparaginase PEGylated conjugates
4.3.1. Ultrafiltration

After PEGylation, the reaction media containing native and PEGylated ASNase was
diafiltrated using an Amicon-Ultra 50 mL with a cut-off of 30 kDa cellulose membrane. Firstly,
the sample was washed with purified water at least five times its own volume and centrifuged
at 800 g for six minutes. Subsequently, the sample was diafiltrated with Bis-Tris-HCI 20 mM
(pH 7.0) at the same aforementioned conditions. This procedure was important to remove the
cleaved portion of the polymer (NHS and non-conjugated PEG) and change the buffer,

preparing the sample for the next step of chromatography.

4.3.2. lon Exchange Chromatography

Protein purification for all PEG-ASNase conjugates (5, 10, 20, and 40 kDa) was carried
out using a strong anionic column Resource Q 6 mL (GE Healthcare Life Science,
Marlborough, USA) on a Fast Protein Liquid Chromatography Equipment (FPLC) GE
Healthcare Akta Start. The equilibration buffer was 20 mM Bis-Tris-HCI, pH 7.0 and the
elution buffer 20 mM Bis-Tris-HCI with 1 M NaCl pH 7.0. The protein elution profile was
observed spectrophotometrically at 280 nm in a running protocol consisting of 12 column
volumes in a linear gradient up to 17% of elution buffer at a flow rate of 2 mL'min. Fractions
of 1 mL were selected for protein concentration determination by BCA Protein Assay Kit

(Sigma, Darmstadt, Germany) and Native-PAGE to estimate the degree of PEGylation.

4.4. Native Electrophoresis
Native Polyacrylamide gel electrophoresis (PAGE) was adapted according to Arndt et
al. (2012) and Laemmli, 1970. Separating gel was prepared with 6% of acrylamide/bis-

acrylamide, 522 mM of Tris-HCI (pH 8.8), 0.09% (w/v) of ammonium persulphate (PSA) and



39

0.19% (v/v) of tetramethylethylenediamine (TEMED). The packing gel was prepared with 5%
of acrylamide/bis-acrylamide, 116 mM of Tris-HCI (pH 6.8), 0.14% (w/v) of PSA and 0.1%
(v/v) of TEMED. For the running gel, a mix of 20 uL of protein solution was added to 5 pL of
sample solution (2x) containing glycerol and the dye bromophenol blue. The running buffer
was Tris-Glycine 1 x (pH 8.3) and the run was performed at 120 mV at room temperature (22
to 25 °C). Finally, samples were stained with Coomassie Brilliant Blue (Coomassie Brilliant

Blue R-250, CBB) (Blum, Beier and Gross, 1987).

4.5.  Electrophoresis under denaturing conditions

Polyacrylamide Gel Electrophoresis under denaturing conditions (SDS-PAGE) was
performed according to Laemmli, 1970. Separating gel was prepared with 12% of
acrylamide/bis-acrylamide, 522 mM of Tris-HCI (pH 8.8), 0.09% (w/v) of ammonium
persulphate (PSA), 0.19% (v/v) of tetramethylethylenediamine (TEMED), and 0.1% (w/v) of
sodium dodecyl sulfate (SDS). The packing gel was prepared with 5% of acrylamide/bis-
acrylamide, 116 mM of Tris-HCI (pH 6.8), 0.14% (w/v) of PSA, 0.1% (v/v) of TEMED, and
0.1% (wi/v) of SDS. For the running gel, a mix of 20 uL of protein solution was added to 5 pL
of sample solution (2x) containing glycerol and the dye bromophenol blue. The running buffer
was Tris-Glycine 1 x (pH 8.3) and the run was performed at 120 mV at room temperature (22

to 25 °C). Finally, samples were stained with Coomassie Brilliant Blue.

4.6. Determination of L-asparaginase concentration
Protein concentration was determined by the bicinchoninic acid (BCA) method (Merck-
Sigma, Daemstadt, Germany). This protocol is based on the reduction of Cu*? to Cu*! by

proteins in alkaline media. Bicinchoninic acid is highly specific to the Cu*?, resulting in a purple
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solution analyzed spectrophotometrically at 562 nm (Sigma-Aldrich, [s.d.]). The protocol was
performed as described by the manufacturer; samples were incubated for 30 minutes at 37 °C
and the absorbance measured at 562 nm in the Spectramax Plus 384 (Molecular Devices). The
total protein concentration was obtained by interpolating the absorbance values in a calibration

curve based on bovine serum albumin (BSA) at concentrations from 200 to 1000 pgmL™,

4.7.  Enzymatic activity of L-asparaginase and PEGylated conjugates

ASNase activity (from native and conjugated forms) was determined by Nessler, based
on the supplier’s protocol adapted to microplates (Sigma-Aldrich/Merck, Darmstadt,
Germany). Accordingly, enzyme activity is a function of ammonia released by L-asparagine
hydrolysis catalyzed by ASNase, which can be quantified spectrophotometrically based on a
standard curve using ammonium sulfate at different concentrations. Briefly, 14 uL of the
enzyme solution were added to 137 uL of 50 mM Tris-HCI buffer (pH 8.8), 14 uL of 189 mM
L-asparagine, and 123 uL of deionized water. The reaction was incubated at 37 °C for 30
minutes and stopped with 14 uL of 1.5 M of trichloroacetic acid. Subsequently, samples were
analyzed in a spectrophotometer at 436 nm. One L-asparaginase unit was defined as the amount

of enzyme that catalyzes the formation of 1 umol of ammonia per minute at 37 °C.

4.8. Kinetic analysis

The reactions catalyzed by enzymes are saturable and the rate of catalysis does not
indicate a linear response to the increase in the substrate. If the initial reaction rate is measured
on a scale of substrate concentration (denoted [S]), the reaction rate (v) increases with the
addition of [S]. However, as [S] increases, the enzyme becomes saturated and the reaction rate

reaches the maximum value (Vmax). For the determination of Michaelis constant (Km) and
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Vmax, we used a glutamate dehydrogenase (GDH) coupled assay, which measures the
oxidation of the nicotinamide and reduced adenine nucleotide (B-NADH) to B-NAD" by GDH.
GDH oxidizes one molecule of B-NADH for the synthesis of each glutamate molecule from one
molecule of a-ketoglutarate and one molecule of ammonia. In the coupled assay, the ammonia

molecule is derived from the hydrolysis of asparagine by L-asparaginase (Balc&o et al., 2001).

The assay was performed as Rodrigues (2016) adaptation to the protocol suggested by
Balcéo et al. (2001), in 96 microwell plates. Briefly, each well received final concentrations of
400 mU GDH (diluted in 50 mM of PBS, pH 7.4; 50% of glycerol), 1 mM a-ketoglutarate, and
131 pM B-NADH, L-asparagine at different concentrations (0.047, 0.094, 0.188, 0.375, 0.5,
0.75, 1.0 and 1.25 mM), and 15 nm of the enzyme samples. All tests were performed in 50 mM
Tris-HCI pH 8.0 buffer, in triplicate. The oxidation of B-NADH was monitored in real time on
a plate spectrophotometer Spectra Max M2 — Molecular Devices) at 340 nm for 15 minutes.
The molar extinction coefficient was calculated and determined as 6.1 uM™cm™. For each
sample, spontaneous deamination of L-asparagine was discounted using a control containing
all components of the reaction, except for the enzyme ASNase. The blank was performed with
all components except B-NADH. The kinetic analysis was performed using GraphPad Prism

8.4 (La Jolla, California/USA).

4.9.  Circular Dichroism

Circular Dichroism (CD) spectra of ASNase and its PEGylated forms were acquired in
a Jasco J-815 Spectropolarimeter (Jasco, Tokyo, Japan). The final spectra were the average of
six scans, following subtraction of the spectrum of the buffer 20 mM Tris-HCI pH 7,0 obtained
under the same conditions. CD spectra were obtained in the far-UV range (190-260 nm) to

investigate enzymes’ secondary structure content. Measurements were performed at 30 °C both
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before and after heating and cooling processes to investigate secondary structure changes due
to the temperature variation and the refolding possibility. Samples were placed in 5.00 mm
optical length quartz cells with concentrations of approximately 0.4 uM. Spectra intensities (6,

mdeg) were converted to residual molar ellipticity ([0], deg.cm?.dmol™) based on Equation 8:

[6] = 0/(10*C *1*n) (Eq.8)

where C is the protein concentration in mol/L, “I” is the optical length in cm and “n” is the

estimated number of residues in the protein.

