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Resumo alargado

A catecol-O-metiltransferase (COMT, EC 2.2.1.6) é a enzima responsavel pela O-metilacao
de substratos como as catecolaminas e os estrogénios com estrutura tipicamente cateco6lica.
Considerando as suas funcoes fisiologicas e a existéncia de polimorfismos intrinsecos,
varios estudos associam a COMT com a patogénese de inimeras desordens neurologicas,
especialmente com a Doenca de Parkinson (DP) e também com doencas cardiovasculares e
neoplasias hormoénio-dependentes, como o cancro de mama. Devido a importancia que a
COMT tem no metabolismo humano, a enzima tornou-se nas ultimas décadas num
relevante alvo terapéutico. Desta forma, a proteina foi estudada e foi descoberto que um
unico gene codifica duas isoformas da proteina, uma forma soltvel (SCOMT) e uma forma
ligada & membrana (MBCOMT). Especificamente, a SCOMT participa na inativacao e
desintoxicacdo de moléculas catecdlicas biologicamente ativas ou tdxicas e os seus
metabolitos hidroxilados, como 2-hidroxiestradiol, 2-hidroxiestrona, 4-hidroxiestradiol e
4-hidroxiestrona. O desenvolvimento de estratégias para a obtencdo de rendimentos
elevados de fragoes contendo a enzima biologicamente ativa, estavel e pura permanece um
objetivo essencial, aplicando-se a um nivel de proteinas terapéuticas ou a realizacdo de
estudos estruturais. Uma vez que a COMT perde rapidamente a sua atividade biolégica
durante o processo de recuperacao e armazenamento, é considerada uma enzima altamente
instavel e termolabil. Tipicamente, a COMT pode ser estabilizada através de moléculas
especificas capazes de aumentar a sua estabilidade termodindmica evitando assim a sua
desnaturacdo e perda de atividade. Deste modo, as solugoes estabilizadoras que foram
empregues incluiram compostos que sdo agentes redutores como a cisteina, que
geralmente, desempenha um papel na formacao de ligacoes dissulfeto intramoleculares e
intermoleculares, acticares que protegem as proteinas da desnaturacdo in vivo e também
foram descritos como promotores do folding e refolding de proteinas e ainda o glicerol que
tem sido aplicado para termoestabilizacao de enzimas. Nos tltimos anos, os liquidos i6nicos
(ILs) demonstraram uma capacidade tnica de preservar a estabilidade e a conformacgao de
proteinas e prevenir a sua agregacdo, devido as diversas combinacoes de ides que lhes
conferem diferentes propriedades fisico-quimicas. Depois de garantir as condicoes 6timas
de atividade, estabilidade e pureza da proteina, a realizacdo de estudos estruturais é o
proximo passo. Nestes estudos sao realizados ensaios de cristalizacado com o objetivo de
formar um cristal, em que as moléculas de proteinas estao organizadas de forma regular e

ordenada, para obter informacao sobre a sua estrutura tridimensional.

Neste trabalho, avalidmos o efeito da interacao dos liquidos i6nicos na atividade enzimatica
da SCOMT e investigdmos as condigOes de cristalizacido de fracdes purificadas da mesma.

Primeiramente, estudamos a influéncia de dois liquidos i6nicos, di-hidrogenofosfato de
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colina ([Ch][DHP]) e o cloreto de 1-butil-3-metilimidazolio ([C,mim]Cl), no lisado de
SCOMT por 12 horas aplicando uma temperatura de armazenamento de 4 °C ou -80 °Ce
se os liquidos i6nicos aumentariam a estabilidade da proteina, avaliando-se a sua atividade
especifica. Um maior efeito estabilizador potencial foi obtido usando [C,mim]Cl (10 mM) a
4 °C, com uma recuperacao de atividade de cerca 350% durante 12 horas. Em seguida,
foram realizados testes de cristalizacdo de fracoes purificadas de SCOMT, usando os
métodos de difusao de vapor (Hanging Drop) e contra difusao, onde foram avaliados varios
fatores, nomeadamente, a temperatura (4 °C e 20 °C), a concentracao e composicao da
solucdo do agente precipitante (HEPES, pH=7.5, metil-2,4-pentanediol e Caps, pH 10.5,
Li.SO,, NaH.PO,/ K,HPO,) e a influéncia de S-adenosil-L-metionina (SAM) e 3,5-
dinitrocatechol (DNC), um cofator e um inibidor da COMT, respetivamente. Ao avaliar os
varios fatores, conseguimos concluir que se obtiveram melhores resultados a uma
temperatura de 20 °C, que corresponde a uma solucao de agente precipitante composta por
Caps, pH 10.5, Li.SO,, NaH,PO,/ K.HPO, e que, a técnica de difusdo a vapor mostrou
resultados mais promissores. Além disso, foi observado ao longo dos ensaios uma elevada
concentracdo de precipitados, na sua maioria DNC e, na minoria, sais presentes na solucao
do agente precipitante. Num ultimo passo foram classificados os resultados obtidos,
nomeadamente, distinguir os cristais de proteina dos cristais de sal, mas devido ao seu
tamanho reduzido, a identificacdo por raio-X nao foi possivel, uma vez que os cristais
precisam de ter uma dimensao de 0.1 mm de acordo com as carateristicas do equipamento
que tinhamos em disposi¢ao no Instituto de Investigacdo e Inovacao em Satde do Porto
(i3S) . Deste modo, como alternativa, foram realizados testes como a absorcao de corantes
(Azul de Timol e Azul de Coomassie), que permite colorir apenas os cristais de proteina, e o
Crush Test, que permite diferenciar os cristais de sal dos cristais de proteina de acordo com
a facilidade que um cristal de proteina se desintegra ao aplicar uma forca. Estes testes
demonstraram resultados inconclusivos, uma vez que, devido a reduzida dimensao dos

cristais, ndo foi possivel identificar com certeza a natureza deles.
Palavras-Chave

Cristalizacao; Estabilidade; Inibidores; Liquidos I6nicos; SCOMT.
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Abstract

Catechol-O-methyltransferase (COMT, EC 2.2.1.6) is the enzyme responsible for the O-
methylation of substrates such as catecholamines and estrogens with a typically catechollic
structure. Commonly, COMT can be stabilized through specific molecules capable of
increasing its thermodynamic stability, thus preventing its denaturation and loss of activity.
After ensuring optimal conditions for protein activity, stability, and purity, carrying out
structural studies is the next step. In these studies, crystallization tests are carried out with
the aim of forming a crystal, in which the protein molecules are organized in a regular and

orderly manner, to obtain information about their three-dimensional structure.

In this work, we evaluated the effect of the interaction of ionic liquids on the enzymatic
activity of SCOMT and investigated the crystallization conditions of purified SCOMT
fractions. Firstly, we studied the influence of two ionic liquids, choline dihydrogen
phosphate ([Ch][DHP]) and 1-butyl-3-methylimidazolium chloride ([C,mim]Cl), on the
SCOMT lysate for 12 hours by applying a storage temperature of 4 °C or -80 °C and whether
the ionic liquids would increase the stability of the protein, evaluating its specific activity. A
greater potential stabilizing effect was obtained using [C,mim]Cl at 4 °C, with an activity
recovery of about 350% over 12 hours. Then, crystallization tests of purified SCOMT
fractions were carried out, using the vapor diffusion (Hanging Drop) and counter diffusion
methods, where several factors were evaluated, namely, temperature (4 °C and 20 °C),
concentration and composition of the precipitating agent solution (HEPES, pH=7.5,
methyl-2,4-pentanediol and Caps, pH 10.5, Li.SO,4, NaH,PO,/ K.HPO,) and the influence
of S-adenosyl-L-methionine (SAM) and 3.5 -dinitrocatechol (DNC), a cofactor and a COMT
inhibitor, respectively. By evaluating the various factors, we were able to conclude that
better results were obtained at a temperature of 20 °C, which corresponds to a precipitating
agent solution composed of Caps, pH 10.5, Li.SO,, NaH.PO,/K-HPO, and that the steam
diffusion technique showed more promising results. In addition, a high concentration of
precipitates was observed throughout the tests, mostly DNC and, in the minority, salts
present in the solution of the precipitating agent. In a last step, the results obtained were
classified, namely, distinguishing protein crystals from salt crystals, but due to their small
size, X-ray identification was not possible. Thus, as an alternative, tests such as the
absorption of dyes (Timol Blue and Coomassie Blue) were carried out and the Crush Test.
These tests showed inconclusive results, since, due to the small size of the crystals, it was

not possible to identify their nature with certainty.
Keywords

Crystallization; Inhibitors; Ionic Liquids; SCOMT; Stability.
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1.1 Catechol-O- methyltransferase

The catechol-O-methyltransferase (COMT, E.C.2.1.1.6) is a monomeric enzyme that in the
presence of magnesium cation (Mg 2*) catalyzes the transfer of a methyl group from the
cofactor S-adenosyl-L-methionine (SAM) to the catechol substrate, thus resulting in O-
methylated products and S-adenosyl- L-homocysteine (SAH) ! . This enzyme was discovered
in 1958 by Axelrod and Tomchick in rat liver extracts 2and thereafter was found in bacteria,

yeast, plants, insects, fish, amphibians, birds, and mammals 3.

In mammals, COMT is distributed throughout the body's organs and its highest activity
levels have been found in the liver, kidneys, and intestinal wall 4. This enzyme is also
expressed in the prefrontal cortex and limbic system. Importantly, the liver is the most
relevant site for the metabolism of circulating catechol-containing molecules 5. In humans,
besides its role in catecholamines catabolism, COMT has been implicated in the inactivation
of catechol estrogen, catechol-containing xenobiotics, such as catechins and bioflavonoids,
and indole intermediates from melanin metabolism ¢. COMT tissue distribution and
substrate specificity support a putative protective role as an enzymatic barrier against
exogenous catechol’s by preventing their oxidation to O-quinones and the formation of
electrophiles 6. The catechol O-methylation seems to decrease the tendency for redox cycling

and to increase lipophilicity facilitating the transmembrane transport out of the cell °.

1.1.1 COMT Function

Recently, COMT has become the target of pharmacological studies 7-9, due to its possible
involvement in some human diseases, such as Parkinson's disease, Alzheimer's disease, and
schizophrenia. The major physiological function of COMT consists in the inactivation of
biologically active or toxic catechol’s, to promote the inactivation of neurotransmitters in

the central nervous system and in the regulation of the dopaminergic and noradrenergic

pathways.
R R B
Z+
COMT, Mg?* or /@
H
HO m o HE )
OH SAM SAH OH “CH,
meta-0O-methylated para-0-methylated
product product

Figure 1 - The O-methylation of a standard catechol by COMT. SAM: S-adenosyl-L-methionine; SAH: S-
adenosyl-L-homocysteine; Mg 2*: Magnesium (adapted from 4).
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As seen in Figure 1, mammalian COMT catalyzes the catechol substrate to form two isomers,
meta- and para-O-methylated products. The proportion of meta- and para-O-methylated
metabolite is very different between substrates, depending on the properties of the ring
substituents 5. In most cases, catechol substrates show clear preference for meta-O-
methylation, especially for substrate with highly polar substituents 5. However, for the
substrate with an apolar substituent the amounts of meta- and para-O-methylates are in a
1:1 ratio. The presence of a nonpolar region in the catechol binding site of mammalian
COMT may repel the binding of polar substrates in the orientation required for para-O-
methylation, whereas nonpolar substrates may bind more randomly, resulting in the

formation of nearly equal amounts of meta- and para-O-methylated products 5.

