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RESUMO GERAL

As doengas causadas por microrganismos acompanham a humanidade ao longo
da historia, tornando-se mais ameacadoras quando a sociedade mudou do nomadismo
para a vida agraria, hd 10.000 anos. A evolucdo para comunidades mais conectadas
resultou em condi¢des propicias para o desenvolvimento de epidemias, sendo a gripe,
variola, maldria, tuberculose e lepra doengas que assolaram a humanidade desde essa
mudanca. A medida que as comunidades se tornaram ainda mais conectadas, a
probabilidade de pandemias aumentou, consequentemente. Atualmente, o uso
indiscriminado de antibidticos e a elevada taxa de mutagdes de virus de RNA (como o
SARS-CoV-2) favoreceram a rdpida evoluc¢do de cepas resistentes, o que acelerou a

corrida por novas drogas com efeito antimicrobiano.

Considerando as emergentes preocupacdes sobre a resisténcia bacteriana aos
antibidticos existentes e a iminéncia do surgimento de uma cepa viral que seja resistente
parcial ou integralmente as vacinas atuais, os dois estudos apresentados, tiveram os
objetivos de: (1) realizar a caracterizacdo biofisica de DdIB de Escherichia coli

recombinante (EcDdIB), quanto aos parametros de temperatura de melting ('), entalpia

~ o \ U U
de desnaturacio calorimétrica e de van't Hoff (AH,, and AH ), bem como a

a
caracterizacdo de elementos de estrutura secundaria em trés pHs diferentes, a fim de
avaliar as variacOes no padrdo de dobramento/desdobramento em funcido do pH e da
temperatura. (2) Prospectar novos compostos inibidores de MP™ de SARS-CoV-2 em
extratos de Poincianella pluviosa (Sibipiruna) e compostos sintéticos, a partir de
varredura virtual (in silico), e avaliar seu potencial inibitdrio em ensaios proteoliticos com

MP™ recombinante e ensaios com células Vero E6 infectadas.

A proteina EcDdIB, expressa heterologamente, foi empregada em testes de
atividade enzimdtica acoplada a piruvato quinase (PK)/lactato desidrogenase (LDH),
apresentando ICso de 10.5 +0.43 uM para a droga DCS (D-cicloserina), sendo compativel
com a literatura. As deconvolu¢des dos espectros de dicroismo circular (CD) a 20 °C
mostraram uma porcentagem majoritdria de a-hélices nos pHs 5,4 e 9,4, enquanto em pH
7,4, uma contribuicao igual de estruturas B e 0-hélices foi calculada. As porcentagens de
elementos de estrutura secundaria EcDdIB nos pHs de 5,4 e 9,4 corroboram as estatisticas
da estrutura cristalografica, PDB ID: 4C5C, obtida em um pH de 8,0. Essa diferenca nas

porcentagens entre as estruturas secunddrias do modelo cristalografico e de DdIB em pH
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7,4 pode ter sido causada por dois motivos: 1) pela existéncia de um grupo cromoférico
ligado apenas em 7,4, o que induz um viés na medicao ou 2) pela modificacdo da estrutura

proteica no modelo, causada pela utilizacao de PEG 6000 no tampao de cristalizagao.

Nos ensaios de desnaturagdo térmica, a estabilidade de EcDdIB aumentou com a

proximidade de seu ponto isoelétrico tedrico (pl) de 5,0, atingindo o maximo no pH 5.4,

com T, de 52,68 °C e AHZ, de 484 kJ-mol!. Um perfil incomum foi observado

exclusivamente nos experimentos de desnaturacao térmica em CD, representado por duas
contribuicdes sigmoidais em pH 7,4, diferente do perfil cooperativo que tinha um tnico
componente sigmoidal nos outros dois pHs testados. Isso pode ser explicado devido a
influéncia do ATP ou ADP residuais ligados a DdIB. Os resultados obtidos de DCS
(Differential Scanning Calorimetry) corroboraram com as desnaturagdes térmicas em
CD, comprovando a irreversibilidade da desnaturacdo de EcDdIB, com a conseguinte
formacgdo de agregados e aumento nas porcentagens de estruturas B, devido a formacgao

de folhas-f intermoleculares.

No estudo com a proteina MP* de SARS-CoV-2, ensaios de docking molecular in
silico avaliaram a intera¢do desta enzima com compostos presentes no extrato de P.
pluviosa (fracdo acetato de etila — FAE e suas subfragdes F4 e F2) e identificaram 4
compostos com melhor score do que o ligante referéncia X77 (N-(4-tert-butylphenyl)-N-
[(IR)-2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl]- 1 H-imidazole-4-carboxamide).
As 3 fracOes e 4 compostos sintéticos foram avaliados nos testes cinéticos, com a proteina
recombinante MP® com substrato fluorogénico. O solvente DMSO, utilizado na
dissolucdo dos compostos, apresentou atividade inibitéria; assim, os testes foram
normalizados em relacdo a uma amostra com a mesma concentragdo de DMSO contida
nos testes com os extratos (Controle 2). O composto Pentagalloylglucose (PGG)
apresentou o melhor resultado na inibi¢do da atividade da MP™, como previsto pelos
experimentos in silico, com uma supressao da atividade em ~60%. Os compostos Bm6,
Bm7 e Bm8 ndo apresentaram atividade inibitéria nos ensaios in vifro; assim, nao

participaram dos testes em células infectadas.