Thermal stability studies of ASNase and its modified counterparts were performed at
varying temperature from 30 °C to 90 °C, at a rate of 1 °C/minute, and back from 90 °C to 30
°C to study unfolding and refolding processes, respectively. Samples were placed in a 5.00 mm
optical length quartz cell and the intensities of ellipticity at 222 nm (6222, mdeg) were registered
throughout the experiment. A Hill-type equation was adjusted to the experimental data to

determine the melting temperature of the enzymes as follow:

Ellipticity = Ellipticitysoc + (Ellipticitysoc — Ellipticitysoc) X T" / (Twmetting” + T") (Eq. 9)

where Ellipticity and T are the y and x variables, respectively, Ellipticitysoc and Ellipticitysoc
are the values of ellipticity measured at 30 °C and 90 °C, Twmetiing the melting temperature and n

the cooperativity coefficient.

4.10. Determination of long-term PEGylated ASNase stability over different

temperatures
Samples of PEG-ASNase and free ASNase were maintained at 4 °C and 37 °C for 21

days to verify activity over storage time by quantifying protein residual enzymatic activity (4.7
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section). Measurements were done in triplicate and a non-linear regression fit was applied using

GraphPad Prism 5.

4.11. Determination of L-asparaginases thermodynamic parameters

The general phenomenon of thermal inactivation of enzymes can be described by an
enzyme unfolding equilibrium (equilibrium constant, Ku), followed by an irreversible step,
leading to its denaturation (first-order rate constant kq) as proposed by Volkin and Klibanov

(1989):

Ky _, Ka
E—E' - E; (Eq.l)

where E corresponds to the active enzyme, E’ to the unfolded enzyme, kq the first-order rate
constant, and E« to the denatured enzyme (inactive). At temperatures below the optimum
temperature (T < Topt), the equilibrium tends to the left side predominating the native or folded
form, and the rate constant of the enzyme-catalyzed reaction (ko) is described by the Arrhenius
model. On the other hand, when T > Top, the equilibrium tends to the right side, predominating
the unfolded form (Converti et al., 2002). This equilibrium model can be described as it follows:

0 o+
ko = gexp <M> (Eq. 2)

RT

where E* is the activation energy from the catalyzed reaction, ko is the initial specific rate of
protein hydrolysis, R is the universal ideal gas constant, A and B the Arrhenius factor, and an
additional pre-exponential factor, and AH°u the standard enthalpy variation of the unfolded

enzyme.

In spite of the difficulty to achieve real values for ko, the parameters E* and AH®ucan

be estimated according to the Arrhenius equation and Eq. (2), respectively, and the dependence
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of enzymatic activity on the initial instants (Invo) from reciprocal temperature (1/T). The

irreversible thermal inactivation (denaturation) process can be described by:
Vd = kdE (Eq. 3)

where vd is the rate of enzyme denaturation, kq the first-order reaction rate constant, and E
represents the concentration of the enzyme active form after the time (t). Defining the activity
coefficient as a ratio of E and the enzyme concentration before exposition to different
temperatures (v = Ed/E), kq was estimated at each temperature from the angular coefficient of
the straight line of Inw as a function of time (1/T). According to Melikoglu (2013), the entropy
of activation can be calculated using the enthalpy and free energy of activation, represented by

the Equations (4) to (6):

AH; = E; — RT (Eq. 4)
AG; = —RT1 [kdh]
ada — n kBT (Eq 5)
AH: — AG
AS; = % (Eq. 6)

where h and ks are Planck (6.626 x 1034 Js) and Boltzmann (1.381 x 102 JK™) constants,
respectively. Also, to estimate the influence of temperature on the denaturation process, we

calculated half-life (tu2) as described by Gohel and Singh (2013) according to Equation 7:

In2
ti2 = Ta (Eq. 7)
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Measurements were done in triplicate and a non-linear regression fit was applied using

GraphPad Prism 5.

4.12. Statistical analysis

The results obtained from tests carried out in repetitions (triplicates) were expressed as
means * standard error (SE) using the GraphPad Prism 5 program. When possible, we applied
a two-way ANOVA (analysis of variance) for the data obtained. Finally, to indicate differences
between the groups, we conducted a Dunnett’s pos-hoc test. The level of significance

considered in all tests was p<0.05.
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5 RESULTS AND DISCUSSION
5.1. PEGylation reaction and purification of PEGylated L-asparaginase

ASNase was successfully PEGylated with different PEG molecular weights, similar to
previous studies (Meneguetti et al., 2019; Santos et al., 2019; Torres-Obreque et al., 2019).
According to the software H™*, ASNase presents a pKa of 7.24 in the N-terminal; a pKa higher
than 12 at arginine (Arg) residues and approximately 10 for lysine (Lys) residues. Therefore,
the conjugation was directed by the pH of the solution. Initially, SDS-PAGE was used to
analyze the reaction of PEGylation (Figure 11). Nonetheless, the technique was not suitable to
represent all degrees of PEGylation (ASNase-40 did not present band and ASNase-20 was not
well distinguished). The inefficiency of representation of SDS-PAGE is mainly observed for
higher MWs of PEGs; for lower MWs (10 and 5 kDa), the technique was representative. The
reaction media of PEGylation contains free NHS, free PEGs, free ASNase, and PEGylated
ASNase, thus the migration of higher MWs is more complicated to observe by SDS-PAGE.
According to Zheng (2007), PEG might interact with SDS and interfere with the electrophoretic
mobility in the gel. SDS-PAGE led to bands smeared or broadened and an alternative to
characterize the PEGylated molecules was to execute the protocol under nondenatured

conditions.
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Figure 11. SDS-PAGE of PEGylation reaction of different molecular weights. Molecular Marker

(M.M.) Precision Plus Protein™ Standards (Bio Rad).

Therefore, Native-PAGE was used to demonstrate the reaction of PEGylation (Figure
12). PEGylation bands were observed for all PEG MWs; however, the position did not properly
correspond to the PEG size increase. This was not expected since PEG is a linear flexible
polymer and its electrophoretic mobility is different from that of a globular protein. We can
also see that some degree of polydispersity took place since lighter bands corresponding to
larger molecules are present in most of the cases. Unfortunately, the PEGylation with 40 kDa
PEG did not present a clear result in the gel due to its larger molecular weight. However,
purification of ASNase-PEG40 clearly shows a separation of the monoPEGylated fraction and

native ASNase.
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Figure 12. Native electrophoresis of the PEGylation reaction media using PEGs of different
molecular weight. M.M. Molecular Marker (NativeMark™ Unstained Protein Standard, Life
Technologies). PolyPEGylation was demonstrated by the yellow arrows (ASNase-PEG5 and
ASNase-PEG10). MonoPEGylation was indicated by the red arrows. The green arrows show that in
the reaction of PEGylation, a monomer of ASNase could have been PEGylated, commonly observed
for higher MWs.

Reaction media were purified by size exclusion chromatography (SEC) to evaluate the
separation between polyPEGylated, monoPEGylated, and native ASNase. As depicted in
Figure 13, one peak was obtained for protein species, referring to both ASNase and PEG-
ASNase. Therefore, the purification parameters were adjusted to obtain separated peaks. Based
on Torres-Obreque (2017), the system flow was lowered from 0.7 mL'min™ to 0.1 mL'min’?,
however, no improvement was observed in peak resolution. According to Guttman (2012), for
an efficient separation by SEC, the difference between the molecular weight of the modified
and the native molecule should be at least three times. ASNase is a 137 kDa protein and
therefore, even monoPEGylation with 40 kDa PEG (one chain at each one of the four
monomers) increases by 2.2 times and MW = 297 kDa. In contrast, Santos et al. (2019) and
Silva Freitas et al. (2013) showed that PEGylated Cytochrome ¢ (19 kDa) and hGH (22 kDa),
respectively, were successfully separated from the non-PEGylated molecules by SEC, due to

their low molecular weight. This indicates that the effectiveness of separation by SEC depends



49

greatly on the molecular sizes of the molecules studied (Fee and Alstine, VVan, 2011). Therefore,

the strategy to purify the conjugated and non-conjugated proteins was changed.

Figure 13. Purification of ASNase-PEG10 with Superdex 200 Increase 10/300 GL. The first peak is
an overlap of conjugated ASNase (PEG20) with a native ASNase. The second peak is attributed to
the byproduct NHS.