1.1.2 Isoforms: SCOMT and MBCOMT

A single gene has been found to encode two isoforms of the protein, a soluble form (SCOMT)
and a membrane-bound form (MBCOMT) °. The gene is located on the q11.21 band of
chromosome 22 and contains six exons . Regarding codons, the first two are non-coding
and consequently, the translation initiation codons for both isoforms are located only in the
third codon 2. Their expressions are regulated by two promoters, a shorter transcript of 1.3

kb translates to SCOMT, and a longer transcript of 1.5 kb translates to MBCOMT 5.

MB-ATG S-ATG

+1 +151 .
> 2400 bp '
; ) 1200 bp 750 bp 400 bp 490/9 bp, |
o — /4 Y. R —
Exon 1 Exon 2 Exon 3 Exon 4 Exon § Exon 6
110 bp 90 bp 289 bp 194 bp 132 bp 472 bp
P2 P1

Figure 2 - Physical map of the human COMT gene (adapted from 5).

The isoform MBCOMT, predominant in brain tissues, has a molecular weight of 30 kDa and
a signal sequence located in the N-terminal region with 50 amino acids where it forms a
membrane anchor associated with the rough endoplasmic reticulum membrane 3. In
contrast, SCOMT is distributed throughout all peripheral tissues and ubiquitous to several
organs, with a molecular weight of 24.7 kDa, its composed by a total of 221 amino acids and

it can be found in the cytoplasm 4.



Co-Crystallization of SCOMT

Despite the kinetic similarities shared by both isoforms, the requirement for the co-factors
Mg 2+ and SAM and the substrate affinity is completely different 5. MBCOMT is required to
modulate the inactivation of dopaminergic and noradrenergic neurotransmitters such as
dopamine, epinephrine, and norepinephrine 3. On the other hand, SCOMT participates in
the inactivation and detoxification of biologically active catechol molecule and their
hydroxylated metabolites such as catechol estrogens, including 2-hydroxyestradiol, 2-

hydroxyestrone, 4-hydroxyestradiol and 4-hydroxyestrone ¢.

Table 1- Affinity Constant (Km) and Maximum Enzymatic Rate (Vmax) of both COMT isoforms for several
catecholamines (adapted from 17:18 ),

MBCOMT SCOMT
Vmax Kwm (uM) Vmax Km (M)
Dopamine 16.9 + 0.5 min™ 15.1 £ 0.9 37.2 + 1.3 min™ 207 + 14
Norepinephrine 18.1 £ 0.2 min?! 24.1+ 0.7 34.9 + 1.4 min! 369 + 25
L- Dopa 12.2 + 0.2 min? 266 + 10 42.5 + 1.5 min? 613 £ 35
. 43.4 + 2.2
DBA 22.2 + 0.4 min?! 30 + 1.0 . 38.9 + 4.1
min
345 +£78
Epinephrine 0.9 £0.1 nmol/mg 4.8 +£0.1 nmol/mg 58 + 4
protein/h protein/h

The data shown in Table 1, clearly support the claims that MBCOMT is the isoform
responsible for O-methylation at physiologically low concentrations of catecholamines,
particularly in the central nervous system (CNS). On the other hand, SCOMT is primarily
responsible for the O-methylation of catechol compounds in peripheral tissues at higher

substrate concentrations 7.

1.1.3 Genetic Polymorphisms

More than 900 genetic variants for the COMT gene have been reported, but most of them
showed no physiological importance. Human COMT has two polymorphic forms at amino
acid 108 in SCOMT and amino acid 158 in MBCOMT, a low activity thermolabile form
contains methionine (Met108/158) and a high activity thermostable form contains valine
(Val108/158) 9. The Met108/158 allele has been linked to increased risk of breast cancer 2°,
obsessive-compulsive disorder 2!, schizophrenia 22 ,and increased sensitivity to pain 23, but

it has also been associated to an improvement in prefrontal cognitive function, especially in

5
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memory work 23. This polymorphism is caused by the change from guanine to adenine in

the genetic code and is associated, for example, with Parkinson's disease 24.

In humans, COMT activity is distributed in 3 levels, low (COMT %), intermediate (COMT
LH) and high (COMT HH) 25, The Met108/158 variant is associated with low enzyme activity,
is more prone to active site distortion and protein aggregation, and there is a decrease in
thermal stability, while the Val108/158 variant is associated with high activity 2¢. However,
there are other polymorphisms in the COMT gene, such as the polymorphism reported by
Lee and his collaborators (Ala72Ser in MBCOMT and Ala22Ser in SCOMT) where was
reported the association between a functional polymorphism and the activity of the COMT
enzyme 2. The Ala/Ser variation in the COMT gene was associated with a greater reduction

in enzyme activity than the well-studied Val/Met polymorphism 27.

1.1.4 SCOMT Stability

In recent decades, the use of “therapeutic” proteins has allowed the treatment of various
diseases, but aggregation and misfolding continue to be a recurring problem as they play an
important role in cell dysfunction and tissue damage, which in turn lead to several
physiological effects 28. The tendency of aggregation induces a decrease in biological activity
and reduces the efficiency of separation techniques, since protein aggregation causes
artifacts in most biophysical techniques 29. To overcome this difficulty, several purification
techniques have been developed to improve protein stability in solution and, therefore,
recuperation yields and purification degrees 3°. To avoid loss of enzymatic activity, it is
necessary to control several parameters such as pH and ionic strength. Specifically, ionic
strength affects an enzyme's activity by altering the enzyme's stability and solubilities s°.
The effects of salts on stability become more relevant with more hydrophilic enzymes, so
our research group in a previous work established that SCOMT can be stable in a buffer that
contains NaCl, with a concentration of 150 mM 3t Furthermore, the pH is essential for the
maintenance of SCOMT activity and therefore, its ideal value is stablished between 7.5 and
8 32, Also, as this protein is highly unstable and rapidly loses its activity during isolation and
storage 33, temperature is one of the main critical parameters that affects COMT activity.
This low stability could be related with the oxidation of -SH-free cysteine groups and
consequently the formation of disulfide bonds intra or intermolecular 34. In addition, the
presence of cofactors is mandatory for the function of an enzyme and, therefore, the
cofactors SAM and Mg 2+ are essential for the catalytic activity of SCOMT, as they reduce
cysteine oxidation and therefore prevent protein inactivation. 34. Lastly, stabilizers have

been used to protect proteins against loss of activity and thermal denaturation such as



Co-Crystallization of SCOMT

sugars, divalent metals, glycerol, and amino acids 35. Sugars have the function of stabilizing
the native protein structure through the protective action of the protein hydration shell 3¢,
divalent metals contribute to the catalytic process through their ability to attract or donate
electrons 37, glycerol is known to displace the set from native proteins to more compact
states and inhibits protein aggregation during refolding 38, amino acids are known as
natural osmolytes that can stabilize proteins 39 and finally ionic liquids due to the various
combinations of ions that allow different physicochemical properties show a unique ability
to preserve the stability and conformation of proteins and prevent their aggregation 4°.
Specifically, for SCOMT, it was described by our research group that this protein is stable in
a solution containing cysteine, trehalose, and glycerol 4. It has also been shown that low
temperatures, specifically 4°C, favor correct protein folding and less aggregation, leading to

an increase in the results of SCOMT activity 4.

1.1.5 COMT Inhibitors

For the design of new molecules, namely the synthesis of new inhibitors for the COMT, it is
important to know the three-dimensional structure of the protein. Thus, COMT is composed
of a single domain of an a/f structure, consisting of a core of seven strands of (3-sheets, of
which [1-6 are parallel and (37 is antiparallel, sandwiched between two helix sheets a as
verified in Figure 3 42. The active site of COMT is equivalent to the binding domain of S-
adenosyl-L-methionine and some amino acids such as Lysine and Proline, which have a
special relevance for the binding of substrate, water, and Mg2+25. Amino acid residues such
as Lysine 144 accept a proton from the hydroxyl group and residues such as Proline 174
form hydrophobic walls that determine the selectivity of COMT for the substrate 43.

Figure 3 - The tertiary structure of the COMT enzyme (PDB: 613C) as an example (adapted from 44).
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Regarding the inhibitors that have been studied over the years, these have been grouped
into three generations. The first COMT inhibitors were described in the 1970s by Guldberg
Marsden 24which has led to a breakthrough in the treatment of Parkinson's disease 45. These
“first generation” of inhibitors are primarily formed by catechol and pyrogallol chemical
skeletons 46. These molecules contain a catechol ring in their structure or some bioisoteric
moiety, including flavonoids, benzoic acids, catechol ketones and pyrogallol derivatives 47.
This class of COMT competitive substrates also includes 2-hydroxyoestrone, quercetin,
rutin, gallic acid, caffeic acid, U-0521, and non-catecholic compounds such as ascorbic acid,
tropolones, 8-hydroxyquinoline derivatives, 3-hydroxylated pyrones, and pyridines 45. In
vitro studies showed that these compounds have little selectivity and potency for COMT 49.

Also, inhibitors such as tropolone and pyrogallol present low efficacy in vivo and are toxic

o o o
HO, HO
OH = aH
Hi HO Hi HO
H H H OH

50,

Pyrogallol Gallic acid Cafleic acid U-0321
o oH
o
o 86
o o o
OH
—_— HO H HOY
HO oH OH OH
Ascorbic acid Quercetin 2-Hydroxyoestrogen Tropolone

Figure 4- Representative structures of the “first generation” COMT inhibitors (adapted from 49).

To overcome the difficulties presented by the first-generation inhibitors, a second
generation of inhibitors was developed. Considering information taken from several
structure—activity relationship (SAR) studies, the best results were obtained when a nitro
group is present at position 5 of the catechol ring, leading to high potency and selectivity,
and consequently better pharmacokinetics performance than several other tested
substituents 5. One of the most promising nitro-catechol inhibitors of COMT was 3,5-
dinitrocatechol (3,5-DNC) which despite showing good results in vitro, during in vivo
studies this compound showed high toxicity and low pharmacokinetic rate, which prevented

its clinical use 52.

Therefore, several highly potent, selective, and orally active inhibitors have been studied to
assess safety in vitro, in vivo, and even clinical trials 53. Nitrocatechol molecules are
generally described kinetically as COMT inhibitors 7. Since they are poor substrates for the
enzyme, they compete with the substrate for the binding site and are not competitive with
the SAM binding site 54. These molecules show greater selectivity for COMT than for other

enzymes involved in catecholamine metabolism 55. According to the data obtained from in

8
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vitro and in vivo studies, only Tolcapone, Nitecapone and Entacapone were fully
characterized in additional studies 4. They were the most promising compounds of this class,
inhibiting SCOMT with a K; of 1.02, 0.30, 0.27 nM for, and the MBCOMT K; values of 2.00,
1.37, and 0.29 nM for Nitecapone, Entacapone, and Tolcapone, respectively '7. These values
may differ slightly to the different experimental conditions, enzyme source preparations,
and assay conditions. In humans, despite the compounds structural similarities they
inhibited COMT in different manners. Nitecapone, mostly affected COMT duodenum
activity, while Entacapone showed higher inhibition in the liver and erythrocytes 5°¢, being
both considered strictly peripheral inhibitors. In contrast, Tolcapone exhibited higher
potency and a longer period of action than the Entacapone, it is considered a central COMT
inhibitor, due to its ability to cross the blood-brain barrier and influence brain COMT
activity 57. However, Tolcapone is associated with increases in the plasmatic levels of liver
transaminases, causing severe hepatoxicity 58. Currently, only Tolcapone and Entacapone

are approved for clinical use 42.

Table 2- The kinetic parameters (Ku, Vmax) of the COMT enzyme and its affinity to dopamine in the presence
of inhibitors (Ki, Keat )(adapted from 7).