Nos experimentos de citotoxicidade e atividade antiviral, realizados em células
Vero E6 em cultura, todas as fracdes do extrato de P. pluviosa performaram melhor que
o composto PGG isolado (66,44%), com as fragdes FAE e F2 alcancando inibicdo da

atividade de MP*em 100,5 e 101,83%, respectivamente, mesmo apresentando menor taxa
10



de sobrevivéncia celular. Contudo, diversos trabalhos com células em cultura e ensaios
in vivo, disponiveis na literatura, demonstraram a baixa citotoxicidade dos extratos de
Sibipiruna, em concentracdes até maiores do que as utilizadas nos ensaios descritos neste
trabalho. A proeminente atividade dos extratos, em células infectadas, pode ter sido
ocasionada pelo efeito sinérgico de diversos polifendis e taninos hidrolisdveis,
constituintes em diversos alvos de SARS-CoV-2 e da célula hospedeira. As atividades
antivirais dos extratos se mostraram bastante promissoras. Contudo, mais estudos sdo
necessarios, visando uma melhor compreensao da citotoxicidade, bem como a avaliagao
da aplicacdo do extrato de P. pluviosa contra a Covid-19 em estudos com modelos

animais infectados.

Esperamos que os resultados apresentados nesta tese possam contribuir na geracao
de melhores modelos estruturais em experimentos de varredura virtual que buscam
inibidores para a biossintese de PG, bem como, no desenvolvimento de futuros novos

inibidores frente a escassa terapéutica contra a Covid-19.
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GENERAL ABSTRACT

Diseases caused by microorganisms have been following humanity throughout
history, becoming even more threatening after society shifted from nomadism to agrarian
life 10,000 years ago. The evolution towards more connected communities has resulted
in favorable conditions for the development of epidemics, with flu, smallpox, malaria,
tuberculosis and leprosy being diseases that have plagued humanity since its change.
Also, the likelihood of pandemics increased accordingly. Moreover, the indiscriminate
use of antibiotics and the high rate of RNA virus mutations (such as SARS-CoV-2)
favored the rapid evolution of resistant strains, which has accelerated the race for new

drugs with antimicrobial effect.

Considering the increasing concerns about bacterial resistance to existing
antibiotics and the imminent emergence of a viral strain that might be partially or fully
resistant to current vaccines, the two studies presented in this work aimed to: (1) perform
the biophysical characterization of DdIB, from recombinant Escherichia coli (EcDdIB),

for parameters such as melting temperature (7,,), calorimetric denaturation enthalpy and
van't Hoff (AHCUa, and AH&; ), as well as characterization of secondary structure elements

at three different pHs, in order to evaluate variations in the folding/unfolding pattern in

function of pH and temperature, and, (2) prospect new SARS-CoV-2 MP™ inhibitor
compounds in Poincianella pluviosa (Sibipiruna) extracts and synthetic compounds, from
virtual scan (in silico), and evaluate its inhibitory potential in proteolytic assays with

recombinant MP™ and infected Vero E6 cells.

The heterologously expressed EcDdIB protein was used in enzymatic activity tests
coupled to pyruvate kinase (PK)/lactate dehydrogenase (LDH), presenting an ICso of 10.5
+0.43 uM for the DCS (D-cycloserine) drug, which is compatible with the literature. The
deconvolutions of the circular dichroism (CD) spectra, at 20 °C, showed a major
percentage of O-helices at pH 5.4 and 9.4, while at pH 7.4, an equal contribution of -
structures and O-helix was calculated. The percentages of EcDdIB secondary structure
elements, at pHs of 5.4 and 9.4, corroborate the statistics of the crystallographic structure
PDB ID: 4C5C, obtained at a pH of 8.0. This difference in the percentages between the
secondary structures of the crystallographic model and DdIB, at pH 7.4, may have been

caused by two reasons: 1) the existence of a chromophoric group linked only at 7.4, which

12



leads to a measurement bias or 2) by the modification of the protein structure in the model,

caused using PEG 6000 in the crystallization buffer.

In thermal denaturation tests, the stability of EcDdIB increased closer to its

theoretical isoelectric point (pl) of 5.0, reaching a maximum at pH 5.4, with a T,, of 52.68
°C and AHZ{ of 484 kJ.mol!. An unusual profile was observed exclusively in the thermal

denaturation experiments in CD, represented by two sigmoidal contributions at pH 7.4,
different from the cooperative profile, which had a single sigmoidal component at the
other two tested pHs. This can be explained due to the influence of residual ATP or ADP
linked to DdIB. The results obtained from DCS (Differential Scanning Calorimetry)
corroborated with the thermal denaturations in CD, proving the irreversibility of EcDdIB
denaturation, with the consequent formation of aggregates and increase in the percentages

of B-structures, due to the formation of intermolecular -sheets.

In the study with the MP™ protein of SARS-CoV-2, in silico molecular docking
assays evaluated the interaction of this enzyme with compounds present in the extract of
P. pluviosa (ethyl acetate fraction — FAE and its subfractions F4 and F2) and identified 4
compounds with better score than the reference ligand X77 (N-(4-tert-butylphenyl)-N-
[(1R)-2-(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl]-1H-imidazole-4-carboxamide).
The 3 fractions and 4 synthetic compounds were evaluated in kinetic tests, with the
recombinant MP™ protein and fluorogenic substrate. The DMSO solvent, used in
dissolution of compounds, showed inhibitory activity. Thus, tests were normalized in
relation to a sample with the same DMSO concentration, contained in the tests with the
extracts (Control 2). Compound Pentagalloylglucose (PGG) showed the best result in
inhibiting the activity of MP™, as predicted by in silico experiments, with an activity
suppression of ~60%. The compounds Bm6, Bm7 and Bm8 did not show inhibitory

activity in in vitro assays, Thus, they did not participate in the tests on infected cells.

Cytotoxicity and antiviral activity experiments were performed on cultured Vero
E6 cells. All fractions of P. pluviosa extract produced better results than the isolated PGG
compound (66.44%), with the FAE and F2 fractions achieving 100.5 and 101.83%,
respectively, of MP™ activity inhibition. However, they presented lower cell survival
rates. It is important to notice that several studies, with cellular cultures and in vivo assays,
available in the literature, demonstrated low cytotoxicity of Sibipiruna extracts at
concentrations even higher than those used in the assays described in this work. The

13



prominent activity of the extracts, in infected cells, may have been caused by the
synergistic effect of different constituent polyphenols and hydrolysable tannins in various
SARS-CoV-2 and host cell targets. The antiviral activities of the extracts are very
promising. More specialized studies are required, in order to better understand the
cytotoxicity, as well as the evaluation of the application of P. pluviosa extracts against

Covid-19 with infected animal models.