Considering the changes in the charge properties caused by PEGylation, i.e. i) the
neutralization of a single charge with each PEG group conjugated, thus altering the isoelectric
point (pl), ii) the shielding of surface charges (weakening the electrostatic interactions), and iii)
PEGs may form hydrogen bonds to raise pKa values, modifying the charge of the conjugated
molecule (Delgado, Malmsten and Alstine, Van, 1997), ion exchange chromatography (IEC)
was used to purify PEG-ASNases. Initially, we selected the HiTrap® DEAE Fast Flow column
(5mL) (GE Healthcare) and investigated system flow, buffer ionic strength, and concentration
of the samples. Yet, the column (weak anionic) was not adequate to separate the molecules with
different degrees of PEGylation and peaks were not clear (Figure 14). Hence, we decided to

use a strong anionic column, Resource™ Q (GE Healthcare).
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Figure 14. Chromatogram of the purification of L-asparaginase conjugated with mPEG-NHS (10
kDa) by HiTrap® DEAE FF column. The peaks of free NHS, ASNase, ASNase-PEG10 (mono or

poly) are indistinguishable.

Chromatograms from ionic exchange purification with the strong anionic column
(Resource Q — GE Healthcare) resulted in the separation of all forms present in the PEGylation
reaction media: monoPEGylated (N-terminal), polyPEGylated ASNase, and the remaining
native form. Typical chromatograms corresponding to ASNase-PEG of all MWs are presented
in Figures 15 to 18. With the aid of the Unicorn™ 5 Software, the areas of the peaks were
measured and PEGylation reaction yields calculated. The sum of the results for all PEGs of
different MWs is presented in Table 2. The yields in monoPEGylated enzymes in most cases
varied from 45 to 52% and were similar to previously published results (Meneguetti et al.,
2019). For the 40 kDa reactive PEG, yields were lower (29%) probably because of the sterical
hindrance. For all modifications, there was also an initial peak that did not present a band in the
gel. We assume that it could be NHS from free PEGs, because its structure gives a signal at 280

nm, as also observed by Nguyen (2016).
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Samples from the chromatographic fractions corresponding to monoPEGylated ASNase

were submitted to Native-PAGE and single bands were obtained.

ASNase-PEG5

PEGylation
Mix

Flow-through NHS Poly Mono  mm  Mono Native

Poly

Mono

Native

Figure 15. (A) Chromatogram of the purification of L-asparaginase conjugated with mPEG-NHS (5
kDa). The first peak corresponds to free NHS and the others to the polyPEGylated, monoPEGylated and
native form, as illustrated in the figure. (B) Native electrophoresis (6% acrylamide gel) of the main
peaks of the chromatogram depicted at (A), representing polyPEGylated, monoPEGylated and native
forms of L-asparaginase PEGylated with 5 kDa PEG. M.M. Molecular Marker (NativeMark™
Unstained Protein Standard, Life Technologies).
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Figure 16. (A) Chromatogram of the purification of L-asparaginase conjugated with mPEG-NHS (10
kDa). The first peak corresponds to flow through, the second, to free NHS and the others to the (3)
monoPEGylated and (4) native form. (B) Native-PAGE 6% from the purification above, showing the

third (3) peak, the monoPEGylated L-asparaginase and the fourth (4) peak, the native ASNase. M.M.
Molecular Marker (NativeMark™ Unstained Protein Standard, Life Technologies).
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ASNase-PEG20
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Figure 17. (A) Chromatogram of the purification of L-asparaginase conjugated with mPEG-NHS (20
kDa). The first peak corresponds to free NHS. The second (2) might be the polyPEGylated, the other
peaks, (3) monoPEGylated and (4) native form. (B) Native electrophoresis (6% acrylamide gel) of the
main peaks of the chromatogram presented in (A), representing polyPEGylated, monoPEGylated and
native forms of L-asparaginase PEGylated with 20 kDa PEG. The polyPEGylated form was unable to
be observed in this purification gel. M.M. Molecular Marker (NativeMark™ Unstained Protein
Standard, Life Technologies).
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Figure 18. (A) Chromatogram of the purification of L-asparaginase conjugated with mPEG-NHS (40
kDa). The first peak (1) corresponds to flow through, second peak (2) to free NHS. The third (3) the
monoPEGylated and (4) native form. (B) Native electrophoresis (6% acrylamide gel) of the main peaks
of the chromatogram presented in (A), the monoPEGylated and native forms of L-asparaginase
PEGylated with 40 kDa PEG. M.M. Molecular Marker (NativeMark™ Unstained Protein Standard, Life
Technologies).
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Table 2. Summary of reaction yield (%) of L-asparaginase PEGylated with different molecular weight
PEGs (5, 10, 20 and 40 kDa).

Retention Peak Area  Yield

Sample time (ML) (ML*mAU) (%)
PolyPEGylated 50.99 10.69 23
Asnase-PEG5 MonoPEGylated ~ 54.61 21.4 45
Unreacted ASNase ~ 99.01 15.29 32

56.12
Asnase-PEG10 MonoPEGylated 16.29 48
Unreacted ASNase ~ 62.39 17.62 52

35.08
ASNase-PEG20 MonoPEGylated 24.1 52
Unreacted ASNase ~ 42.65 21.92 48

36.48
ASNase-PEG40 MonoPEGylated 14.13 29
Unreacted ASNase ~ 40.09 34 71

5.2.  Determination of PEGylated and native L-asparaginase specific activity

The specific activity of all ASNase variants was determined based on the activity of L-
asparaginase at different concentrations (U'mL™) and using a linear regression fit of the units
(V) present as a function of protein concentration (mg) (Figure 19). The summary of the results

is presented in Table 3.
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Figure 19. L-asparaginase activity as function of protein mass for PEGylated derivatives of L-
asparaginase, with significant p values.

Table 3. Specific activity values for each degree of PEGylation and the native L-asparaginase.

Protein SpecElelrc;g\_ci;[ ity

ASNase 269*
ASNase-PEG 5 165
ASNase-PEG10 138
ASNase-PEG20 135
ASNase-PEG40 122

*Value obtained from the ASNase marketed by Prospec and Tany®.

According to Table 3, PEGylation led to a reduction in enzyme activity, as a result of
the conformational restriction imposed by the PEG chains attached. Nonetheless, the degree of
PEGylation had a minor influence on the specific activity of ASNase. For all the bioconjugates,
the number of PEG chains is similar and since L-Asn is a small substrate and can diffuse through
the PEG corona, steric hindrance is not playing a major role. On the other hand, polyPEGylated
Oncaspar® holds 69 to 82 chains of PEG, resulting in a reduced specific activity (85 U'mL™)

(Enzon Pharmaceuticals, 2005).
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5.3.  Kinetic studies

In order to investigate the suitability of an industrial process involving enzymes, some
considerations must be taken into account, such as i) the quantity of protein necessary for the
reaction to occur; ii) the reaction time; iii) the concentration of the substrate to initiate the
reaction; iv) the reaction conditions; v) the costs involved (Marangoni, 2013). At the criterion
of establishing a contribution to a later industrial process, the study of enzyme kinetics helps to
introduce the viability of these processes. Therefore, to comprehend the mechanism of action
of enzymes, it is necessary to evaluate the reaction velocity and how it changes with the
experimental parameters (Nelson and Cox, 2011). An enzyme-substrate (ES) complex is needed

to form a product (P) as depicted in Equation 10:

kq k3
E+Sk—2>ES—>E+P (Eq. 10)
(_

where E is the enzyme, S is the substrate, ES is the Enzyme-Substrate complex, P is the product,
ki is the first-order rate constant (t), k2 is the second-order rate constant (M1t%), and ks is the

first-order rate constant (t).

This equation assists in determining the number of reaction steps and identifying speed-
limiting steps. At saturation, ks is useful to determine the first-order constant of velocity (Kcat).
keat IS equivalent to the number of substrate molecules converted into product per unit time by

a single enzyme molecule (Nelson and Cox, 2011).

The relationship between substrate concentration [S] and reaction velocity can be
quantitatively expressed. Michaelis and Menten represented mathematically that the speed
limiting step in an enzymatic reaction is the breakdown of the ES complex into product and

free enzyme, given by the following Equation 11:
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where K, is the Michaelis-Menten constant, defined as being equivalent to the concentration of
the substrate in which the initial velocity (Vo) is half of the maximum velocity (Vmax). For
comparison between different enzymes, the catalytic efficiency is observed. This parameter is
calculated by the relationship kcat/Km, being the constant of velocity to the conversion of E + S
in E + P (Eisenthal, Danson and Hough, 2007). The kinetics for native ASNase and the

PEGylated forms are presented in Figure 20.
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Figure 20. Enzymatic kinetics of native ASNase and PEGylated ASNase with PEG of different
molecular weights. Data analysis and statistical analysis (F test) were performed using the GraphPad
Prism 5 program.