Vmax KM Inhibitor Ki Keat
Substrate COMT Source . )
(min?) (uM) (10 - 30 nM) (nM) (min?)
37.2 +
S 1.3 207 + 4 0.30 31.1
Entacapone
16.9 +
MB 05 1%"1; 2.00 14.1
37.2 +
. S 1.3 207 + 4 1.02 26.2
Dopamine .
Recombinant .
(300 uM) Nitecapone
MB 16.9 + 151+ 1.37 17.8
0.5 0.9
37.2 +
S 1.3 207 £ 4 0.27 30.9
16.9 £ Tolcapone
MB 0.5 151 + 0.9 0.29 17.4

The use of these inhibitors with Carbidopa, a commercial aromatic L-amino acid
decarboxylase (AADC) inhibitor, significantly improved the bioavailability of L-DOPA, as
there is a reduction in the levels of 3-O-Methyldopa (3-OMD) and thus, an increase in the
levels of L-DOPA reaching the brain 3.
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In recent years, new inhibitors have been designed using computational tools based on
atomic interactions of protein inhibitors by computer-assisted drug discovery (CADD)
approaches 59. So, new nitrocatechol inhibitors were found, namely nebicapone and BIA-3-
335 . In 2016, Palma and coworkers were able, for the first time, to complex the structure
of the soluble form of COMT with a new inhibitor, called BIA 8-176, based on docking

simulations and molecular orbital calculations 6.
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BlA 8176 BIA 3-335
Nabicapone

Figure 5- Representative structures of the “second generation” COMT inhibitors (adapted from 62).

Recently, the Portuguese Pharmaceutical Company Bial — Portela & C2, SA has developed a
new inhibitor, Opicapone (BIA 9-1067) 3. This molecule was approved in 2016 by the
European Medicines Agency (EMA) and in 2020 by the Food and Drug Administration
(FDA) as an adjuvant to L-DOPA therapy in the treatment of Parkinson's disease 4. This
third generation of COMT inhibitors showed a longer duration of action, a higher binding
affinity and bioavailability in vivo and allowed for once-daily administration, with stable
plasma L-DOPA levels being observed 58. While Opicapone mainly inhibited erythrocyte
COMT activity, but cannot penetrate the blood-brain barrier, so it is considered a strictly

peripheral inhibitor 7.

Since the inhibitors discovered to date only alleviate the symptoms of Parkinson's disease
and other neurological diseases, there is a constant need for improvement and therefore

new classes of COMT inhibitors continue to be explored ¢8.
cl
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Figure 6 - Representative structure of the Opicapone (adapted from 99).
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1.2 Biosynthesis and Recovery of Human Recombinant
SCOMT

Since the pharmacological relevance of COMT was discovered, the focus of the
biotechnological community became the development and optimization of bioprocesses
capable of obtaining large amounts of COMT with a high degree of purity for further
structural and functional studies. The first successful case of isolation of COMT from a rat
liver was done by Axelrod and collaborators, employing a combination of ammonium
sulphate fractioning with gel filtration 2. Over the years, several productions and recovery
methodologies have been described and, due to technological advances in recombinant
DNA technologies, there has been an optimization that allowed higher production yields
and an easier recovery of human recombinant proteins 7°. The ability of the host to process
and translate the transcribed RNA and simultaneously modify the translated protein with
the correct folding and bioactivity makes the choice of the expression system a very relevant
factor. For the biosynthesis of the soluble form of COMT (SCOMT), different expression
systems have been used, such as transfected mammalian cells 43, insect cells (via
mammalian vectors and baculovirus) 43, plant cells (via potyvirus) 7!, prokaryotic cells such
as Escherichia coli (E. coli) 45 and yeasts, such as Komagataella pastoris (K. pastoris) 72. Of
these expression systems used, it is important to highlight E. coli and K. pastoris. As for E.
coli, more specifically the BL21 strain, it is widely used for the expression of recombinant
proteins due to the lack of two specific proteases (Ion and ompT), it prevents the
degradation of heterologous proteins 73. One BL21 derived strain in particular, E. coli BL21
(DE3), has been used to successfully express several homologous and heterologous soluble
proteins, including COMT 73. In relation to yeasts systems, these are desirable eukaryotic
hosts to produce heterologous proteins as they have rapid growth rates, high cell densities
and provide a well-developed variety of genetic tools 74. In recent years, the yeast K. pastoris
has been used as an expression system to produce recombinant proteins because, being a
unicellular microorganism, it is easily manipulated and cultivated and, as a eukaryote, it is
capable of post-translational modifications such as proteolytic processing, folding, disulfide
bond formation and glycolization 72. Typically, K. pastoris has two alcohol oxidase genes,
AOX 1 and AOX 2 where the former is much more transcribed than the latter, which makes

it advantageous when induction is affected by methanol 7s.

Regarding the main isolation steps, several chromatographic approaches have been made
during the last decades for the purification of COMT from crude cell lysates. The first
purification strategy for this enzyme was developed by Lundtrém and collaborators based
on ion exchange chromatography onto Q- Sepharose matrices. 76. More recently, several

strategies have been described in the literature, such as the combination of affinity
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chromatography and anion exchange chromatography 77 or the association of immobilized
metal affinity chromatography (IMAC) plus gel filtration 78. Interesting results were
obtained using a butyl-Sepharose resin followed by gel filtration, allowing the recovery of
SCOMT in a highly purified state, but the application of ammonium sulfate was shown to
have a negative effect on the biological activity of SCOMT, thus compromising its stability
and the development of further structural studies 79. Regarding the recovery of bioactivity

and the degree of purity, a value of 23% and 3.90 fold was obtained, respectively 79.

Immobilized metal affinity chromatography (IMAC) has been widely used as a method to
isolate proteins from fermentation broths or other biological sources 8°. Several proteins
have already been purified using IMAC, such as human growth hormone 8°,
immunoglobulins 8 or membrane proteins such dehydrogenase/reductase SDR family
member 7 (DHRS7, SDR34C1, retSDR4) 82. IMAC is a separation technique where metal
ions (such as Cu 2+, Ni 2+, Zn 2+, Co 2* and Fe 3+), are trapped in a solid chromatographic
support that serve as affinity ligands for various proteins tagged with a histidine tag 83:84. In
general, the biomolecules are retained in IMAC using an equilibrium buffer without
imidazole or at low concentrations between 1 to 10 mM and the elution is usually achieved
by increasing the imidazole concentration 75. Usually, the buffers contain a specific
concentration of NaCl to reduce nonspecific electrostatic interactions. In IMAC, through the
competition with nickel ions, the imidazole is responsible for eluting the proteins and when
present at low concentrations in the binding buffer, it may prevent the binding of host
proteins with exposed histidines, allowing the removal of contaminants in the flowthrough
during the injection of the sample 75. This methodology is extremely efficient and selective
for the direct capture of hexahistidine tagged SCOMT from recombinant K. pastoris lysates
75. Regarding the bioactivity recovery and the degree of purity, these output presents a value
of 57.4% and 81 fold, respectively, showing the best results reported for the capture of this

protein 75.
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1.3 Protein crystallization

Crystallization is a very efficient method for purifying macromolecules, although it is mostly
used in x-ray crystallography to determine the three-dimensional structure of proteins 8s.
Protein crystallization consists of two major steps: nucleation and crystal growth 8¢,
Nucleation is defined as a process of aggregation of protein molecules, being highly
dependent on the supersaturation of the protein solution as well as on the thermodynamic
conditions of the system, including temperature, pH, and solution composition 8¢. The effect
that each of these parameters has on the behavior of the protein phase can be represented
in a phase diagram, where the most favorable operating conditions for crystal growth can
be identified s¢.

For crystallization to occur, the protein must be inherently crystallizable, i.e., when the
periodic intermolecular contacts necessary for self-assembly into a regular network cannot
be formed under any circumstances, any protein-rich phases that separate from the protein
solution will not form crystals. In addition, thermodynamic conditions must establish the
necessary conditions for crystallization, that is, in a system of a given chemical composition,
there must be a stable, protein-rich phase in the form of a crystal, in equilibrium with its

growth solution 87.

1.3.1 Thermodynamics of Protein Crystallization
1.3.1.1  Solubility

The solubility of a solution can be described as the maximum amount of a given solute that
can be dissolved in a certain solvent. For crystallization of a given protein to occur,
supersaturation must be achieved, that is, the concentration of the protein in solution must
be above its solubility, or in other words, it must be above the equilibrium concentration,

under given conditions of temperature, pH, and solution composition 88.

Supersaturation is normally characterized by the difference between the chemical potentials
of the solute in a supersaturated solution and in a saturated solution designated by u and

Us, respectively 88:

a
U— pg =RTIn—

S
Equation (1)

Where R represents the perfect gas constant, T represents the temperature, a and as

represent the activity in the supersaturated solution and in the saturated solution,
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respectively. The chemical potential of a solute in a saturated and supersaturated solutions

is given by the following equations, respectively:
n= u? + RTIna
Equation (2)
us = u + RTIna,
Equation (3)
Where #° represents the standard chemical potential of species 1i.

The ratio of activities can be associated with concentration as verified in the following

equation:

Equation (4)

The y and C terms represent, respectively, the activity coefficient and the protein
concentration in the solution. Terms with an asterisk refer to equilibrium. As a rule, the
ratio of activity coefficients in saturated and supersaturated solutions is considered to have
a value of 1 because it is assumed that they are dilute solutions, that is, ideal solutions. The

simplified equation (5) is demonstrated by:

5= c
==
Equation (5)

The solubility of a solution can be affected by several parameters such as the concentration
of the precipitating agent, temperature, and pH. In the case of SCOMT, in addition to these
factors, since the protein is in a solution with various compounds such as cysteine, trehalose
and glycerol, it is important to note that their presence will also affect the solubility of the
protein. About precipitating agents, these can be divided into three categories: salts,

polymers, and organic solvents 88.

Salts are the most chosen precipitating agents because of their low cost. In turn, protein
molecules and salt ions need solvent molecules around them to be dissolved, that is, protein
molecules and ions compete for solvent molecules. Regarding how salts affect the solubility
of a protein, we can highlight two processes, salting -in and salting - out. In the salting -in
process, there is a low concentration of ions in solution, i.e., their addition will contain the
several ionic charges of the target biomolecule and weaken the forces of attraction between

protein molecules and, therefore, inhibit aggregation and formation of protein crystals. In
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the salting - out process, there is a high concentration of ions and thus, they compete with
the protein molecules for the solvent molecules, leading to the aggregation of the protein

molecules and thus, formation of crystals 8¢.

Polymers produce volume exclusion effects that also induce the separation of
macromolecules from the solution. Because polymeric precipitants do not have a consistent
conformation like proteins, they writhe and twist randomly in solution and take up much
more space than they should. This leads to less solvent space available for the
macromolecules, which then segregate, aggregate, and finally form a solid state, usually

crystals 89.

Organic solvents reduce the dielectric constant of the medium, which in effect allows two
proteins to come close together. As the concentration of the organic solvent increases, the
attraction between the macromolecules increases and, in turn, the solvent becomes less
effective, and the solid state is favored 9°. Organic solvents are used at low temperatures (at
or below 0 °C) and must be added very slowly like alcohols, acetone, or other water miscible
organic solvents. Since they are volatile substances, care must be taken when preparing
crystallization solutions to avoid loss of solution. The ionic strength must be kept low and

any means available must be sought to protect against denaturation 9.