We hope that the results presented in this thesis can contribute to the generation
of better structural models for virtual scanning experiments that look for inhibitors for PG
biosynthesis, as well as to the development of new inhibitors, in face of the scarce

therapeutics strategies against Covid-19.
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PMF - Peptide Mass Fingerprinting

T, - melting temperature

17



ABSTRACT

Peptidoglycan (PG) is a key structural component of the bacterial cell wall and
interruption of its biosynthesis is a validated target for antimicrobials. Of the enzymes
involved in PG biosynthesis, D-alanyl,D-alanine ligase B (DdIB), is responsible for the
condensation of two alanines, forming D-Ala-D-Ala, which is required for subsequent
extracellular transpeptidase crosslinking of the mature peptidoglycan polymer. In this
work, we aimed the biophysical characterization of recombinant Escherichia coli Dd1B

(EcDdIB), regarding parameters of melting temperature (7m), calorimetry and van’t Hoff
enthalpy changes of denaturation (AHZ, and AHZ, ), as well as characterization of
elements of secondary structure at three different pHs. These are essential parameters to

include in virtual screening efforts to find new inhibitors to DdIB. The stability of EcDdIB

increased with proximity to its pI of 5.0, reaching the maximum at pH 5.4 with 7, and

AH:L of 52.68 °C and 484 kJ-mol’!, respectively. An unusual profile was observed

exclusively in the circular dichroism (CD) thermal denaturation experiments, represented
by two sigmoidal contributions at pH 7.4, different from the cooperative profile that had
a single sigmoidal component at other pHs. This may be explained by the influence of
residual ATP or ADP bonded to DdIB. Deconvolutions of the CD spectra at 20 °C showed
a majority percentage of O-helix at pH 5.4 and 9.4, whereas for pH 7.4, an equal
contribution of B-structures and a-helices was calculated. Thermal denaturation process
of EcDdIB proved to be irreversible with an increase in B-structures that can contribute

to the formation of protein aggregates.

Keywords: D-alanyl,D-alanine ligase; recombinant protein; circular dichroism;

differential scanning calorimetry; bacterial cell wall.
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1. Introduction

The indiscriminate use of antibiotics has been rapidly accompanied by the
emergence of resistant strains, where bacteria are probably the most important agents in
terms of morbidity and mortality [1]. In the search for new antibiotics, the peptidoglycan
biosynthesis process has been one of the targets that has received the most attention.
Peptidoglycan (PG) is the key structural component found exclusively in the bacterial cell
wall, being responsible for providing form and rigidity to this structure, maintaining cell
viability, and resistance to internal turgor pressure [2]. It is basically composed of linear
polymeric chains of disaccharide un its of N-acetylglucosamine (GIcNAc) B(1—4) N-
acetylmuramic acid (MurNAc) linked by crossed pentapeptide chains, whose
composition is diverse, with variations being species-specific [3]. In Escherichia coli, the
pentapeptide in the growing PG consists of L-Ala-D-iGlu-mDAP-D-Ala-D-Ala (iGlu:
isoglutamate and mDAP: meso-diaminopimelic acid), where the most frequent cross-link
is the amide bond between D-Ala and mDAP of two adjacent peptides. Enzymes that
promote PG cross-linking use the D-Ala,D-Ala peptide as a universal substrate [4]. Due
to the fact that D-amino acids are characteristic of bacterial PG, together with their
biosynthetic machinery, it becomes an interesting target for the development of new
drugs.

Thus, the enzyme D-alanyl,D-alanine ligase (Ddl), also known as D-alanyl,D-
alanine synthetase (EC: 6.3.2.4), emerges as a promising target for drug development,
since the inhibition of this enzyme has a lethal effect on prokaryotic microorganisms that
are D-alanine dependent [5]. Ddl catalyzes the condensation between two D-Ala to form
the D-Alanyl,D-Alanine dipeptide (DalDal) with the consumption of an ATP (reaction 1)
[6]. One D-Ala produced by the enzyme alanine racemase (AR) docks to the D-Ala; site
with high affinity, and subsequent phosphorylation of D-alanine occurs in the carboxyl
group by ATP y-phosphate (distinct and exclusive binding site for ATP), producing an
acyl-phosphate intermediate [7,8]. After the docking of the second D-Ala (D-Ala; site),
condensation is completed with a nucleophilic attack by the D-Ala amine group of the D-
Ala; site to the phosphorylated D-Ala of the D-Ala; site, producing DalDal) [8,9]. Then,
the D-Ala,D-Ala-adding enzyme binds DalDal to the terminal portion of UDP-muramyl
tripeptide to form a product with a DalDal N-acylated terminal, which is the unit UDP-

Mur-Nac pentapeptide precursor of the bacterial cell wall [7].

M 2+
2 DAla + ATP lﬁ DAla, DAla + ADP + Pi (1)
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Although few, Ddl inhibitors have already been reported [10-12], including D-
cycloserine (DCS), a D-ala mimic that competitively inhibits DdI [13]. However, its use
is limited due to significant adverse effects, such as seizures and peripheral neuropathy
[14]. The enzyme alanine racemase (AR) is also inhibited by DCS, interrupting the supply
of the substrate for Ddl. However, resistant strains of Mycobacterium smegmatis
bypassed this inhibitory effect by overexpression of DCS target proteins, but it is not clear
whether AR, Ddl, or both have increased expression [15]. DCS is the only Ddl inhibitor
currently used against bacterial infections and has been applied more often as an anti-
tuberculosis agent [16,17].