Native and PEGylated ASNases demonstrated a Michaelis-Menten behavior (all with
R? > 0.9), following the literature (Derst, Henseling and Rohm, 2000). However, the steady-
state is not apparent for all the enzymes. The steady-state is important to properly define the
kinetic parameters, especially Vmax, therefore the experiments should be repeated to confirm the
values obtained. Nonetheless, we estimated the kinetic parameters of the modified and
unmodified ASNase and, as observed in Table 4, the native protein presented a significantly
higher value of Km, approximately 13-fold higher than previously reported (19.58 + 0.003 uM)
(Meneguetti et al., 2019). Comparing the kinetic effects for the same molecule can be a difficult
task because it could depend on the values of [S]/Km (Eisenthal, Danson and Hough, 2007). It
can also vary depending upon the strain used. For instance, Dias, Santos Aguilar and Sato
(2019) obtained the value of Km (1.41 mM) for L-asparaginase produced by Aspergillus niger,
the result is similar to what we observed for the PEGylated forms. Lubkowski et al., (2020)
obtained a significantly lower Ky, for ASNase (0.035 mM), indicating a higher affinity to the

substrate. Nonetheless, we should repeat the kinetics study to confirm our results.
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As expected, the PEGylated forms presented higher values of K (8-15 times higher)
when compared to the native protein, owing to the conformational restriction imposed by the
polymer conjugation. Nonetheless, the PEG molecular weight did not play a significant role in
Km and or activity. Regarding Vmax, Wwe did not discuss this parameter since enzyme
concentration was not the same for the different ASNases investigated (native and PEGylated

forms).

Table 4. Kinetic parameters of native L-asparaginase, and the conjugated ASNases. All of the tests were
made in triplicates and calculated by non-linear regression analysis with standard error, using the
GraphPad Prism 5 program.

Sample Km (mM) Keat (52) Keat/Km (s1°M1)

ASNase 0.259 £ 0.05 17.86 £0.10 6.1 x 10*
ASNase-PEG5 3.849 +2.97 241.9 = 8221 6.2 x 10*
ASNase-PEG10 1.89 £ 0.65 127.25 + 1802 6.7 x 10*
ASNase-PEG20 1.97 £ 0.69 106.15 + 1941 5.3x10*
ASNase-PEG40 2.09 £0.85 151.5 £ 2597 7.2x10*

Concerning the turnover constant, kcat, the value for native ASNase was analogous to
the literature (Lubkowski et al., 2020; Meneguetti, 2017). Also, this parameter did follow the
same trend of Kn for the PEGylated forms, i.e., higher values were observed. The kcat/Km,
known as catalytic efficiency, was equivalent for all ASNases. Therefore, PEGylation at the N-

terminal with four PEG moieties did not result in a drastic effect on enzyme activity.
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5.4.  Circular Dichroism

Circular dichroism was performed to obtain data on protein conformation during the
denaturation and renaturation processes for native ASNase and all PEGylated conjugates. The
far-UV CD spectra of modified and unmodified ASNase were combined (Figure 21) and, as
can be seen, all PEGylated forms preserved the conformation in comparison to the native form.
These data were obtained from the normalization of concentration and agree with data available
in the literature (Swain et al., 1993). PEGylated ASNase and native ASNase presented similar
CD spectra (Figure 21), comprising negative bands at 222 nm and 208 nm and positive bands

at 195 to 200 nm, characteristic of a predominance of a-helical structure.
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Figure 21. Far-UV spectra of the PEGylated and native L-asparaginase.

CD spectra did not display significant differences between the native (Figure 22) and
PEGylated forms (Figures 23 to 26), which is also demonstrated by Pasta et al. (1988). They
performed random PEGylation of subtilisin and evaluated the structure conformation by CD.

Both spectra (subtilisin and PEG-subtilisin) were almost coincident, implying that they have a
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similar secondary structure. This indicates that PEGylation generally does not alter the

conformation of proteins.

CD is a common strategy to investigate the thermostability of proteins. Unfolding and
refolding processes were studied by monitoring the molar ellipticity at 222 nm while heating
the samples from 30 to 90 °C and cooling them back to 30 °C at a rate of 1 °C min™. Far-Uv
CD spectra were obtained at 30 °C before and after the temperature scan (30 to 90 °C) to

comprehend undergoing conformational changes.
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Figure 22. (A) Circular dichroism (CD) spectrum and variable temperature CD data ASNase at 20 °C
(black line) and after heating and cooling (red line). (B) Thermostability curves of unfolding (black dots)
and refolding (red dots) processes of ASNase. Unfolding curves were fitted to the data using the Hill
equation (black line).
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Figure 23. (A) Circular dichroism (CD) spectrum and variable temperature CD data ASNase-PEG5 at
20 °C (black line) and after heating and cooling (red line). (B) Thermostability curves of unfolding
(black dots) and refolding (red dots) processes of ASNase-PEG5. Unfolding curves were fitted to the

data using the Hill equation (blue line).
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Figure 24. (A) Circular dichroism (CD) spectrum and variable temperature CD data ASNase-PEG10 at
20 °C (black line) and after heating and cooling (red line). (B) Thermostability curves of unfolding
(black dots) and refolding (red dots) processes of ASNase-PEG10. Unfolding curves were fitted to the
data using the Hill equation (blue line).
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Figure 25. (A) Circular dichroism (CD) spectrum and variable temperature CD data ASNase-PEG20 at
20 °C (black line) and after heating and cooling (red line). (B) Thermostability curves of unfolding
(black dots) and refolding (red dots) processes of ASNase-PEG20. Unfolding curves were fitted to the
data using the Hill equation (blue line).
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Figure 26. (A) Circular dichroism (CD) spectrum and variable temperature CD data ASNase-PEG40 at
20 °C (black line) and after heating and cooling (red line). (B) Thermostability curves of unfolding
(black dots) and refolding (red dots) processes of ASNase-PEG40. Unfolding curves were fitted to the

data using the Hill equation (blue line).

The unfolding process was slightly different for each PEGylated protein; however, all
PEGylation degrees exhibited no refolding as demonstrated by the constant values of ellipticity
at 222 nm during sample cooling. As expected, neither PEGylated forms nor native recovered
to the folded state after heating. It is also notable that the PEGylated molecules were structurally
stable, with melting temperatures similar to native ASNase (Tm 0f 62.6 £ 0.2 °C); calculated Tm

were 58.9 °C, 58.9 °C, 60.3 °C, and 59.4 °C for ASNase-PEG5, ASNase-PEG10, ASNase-
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PEG20, and ASNase-PEGA40 respectively. The measured melting temperature is in agreement
with data from the literature (Garcia-Arellano et al., 2002b; Verma et al., 2014). Around 60 °C,
ASNase structures (modified and unmodified) entered in the process of denaturation, therefore,
conformational changes are observed (Figure 22). The transition state (folded to unfolded) is
characterized by an increase in the system’s state of order (AS' < 0) (Santos et al., 2019). The
phenomena of aggregation seem to be less accentuated in the modified forms of ASNase

compared to the native protein due to minor structural variations.

CD spectra results of the enzymes (native and PEGylated forms) were deconvoluted to
calculate the secondary structure content of each ASNase form and the results are in agreement
with those of the high-resolution structure found in the PDB, code 3ECA

(https://www.rcsb.org/structure/SECA). These observations indicate that the measurements and

analysis of the structure by CD are correct (comparing the reference of the 3D structure with
the native form). In general, during denaturation, the native and PEGylated enzymes presented
a loss of secondary structure (a-helix and B-sheet) and an increase in fold-type (turn) and

unstructured segments (random coil) (Table 5).

Correlating the results for ASNase and PEG-ASNases, we conclude that PEGylation
did not significantly alter the secondary structure of ASNase (Table 5). Based on the structure-
function relationship and activity, the results corroborate that despite PEG does not alter the
structure of the proteins, it somehow creates a steric hindrance at the active site, decreasing the

enzymatic activity in the PEGylated forms as verified.


https://www.rcsb.org/structure/3ECA
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Table 5. Secondary structure content percentage calculated from CD spectra for ASNase, ASNase-
PEGS5, ASNase-PEG10, ASNase-PEG20, and ASNase-PEG40 Reference structure of E. coli ASNase.
PDB entry: 3ECA.