Temperature is also an important parameter as it influences the variation of the acid/base
reaction constant of the protein side chains and has a significant effect on the ionic strength
which is greater the lower the ionic strength present in the solution. Because proteins are
very sensitive, they must be handled between 0 °C and 40 °C, as they denature outside this

range. Proteins are normally crystallized at room temperature or 4 °C 8¢,

The pH by changing the ionic attraction force between amino acids influences the
interaction between protein molecules, therefore, it is an input to be considered in the
crystallization of proteins. Typically, crystallization occurs in a short pH range, and it is
necessary to maintain the value so that the protein structure remains folded. At the
isoelectric point (charge is zero) protein precipitation occurs rather than crystallization

because at this point protein solubility is minimal 8¢,

1.3.1.2 Phase diagram

The phase diagram is an interesting tool for protein crystallization because it gives
information on the physical state of the protein (liquid, crystalline or amorphous solid) as a
function of the systems relevant parameters, such as temperature, pH, ionic strength,

protein concentration, precipitating agent and other additives 92.
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Figure 7 - Typical phase diagram for the crystallization of macromolecules (adapted 93).

Undersaturated zone depicted below the solubility curve shows conditions where the
protein is soluble and therefore will not crystallize. Above the solubility curve, there is the
metastable zone where crystal growth is promoted, but there will be no spontaneous
formation of new nuclei. The nucleation zone is defined by spontaneous nucleation, where
supersaturation is moderate. Finally, we have the precipitation zone where supersaturation

is very high, thus the protein precipitation occurs, forming amorphous aggregates 92.

Due to the number of tests and the time required to develop a phase diagram, it is not very
common to find it in the literature, so protein crystals are mostly obtained through a trial-
error approach, where precipitant solutions, additives and buffer solutions are mixed with

the protein solution to promote crystal formation, resulting in low reproducibility 92.

1.3.2 Kinetics of Protein Crystallization

1.3.2.1 Nucleation

The first step of the protein crystallization process is nucleation. This step is crucial because
many of the characteristics of the crystals (e.g., size, number...) are established during this
phase. As nucleation is stochastic, that is, its state is indeterminate and originates from
random events, and everything happens at a molecular scale, it becomes very difficult to

study it, both experimentally and theoretically 8¢.
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Scheme 1 — Scheme showing the types of nucleation (adapted 94).

Nucleation is divided into two categories, primary nucleation and secondary nucleation, the
primary being subdivided into two other categories, homogeneous nucleation, and
heterogeneous nucleation 9. Primary nucleation takes place without any crystalline matter,
in contrast, secondary nucleation takes place in a supersaturated medium and in the
presence of crystalline matter from the protein under study 94. The homogeneous process is
the result of the random movement of molecules and, as a rule, results in their orderly
arrangement. This process occurs more in materials of high purity and high
supersaturations environments 8¢. Heterogeneous nucleation is favored by the presence of

external agents, particularly the crystallizer wall or impurities present in the solution 94.
1.3.2.1.1 Homogeneous Primary Nucleation

In the classical theory of nucleation (CNT), there is a first phase where molecules begin to
associate and form aggregates that later evolve into embryos. Then there is a reorganization
of the embryos and an increase in their size, until they reach a critical size and form nuclei
96, Afterwards, the molecules that are free in the solution are absorbed at the surface, thus
increasing their size by incorporation into the crystal lattice. The occurrence of nucleation
is only possible when very high levels of supersaturation are achieved, that allowing’s to

overcome the barrier of activation energy 9.

Surface Free Energy

Free energy (AG)

Volume Free Energy \
AG,

Figure 8 — Graph showing the total free energy, AG, as function of nucleus’ radius (adapted 98).
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Gibbs free energy, at constant temperature and pressure, is expressed by 99:
AG = VAGy + AAG,
Equation (6)

Where Vis the volume and A is the surface area of the nucleus. AGy and AGa represent the
change in Gibbs free energy derived from changes in volume and surface area, respectively.
AGacan be simplified as the surface tension, g, which lies between the developing crystalline

surface and the supersaturated solution, as follows 99:
AG A = o
Equation (7)

AGyis related to the molecular affinity of solutes and depends on the solute concentration

in the solution, as verified in the following equation 99:

AGy = — (I;—;) In (aﬂ)

Equation (8)

The k represents the Boltzmann constant, T the temperature, Vi the volume of a solute
molecule, and the a and a* are the solute activities in solution and in equilibrium,

respectively.

Assuming that the activity coefficient of a solute is 1 and that the embryo in question is

spherical, we can assume that the change in Gibbs free energy is given by 99:

AG = —— (kT)l (C)+4 2
= Tamri\y,) M\ T

Equation (9)

Where r represents the embryo radius and C and Csrepresent the solute concentration in

solution and the equilibrium solute concentration, respectively.

Since the embryo's radius, surface tension, temperature, solute molecular volume, and
Boltzmann 's constant are expressed by physically positive values, Equation 9 suggests that
the Gibbs free energy increases with the embryo's radius %9. According to the literature, if
the solute concentration is lower than the equilibrium concentration then crystallization
will not be spontaneous and external work must be provided for the embryo to grow 8599.
Conversely, when the ratio of solute concentrations in solution and in equilibrium is greater

than 1, the variation in the volume of the embryo leads to a reduction in the Gibbs free
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energy, that is, a maximization of the variation in the free energy relative to embryo size

85,99,

Gibbs free energy can be given by the derivative, with respect to the radius of the embryo,

given by the following equation:
16mo3
2
3[(7)m (@)

Equation (10)

AG =

On what:

. 20 l c
r= (k_T) n(C_S)
Vm
Equation (11)

The r*is the critical radius and corresponds to the radius of the embryo when the Gibbs free

energy is maximum. The maximum Gibbs energy is also called the critical activation energy.

Using an Arrhenius equation we can express the nucleation rate, J, that is, the number of

nuclei formed per unit volume and time:

= e ()

Equation (12)

The A is a pre-exponential factor, which is replaced by fi—‘;, where D represents the diffusion

coefficient and d represents the diameter of the solute molecule %9.

Assuming that the nucleus is a sphere, the nucleation rate is given by:

(G m )] )

Equation (13)

J=Aexp | —
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The CNT is based on the fluctuation and origin of the nucleation barrier to explain the
nucleation mechanism, but disagreements between experimental values of nucleation rates
and theoretical predictions have been evidenced 8. To explain these differences, the two-
step nucleation mechanism emerged. This mechanism shows that at first the solute, in
supersaturated solution, forms agglomerates or a dense liquid phase, and later, it

reorganizes itself to develop an ordered structure °°.

0
Two-step & o
Nucleation Model (%30
/ © 7 © \
(a) (d) (e)
o%og E
O O 0O 00
egool— "~ . @ |~ O
o o o)
o4 Oo o Classical o
o Nucleation Model o

Scheme 2 — Scheme showing the two alternative pathways that lead from solution to solid crystal: (a)
supersaturated solution; (b) ordered subcritical clustering of solute molecules, proposed by the classical
nucleation theory; (c) liquid agglomerate of solute molecules, dense precursor proposed by the two-step

nucleation theory; (d) ordered crystalline nuclei; () solid crystal (adapted 98).

1.3.2.1.2 Heterogeneous Primary Nucleation

During heterogeneous primary nucleation, crystals form on surfaces such as dust particles,
crystallizer wall, air-solution interface or deliberately added mold particles while
homogeneous primary nucleation occurs in the absence of heterogeneous particles in a clear

solution 01,

This nucleation normally needs lower supersaturation and activation energy °2:
AG* = QAG”
Equation (14)

The o represents the interfacial tension dependent factor between an external surface and
the solution, which normally has a value lower than 1. This value is determined by the

contact angle, and can be derived as °2:

(2 4+ cos8)(1 — cos 6)?
0= 2

Equation (15)
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The contact angle between solid and liquid is represented by 6. When 0 is equal to 180°,
AG* has the same value as AG¥, that is, the critical activation energy is not reduced by the
external surface. On the other hand, when 6 is less than 180° the outer surface reduces the

energy at the beginning of nucleation and at the critical activation energy 2.

1.3.2.1.3 Secondary Nucleation

Secondary nucleation only occurs in the presence of crystals of the protein under study, i.e.,
it can run with a supersaturation much lower than the supersaturation necessary to cause

primary nucleation 9.
The secondary nucleation rate can be determined using the following equation °3:
J = kn'(C — C)'(MF)/
Equation (16)

kn,” represents the secondary nucleation rate constant, MF the determining factor for
secondary nucleation, without considering supersaturation, and i and j are the potency
indices 97. The MF factor can refer to the agitation speed, friction, or breakage, that is, it

depends on the parameter that controls the secondary nucleation 03,

1.3.2.2 Crystal growth

In a supersaturated solution, after the formation of a stable nucleus (size greater than the
critical size), growth follows, in which the crystal can reach dimensions perceptible to the
naked eye. Protein crystals grow by mechanisms like those existing in crystals of inorganic
materials, although the rates are very different. The growth of protein crystals in solution
occurs by sequential addition of layers 4. Regarding the addition of layers to the surface, it
is carried out through two processes called: tangential and normal growth to the face.
Normal surface growth arises from the formation of new layers or growth units that have
edges on the step where new molecules can adhere tangentially 4. Tangential growth

contributes to the lateral extension of the surface layers 4.
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Tangential and Normal Growth

Creation of new steps - Normal Growth

Figure 9 — Illustration showing the tangential growth by adding molecules to the edges of the steps and
the normal growth where there is the creation of nascent layers on top of those already present
(adapted?o4).

1.3.3 Conventional methods of protein crystallization

The growth of protein crystals must be carried out in some physical mechanism that allows
the researcher to change the solubility of the protein and the properties of the mother liquor,
using strategies to promote supersaturation such as, for example, changing the temperature
or pH, addition or salt removal or evaporation. Currently, these mechanisms use micro
techniques almost exclusively, so crystallization assays with a given array of conditions can

be performed with volumes of just a few microliters or less 8°.

1.3.3.1 Sitting-drop — vapor diffusion

In this technique, a drop composed of a protein solution is mixed with a precipitant solution
and placed in vapor equilibrium with a reservoir composed of the precipitant solution with
a higher concentration. Typically, the droplet contains a lower reagent concentration than
the reservoir. To reach equilibrium, water vapor leaves the droplet and ends up in the
reservoir. As water leaves the droplet, the sample experiences an increase in relative
supersaturation. Both the sample and the reagent increase in concentration as the water
leaves the droplet into the reservoir. Equilibrium is reached when the concentration of

reagent in the droplet is approximately the same as in the reservoir 105,
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Cover slide (or sealing tape)
Crystallization droplet

i ’E Well of VDX

/ or Linbro plate

T

Micro-bridge

Reservoir solution

Figure 10 — Illustration showing the sitting-drop vapor-diffusion method (adapted 8°).

1.3.3.2 Hanging-drop — vapor diffusion

The droplet and reservoir components, and the physical equilibrium process, are the same
here as for the sitting- drop method. The exception is that the protein droplet is suspended

in a siliconized glass coverslip over the shell rather than resting on a surface *°¢.

= ; -

PP, e
2

(b,

Rescrvoir solution

Figure 11 — Illustration showing the hanging-drop vapor-diffusion method (adapted 8¢).
1.3.3.3 Microdyalisis

In the microdialysis crystallization method, the sample is separated from the precipitant
solution by a semipermeable membrane. The semipermeable membrane allows the passage
of small molecules, such as salts, additives, and other crystallization reagents, but prevents
biological macromolecules from crossing the membrane. Sample crystallization occurs due
to diffusion of the crystallization reagent out of or into the sample at constant sample

concentration 107,
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Cover slide (or sealing tape)
: : Vacuum
E—‘ —T"” grease
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crystallization plate

\\

@ Reservoir solution

Dialysis button

Figure 12 — Illustration showing the microdialysis method (adapted 8¢).

1.3.3.4 Counter-Diffusion

In this technique, a capillary containing the protein solution is pressed against a gel and
sealed at its distal end and then impregnated with a precipitant solution. Over time, the
precipitant diffuses through the capillary to establish a gradient. In this way, the protein is
exposed to a concentration gradient of precipitant. Due to the interaction of diffusion and
precipitant crystallization, the dynamics of the process in the capillary is much more
complex, but this only increases the probability of nucleation and more orderly growth.
When the technique is successful, it is possible to observe microcrystals where the
precipitant concentration is highest, i.e., near the surface of the gel, and large crystals near

the distal end of the capillary 8.