Although the 3D structure of Ddl isoforms A and B have already been solved by
X-ray crystallography [11-13,18], which can be used to prospect for new inhibitors by
structure based screening assays, the lack of structural information regarding proteins in
solution under different conditions makes the development of new drugs a greater
challenge [19-21]. In this context, recent work has proven the successful strategy of
combining virtual screening with several complementary and synergistic biophysical
methods in the development of new ligands [22].

Given the above, this work aimed to perform biophysical characterization of the

recombinant D-alanyl,D-alanine ligase B from Escherichia coli (EcDdIB) - EC 6.3.2.4,

regarding the parameters of melting temperature (7m), enthalpies of denaturation (AHCUa,

and AHSL, ), and characterization of secondary structure elements under three different pH

conditions for the first time. In addition, we aimed to contribute to the expansion of DdIB
informational data, such as biophysical parameters with knowledge on variations in the
folding/unfolding pattern as a function of pH and temperature. Therefore, important
information about the structural stability of this protein in different physiological
conditions could be provided. Thus, the use of this data in association with the 3D
structure of EcDdIB in structure based virtual screening simulations, may contribute to
the development of more effective inhibitors in a way that will increase the small number

of inhibitors of this important drug target.

2. Material and methods

2.1. Expression, purification, and identification of the EcDdIB protein by LC-MSE
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Strains of E. coli BL21 (DE3) were transformed with the plasmid
pProEX::EcDdIB [23], kindly provided by Dr. David Roper (University of Warwick,
UK). Bacteria were cultured aerobically in LB (Luria Bertani) medium plus 50 pghL™"
ampicillin at 37 °C. After the culture reached an ODgoo of 0.6, overexpression of amino
terminally histidine-tagged DdIB was induced using IPTG (Isopropyl [B-D-1-
thiogalactopyranoside) at a final concentration of 1 mM. After 4 h of induction at 37 °C,
the culture was centrifuged at 10,000 % g for 10 min at 4 °C and the pellet was washed
with 20 mM Tris-HCI (pH 8.0) and stored at -20 °C for 12—16 hours before extraction.

The pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, and
10 mM Imidazole, pH 7.4 with 1X protease inhibitor) and sonicated on ice for 4 min with
pulses of 20 s on and 20 s off with an amplitude of 60% in a Fisher Scientific sonicator.
Cell debris was eliminated by centrifugation at 15,000 X g for 10 min at 4 °C and the
supernatant was filtered through a 0.22 pm Millex® syringe filter (Merck-Millipore, GER)
to separate the fraction of soluble proteins. Subsequently, the supernatant was applied to
a 1 mL nickel-sepharose column (HisTrap, GE) using Fast Protein Liquid
Chromatography (FPLC; AKTA Pure, GE Lifesciences, Sweden). The protein was eluted
in a 10-300 mM imidazole gradient.

The molecular weight of EcDdIB under non-denaturing conditions was calculated
using the gel filtration method, through a Superdex 200 10/300 column passage (GE
Lifesciences) coupled to an FPLC Akta Pure (GE Lifesciences, Sweden). The calibration
curve was constructed using the LMW and HMW gel filtration calibration kit (GE
Lifesciences), following the manufacturer's recommendations. The proteins were eluted
in isocratic mode with 50 mM Phosphate buffer + 150 mM NaCl (pH 7.2) at room
temperature and a flow rate of 0.5 mLhin™!. Absorbances were monitored at 214 and
280 nm. The elution volumes for each protein were measured and converted to Kav
(equation 1) and plotted against the logarithm of the respective molecular weights

(logMW),

Kav — @ (1)

VC_VO

where V. = elution volume, V, = column void volume, and V. = geometric column

volume.
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The proteins had their buffers changed for the biophysical and kinetics assays by
4 HiTrap Desalting (GE) columns of 5 mL coupled in tandem. The samples were
concentrated using Amicon® centrifuge filters with a 10 kDa cut off (Merck-Millipore)
and quantified at 280 nm, using a molar extinction coefficient of 1.226 L[g™'[dm™! for
converting Abs to mgL™! estimated by ProtParam [24]. Analysis of the purification and
concentration of the samples was performed by 12% SDS-PAGE.

The samples were prepared for mass spectrometry following the standard protocol
[25], modified and adapted by National Biosciences Laboratory [26]. Analysis of the
triptych peptides was performed in an M-Class Waters nanoL.C coupled to a Waters Xexo
G2-si mass spectrometer (Q-TOF geometry), using acquisition mode MSE. After analysis,
the RAW files were processed using ProteinLynx Global Server version 3.0.3 (Waters)

with a database for Escherichia coli proteins from Uniprot.

2.2. Enzyme activity assays

The kinetic experiments using EcDdIB were performed according to the enzyme
activity assay coupled to pyruvate kinase (PK) / lactate dehydrogenase (LDH) [27], where
initial velocities (60 s) were evaluated in a UV-visible UV-165PC spectrophotometer
(Shimadzu, Japan), couplet with a thermostatic bath at 25 °C. The assay solution had the
following components: 100 mM HEPES (pH 7.8), 10 mM KCI, 10 mM MgCl,, 5 mM
ATP, 2.5 mM phosphoenolpyruvate (PEP), 0.1 mM NADH, 50 upghhL™! lactate
dehydrogenase (LDH), 0.14 mgthL™" PK, EcDdIB (22 nM), and D-alanine (0.4-8.0 mM).
The change in absorbance caused by consumption of NADH was monitored at 340 nm.
The inhibitor D-cycloserine (Sigma-Aldrich) was used as a positive control for the
validation of the expressed protein. The velocities were adjusted to the Michaelis-Menten

equation (Equation 2).