Protein a-helix (%) B-sheet (%) Turn (%) Random coil (%0)

ASNase PDB Reference 32 23 45

ASNase 32 28 5 35
ASNase-PEG5 Pre T 29 24 8 39
ASNase-PEG10 Pre T 32 28 9 31
ASNase-PEG20 Pre T 35 19 5 41
ASNase-PEG40 Pre T 28 16 12 44
ASNase Post T 35 5 12 48
ASNase-PEG5 Post T 33 0 10 57
ASNase-PEG10 Post T 18 12 13 57
ASNase-PEG20 Post T 22 8 13 57
ASNase-PEG40 Post T 27 0 13 60

5.5. Thermodynamic study: PEGylation effect in L-asparaginase at the optimal

temperature

PEGylation usually results in differences in protein activity, as well as resistance to
temperature variations. The rigidity and flexibility of the protein are important data regarding
activity and thermostability. The folded structure is maintained by its rigidity, and certain
flexibility is needed for the activity of the molecule (Porto et al., 2006; Yu et al., 2017). The
activity of native and PEGylated ASNase was investigated at different temperatures ranging
from 20 °C to 80 °C and the optimal temperature (Topt) for ASNase was found to be around 40

°C, equivalent to the value previously described in the literature (Shakambari et al., 2019).
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The semi-log plots of Invo vs. 1/T (10*K™) presented in Figures 27 (ASNase) and 28
(PEGylated ASNase) show two tendencies (above and below Topt), but only for native ASNase
(Figure 27), the typical Arrhenius behavior was observed. Below optimal temperature, the
unfolding equilibrium (measured by the standard enthalpy variation of enzyme unfolding —
AH°®u) is shifted to the left. However, the increase in temperature shifts the equilibrium to the
right. According to the Arrhenius-type plot for native ASNase, the activation energy (E* =
13.74 kJ) and AH°u (23.35 kJ/mol) were estimated with good correlation (R? = 0.9959 and

0.9724 respectively).

For PEGylated conjugates, it was not possible to calculate the energy of activation based
on Arrhenius-type plots since a lack of correlation of the presented data was observed, the linear
regression was not significant (p values ranging from 0.6887 to 0.9964) to compare the results
between the modified and unmodified ASNase. However, the PEGylated conjugates
demonstrated similar fluctuations of relative activity during the tests, indicating that
irrespectively of the differences between the MWs of PEGs, the relative activity presented

comparable behavior.
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Figure 27. Arrhenius-type plot of initial activity (reversible unfolding) of native L-asparaginase, using
L-asparagine as a substrate. The black circles represent the activation energy (E*) and the black squares
represent the standard enthalpy variation of the inactivation equilibrium (AH®y).
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Figure 28. Arrhenius-type plot of initial activity of PEGylated ASNase, using L-asparagine as a
substrate.

5.6. Effect of PEGylation in thermoinactivation and irreversible denaturation of L-

asparaginase
Thermodynamics studies are relevant to determine the stability of enzymes at different

temperatures. These studies provide information on the viability of production, use, and
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maintenance of enzymatic activity for longer periods in industrial processes (El-Loly, Awad
and Mansour, 2007). In order to determine if the process is economically viable, the enzyme
needs to undergo a first-order deactivation reaction, so the main factors to predict the
thermostability (Gibbs free energy, enthalpy, entropy) are evaluated. If the thermodynamic
parameters indicate higher thermostability, the process is economically advantageous, reducing

costs of production of the biological drug (Souza et al., 2015b).

Temperature is an important factor that can influence the kinetics of enzymatic reactions
and lead to partially unfolded protein conformations. Very high temperatures can cause
irreversible loss of proteins’ structural conformation. The temperature rise can lead a protein to
the transition state from folded to completely unfolded state; this process is called
thermoinactivation. Considering biological drugs, the temperature can increase the speed of a
chemical reaction until it reaches the optimal temperature, as observed in Figure 27. The slow
increase in temperature revealed the optimal temperature of native ASNase, but at the same
time, the increase in temperature also led the enzyme to denaturation, as observed for higher

temperatures.

Thermoinactivation of native and PEGylated ASNase was investigated by activity tests
in a temperature range from 60 °C to 80 °C. Although the optimal temperature is approximately
40 °C, we did not include an activity test at 50 °C since ASNase maintained good stability
overtime at this temperature. Therefore, we selected temperatures above 60 °C, where the

denaturation process is predominantly irreversible (Figure 29).
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Figure 29. Arrhenius-type semi-log plots of the first-order denaturation constant (kq) vs. the reciprocal
temperature [1/T(10%3.K1)]. The slopes of the resulting straight lines were used to estimate the
denaturation energies (E"g) of irreversible inactivation (denaturation) of native ASNase, ASNase-
PEG 5 kDa, ASNase-PEG 10 kDa, ASNase-PEG 20 kDa, and ASNase-PEG 40 kDa. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001 compared to native ASNase in the respective [1/T(10%.K1)]
(Dunnett’s pos-hoc).

For the thermodynamic characterization of enzyme denaturation, the first-order rate
constant (kq) should be assessed. The enzyme activity of ASNase with and without PEG was
monitored as a function of time at several temperatures in which activity loss is observed. As
depicted in Figure 29, the first-order rate constant (kq) gradually increased for the native and
PEGylated forms, with a good correlation (R? > 0.9). Similar plots were observed for the
PEGylated forms, presenting linearity on the decay of enzyme activity. However, native
ASNase presented a sharper increase compared to the PEGylated forms (except ASNase-
PEG10), which implied a less stable enzyme. Hence, PEGylated ASNases, in general, presented

higher thermostability, demonstrating long-term stability owing to the polymer conjugation.

We performed a two-way ANOVA (GraphPad Prism 5) which indicated a significative

effect for temperature and size of PEG interaction [F(16,38) = 99.16; p<0.0001)]. Pairwise
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comparisons (Dunnett’s pos-hoc test) relative to native ASNase were depicted in Figure 29.
The size of the PEG influenced the log kq depending on the temperature, results for all sizes of
PEG are different from native ASNase from the temperature 70 to 80 °C (2.91 to 3.09 x 10°.K"
. At initial temperatures 60 to 65 °C (2.83 and 2.87 x 103.K™1), only ASNase-PEG10 is similar

to the native ASNase.

The irreversible denaturation of ASNase and ASNase conjugates was investigated to
determine the effect of PEGylation on the energy of denaturation (E*q), half-life (t12), and other

thermodynamic and kinetic parameters (Table 6).

For denaturation to occur, an energy barrier must be overcome, known as the activation
energy of denaturation (E*g). This amount energy represents the irreversible point of
denaturation of enzymes, establishing how much of energy is necessary for the enzyme not to
refold to its native form and can be calculated based on the Arrhenius equation. As shown in
Table 6, it is easier to overcome the barrier of denaturation for the native form (E*q of 11.52
kJ.mol?) than for PEGylated forms. A higher value was observed for ASNase-PEG10 (E*q4 of
48.85 kJ.mol™?) corresponding to a 4.24-fold increase. Nonetheless, this should be confirmed
since considering the other ASNase-PEG conjugates, E*4 was inversely proportional to the PEG
MW, i.e., the higher the polymeric branch attached, the lower was E*4. Therefore, it seems we
have competing effects. An initial effect of PEG thermo-protection that results in higher E*4
values for PEGylated proteins; and a PEG MW effect according to which higher MW PEGs
usually result in less thermo-protection against irreversible denaturation. This might be related
to the van der Waals interactions among PEG moieties owing to dehydration upon temperature
increase. The effect is more pronounced for higher MW PEGs. Therefore, the thermostability
of PEGylated ASNase depends on the amount of PEG attached to the protein, i.e. on the

polymer molecular weight and the number of polymeric chains attached.
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Table 6. Energy of activation during irreversible denaturation of native and PEGylated forms of L-
asparaginase in the range of T = 60 °C to 80 °C.

Protein E*q (kJ/mol)

ASNase 11.52
ASNase-PEG5 29.32
ASNase-PEG10 48.85
ASNase-PEG20 27.61
ASNase-PEG40 21.61

In general, the PEGylated ASNases demonstrated a similar behavior upon denaturation
(Table 7). Initially (from temperatures of 60 to 70 °C), all PEG conjugates presented
homogeneity of kg values, ranging from 0.588 h™! to 0.795 h'. However, at 75 °C, ASNase-
PEG10 showed a lack of control over the maintenance of kq, which was inversely observed for
E’s. Upon temperature increase, ASNase-PEG10 resulted in a sample with lower
thermostability. At 80 °C, ASNase-PEG10 presented kg = 3.34 h!, similar to ASNase (kg =
3.879 h't); the larger the first-order rate constant during denaturation, the less stable the enzyme
(Marangoni, 2003). As mentioned before, this sample should be re-evaluated for more

comprehensive results.