Figure 13 — Illustration showing the counter-diffusion method (adapted 8¢). The protein solution is
shown in red, and the gel saturated with the precipitant solution is shown in green.
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1.3.3.5 Liquid-liquid free-interface diffusion

The counter-diffusion method was based on this ancient method which consists of a protein
solution placed over a precipitant solution in a tube or capillary with a reduced diameter.

Diffusion across the interface, mostly of the precipitant, induces nucleation and crystal

growth 86,
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Figure 14 — Ilustration showing the liquid-liquid free-interface diffusion method (adapted 86).

1.3.4 COMT crystallization

One of the first requirements for crystallization assays is that we must start from a pure,
stable, and homogeneous protein solution. In this way, as reported by our research group,
SCOMT maintains its stability in a buffer constituted by MgCl.,, cysteine, trehalose, and
glycerol 4°. Typically, cysteine plays a role in the formation of intramolecular and
intermolecular disulfide bonds that are essential for maintaining the native three-
dimensional structure 4°. Trehalose is often reported in the literature as a protein
denaturation protector 4°, glycerol as a thermostabilizer 40 and MgCl. is added because it

contains the cofactor (Mg 2*) required for the enzymatic activity 4°.

Once the protein solution is defined, the next step is the precipitation solution. Precipitating
solutions are generally composed of a precipitating agent (salts, organic solvents, or
polymers) and a buffer. According to the literature, most of the precipitating solutions in
relation to the crystallization of SCOMT have salts or polymers as the precipitating agent.
About salts, Na,HPO, 8, NaCl 9, Li,SO, ¢ and (NH,).SO, 9 are widely used. The
presence of MgCl. is also found in several studies, but it does not act as a precipitating agent,
but as a cofactor of the enzyme. Regarding polymers, the most used is polyethylene glycol
(PEG), a hydrophilic polymer of ethylene oxide. Within this polymer, the most used are PEG
1000 99, PEG 1500 '8, and PEG 3350 108,
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As for buffers, the most used are Tris-HCI ¢, CHES 109, CAPS *© and NaH.PO,/K.HPO, 0
as they provide pH stability the enzyme is more stable (pH between 7.5 and 8). In some
cases, SAM is added to protect the protein against thermal inactivation and denaturation 78.
Regarding the optimal pH of the protein, it is described between 7.5 and 8 to mimic the
physiological environment 32. Regarding storage temperature, as described by our group,

the optimal temperature is 4 °C as it favors the correct protein folding 4.

Once the requirements for the crystallization tests have been defined, an attempt is made
to obtain the SCOMT crystal. Several crystal structures of this enzyme have already been
demonstrated in the literature using different inhibitors, for example, Ellermann and his
colleagues studied ribose-modified bisubstrate inhibitors COMT crystal structures from
mouse tissues that that confirmed the predicted binding mode but displayed subtle
alterations at the ribose-binding site. 1. Czarnota and colleagues determined X-ray crystal
structures and NMR backbone assignments of human SCOMT ternary complexes
containing dinitrocatechol, SAM, or sinefungin 44. Harrison and his colleagues studied the
inhibitors 3-hydroxy-4-pyridinones and 5-hydroxy-4-pyrimidones in crystal structures of
COMT with the cofactors SAM and Mg 2* which showed satisfactory results to understand

its inhibition mechanisms 112,
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Chapter 2 — Objectives
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Given that COMT rapidly loses its biological activity during the recovery and storage
process, it is considered a highly unstable and thermolabile enzyme and is therefore
stabilized through specific molecules capable of increasing its thermodynamic stability, thus
preventing its denaturation and loss of activity. In recent years, ionic liquids (ILs) have
demonstrated a unique ability to preserve the stability and conformation of proteins and
prevent their aggregation, due to the different combinations of ions that give them different
physicochemical properties. Once the optimal conditions of activity, stability and purity of
the protein are guaranteed, carrying out crystallization tests is the next step, where

information on its three-dimensional structure is obtained.

Therefore, the objective of this work was to study the effect of the interaction of ionic liquids
on the enzymatic activity of SCOMT and to screen the crystallization conditions from

purified SCOMT fractions. This major objective is divided into three parts:

1. Production, recovery, and purification of rS-COMT protein from Komagataella
pastoris cells.

2. Improve the stability of rS-COMT, where different temperatures, precipitating
agents and ionic liquids are studied.

3. Investigate rS-COMT crystallization conditions using conventional protein

crystallization methods.
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Chapter 3 - Materials and Methods
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3.1 Materials

Ultrapure reagent-grade water was obtained with a Mili-Q system (Millipore/Waters). Yeast
nitrogen base, glucose, agar, yeast extract, peptone, biotin, di-potassium hydrogen
phosphate, potassium dihydrogen phosphate monobasic, phosphoric acid, dimethyl
sulfoxide (DMSO), methanol, sulphuric acid, sodium hydroxide, sodium dodecyl sulfate
(SDS), ammonium persulfate (PSA), tetramethylethylenediamine (TEMED), magnesium
di-chloride (MgCl.), ethylene glycol-bis(f-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EGTA), dithiothreitol (DTT), S-adenosyl-L-methionine (SAM), epinephrine (bitartrate
salt), deoxyribonuclease (DNase), protease inhibitor cocktail, L-cysteine, zeocin, choline
dihydrogen phosphate ([Ch][DHP]), sucrose, sodium chloride, imidazole, trehalose, 1-
butyl-3-methylimidazolium chloride ([C,mim]Cl), monosodium phosphate, paraffin,
dipotassium phosphate, lithium sulfate, glycerol, D,L-metanephrine hydrochloride,
agarose, citric acid monohydrate and glass beads (500 um) were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Acrylamide 40%/Bis solution was obtained from Bio-
Rad (Hercules, CA). Tris(hydroxymethyl)aminomethane (Tris) and CAPS was obtained
from Fisher Scientific (Epson, United Kingdom). The NZYcolour Protein Marker II was
purchased from NZYTech (Lisbon, Portugal). Anti-rabbit IgG alkaline phosphatase
secondary antibody was purchased from GE Healthcare Biosciences (Uppsala, Sweden),
while the monoclonal rabbit COMT antibody was acquired from Abcam (Cambridge,
England). All chemicals used were of analytical grade, commercially available, and applied

without further purification.
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3.2 Recombinant SCOMT production and recuperation

The construction of the expression vector pPICZa-hSCOMT, the K. pastoris transformation
and selection for positive clones was previously done by our research group 3. Unless
otherwise noted, recombinant SCOMT was produced generally as shown in Scheme 3 and
in more detail according to the following protocol. Cells containing the expression construct
were grown at 30 °C in YPD plates and then a single colony was inoculated in 100 mL of
BMG medium in 500 mL shake flasks. Subsequently, cells were grown at 30 °C and 250
rpm overnight when the cell density at 600 nm (ODeoo) typically reached 6.0. Afterwards,
since the inoculation volume was fixed to achieve an initial ODgo, of 1.0, an aliquot of the
fermentation in the medium BMG was collected and centrifuged at room temperature for 5
min. After centrifuging the cells and ensuring all glycerol was removed, the cells were
resuspended in the induction medium (BMM) and added to 500 mL shake-flasks to a total
volume of 100 mL. The fermentations were carried out for 24 h at 30 °C and 250 rpm and
were supplemented with methanol at a final concentration of 5% (v/v). Then, the cells were
harvested by centrifugation (1500 x g, 10 min, 4 °C) and stored at —20 °C until use. The cell
suspensions were lysed in equilibrium buffer (150 mmol L-* NaCl, 10 mmol L DTT, 50
mmol L Tris, 1 mmol L-* MgCl., pH 8.0) at a ratio of 1:2:2 (1 g cells, 2 mL lysis buffer and
2 g glass beads). K. pastoris lysis was accomplished through the application of a sequential
procedure involving glass beads consisting of 7 cycles of vortexing (1 min) with 1 min of
interval on ice. After the lysis process was completed, the mixture was centrifuged (500 g, 5
min, 4 °C) and DNase I was added (250 ugmL-). After the solid-liquid extraction, the
supernatant was removed, and the pellet obtained was resuspended in the chromatographic
binding buffer (500 mmol L-* NaCl, 50 mmol L Tris, 1 mmol L-* MgCl. and 5 mmol L
imidazole at pH 7.8).

- ‘/ =
Cell growth  Inoculation Fermentation Storage
E
\, _
A . -
=
Mechanical lysis Centrifuge SCOMT lysate

Scheme 3— Diagram showing the main steps of SCOMT production and recovery.
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3.3 Immobilized metal affinity chromatography

The IMAC operation conditions were optimized previously by our research group 75. Unless
otherwise stated, the column HisTrap™ FF crude (5 mL) was initially equilibrated with 500
mmol L NaCl, 50 mmol L Tris, 1 mmol L-* MgCl, and 5 mmol L-*imidazole to pH 7.8.
Aliquots of resuspended pellet in equilibration buffer (diluted 1:2), were applied onto the
column using an injection volume of 500 pL at a flow rate of 0.5 mL min-. After elution of
the unretained species, imidazole concentration was increased to 50 mmol L at 1 mL min—!
in a stepwise mode under 5 column volumes (CVs). Subsequently, the stepwise mode was
applied at 70 mmol L of imidazole concentration, followed by a step to 300 mmol L of
imidazole. Finally, the imidazole concentration in the elution buffer was increased to 500

mmol L.

In all chromatographic runs, the conductivity, pH, pressure, temperature as well as
absorbance at 280 nm, to follow the protein concentration, were continuously monitored.
Fractions were pooled according to the chromatograms obtained, collected in tubes
containing a stabilizing solution (150 mmol L-*NaCl, 50 mmol L-* of Tris, 15 mmol L of
cysteine, 1 mmol L-* MgCl., 5 mmol L trehalose, 5% of glycerol and 10 mmol L, 1-butyl-
3-methylimidazolium chloride ([C,mim]Cl)), concentrated and desalted with Vivaspin
concentrators (10.000 MWCO) and conserved at 4 °C until further analysis, as shown in

Scheme 4.

Tas

Purification Concentration SCOMT purified

Scheme 4— Diagram showing the main steps of SCOMT purification.

3.3 SCOMT enzymatic assay

The experiments of activity were designed to evaluate the methylating efficiency of
recombinant SCOMT by measuring the amount of metanephrine formed from epinephrine
in the different fractions obtained from the IMAC runs 3. For the SCOMT enzymatic assay,
an aliquot of 150 ugmL— of the SCOMT resuspended pellets and purified extracts was
incubated in 5 mmol L-* sodium phosphate buffer (pH 7.8) containing 0.2 umol L-* MgCl,,

2 mmol L-* EGTA, 250 pmol L-* SAM and 1 mmol L epinephrine in a total sample volume
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of 1 mL. Reactions were carried out at 37 °C for 15 min and were stopped by incubation in
ice following the addition of 2 mol L-* 200 pL perchloric acid. The samples were centrifuged
at 6000 rpm for 10 min, the supernatants were filtered and were subsequently injected into

a HPLC system with a coulometric detector 3.