__ Vmax.[S]

y = Ymaxis) 2)

Km+[S]

where V is the velocity at substrate concentration S, Vmax is the maximum velocity, and
K is the Michaelis constant. In DCS assays, the D-alanine concentration was maintained
at 0.4 mM and the inhibitor concentration ranged from 0.025 to 50 uM. The velocities

were adjusted using Equation 3 to obtain the ICso value.
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_ A1-A2
y = 1+exp(x—x0)/dx

+ A2 3)

2.3. Circular dichroism

Circular dichroism (CD) experiments were performed in a Jasco J-815
spectropolarimeter (Jasco, USA) equipped with a Peltier system for temperature control,
using a 1.0 mm optical path quartz cuvette. The CD-UV far spectra of the enzyme were
collected in the range of 260—190 nm with a scanning speed of 50 nm[hin~', response
time of 1.0 s, spectral bandwidth of 1.0 nm, spectral resolution of 0.2 nm, and 10
accumulations. Measurements of circular dichroism using the enzyme EcDdIB were
acquired at a pH of 5.4, 7.4, and 9.4 and temperatures of 20 and 90 °C for each pH. The
protein was diluted to 3.5 puM in phosphate-citrate buffer (20 mM Na,HPO4, 50 mM NaF,
pH 5.4), mono-dibasic sodium phosphate (20 mM Na:HPO4/NaH>PO4, 50 mM NaF, pH
7.4), and glycine-hydrochloric acid (20 mM CHsNO;, 50 mM NaF, pH 9.4). The
contributions of the buffer spectra were subtracted from the EcDdIB CD spectrum. Then,
the resulting CD spectra were recorded as millidegrees (€), and their values were

converted into molar ellipticity ([@], deg-cm?-dmol™") by Equation 4:

[ ] _ 6(mdeg)
10[P] L N7

“)
where [P] is the molar concentration of protein (3.5 pM), Nr is the number of amino acid
residues (306), and / is the cuvette light path (cm). The percentage of secondary structures
was estimated from the CONTINLL algorithm by means of the CDPro program package,
using the SMP56 protein reference set (reference set of 56 soluble + membrane proteins)
[28].

DdIB thermal denaturation experiments (3.5 uM) were performed in the same
spectropolarimeter in which the measurements of the CD-UV far spectral profile were
performed, using the same 1.0 mm quartz cuvette. Thermal unfolding was carried out
from 20 to 90 °C at a heating rate of 1.0 °Clthin™!, with measurements being performed
every 2 °C, and at the same pH levels as the spectral profiles of the enzyme. The collected
spectral range was 223 to 199 nm, with a scanning speed of 50 nm[thin™', response time
of 1.0 s, spectral bandwidth of 1.0 nm, spectral resolution of 0.2 nm, and 3 accumulations.

The fraction of denatured enzyme was determined by Equation 5,
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60—-6u
fU "~ On—6u )

where @ is the sign from the circular dichroism of the enzyme at each investigated
temperature, 6n, and Qu are signs from the first (native) and last (denatured) temperature

analyzed, respectively. Therefore, the fraction of native enzyme can be calculated by fy =

fu—1.
The temperature, where fy = fu, is termed the thermal denaturation temperature

(Tn). Using a two-state transition model (native <> unfolded) for thermal denaturation of

the protein and calculating the equilibrium constant of this process as Kf; =fy / Sy, van't

Hoff's enthalpy variation for the denaturation process (AHVZ) was determined by the

following equation:

d v _ AEY
d1/Taneq ~ TR (6)

2.4. Differential scanning calorimetry (DSC)

DSC experiments were performed using the N-DSC III calorimeter (TA
Instruments, USA) in the temperature range from 10 to 90 °C with heating and cooling
scanning rates of 0.5 and 1.0 °Clthin™'. For DSC measurements, the protein was diluted
in mono-dibasic sodium phosphate buffer (20 mM Na,HPO4/NaH>PO4, 50 mM NaF) at
a pH of 7.4 for concentrations of 0.5 and 1.0 mghL™". The calorimetric cells were filled
with the buffer solution equilibrated at 10 °C for 10 min and examined repeatedly at the
interval of 10-90 °C until the baseline was reproducible. After calibrating the baseline
with the buffer solution, the sample cell of the calorimeter had its’ solution replaced by
another containing the enzyme DdIB. The temperature scanning process with the
equipment containing the enzyme occurred from a heating and cooling range of 10 to 90

°C to perform the enzyme denaturation process and investigate thermal refolding. The

contribution of heat capacity at a constant pressure (G, kJ-mol™-K™") of the buffer

solution was subtracted from the DdIB G, values in the investigated temperature range.

24



The AHZ, value for the DdIB thermal unfolding process was determined by the

van’t Hoff ratio (anZI & 1/1 ) as described by CD measurements (section 2.3), being
the fraction of denatured enzyme (fy) calculated by a discretized thermogram integration

process. The variation in calorimetric enthalpy (AHZI,) for the denaturation process was

determined by calculating the area of the protein thermogram, after the baseline had been

corrected.

2.5. Thermal denaturation of DDIB by fluorescence spectroscopy

Fluorescence spectroscopy experiments were performed on ISS PC1 - Photon
Counting Spectrofluorimeter equipment (Champaign, IL, USA) coupled with a Neslab
RTE-221 thermal bath. The excitation and emission slits were 8 nm wide and samples
were analyzed in a 1.0 cm quartz cuvette. An excitation wavelength of 295 nm was chosen
since it exclusively selects DdIB tryptophan residues. The enzyme was diluted in mono-
dibasic sodium phosphate buffer at a pH of 7.4 to a concentration of 3.5 uM (20 mM
NaH>PO4/Na;HPO4, 50 mM NaF). The emission spectra of the enzyme were collected in
the spectral range from 305 to 500 nm and then corrected for the contribution of the
fluorescence spectrum of the buffer. The protein denaturation experiment was carried out
from 20 to 90 °C with an increase of 2 °C per measurement. Equations 5 and 6 were used

to treat and analyze the unfolding data, as well as in the CD and DSC analyses.