Half-life (t12) is the time required for the enzyme activity to drop down to 50% of the
initial value at a given temperature. This is a highly relevant factor concerning the economic
viability of a biological product since it usually suffers from certain instability (Souza et al.,
2015b). PEGylated forms exhibited higher t1> values (ranging from 0.87 to 1.17 h at 60 °C) in
comparison to the native ASNase (0.21 h at 60 °C). Also, kq and ti2 are inversely correlated,
since the higher values of ti2 and lower values of kg represent a thermostable molecule. No
differences related to the size of MWs were observed since the values of ti. for all the

PEGylated forms were similar.

The thermodynamic parameters (AH*, AG*, and AS*) were calculated based on Egs. (4-

6) and are presented in Table 7. Altogether, they allow to estimate of folded and unfolded states
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of ASNase; thus, when the folded state predominates to the unfolded state, the protein is more
stable (Matthews, 2013). However, if the unfolded (or partially folded) state predominates, the

protein has low conformational stability, which could be caused by proteolysis or aggregation.

Associated to E*q, the activation enthalpy of denaturation (AH*) represents the amount
of energy required to denature an enzyme, indicating cleavage of non-covalent linkage that
maintains its stability (i.e., hydrogen bonds, electrostatic interactions), mainly the interactions
between the hydrophobic linkages of the subunits of L-asparaginase (Sanches et al., 2003). An
increase of 2 to 7 times was observed for AH* at 80 °C upon PEGylation, reinforcing the effect
of the conjugation on protein thermostability. The higher values of AH* were observed for
ASNase-PEG10, while for the other PEG sizes, the increase in AH* was inversely proportional
to the PEG chain MW. Further experiments should be performed to confirm that PEGylation
with 10 kDa polymer results in a unique behavior owing to the balance of the effects that the
ethylene oxide groups can cause in a protein, namely resistance due to conformational
restriction and sensibility owing to the possible dehydration of PEG moieties at higher

temperatures.

The entropy of inactivation AS* is associated with how the amount of energy is
distributed per temperature during denaturation. At thermal denaturation, there is an opening
up of enzyme structure; therefore, at higher temperatures, AS* increases. Table 7 presents
negative values for AS* in the transition to the irreversible denatured state indicating that the
structure of the enzyme-substrate complex was stable during denaturation (Silva et al., 2018).
The higher values for this parameter were again observed for ASNase-PEG10 (- 0.042 J/mol'K
at 80 °C). ASNase, as expected, presented the lowest value of AS*, - 0.147 J/mol'K at 80 °C.
The higher values of entropy mean that higher energy is needed to denature the PEGylated

conjugates, reinforcing the increase in thermostability. PEGylation probably decreased
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aggregation and protected ASNase, stabilizing intra and/or inter-molecular forces, increasing

thermostability (Oliveira et al., 2018).

As for AG, it is related to the spontaneity of the process; therefore, more adequate to
predict the stability of enzymes (Souza et al., 2015a). Positive values (AS* <0, and AH* > 0)
of AG! indicate that the denaturation process is not spontaneous (Almeida et al., 2020).
Negative values of AG* represent a spontaneous process of denaturation, revealing a
thermosensitive protein (Santos et al., 2019), which was not the case for ASNase. Although
ASNase-PEG10 presented higher values for a considerable number of parameters (AH*, kg, and
E"q), it did not show better control over time than ASNase under different temperatures.
ASNase-PEG10 presented AG* = 60.71 kJ'mol™ at 75 °C, whereas ASNase presented a similar
value at the same temperature (AG* = 60.34 kJ'mol™t). Nonetheless, all other PEG molecular
weights resulted in values corresponding to thermo-protection over time and different
temperatures. Thus, all modifications (except ASNase-PEG10) presented greater regulation

over the temperature in comparison to the native ASNase.
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Table 7. Thermodynamic and kinetic parameters of the irreversible thermal deactivation of the native
and PEGylated forms of L-asparaginase.

Thermodynamic and kinetic parameters

T kd ty AHE AGH ASH
CC) (hh (h) (kJ.mol?)  (kJ.mol™) (J/mol.K)
60 3222 021 875 57.82 0.147
65 2754 025 870 59.09 -0.149
ASNase 70 3607 019 866 59.15 0.147
75 3178 021 862 60.34 0.149
80 3879 017 858 60.58 0.147
60 0588 117 2655 62.54 0.108
ANase. 5 0956 072 2651 62.06 -0.105
SEGs 70 L1169 059 2646 62.37 0.105
75 1221 056 2642 63.11 0.105
80 1505 046 9638 63.36 -0.105
60 0789 087 4608 61.72 -0.047
65 103 067  46.04 61.86 -0.047
ASNEse 70 193 036 4599 60.94 -0.044
75 2795 024 4595 60.71 -0.043
80 334 020 4501 61.02 -0.042
60 065 106 2484 62.26 0.112
65 1103 062 2480 61.66 -0.109
ASNase 70 1382 050 2476 61.89 0.108
75 1461 047 2472 62.59 -0.109
80 1461 047 2468 63.45 -0.110
60 0795 087 1884 61.70 0.129
65 1266 054 1880 61.28 -0.126
ASNase: 70 133 052 1876 62.00 -0.126
75 1474 047 1872 62.57 -0.126
80 156 044 1867 63.25 0.126

5.7.  Stability of PEGylated and native L-asparaginase over the time

To assess the stability over time, native and PEGylated forms of ASNase were submitted

to storage at 37 °C (optimal activity temperature) and 4 °C (at refrigerator), and activity was

determined every three days for 21 days. At 37 °C (Figure 30), higher stability was observed

for ASNase-PEGS5, especially up to 12 days, corresponding to 57% of residual activity.
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Nonetheless, all PEGylated forms presented similar activity values after 21 days of storage at
37 °C, corresponding to approximately 26% of residual activity. A two-way ANOVA for the
residual activity at 37 °C revealed a significant effect only for the days of measurements
[F(2.36,17.93) = 104.6], that is samples presented reduced residual activity throughout the days
of measurement. The Dunnett’s post hoc test yielded no significant differences between PEG
sizes, except at day 5, where ASNase-PEG5 presented increased residual activity relative to
ASNase-PEG20 and ASNase-PEG40 (p< 0.05) (Figure 30). As we can see, even the PEGylated
forms of ASNase did not resist at this temperature for long periods. This information is very
important in terms of the industrial potential of the enzyme because it demonstrates the best
way to store the enzyme. As we mentioned before, ASNase can be used in the food industry to
remove acrylamide from thermally processed products, so this study can also be useful for the
food industry. The results for native ASNase were not presented in Figure 30 due to the lack of
stability over all the studied periods (21 days). Nonetheless, Sindhu and collaborators (2019)
already demonstrated the instability of the enzyme at this temperature, with a 50% decrease in

activity after 48 hours.
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Stability 37 °C

120
-- ASNase-PEG5

100-% -~ ASNase-PEG10

80—
60 -~ ASNase-PEG40

40

Residual Activity (%)

20

Days

Figure 30. Residual activity of PEGylated L-asparaginase with different PEG molecular weights at
37 °C. The standard errors were calculated with GraphPad Prism 5 program. *p<0.05.

As expected, ASNase was more stable at 4 °C (Figure 31), the PEGylated forms retained
at least 50% of the activity even after 21 days. The highest residual activity values were
observed for ASNase-PEG5 and ASNase-PEG10. After 9 days, ASNase-PEGS5 still presented
89% of residual activity. At the end of the 21 days, ASNase-PEG5 presented 55% of residual
activity and ASNase-PEG10 65%. According to the Committee for Medicinal Products for
Human Use (CHMP) - EMA (European Medicines Agency) (2001), the polyPEGylated
ASNase Oncaspar® is alleged (after dilution) to maintain its physicochemical characteristics
and stability of activity for 48 hours. After this period, they claim that the biological drug could

be valid until 8 months, but the impact on the activity should be assessed for more information.
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9\; 100 -~ ASNase-PEG5
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< 60-
[ - ASNase-PEG40
2 40-
2
L 20-
0 1 1 | | 1
0 5 10 15 20 25

Days

Figure 31. Residual activity of PEGylated L-asparaginase with different PEG molecular weights at
4 °C, compared to the native enzyme. The standard errors were calculated with GraphPad Prism 5
program.

The native ASNase presented 50% of decay on the 6 day, as reported by Meneguetti
et al (2019). The two-way ANOVA analysis indicated a significative effect for PEG size and
days interaction [F(20, 47) = 6.774; p < 0.0001]. Dunnett’s post hoc test highlighted that all
PEG sizes preserved ASNase residual activity at 4 °C relative to the native enzyme, starting at

the 6™ day (p < 0.05).
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6  CONCLUSIONS
In this work, we investigated the effect of N-terminal PEGylation on ASNase
thermostability and thermodynamics. We PEGylated the enzyme with 5, 10, 20, and 40 kDa
PEG and yields in the range of 45 to 52% were obtained for 5, 10, and 20 kDa of PEG, and
29% for 40 kDa PEG owing to steric hindrance. PEGylated ASNase variants were successfully
purified by ion-exchange chromatography. The conformational structure was evaluated by
circular dichroism and no significant changes were observed for the PEGylated forms in

comparison to the native protein.