Briefly, the chromatographic analysis was performed using a HPLC Agilent 1260 system
(Agilent, Santa Clara, USA) equipped with an autosampler, and quaternary pump coupled
to an ESA Coulchem III detector (Milford, MA, USA). Chromatographic separation was
achieved on an analytical column Zorbax 300SB C18 RP analytical column (250 x 4.6 mm
i.d. 5 um) (Agilent, Santa Clara, California, USA). The chromatographic method was
developed using as mobile phase containing 0.1 mol L-* NaH.PO,, 0.024 mol L citric acid
monohydrate, 0.5 mmol L sodium octyl sulfate and 9% (v/v) acetonitrile. The column
effluent was monitored by a coulometric detector, which was equipped with a 5011 high
sensitivity dual electrode analytical cell (electrodes I and II) using a procedure of
oxidation/reduction (analytical cell #1: +410 mV; analytical cell #2: —350 mV). The method
sensitivity was set at 1 pA, the flowrate applied was 1 mL min— and the column temperature
was setting at 30 °C. The chromatograms were obtained by monitoring the reduction signal
of the working electrode where metanephrine retention time was around 8.8 min. Finally,
the metanephrine content in samples was measured using metanephrine standards (1—15

nmol mL-?) as a calibration control 3,

3.4 Western-Blot

Total protein was resolved by 12% SDS-PAGE gel at 95 V for 1th30 at room temperature in
the Running Buffer (Glycine 190 mM, Trizma-base 25 mM, SDS 1 mL, Mili-Q H,0), and
then, electro-transferred to a Polyvinylidene Difluoride membrane (GE Healthcare,
Sweden) at 0.75 A for 1h45 in the transference buffer (CAPS 10x, Methanol, Mili-Q H,O).
Membranes were blocked for 1 h in a 5% (w/v) milk solution and incubated overnight with
arabbit polyclonal antibody against SCOMT (GE Healthcare Biosciences), diluted at 1:1000,
at 4 °C with constant stirring. The membranes were then washed in TBS-T buffer [Tris
(0.2M), NaCl (1.4 M) and H.O, pH 7.6] and incubated with a polyclonal antibody anti-rabbit
(GE Healthcare Biosciences), diluted 1:10000, for 1 h at room temperature with constant
stirring. Finally, the membranes were washed with TBS-T buffer, exposed to ECL substrate
for 5 minutes protected from light and visualized on the Molecular Imager FX (Bio-Rad,
Hercules, USA) 114,
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3.5 Crystallization studies

SCOMT crystallization has been carried out by several research groups, which mostly use
methods such as Hanging Drop and Micro-batch and temperatures of 4 °C and 20 °C. In
the different studies, what differs most is the different types of precipitating agents used
44115, Due to the protein concentrations obtained in the experiments (depending on various
factors in production and purification, the concentration values were not fixed but were
between 0.5 and 4.5 mg/ml), the protocol suggested by Rutherford and his collaborators
was adopted 78. To the SCOMT solution composed of about 3 mg protein/ml, 50 mM Tris—
HCI, pH 7.5, 150 mM NaCl, 1 mM MgCl., 15 mM cysteine, 5 mM trehalose, 5% glycerol and
10 mM [C,;mim]Cl, 50 mM SAM and 50 mM DNC was incubated for 1 h at room temperature
prior to all crystallization trials. As mentioned in point 1.1.4, SAM and MgCl. are essential
for catalytic activity as they reduce cysteine oxidation and therefore prevent protein
inactivation. In addiction: sugars, amino acids and glycerol are used to protect the protein
against loss of activity and thermal denaturation. The crystallization tests were carried out
with the precipitating solution consisting of 0.1 M Caps, pH 10.5, 0.2 M Li.SO, and 1.2 M
NaH.PO,/0.8 M K.HPO, at room temperature (~20 °C) and for a temperature of 4 °C the
precipitating solution was constituted by 0.1 M HEPES, pH=7.5 and 35% methyl-2,4-
pentanediol. At the end, the assays are stored in a temperature-controlled incubator (20 °C)

or in a cold room (4 °C).

3.5.1 Hanging-drop vapor — diffusion

This procedure was done on a VDX Plate 1°¢. The VDX Plate is a 24 well plate manufactured
from clear polystyrene. The VDX Plate is typically sealed with High Vacuum Grease and
Siliconized 22 mm Circle or Square Glass Cover Slides. Rows of the plate are labeled A-D
and columns are labeled 1-6 on the VDX Plate. First, the buffer (0.1 M Caps or 0.1M HEPES)
is prepared with milli-Q water. Then, the solution of the precipitating agent (0.2 M Li,SO,
and 1.2 M NaH,PO,/0.8 M K.HPO, or 35% methyl-2,4-pentanediol) is prepared in the
buffer and filtered using a 0.22 pm syringe filter. Then, Dow Corning® Vacuum Grease is
placed around the wells. A volume of 600 pL of the reservoir solution (0.1 M Caps, pH 10.5,
0.2 M Li,SO, and 1.2 M NaH.PO,/0.8 M K.HPO,or 0.1 M HEPES, pH=7.5 and 35% methyl-
2,4-pentanediol), i.e., the precipitating agent solution, is pipetted into the wells and 2 pL of
the protein solution and 2 uL of the precipitating solution are placed on siliconized circles
cover slides with a diameter of 22 mm and later, with the help of the micropipette, the
solution is mixed. Finally, the plate is coated with aluminum foil to protect SAM from light
and is placed in a temperature-controlled incubator (20 °C) or in a cold room (4 °C) for later
observation of the results in a stereomicroscope model SMZ1500, equipped with a Nikon

DS-Fig digital camera where images were taken using the NIS-Elements Advanced
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Research program. Results were first observed 2 days after the test and from the first

observation they were examined every 5 days.
Several conditions were studied:

e Temperature and precipitating agent

20 °C - The precipitating solution consisted of 0.1 M CAPS, 1.2 M
NaH.PO,/0.8 M K.HPO,, pH= 10.5 and 0.2 M Li.SO,. As the tests were performed
using equal volumes of the protein (2 uL) and reservoir solution (2 pL) in the drop,
the final concentration of the reservoir solution is 0.05 M CAPS, 0.6 M NaH,PO,/0.4
M K.HPO,, pH= 10.5 and 0.1 M Li.SO, and the final protein concentration is 1.5
mg/ml (since this value varies depending on the production and purification
processes, the initial concentration value of 3 mg/ml is used as a reference).

4 °C - The precipitating solution consisted of 0.1 M HEPES, pH=7.5 and 35%
methyl-2,4-pentanediol. As the tests were performed using equal volumes of the
protein (2 puL) and reservoir solution (2 uL) in the drop, the final concentration of
the reservoir solution is 0.05 M HEPES, pH=7.5 and 17,5% methyl-2,4-pentanediol
and the final protein concentration is 1.5 mg/ml.

¢ Concentration of the precipitating agent solution

Proportion 1:1- Tests were carried out using equal volumes of the protein (2
pL) and reservoir solution (2 pL) in the drop, where the final concentration of the
reservoir solution is 0.05 M CAPS, 0.6 M NaH.PO,/0.4 M K.HPO,, pH= 10.5 and
0.1 M Li,SO, and the final protein concentration is 1 .5 mg/ml (since this value varies
depending on the production and purification processes, the initial concentration
value of 3 mg/ml is used as a reference).

Proportion 2:1- Tests were carried out varying the proportion of the protein
(4 pL) and the reservoir solution (2 uL) in the drop, where the final concentration of
the reservoir solution is 0.03 M CAPS, 0.4 M NaH,PO,/0.27 M K.HPO,, pH= 10.5
and 0.07 M Li.SO, and the final protein concentration is 2 mg/ml.

e Influence of SAM and DNC and the presence of Thymol Blue and Coomassie Blue
dyes to differentiate between protein crystals and salt crystals (About 3 mg
protein/ml, 50 mM Tris—HCI, pH 7.5, 150 mM NaCl, 1 mM MgCl,, 15 mM cysteine,
5 mM trehalose, 5% glycerol, 10 mM [C,mim]Cl) and only the presence of SAM and
DNC varies (see Table 3).
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Table 3- Solution compositions in the study of the influence of SAM and DNC and in the presence of dyes.

No Dyes
About 3 mg protein/ml, 50 mM
Tris—HCI, pH 7.5, 150 mM NacCl,
1 mM MgCl., 15 mM cysteine, 5
mM trehalose, 5% glycerol, 10
mM [C;mim]Cl

SCOMT + DNC Protein solution more 50 mM

DNC

SCOMT + SAM Protein solution more 50 mM

SAM

SCOMT + SAM +
DNC

Protein solution more 50 mM
SAM and 50 mM DNC

Thymol Blue
About 3 mg protein/ml, 50 mM
Tris—HCI, pH 7.5, 150 mM NacCl, 1
mM MgCl., 15 mM cysteine, 5 mM
trehalose, 5% glycerol, 10 mM
[C4mim]CI and 1 ul of Thymol Blue
solution

Protein solution more 50 mM DNC
and 1 ul of Thymol Blue solution

Protein solution more 50 mM SAM
and 1 ul of Thymol Blue solution

Protein solution more 50 mM SAM
and 50 mM DNC and 1 ul of
Thymol Blue solution

Coomassie Blue
About 3 mg protein/ml, 50 mM
Tris—HCI, pH 7.5, 150 mM NacCl, 1
mM MgCl., 15 mM cysteine, 5 mM
trehalose, 5% glycerol, 10 mM
[C4mim]Cl and 1 ul of Coomassie
Blue solution

Protein solution more 50 mM DNC
and 1 ul of Coomassie Blue solution

Protein solution more 50 mM SAM
and 1 ul of Coomassie Blue solution

Protein solution more 50 mM SAM
and 50 mM DNC and 1 ul of
Coomassie Blue solution

3.5.2 Counter-Diffusion

This procedure was done on a MASTERBLOCK® 96 Deep Well ¢ and is generally
illustrated in Scheme 5. To begin with, the 0.5% w/v agarose gel was prepared with 0.1 M
CAPS pH=10.5 and placed on the hot plate until the agarose dissolved. Then, 200 ul of the
protein solution was added and the BLAUBRAND® ) 2 ul capillaries were placed in the well
to fill the capillaries with the protein solution by capillary action. Then, 600 pl of the agarose
gel solution was placed in each well and allowed to cool. After this step, the capillaries were
placed with the protein solution on the already hardened agarose gel and 600 pl of the
precipitating agent solution was also pipetted into the wells. Then, the top of the capillary
was covered with Sealing wax plates, and the well was filled with paraffin so as not to let the
precipitating agent solution evaporate. Finally, the plate is coated with aluminum foil to
protect SAM from light and is placed in a temperature-controlled incubator (20 °C) for later
observation of the results in a stereomicroscope model SMZ1500, equipped with a Nikon
DS-Fig digital camera where images were taken using the NIS-Elements Advanced
Research program. Results were first observed 2 days after the test and from the first

observation they were examined every 5 days.
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The following conditions were studied:

e Temperature and precipitation agent
20 °C - The precipitating solution consisted of 0.1 M CAPS, 1.2 M
NaH,PO,/0.8 M K.HPO,, pH= 10.5 and 0.2 M Li,SO,.
4 °C - The precipitating solution consisted of 0.1 M HEPES, pH=7.5 and 35%
methyl-2,4-pentanediol.

Precipitating
Agent solution Paraffin

— | Wy s )

Scheme 5— Diagram showing the main steps of Counter-Diffusion method.
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Chapter 4 - Results and Discussion
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4.1 SCOMT_6His purification assays

Given the need to obtain high yields of SCOMT for crystallization tests, it is necessary to
employ a biotechnological laboratory platform to produce SCOMT with an acceptable
degree of purity 3. K. pastoris can produce proteins with therapeutic properties in
concentrations ranging from milligrams to grams per liter 75. As a methylotrophic yeast, K.
pastoris has a stronger and more regulated alcohol oxidase (AOX) promoter where high
levels of transcription are induced by methanol 75. Considering previous studies developed
by our research group, SCOMT biosynthesis was successfully performed in a K. pastoris
expression system, using the plasmid pPICZa-hSCOMT as construct 75. Thus, the first part
of this work consisted in the production and subsequent validation of the SCOMT lysis
efficiency. For production, we use the conditions and methodologies described in section
3.2. The resulting pellets were lysed using the previously mentioned protocol (section 3.2)
with a total protein concentration between 7 and 10 mg/ml 75. To confirm that the lysis was
efficient, an SDS-PAGE and Western blot analysis was performed both on the obtained
supernatant (S) and on the corresponding pellet (I) (Figure 16). Using a specific antibody
against SCOMT, an immunoreactive band was found at approximately 25 kDa .
Considering that the molecular weight of SCOMT is approximately 25 kDa, our results
suggest that the detected band corresponds to the target enzyme.