2.6. Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed on Zetasizer Nano
S90 equipment (Malvern, Panalytical, Netherlands and United Kingdom) equipped with
temperature control and a 1.0 cm optical path with reduced volume (120 pL). DLS
measurements were performed with a total of 30 scans, each acquired over 30 seconds.
Determination of the hydrodynamic radius of the DdIB enzyme (2 mghL™) was
performed at a pH of 7.4 (20 mM NaH>PO4/Na;HPO4, 50 mM NaF) at 20 °C. The protein
sample was centrifuged at 27,000 x g for 15 min at 4 °C to eliminate non-soluble particles

before measuring the molecular size.
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3. Results

3.1. EcDdIB purification analysis by SDS-PAGE

After affinity chromatography purification, we estimated a good yield in the
expression of EcDdIB, being eluted an average of 3 mL at a concentration of ~0.6
mghL™" for every 50 mL of cultured LB medium. The observed purity was also
satisfactory, due to the appearance of only one band with a mass close to 34,533 Da, as
predicted by Protparam, which corresponds to EcDdIB with six histidine residues at its
N-terminal. (EcDdIB+Hisgx).

Fig.1 shows the result of the purification steps after elution in a HisTrap (HT)
column, buffer change by a HiTrap desalting column, and concentration. A very low
amount of proteins passed through the 10 kDa filter during concentration by
centrifugation. Buffer changes were necessary to prepare the protein in specific buffers
for biophysical techniques (CD, DSC, fluorescence spectroscopy, and DLS) and kinetic
assays. The sample present in the concentrated fraction (CS) was identified as DdIB from
E. coli by means of peptide mass fingerprinting (PMF) analysis with 93% coverage of the

amino acid sequence (Table S1, supplementary data).

5kDa

Fig. 1. SDS-PAGE (12%) showing the steps of purification and concentration of EcDdDIB obtained on
the LAS 500 equipment (GE). MM —Molecular Marker (Precision Plus Protein™ Dual Xtra Prestained
Protein Standards, Bio Rad); FT - Flow Through; HT — HisTrap column eluted samples; CS — Samples
concentrated in Amicon tubes of 10 kDa cutoff and, FS - Proteins that have passed through the Amicon
filter. The concentrated samples were sufficiently pure to perform biophysical analyses.

The elution of EcDdIB in a Superdex-200 10/300 column indicated that the protein
had a molecular weight of ~66.2 kDa, a mass compatible with a homodimer in solution
(Fig. 2). Hence, a ratio of 1.92 between the theoretical mass/column-eluted protein was

found, confirming the dimeric state.
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Fig. 2. (A) EcDdIB elution chromatogram on a Superdex-200 10/300 column. (B) Plot showing the
calibration dataset used to calculate the molecular weight of EcDdIB. A protein mix (500 uL) of known
molecular weights (black dots) was applied: Ferritin (440 kDa), Aldolase (158 kDa), Canalbumin (75
kDa), Carbonic anhydrase (29 kDa), and Ribonuclease (13.7 kDa). The elution volumes (black dots) and
EcDdIB (blue dot) were converted to K., and plotted against log of their molecular weights. The MW of
EcDdIB was calculated by linear fit. Proteins were eluted in isocratic mode with 50 mM phosphate buffer
+ 150 mM NaCl at a pH of 7.2 and room temperature at a flow rate of 0.5 mL[thin"!. Absorbances were
monitored at 214 and 280 nm. The estimated MW for EcDdIB in solution was 66,203 Da, suggesting a
homodimer as biological unity. Linear equation variables: a=2.00381; b =-0.33196; K., (y) = 0.40347;

R =0.99912.

3.2. EcDdIB catalytic activity assays

The catalytic activity of EcDdIB was evaluated according to the substrate

concentration at 25 °C and a pH of 7.8. The adjustment of Equation 2 to data points in

Fig. 3 provided a Ku value of 2.2 + 0.6 mM and Vmax of 355 + 27 nMthin™!. These values

differ from those reported by Batson et al. (2017) for this enzyme, Km= 167 + 13 uM and

Vmax=0.29 +0.01 uM.min"!, which used the positional isotope exchange technique (PIX)

with [y-'®04]-ATP, where changes in the isotopic composition of the initial [y'®04]-ATP

species over time were monitored by *'P NMR spectroscopy [12]. The PIX technique is

more accurate than PK/LDH assay, it’s because of the direct measurement of isotopically

labeled phosphor atoms, without the need to couple other two enzymatic reactions.
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Fig. 3. EcDdIB catalytic activity as a function of D-alanine substrate concentration. Experiment
conditions: Hepes buffer 100 mM, pH 7.8, 10 mM KCI, 10 mM MgCl,, 5 mM ATP, 2.5 mM PEP, 0.1
mM NADH, 50 pgihL™ lactate dehydrogenase (LDH), 0.14 mgthL™!, PK enzyme (0.63 pg), 25 °C.

Analysis in the presence of the ligand D-cycloserine, a competitive inhibitor of D-
Ala substrate [13], was performed as a way of further validation for the kinetic parameters
of the expressed protein. The ICso was 10.5 + 0.4 uM (Fig. 4), a value very close to 11.5
+ 0.5 uM, which was previously found for this enzyme by Batson et al. (2017) [12]. The
small difference found is due to the intrinsic precision of the two different techniques

used.
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Fig. 4. Inhibition assays using the ligand D-cycloserine for evaluation of ICso. The concentration of the
substrate D-alanine was maintained at 0.4 mM and the concentration of D-cycloserine ranged from 0.025
to 50 uM. Equation 3 was adjusted to the experimental data points to obtain the ICsp.

I
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3.3. Influence of pH on the characterization of secondary structure and thermal

denaturation of DdIB determined by CD
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The circular dichroism technique was used to estimate the secondary structure
content of EcDdIB under three different pH conditions: 1) close to the theoretical pl of
EcDdIB (pH 5.4), 2) near to the cytosolic pH of E. coli (pH 7.4) and 3) an alkaline pH
condition (pH 9.4). The CD-UV far spectra from EcDdIB showed a similar profile at a
pH of 5.4 and 9.4 at 293 K (20 °C) with a defined minimum of molar ellipticity at 208
nm together with a contribution around 222 nm and a positive ellipticity value above 200
nm (Fig. 5a). These spectral profile characteristics show the predominance of the
secondary O-helix in the structural conformation of the enzyme. In contrast, the CD
spectral profile of the protein at a pH of 7.4 showed a significant difference from those at
a pH of 5.4 and 9.4, which suggests a decrease in the contribution of a-helix structural
components (Fig. 5a).