We demonstrated that N-terminal monoPEGylation preserved enzyme activity over time
(in all of the thermodynamic criteria studied), compared to the native form. Also, stability over
time was investigated at different storage temperatures and residual activity was higher for the
PEGylated forms. Nonetheless, PEGylation resulted in conformational restriction and higher

values of the kinetic parameters Km and Kcat.

For all the studied thermodynamic parameters, the degree of PEGylation (number of
PEG chains) presented a homogeneous result for all sizes of PEG. That is, the MW of the PEGs
did not matter in the thermodynamic parameters. The protective role of all MW PEGs was
demonstrated mainly when the temperature increased, aligned with decreased aggregation
(higher AS* values for the PEGylated ASNases). Therefore, PEGylation was successful to
promote ASNase increased thermostability and is suitable to be exploited for future applications

in the biotechnological field.
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7 FUTURE STEPS

As a future step, it would be interesting to visualize the molecular dynamics of the
ASNase-PEG conjugates and understand how bioconjugation is promoting thermostability to
ASNase and also influencing activity. Mass spectrometry should also be performed to confirm
that PEGylation occurred at the N-terminal site. In addition, it would be interesting to study if

the PEG molecular weight influences immunogenicity.
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Enderego para acessar este CV: http://lattes.cnpq.br/4164832357562734
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Mestranda no Departamento de Tecnologia Bioquimica-Farmacéutica na FCF-USP. Atualmente desenvolve
pesquisa na area de nanobiotecnologia, realizando PEGuilagdo para o melhoramento de biofarmaco
antileucémico nos parametros de termoestabilidade, termodindmica e meia-vida do biofarmaco. Bacharelada e
Licenciada no curso de Ciéncias Biologicas na Universidade de Brasilia. Tem experiéncia com Bioquimica e
Fisiologia Comparada, no Laboratdrio de Radicais Livres, focando na atuagdo de antioxidantes em periodo de
stress oxidativo de espécies animais. Trabalhou como estagidria na Embrapa Agroenergia, na area de
Microbiologia, com énfase em fungos filamentosos advindos de plantas, com objetivo de selecdo enzimatica
desses microrganismos, contando também com a caracterizagdo genética e molecular dos mesmos fungo para a
produgdo de biodiesel. (Texto informado pelo autor)

Identificagao

Nome Jheniffer Rabélo Cunha &g

Nome em citagoes bibliograficas CUNHA, J. R.;CUNHA, JHENIFFER R.

Lattes iD © http://lattes.cnpq.br/4164832357562734

Enderego

Endereco Profissional Universidade de Sao Paulo, Faculdade de Ciéncias Farmacéuticas.
Rua do Lago 250 (prédio Semi-Industrial)
Butanta

05508080 - Sao Paulo, SP - Brasil
Telefone: (61) 998802586

Formagao académica/titulacdo

2018 Mestrado em andamento em Tecnologia Bioquimico-Farmacéutica (Conceito CAPES 5).
Universidade de Sao Paulo, USP, Brasil.
Titulo: Estudo do efeito da peguilacdo na atividade e estabilidade térmica de

enzimas,Orientador: Carlota de Oliveira Rangel Yagui.
Bolsista do(a): Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior, CAPES,
Brasil.

Palavras-chave: Peguilacdo; Termoestabilidade; Termodindmica; Biossimilares; Biobetters.
Grande area: Ciéncias da Salde
Grande Area: Ciéncias da Satide / Area: Farméacia / Subérea: Biotecnologia.

2012 - 2016 Graduagdo em Ciéndias Bioldgicas.
Universidade de Brasilia, UnB, Brasil.
2010 - 2012 Ensino Médio (2° grau).

Centro de Ensino Tecnoldgico de Brasilia, CETEB, Brasil.

Formagdo Complementar

2019 - 2019 8th International School of Production of Biologicals. (Carga horaria: 40h).
Universidade Federal do Rio de Janeiro, UFR], Brasil.

2017 - 2017 FlexFactory Operator Training. (Carga horaria: 80h).
GE Healthcare, GE, Estados Unidos.

2016 - 2016 Extensdo universitaria em XV Curso de Inverno de Bioquimica e Biologia Molecular 2016.

(Carga horaria: 80h).
Faculdade de Medicina de Ribeirao Preto, FMRP, Brasil.
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2016 - 2016
2014 - 2014
2014 - 2014
2013 - 2013

2013- 2013

Atuacao Profissional

Curso de Extens3o - Biologia e Genética Forense. (Carga horaria: 10h).
Instituto LG Cursos e Treinamentos, LG, Brasil.

Redacao Cientifica. (Carga horaria: 6h).

Universidade de Brasilia, UnB, Brasil.

Modelos Animais para o Estudo de Dependéncia. (Carga horaria: 6h).
Universidade de Brasilia, UnB, Brasil.

Analises Clinicas. (Carga horaria: 6h).

Universidade de Brasilia, UnB, Brasil.

Entonologia de campo. (Carga horaria: 6h).

Universidade de Brasilia, UnB, Brasil.

Universidade de Sao Paulo, USP, Brasil.

Vinculo institudcional
2017 - Atual

Vinculo: , Enquadramento Funcional:

BTHEK Biotecnologia, BTHEK, Brasil.

Vinculo institucional
2017 - 2018

Outras informacgoes

Vinculo: Celetista, Enquadramento Funcional: Técnica de Producdo, Carga horaria: 44,
Regime: Dedicacdo exclusiva.

Trabalhei majoritariamente no desenvolvimento de processos para produgao de biofarmacos
(a partir de dados de transferénda de tecnologia) e producao de biopesticidas. Atueina
realizacao de cultivo microbiano em biorreatores, purificacdo de proteinas (por meio de FPLC
com auxilio do Unicorn Software), testes enzimaticos, transformacao bacteriana, entre
outros testes de qualificacdo de pureza de proteinas. Também elaborei Protocolos
Operacionais Padrao (POPs) seguindo Boas Praticas de Fabricacao (BPF), acompanhamento
de instalacdo e manutencdo de equipamentos single-use em ambiente produtivo.

Empresa Brasileira de Pesquisa Agropecuaria, EMBRAPA, Brasil.

Vinculo institudcional
2013 - 2016
Atividades

03/2013 -12/2016

Projetos de pesquisa

Vinculo: Bolsista, Enquadramento Funcional: Estagiaria, Carga horaria: 20

Estagios , Embrapa Agroenergia, .

Estagio realizado

Novas lipases para a sintese de biodiesel: prospeccao de fungos a partir da biodiversidade e
selecdo de linhagens produtoras de lipases.

2017 - Atual

Peguilacdo N-terminal de proteinas e purificacdo por sistemas aquosos bifasicos

Descricao: Os medicamentos bioldgicos representam um grande avanco realizado pela
industria farmacéutica, que gerou receitas consideraveis para as companhias detentoras
das patentes das moléculas inovadoras inseridas recentemente no mercado. Entretanto, a
necessidade econdmica de permanecer competitivo no mercado e de soludonar os
problemas intrinsecos de biofarmacos proteicos como imunogenicidade e instabilidade
bioldgica levou ao aprimoramento de farmacos biotecnoldgicos existentes, surgindo entdao
os biobetters. Nesse contexto, uma das técnicas mais empregadas atualmente para
obtencdo de biofarmacos, incluindo biobetters, consiste na ligacdo covalente de cadeias de
poli(etileno glicol) (PEG). Essa técnica, também conhecida como peguilacéo, permite o
aprimoramento tanto farmacocinético quanto farmacodinamico de biofarmacos, em especial
aqueles de natureza proteica. Nesse projeto, pretendemos estudar a peguliacéo sitio
especifica N-terminal de diversas proteinas (BSA, catalase, L-asparaginase e lisozima), bem
como a utilizacdo de sistemas de duas fases aquosas para purificacao das proteinas
peguiladas das moléculas de proteina que nao reagirem. Inicialmente, sera estudada a
reacao coma proteina BSA, de maneira a definir as melhores condicoes de monopeguilacao.
Sera estudada a influéncia da forca idnica variando-se a nolaridade do tampao PBS (0,01,
0,1 ou 0,2 M), a influéncia da proporcao PEG: Proteina (25:1 ou 50:1) e a influéncia do pH
(6,0, 6,5, 7,0, 7,5 ou 8,0) no rendimento da reacao e estabilidade proteica. Definidas as
condigdes acima, investigaremos o tempo readonal que fornega a menor taxa de
polidispersao (por ligagdo do PEG em sitios inespecificos). Em seguida, as proteinas
peguiladas serdo purificadas por cromatografia de troca ionica e exclusao molecular. A
parti¢ao das proteinas monopeguiladas em sistemas de duas fases aquosas PEG/fosfato de
potassio sera investigada, empregando-se PEG de diferentes massas moleculares e
diferentes composicdes de tampao fosfato de potassio. Sera investigada tambéma
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possibilidade de se utilizar a propria proteina peguilada como agente polimérico formador de
fase em sistema PEG-proteina/fosfato de potassio. As melhores condicoes obtidas serdao
testadas com o meio reacional contendo a proteina peguilada, sem purificacao prévia. Para
as proteinas que forem enzimas (catalase, L-asparaginase e lisozima), estudaremos também
a termodinamica de desnaturacdo térmica da enzima peguilada em comparagdo coma forma
nao peguilada, assim como a termodinamica da reacdo catalisada para as formas peguilada
e nao peguilada..