IMAC has emerged over the past decade as one of the most widely methods used on a
laboratory scale for the isolation of proteins from fermentation broths, culture supernatants
and other biological sources, demonstrating high selectivity 8°. In general, biomolecules are
retained in IMAC using binding buffer without imidazole or at low concentrations and
elution is generally achieved by increasing the concentration of imidazole 7. In IMAC, by
competing with nickel ions, imidazole is responsible for eluting proteins, and it is preferable
to use it at low concentrations in the binding buffer as it can prevent the binding of host
proteins with exposed histidine’s, allowing the removal of contaminants in the flow during
sample injection 7. According to work done by our research group SCOMT purification
strategy is done using a stepwise gradient elution in a crude HisTrapTM FF (5 mL)

according to the protocol mentioned in section 3.3 75.

Firstly, the binding and elution conditions described previously 75 were applied to purify our
protein. The chromatogram obtained is shown in Figure 15, in which the peak marked with
the arrow is where the protein mostly elutes and the composition of the buffer in this step
is 500 mmol L*NaCl, 50 mmol L Tris, 1 mmol L.-* MgCl, and 300 mmol L-* imidazole to
pH 7.8.
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Figure 15 — The SCOMT _6His chromatographic profile using an imidazole gradient elution mode. Imidazole
elution was carried out initially with a concentration of 50 mmol L - (peak I), then 70 mmol L * (peak II), the

protein eluted at a concentration of 300 mmol L - (peak III) and finally 500 mmol L -* (peak IV). The blue line
represents the absorbance at 280 nm and the green line the concentration of Imidazole in the elution buffer.
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Figure 16 —SDS-PAGE analysis (A) and Western Bolt (B) of the SCOMT. Lane L — lysed SCOMT; I - Purified
SCOMT from Peak III.
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4.2 Studies for SCOMT stabilization

Recently, ionic liquids (ILs) have been considered as new biocompatible co-solvents for
proteins 18, Their uniquely tailored chemical and physical properties place ILs at the center
of several protein-based applications such as crystallization, separation, extraction,
solubilization and stabilization 9. In this work, two major classes of ILs were studied. The
first was choline-based IL, which has been extensively studied to reveal whether it promotes
or inhibits protein aggregation and stabilization 12°. Second, imidazolium-based ILs such as
[C,mim]Cl have been employed as co-solvents or additives to suppress protein aggregation
and promote protein refolding and crystallization 2. Therefore, we evaluated the effect of
the interaction of ionic liquids ([Ch][DHP] and [C,mim]Cl]) in the enzymatic activity of
SCOMT lysates, quantifying the amount of metanephrine formed by injecting the samples
into HPLC by 12 hours. The corresponding metanephrine peak (elution time — 9 minutes
and identified with an arrow in the chromatograms) was manually integrated and the peak

value was used to calculate the SCOMT specific activity.
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Figure 17 — SCOMT Lysate (Control) chromatogram at 4 °C where the sample consists of the SCOMT lysate

in lysis buffer (150 mmol L* NaCl, 10 mmol L* DTT, 50 mmol L Tris, 1 mmol L* MgCl., pH 8.0). Electrode
2 (reduction channel: - 350 mV).
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Figure 18 — SCOMT Lysate (Control) chromatogram at -80 °C where the sample consists of the SCOMT
lysate in lysis buffer (150 mmol L-* NaCl, 10 mmol L-* DTT, 50 mmol L Tris, 1 mmol L-* MgCl., pH 8.0).
Electrode 2 (reduction channel: - 350 mV).
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o 3 4 [ ] 0 2 14 min

Figure 19 — Chromatogram of SCOMT lysate at 4 °C where the sample consists of SCOMT lysate in IL-free
stabilizing buffer (5 mM trehalose, 15 mM cysteine, 5% glycerol, 150 mM NaCl, 1 mM MgCl. and 50 mM Tris
pH= 7.8). Electrode 2 (reduction channel: - 350 mV).
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Figure 20 — Chromatogram of SCOMT lysate at 4 °C where the sample consists of SCOMT lysate in
[C,mim]Cl stabilizing buffer (5 mM trehalose, 15 mM cysteine, 5% glycerol, 150 mM NacCl, 1 mM MgCl., 50
mM Tris pH= 7.8 and 10 mM C4minCl). Electrode 2 (reduction channel: - 350 mV).
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Figure 21 — SCOMT specific activity at 4 °C (A) and at -80 °C (B) after 12 hours of storage in distinct buffers
(p-value * <0.05; ** <0.01; **** <0.0001).
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Figure 22 — SCOMT specific activity recovery at 4 °C (A) and at -80 °C (B) after 12 hours of storage in
different buffers (p-value * <0.05; ** <0.01; **** <0.0001).

Once, during hSCOMTVal108-6His crystallization trials, the formation of cysteine crystals
was observed when a concentration of 100 mM was used, lower concentrations of additives
(15 mM cysteine, 5 mM trehalose, and 5% glycerol) were applied to stabilize the soluble
enzyme as described for the membrane isoform hMBCOMTVali58 4°. As previously
mentioned, additives play an important role in protein stabilization. Namely, trehalose,
protect proteins from denaturation in vivo and have also been described as promoters of
protein folding and refolding 22. Cysteines play a role in the formation of intramolecular
and intermolecular disulfide bonds 23 that are essential to maintain the native three-
dimensional structure. Finally, glycerol has been extensively applied for thermostabilization
of enzymes 24 by mechanisms related to the exclusion of the solvophobic effect, which leads
to protein conformations with a minimal surface area accessible to the solvent 38. Then two
distinct ILs classes, choline, with [Ch][DHP], and imidazole, with [C,mim]Cl, were
evaluated in hSCOMTVal108-6His lysates in terms of percentage of activity recovery at the
two storage temperatures (4 °C and —80 °C), as shown in Figure 22. The addition of the
mentioned additives, even at a low concentration, was able to maintain and even increase
the percentage of hSCOMTVal108-6His activity recovery, with this increase being more
significant at 4 °C. At -80 °C, such significant results were not obtained and, by all
indications, this behavior seems to be indicative of the phenomenon of cold denaturation,
where a very low temperature leads to a decrease in the biological activity of hSCOMT 25:126,
As for the effect of the interaction of ILs on the enzymatic activity of the protein, it was
observed that [C;mim]Cl presents slightly better results than [Ch][DHP], in opposition to
those observed for the membrane isoform 27. Concerning p-values, the results were highly
significant for the protein when stored at 4 °C for all the tested conditions (p-value <
0.0001), and significant when the protein was stored at —80 °C (p-value < 0.05 and p-value

< 0.01).
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4.3 Screening of SCOMT crystallization conditions

The main objective here was to screen the crystallization conditions of the purified SCOMT
in a buffer containing 5 mM trehalose, 15 mM cysteine, 5% glycerol, 150 mM NaCl, 1 mM
MgCl., 50 mM Tris pH= 7.8 and 10 mM [C,min]Cl. Assays were carried out by Hanging
Drop and Counter Diffusion methods (see sections 3.5.1 and 3.5.2, respectively) where
several experimental conditions were investigated, more specifically, the composition of the
protein solution, the precipitating agent and the temperature were changed. Afterwards,
droplets and the capillaries were observed by optical microscopy and crystallization trials
were classified. Further, the dye absorption test and the crush evaluation were carried out

to assess if the crystals formed where from a protein or saline nature 28,
4.3.1 Temperature and precipitating agent

Temperature can be a significant parameter in the crystallization of biological
macromolecules, and this often influences crystal nucleation and growth, affecting sample
solubility and supersaturation. This is also relevant since we are limited to a restricted
temperature range due to the characteristics of the protein'?. The effect of temperature was
tested to verify which one would lead to better results'®. Crystallization trials were
performed at a temperature of 4 °C where the precipitating solution was composed of 0.1 M
HEPES, pH=7.5 and 35% methyl-2,4-pentanediol and at a temperature of 20 °C where the
precipitating solution was composed of 0.1 M CAPS, 1.2 M NaH.PO,/0.8 M K.HPO,, pH=
10.5 and 0.2 M Li.SO,, as described in the literature 78. In both assays the protein solution
had an initial concentration of 2.72 mg protein/ml, but a real concentration of 1.36 mg/ml.
Hanging drop and Counter diffusion methodologies are used to achieve a supersaturated
solution and promote the crystal formation. With that in mind, we tested the influence of

temperature given its influence on protein solubility.
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Figure 23 — Images captured 7 days after the Hanging Drop crystallization trials at 20 °C. The drop shown is
at 30x magnification and its close-up is at 80x magnification, where the final concentration of the reservoir
solution is 0.05 M CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M Li>SO,.
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Figure 24 — Images captured 7 days after the Hanging Drop crystallization trials at 4 °C. The drop shown is
at 20x magnification and its close-up is at 70x magnification, where the final concentration of the reservoir
solution is 0.05 M HEPES, pH=7.5 and 17.5% methyl-2,4-pentanediol.
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Figure 25 — Images captured 7 days after the Counter Diffusion crystallization trials at A-20 °C and B-4 °C.
The capillaries were observed with a magnification of 30x and as a reference value, the capillary has a diameter
of 0.30 mm.

Hanging-Drop results were observed 2 days after plate preparation and then every 5 days,
while counter diffusion results, as it is a longer process, were observed every 7 days. The
counter diffusion method is a more time-consuming process, as the supersaturation
gradient is gradual, which allows the proteins to nucleate and undergo crystal growth in
regions of lower supersaturation values, i.e., at the tip of the capillary closest to the salt , the
supersaturation is higher, so we will have more small crystals and in greater numbers, while
at the opposite end of the capillary we will have a lower supersaturation and, consequently,
a smaller amount of larger crystals. As shown in the images, the crystallization assays at 4
°C did not show promising results, therefore the crystallization tests carried out a posteriori
were accomplished only at 20 °C. At this temperature, it was possible to observe two types
of crystals, needle-shaped and hexagonal-shaped. Those with a needle shape may be salt
crystals and those with a hexagonal shape may be cysteine crystals, since it crystallizes easily
130, Many precipitates are also observed in the drops, probably undissolved DNC, or salts
present in the protein solution or in the precipitating solution. As DNC is slightly soluble in

an aqueous buffer, it probably did not dissolve completely, which caused some precipitates.
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This phenomenon occurred because, being a nonpolar compound, it has a low dielectric

constant and makes it immiscible in water 131,
4.3.2 Concentration of the precipitating agent solution

As observed in section 4.3.1, in the various drops it is possible to observe a high number of
precipitates. Since the precipitates observed may be salts present in the precipitant solution,
crystallization tests were carried at different concentrations of precipitant and protein. The
tests were carried out with proportions of the protein and precipitant solution of 1:1 and 2:1
(double the protein solution in relation to the precipitant solution) because, in this way, the
volume of the precipitant solution is reduced to decrease the formation of precipitates. In
both assays the protein solution had an initial concentration of 1.40 mg protein/ml, but real

concentration of 0.70 mg/ml in the 1:1 ratio and 0.93 mg/ml in the 2:1 ratio.
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Figure 26 — Images captured 7 days after the Hanging drop test, where the 1:1 aspect ratio was tested. The
drop shown is at 30x magnification and its close-up is at 80x magnification, where the final concentration of
the reservoir solution is 0.05 M CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M Li.SO,.
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Figure 27 — Images captured 7 days after the Hanging drop test, where the 2:1 aspect ratio was tested. The
drop shown is at 30x magnification and its close-up is at 80x magnification, where the final concentration of

the reservoir solution iS 0.03 M CAPS, 0.4 M NaH.P0O,/0.27 M K-HPO,, pH= 10.5 and 0.07 M Li»SO,.
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Figure 28 — Images captured 14 days after the Counter Diffusion test, where the initial concentration of the
precipitating solution was reduced by half. The observed capillary has a magnification of 30x and as a
reference value, the capillary has a diameter of 0.30 mm.