To confirm the characteristics of the secondary structures of EcDdIB, spectral
deconvolutions of the CD data were performed at 20 °C at pH levels of 5.4, 7.4, and 9.4.
Deconvolution results determined by the CONTINLL algorithm [28] revealed a majority
percentage of a-helices for the enzyme at a pH of 5.4 and 9.4, whereas for a pH of 7.4,
an equal contribution of B structures (B-strand/B-sheet) and a-helix was calculated (Table
1). The percentages of EcDdIB secondary structure elements determined from the CD
spectra at a pH of 5.4 and 9.4 corroborate the statistics from the crystallographic structure,
PDB ID: 4C5C, obtained at a pH of 8.0 [12] and evaluated by the VADAR server [29],
whereas at a pH of 7.4, there was no match between the CD and X-ray crystallography

results.
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Fig. 5. (A) CD-UV far spectra from 3.5 uM EcDdIB at a pH of 5.4, 7.4, and 9.4 and at temperatures of
293 (solid line) and 363 K (dashed line). (B) Values of molar ellipticity at 222 nm for the thermal
denaturation process of the enzyme obtained between 293 and 363 K with a temperature increase of 2
K. The heating rate was 1.0 Klthin™!. The inset represents the first derivative of the unfolding curve at a
pH of 7.4 and the dotted line marks the apparent transition points.
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Table 1

Percentage of secondary structures of EcDdIB under different pH and temperature conditions determined
by the deconvolution of circular dichroism spectra, in comparison with the statistics of the crystallographic
model PDB ID: 4C5C.

pH 5.4 pH 7.4 pH 9.4 4C5C
Secondary structure (%) o333 00K 363K 293K 363K crystal
a-helix 35 5 25 10 35 11 40
[-structure 18 45 26 36 18 32 19
Turn 18 21 20 23 19 25 10
Random coil 29 29 29 31 28 32 29

To characterize the thermal stability of EcDdIB at a pH of 5.4, 7.4, and 9.4,
thermal denaturation experiments were carried out using circular dichroism
measurements in the temperature range from 293 (20 °C) to 363 K (90 °C). The CD
spectra of the enzyme at 363 K (90 °C) at the investigated pH levels showed
characteristics of an unfolded protein, with a disappearance of the minimum molar
ellipticity at 208 and 222 nm and a decrease in positive ellipticity above 200 nm (Fig. 6a).
The spectral deconvolution analysis revealed a significant reduction of a-helix secondary
structures at all pH levels studied at 90 °C, plus an increase in -structure content (Table
1).

The thermal denaturation profiles of the enzyme at pH levels of 5.4, 7.4, and 9.4
through the CD signal at 222 nm and as a function of temperature are shown in Fig. 5b.
The temperature increases from 293 to 363 K at a pH of 5.4 and 9.4 showed a typically
cooperative denaturation profile for the enzyme with a single sigmoidal component,
whereas an unusual profile consisting of two sigmoidal contributions was observed for a
pH of 7.4. Analysis of the normalized thermal denaturation curves of the enzyme for pH
levels of 5.4 and 9.4 was performed based on a theoretical adjustment of Equations 5 and
6 to the experimental data (Fig. 6), considering a two-state model (see section 2.3). The
thermal denaturation temperature (7,,) obtained was 325.6 = 0.1 (52.68 °C) and 316.0 +
0.2 K (43 °C) for the unfolding at pH levels of 5.4 and 9.4, while the change in van’t Hoff

enthalpy (AH,) was 484 + 19 and 284 = 15 kJ-mol™!, respectively.
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Fig. 6. Molar ellipticity, normalized at 222 nm, as a function of temperature for the thermal denaturation
of EcDdIB (3.5 uM) at (A) pH of 5.4 and (B) pH of 9.4. The filled circles represent the experimental
data and the red line denotes the theoretical adjustment of Equations 5 and 6. The black line indicates
the thermal denaturation temperature (7,,) of the protein.

Due to its anomalous and complex behavior, the thermal denaturation profile of
EcDdIB at a pH of 7.4 was not analyzed by the theoretical adjustment of Equations 5 and
6; however, the first derivative analysis revealed two apparent transition points referring
to a minimum and maximum at 320.1 £ 0.1 (47.1 °C) and 332.9 = 0.1 K (59.9 °C),
respectively. The first apparent transition exhibited characteristics typical of thermal
denaturation with a decrease in the magnitude of the CD signal and, therefore, must
correspond to the main transition of the enzyme at a pH of 7.4. The second apparent
transition could be understood as a particular and unusual chromophoric contribution,
which in part would explain the discrepancy in quantification of the secondary structures
of the enzyme at a pH of 7.4, determined by the spectral deconvolution regarding the
crystalline structure of the protein. This behavior is uncommon and is an interesting fact
about EcDdIB.

To further investigate this phenomenon, another chromophoric probe was used;
the intrinsic fluorescence of EcDdIB tryptophans was also used to monitor the thermal
denaturation of the enzyme at a pH of 7.4. Fig. 7a shows the emission spectra of the
protein at 3.5 uM, in which suppression of fluorescence was observed with increasing
temperature, characterizing the thermal unfolding of the enzyme. The T, value obtained
was 322.9 + 0.5 K (49.9 °C) with a van't Hoff enthalpy variation of 243 + 30 kJ-mol!
(Fig. 7b), which were determined according to Equations 5 and 6 considering a two-state
model. The melting temperature determined by the fluorescence technique was in
accordance with the temperature value for the first apparent transition observed for the

first derivative analysis of the CD data at a pH of 7.4.
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Fig. 7. (A) Fluorescence spectra of EcDdIB (3.5 uM; pH 7.4) at different temperatures in the range from
293 to 363 K, with increments of 2 K. (B) Normalized thermal denaturation curve of the enzyme at the
wavelength of 340 nm, which corresponds to the maximum fluorescence emission. The filled circles
represent the experimental data and the red line denotes the theoretical adjustment of Equations 5 and 6.
The black line indicates the thermal denaturation temperature (7,,) of the protein.