Situacdo: Emandamento; Natureza: Pesquisa.

Integrantes: Jheniffer Rabélo Cunha - Integrante / Carlota de Oliveira Rangel Yagui -
Coordenador / Attilio Converti - Integrante / Jodo Henrique Picado Madalena Santos -
Integrante / Adalberto Pessoa Junior - Integrante.

2013 - 2015 Plano de Acao (BIOENZI) - Novas lipases para a sintese de biodiesel: prospeccdo de
microrganismos a partir da biodiversidade microbiana e selecd@o de linhagens hipersecretoras
de lipases

Descricao: A descoberta de microrganismos hipersecretores de lipases com caracteristicas
bioquimicas de interesse para a sintese de biodiesel constitui o principal objetivo deste Plano
de Agao. A estratégia consiste na bioprospeccao (qualitativa e quantitativa) direcionada
para a atividade fim, ou seja, uma estratégia que simule as condicdes encontradas durante
as etapas do bioprocesso. Para tanto, sera realizado o isolamento de microrganismos a
partir de diferentes ambientes e substratos ricos em lipidios, microrganismos estes que
sejam capazes de secretar elevadas quantidades de lipases estaveis nas condicoes do
bioprocesso (lipases ativas sobre dleo de dendé e tolerantes a etanol). Alémda capaddade
de secretar altos niveis de lipases em comparacao com linhagens industriais, as linhagens
serao analisadas quanto a taxa de crescimento e colonizacdo de substrato, maximizando as
chances de selec@o de cepas adaptadas as condicbes do bioprocesso, bem como quanto as
caracteristicas bioquimicas do extrato lipolitico. As linhagens selecionadas serao
identificadas. Este Plano de Acdo prevé a construcdo de uma cole¢do de trabalho de
microrganismos caracterizada fenotipicamente e genotipicamente, com base em diretrizes
institucionais de qualidade de cole¢bes microbianas. Neste Plano de Agd@o serdo obtidos
insumos para producdo de biodiesel que poderao futuramente ser inseridos em programas
de melhoramento genético de microrganismos e de enzimas...

Situacdo: Concluido; Natureza: Pesquisa.

Integrantes: Jheniffer Rabélo Cunha - Integrante / Léia Cecilia de Lima Favaro -
Coordenador / Paula Fernandes Franco - Integrante / Carolina Madalozzo Poletto -
Integrante.

Financiador(es): Empresa Brasileira de Pesquisa Agropecuaria - Auxilio financeiro.

Idiomas
Inglés Compreende Bem, Fala Bem, Lé Bem, Escreve Razoavelmente.
Espanhol Compreende Razoavelmente, Fala Razoavelmente, Lé Razoavelmente, Escreve Pouco.

Produgoes

Produgio bibliografica

Artigos completos publicados em periédicos

Ordenar por
[ Ordem Cronolégica VJ
1. SANTOS, JOAO H. P. M. ; MARTINS, MARGARIDA ; SILVA, AMANDA R. P. ; CUNHA, JHENIFFER R. ; RANGEL-YAGUI,

CARLOTA O. ; VENTURA, SONIA P. M. . Imidazolium-based Ionic Liquids as Adjuvants to Form Polyethylene Glycol with Salt
Buffer Aqueous Biphasic Systems. JOURNAL OF CHEMICAL AND ENGINEERING DATAXCR, v. 65, p. 3794-3801, 2020.

Apresentacoes de Trabalho

1. CUNHA, 1. R.; SANTOS, J. H. P. M. ; TORRES-OBREQUE, K. ; CARRETERO, G. ; PESSOA JUNIOR, A. ; YAGUI, C. O. R. .
EFEITO DA TERMOESTABILIDADE E TERMODINAMICA DA PEGUILAC/'-V\O SITIO-DIRIGIDA EM LASPARAGINASE. 2020.
(Apresentacao de Trabalho/Congresso).

2. CUNHA, J. R.. Emergéncia dos Biossimilares e PEGuilacao como alternativa na producao de biofarmacos. 2019. (Apresentacao
de Trabalho/Conferéncia ou palestra).
3. CUNHA, J. R.; TORRES-OBREQUE, K. ; SANTOS, J. H. P. M. ; CONVERTI, A. ; PESSOA JUNIOR, A. ; CARRETERO, G. ;

YAGUI, C. O. R. . EFFECT OF PEGYLATION ON THE ACTIVITY AND THERMAL STABILITY OF ENZYMES, . 2019. (Apresentacao

108



dg Trabalho/Congresso).

4. WCUN‘IA, J. R.; LEITE, L. S. ; POLETTO, C. M. ; FRANCO, P. F. ; SANTOS, J. A. ; FAVARO, L. C. L. . POTENCIAL
BIOTECNOLOGICO DE FUNGOS ASSOCIADOS AOS FRUTOS DE DENDE PARA PRODUCZ\O DE LIPASES. 2014. (Apresentagd@o
de Trabalho/Congresso).

5. CUNHA, 1. R,; LEITE, L. S. ; POLETTO, C. M. ; FRANCO, P. F. ; SANTOS, J. A. ; SALUM, T. F. C. ; FAVARO, L. C. L. . Fungos
associados aos frutos da palma de 6leo (Elaeis guineensis) e seu potencial para producao de lipases. 2014. (Apresentacao de
Trabalho/Outra).

6. FAVARO, L. C. L. ; LEITE, L S. ; CUNHA, J.R. ; MAGALHAES, L. C. R. ; POLETTO, C. M. ; FRANCO, P. F. ; SANTOS, J. A. ;
SALUM, T. F. C. . Novas lipases para a sintese de biodiesel: microrganismos associados a palma de 6leo (Elaeis guineensis) e
seu potencial biotecnoldgico. 2014. (Apresentacao de Trabalho/Congresso).

Eventos

1.

Partidpag3o em eventos, congressos, exposigoes e feiras

280 Congresso Brasileiro de Microbiologia. MICROORGANISMS ASSOCIATED WITH ELAEIS GUINEENSIS JACQ. FRUITS AND
THEIR POTENTIAL TO PRODUCE LIPASE. 2015. (Congresso).

1I Encontro de Pesquisa e Inovagao. Bacteria and fungi associated with Elaeis guineensis Jacq. and their potential to produce
lipase. 2015. (Encontro).

1 Encontro de Pesquisa e Inovacao.POTENCIAL BIOTECNOLOGICO DE FUNGOS ASSOCIADOS AOS FRUTOS DE DENDE PARA
PRODUCAO DE LIPASES. 2014. (Encontro).

111 Congresso Brasileiro de Recursos Genéticos. Potencial biotecnoldgico de fungos associados aos frutos de dendé para
produc@o de lipases. 2014. (Congresso).

VII Congresso Brasileiro de Micologia. FUNGOS ASSOCIADOS A PLANTAS DE INTERESSE PARA AGROENERGIA E SEU
POTENCIAL BIOTECNOLOGICO PARA PRODUCAO DE LIPASES. 2013. (Congresso).

Organizagao de eventos, congressos, exposigoes e feiras

CUNHA, J. R.; YAGUI, C. O. R. . 10 Simpdsio de Cooperacao entre as Universidades de Aveiro e Sdo Paulo. 2019.
(Congresso).
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PQI5870- Proteinas Recombinantes: 10/09/2018 21/12/2018 120
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Processos (Escola
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