Hanging-Drop results were observed 2 days after plate preparation and then every 5 days,
while counter diffusion results, as it is a longer process, were observed every 7 days. As the
images suggest, although there is a significant number of precipitates in both cases, there
appears to be a smaller number of precipitates and aggregates when decreasing the
precipitant concentration. As described in the literature, the Counter Diffusion technique
has as a criterion the fact that the protein concentration is between 4 mg/ml and 20 mg/ml,
although a higher concentration can be used, and as in most of the tests carried out, the
value concentration was less than 4 mg/ml, this was probably the predominant reason for
the lack of results in the Counter Diffusion technique 2. Since this technique was not
showing positive results and to use the limiting volume of available protein more efficiently,

only the hanging drop technique was performed.
4.3.3 Influence of SAM and DNC

In the following crystallization trials, it was study whether the presence of SAM and DNC
would influence the crystallization process, using only the hanging drop technique. Due to
the difficulty of diluting the DNC in the protein solution as verified in the previous tests, it
was also tested if we could dilute the DNC in dimethyl sulfoxide (DMSO) to verify if we
would observe a smaller number of precipitates in the drop. DMSO at relatively low
concentrations can alter the properties of proteins in solution, leading to protein
denaturation, aggregation, and degradation *33. Thus, to dissolve DNC in DMSO, we used a
higher concentration of DNC and dissolved it in 100 mL of DMSO. Since DMSO at a
concentration above 5% (v/v) is toxic for proteins, we dilute the stock solution to have the
desired DNC concentration (50 mM) and respect the 5% (v/v) concentration of DMSO. The
tests were carried out with the precipitating solution composed of 0.1 M CAPS, 1.2 M
NaH.PO,/0.8 M K.HPO,, pH= 10.5 and 0.2 M Li.SO, and with the initial protein

concentration of 4.4 mg protein/ml and real concentration of 2.2 mg/ml.
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0.5 mm

Figure 29 — Image captured 77 days after the start of the hanging drop test experiments, where only SCOMT is
present. The drop shown is at 30x magnification and its close-up is at 80x magnification, where the final
concentration of the reservoir solution is 0.05 M CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M
Li-SO,.

) 1mm >
Figure 30 — Image captured 7 days after the start of the hanging drop test experiments, where SCOMT+DNC.
The drop shown is at 30x magnification, where the final concentration of the reservoir solution is 0.05 M
CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M Li-SO, + 25 mM DNC.
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Figure 31 — Image captured 7 days after the start of the hanging drop test experiments, where SCOMT+SAM.
The drop shown is at 30x magnification, where the final concentration of the reservoir solution is 0.05 M
CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M Li.SO, + 25 mM SAM.
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Figure 32 — Image captured 7 days after the start of the hanging drop test experiments, where
SCOMT+SAM+DNC. The drop shown is at 30x magnification, where the final concentration of the reservoir
solution is 0.05 M CAPS, 0.6 M NaH.PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M Li-SO,4 + 25 mM SAM + 25 mM
DNC.

Hanging-Drop results were observed 2 days after plate preparation and every 5 days
thereafter. A precipitate is something more amorphous that does not have a well-defined
shape, whereas a crystal is a solid with a well-defined shape 34. But this observation
becomes difficult given the magnification used and the size of the solids that were formed.
Sometimes it appears to be a precipitate, but when we increase magnification, we realize
that they are very small crystals. Thus, in the crystallization trials carried out with the
presence of DNC, the presence of orange precipitates is observed, which suggests that some
of the precipitates are DNC , that is, the method used to dissolve the inhibitor has to be
optimized. Precipitates are also observed in drops that do not contain DNC, which are
probably precipitates of salts present in the precipitant solution such as NaH.PO,, K.-HPO,
and Li.SO, or precipitates of compounds present in the protein solution, as is the case of
cysteine. Unfortunately, it was not clear whether both SAM and DNC are essential to
crystallize SCOMT, as the crystals that are observed in the images are flat hexagonal plates,
typical morphology of cysteine crystals 3¢ . In general, when DNC is present, it seems that
we have less precipitates, that is, we have precipitates of an orange hue that appear to be the
inhibitor, but the remaining precipitates, which could be salts, seem to be in smaller

quantities when compared to assays without DNC.
4.3.4 Dye absorption test

Because protein molecules are large and irregularly shaped, they are often not compacted
optimally 35, This leads to channels and cavities in the crystal lattice that are large enough
to accommodate dye molecules. Salt crystals, however, are usually packed in such a way as
to occlude all solvent, or usually anything much larger than a water molecule. So, if the
crystals are the same color as the dye itself, they must be protein crystals. Therefore, this

test was done to try to distinguish salt crystals from protein crystals using 2 dyes, Thymol
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Blue and Coomassie Blue. The trials were carried out with the precipitating solution
composed of 0.1 M CAPS, 1.2 M NaH.PO,/0.8 M K.HPO,, pH= 10.5 and 0.2 M Li.SO, and
with the initial protein concentration of 4.4 mg protein/ml and real concentration of 2.2

mg/ml.
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Figure 33 — Images captured 7 days after the hanging drop crystallization trials, where only SCOMT is
present with A- Thymol blue and B- Coomassie blue. The drops shown have a magnification of 30x, where the
final concentration of the reservoir solution is 0.05 M CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and
0.1 M Li»SO, and the final protein concentration is 2.2 mg/ml.
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Figure 34 — Images captured 7 days after the hanging drop test, where SCOMT+DNC is present with A-
Thymol blue and B- Coomassie blue. The drops shown have a magnification of 30x, where the final
concentration of the reservoir solution is 0.05 M CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M
Li=SO, and the final protein concentration is 2.2 mg/ml + 25 mM DNC.
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Figure 35 — Images captured 7 days after the hanging drop test, where SCOMT+SAM is present with A-
Thymol blue and B- Coomassie blue. The drops shown have a magnification of 30x, where the final
concentration of the reservoir solution is 0.05 M CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,4, pH= 10.5 and 0.1 M
Li=SO, and the final protein concentration is 2.2 mg/ml + 25 mM SAM.
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Figure 36 — Images captured 7 days after the hanging drop test, where SCOMT+SAM+DNC is present with
A- Thymol blue and B- Coomassie blue. The drops shown have a magnification of 30x, where the final
concentration of the reservoir solution is 0.05 M CAPS, 0.6 M NaH-PO,/0.4 M K-HPO,, pH= 10.5 and 0.1 M
Li=SO, and the final protein concentration is 2.2 mg/ml + 25 mM SAM + 25 mM DNC.

Hanging-Drop results were observed 2 days after plate preparation and every 5 days
thereafter. The dyes did not show conclusive results, as none of the crystals stood out. This
probably happened because no protein crystals were formed. The resulting images have a
different color due to a feature of the optical microscope that diffracts light and thus is used
to distinguish precipitates from crystals. In some images it is evident that there are

“brighter” crystals that can be salt crystals.
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Figure 37 — Microscopic images of the crystals obtained at x10 and x40 magnification and with a size,
respectively, of about 0.06 mm and 0.04 mm.

Several crystals were observed during the crystallization trials but due to their small size it
was difficult to perform tests that enable to highlight protein crystals characteristics and
namely distinguish them from salt crystals. Most seem to be cysteine crystals comparing
them with the crystals obtained in the literature as they have a similarity in their shape, a

hexagonal shape 13°.

Experimental tests were performed, and several approaches were considered to identify the
protein crystals. Initially, the strategy would be to identify the crystals by X-rays, but due to
their small size, the idea was discarded since for diffraction analysis and due to the
equipment available at the Instituto de Investigacdo e Inovagao em Saude (i3S), the protein
crystals needed be at least 0.1 mm in the longest dimension, to provide a sufficient volume
of crystal lattice that can be exposed to the beam 3¢. As an alternative, the crush test was
performed, which consisted of pressing the crystal manually with the aid of a kind of glass
rod and if it broke easily, it is a protein crystal but due to the small size of the crystals, it was
impossible to "hunt" just one crystal to perform this technique. Finally, dye absorption tests
were performed, but no stained crystals were observed, i.e., either no protein crystals were

present, or the dye solution was not sufficiently stained to exert the effect its function.

56



Co-Crystallization of SCOMT

Chapter 5 — Conclusions
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Nowadays, given the physiological relevance of COMT in the O-methylation of
catecholamines and catechol estrogens, as well as the number of diseases associated with
this enzyme, COMT is seen as a therapeutic target of a high clinical impact. Obtaining
protein crystals is important to support structural biology investigations. Thus, it is relevant
to have protein crystal structures as it will have many applications such as medicinal
chemistry through structural biology, protein-based drug development, scale-up,
separation and purification, drug formulation and application. In this work, we studied the
influence of ionic liquids on the stability of the SCOMT lysate and investigated its
crystallization conditions. First, we studied the influence of two ionic liquids (ILs),
[Ch][DHP] and [C;mim]Cl, on the stability of SCOMT present in crude lysates for 12 hours
at temperatures of 4 °C and -80 °C and whether ILs would increase the specific activity of
the protein, so, in relation to temperature, the one that presented the best results in terms
of activity was at 4 °C in the presence of C,mimCl (an increase of about 350 % in relation to
the control sample without stabilization buffer). At this stage, it was concluded that the best
temperature to maintain the stability of the protein would be 4 °C and that the use of ILs,
more specifically [C,mim]Cl, would be an asset to increase the stability and activity of
SCOMT during the storage. Then, crystallization tests were carried out using two
methodologies, Hanging Drop and Counter-Diffusion, where temperature, protein
concentration, concentration and type of solution of the precipitating agent and the
influence of SAM and DNC were evaluated. At one point, the Counter-Diffusion method was
abolished as it did not show positive results and to use the limiting volume of available
protein more efficiently, only the Hanging Drop technique was performed. In this sense, we
obtained a greater number of crystals at 20 °C, but the variation in the concentration of the
precipitating agent solution did not present a significant improvement on the main results.
Regarding the influence of SAM and DNC, unfortunately it was not possible to perceive
whether both SAM and DNC are essential to crystallize SCOMT, but it allowed identifying
the nature of some precipitates, such as DNC or salts present in the reservoir solution, and
the nature of the crystals , more specifically, cysteine crystals. The next step was the attempt
to distinguish the protein crystals from the salt crystals, but due to their small size, it was
not possible to identify with certainty their nature, although several tests were carried out,

such as the absorption of dyes (Timol Blue and Coomassie) and the crush test.

In conclusion, regarding the future perspectives, the use of [C,mim]Cl is an asset in the
stability of SCOMT as verified in the results and the next step will be to obtain crystals of
this protein to facilitate and start the inhibition studies of this isoform. To overcome the
main difficulties encountered in this study, regarding the issue of DNC, the preparation of
a more concentrated solution of DNC in DMSO should be investigated. As for the solution

of the precipitating agent, other concentrations than those used should be tested or look for
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another type of precipitating agent to obtain clearer drops and thus facilitate the task of

classifying the experimental results.
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