The pH variation of the DdIB buffer solution has made significant changes in the

values of the thermodynamic parameters determined for the process of thermal unfolding

of the enzyme. These changes in 7,, and AHZ{ values originated from changes in the

ionization state of the charged protein residues. The acidification of the buffer solution
(pH 9.4—5.4) provided an increase in the protein thermal denaturation temperature value,
which corresponded to an incremental change of ~10 K, as well as an increase of 200
kJ-mol! in the value of van't Hoff's enthalpy variation. This increase in the T, value
characterized an improvement in the thermal stability of DdIB in buffering conditions of
a pH close to the theoretical isoelectric point of the enzyme (theoretical pl of 5.0).
Literature has reported a similar behavior in the 7, and pH ratio for Trichoderma reesei
cellobiohydrolase Cel7A (theoretical pl of 4.32), which exhibited an improvement in its
thermal stability with AT, of ~30 K for a pH range from 9.0 to 3.5 [30]. The theoretical
isoelectric points were calculated on the ProtParam webserver [24].

The CD experiments suggest that the DdIB thermal unfolding process was not
reversible, since, after the enzyme was subjected to a temperature above its melting
temperature, the enzyme did not exhibit a spectral profile similar to its native form (data
not shown). This aspect of irreversible denaturation and the increase in 3 structures at
high temperatures (such as 363 K) point to the formation of protein aggregates throughout
the process. The increase in the percentage of B-sheet/B-strand may be related to the
formation of B intermolecular structures that contribute to the formation and stabilization
of aggregates. Such behavior was also observed for the human DNA/RNA-binding KIN

protein [31] and human serum albumin [32].
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3.4. Dependence of the scanning rate for the thermal denaturation process of DdIB
investigated by DSC

Fig. 8a shows the DSC thermograms of the thermal denaturation processes of
EcDdIB at a pH of 7.4 and at concentrations of 0.5 and 1.0 mghL™" with heating rates of
0.5 and 1.0 Khin™'. All EcDdIB thermograms showed characteristics typical of an
endothermic transition composed of a single Gaussian curve. This aspect differed from
the complex profile of the thermal denaturation curve determined by the circular
dichroism technique, suggesting that the CD data of the enzyme at a pH of 7.4 is a
particular and anomalous case, possibly arising from the particular characteristics of the

investigated chromophore.
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Fig. 8. (A) DSC thermograms of EcDdIB at concentrations of 0.5 and 1.0 mghL™! for experiments
performed with a heating rate of 0.5 and 1.0 Kithin™!. The dotted line represents the melting temperature
of the thermograms collected at 0.5 Klhin™ and the dashed line represents the experiments collected at
1.0 Khin™!. (B) Van't Hoff plots of DSC data for thermal denaturation of the enzyme. The filled circles
represent the experimental data and the lines denote the adjustment of Equation 6.

Analysis of the thermograms regarding the thermal denaturation temperature (75,);

variation in calorimetric enthalpy (AHZ,) and the calculated van't Hoff's enthalpy

variations (AH., ), considering a two-state model for the unfolding of DdIB (Fig. 8b), can

be seen in Table 2 for two DdIB concentrations and heating rates. The reversibility
experiments (cooling scan) showed that the thermal transition of EcDdIB at

concentrations of 0.5 and 1.0 mghL™" was irreversible.
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Table 2
Biophysical parameters obtained by analysis of thermograms in DSC experiments for two
EcDdIB concentrations - [DdIB] - and two heating rates.

[DdlB]/hglatin_g rate T (°C) AHY, AH,
(mg.mL"/K.min") (kJ-mol") (kJ-mol)
1.0/1.0 3284+ 0.1 K(55.2) 456 £ 22 471 = 14
1.0/0.5 326.8 +£0.1 K (53.7) 418 £20 538 £16
0.5/1.0 3284+ 0.1 K(55.2) 465 £23 454 13
0.5/0.5 326.7+0.1 K (53.7) 368 + 18 534 +16

From the thermodynamic parameters (7, ,AHZ,, AHE,, and AHZJ/ AHSLI)

determined by the DSC technique, it was possible to observe that the different scanning
rates of DSC promoted changes in the DdIB thermal unfolding process. The T, value

showed an average difference of 1.65 K between DSC thermograms collected at 0.5 and

1.0 Kfthin™!, whereas the AH", and AHY, revealed an average difference of 68 and 74

kJ-mol”!, respectively. The ratio AH., / AH',, for 0.5 mghL™" of enzyme was 0.69 and
1.02, and for 1.0 mgthL™' was 0.78 and 0.97 in measurements with a heating rate of 0.5
and 1.0 Kthin™!, respectively.

It is worth mentioning that the energies AHCUa, and AH:L are independent and
model-dependent thermodynamic parameters, respectively, and therefore the ratio

AHZZ / AHZ, denotes the number of moles of the denaturing cooperative unit by the

number of moles of the monomer. The expected value of the ratio AHZ, / AHéj, for a
transition of two states of a monomer would be equal to 1.0, whereas for a dimer this
expected value would be 0.5 [33]. Therefore, it is possible to observe that the ratio
AHY / AH',, obtained for the thermal unfolding of DdIB at 0.5 K[thin™' was at least 1.5
times greater than the expected value (equal to 0.5) and at least 2 times greater for the

process at 1.0 Kthin™!. Dependence among AHZ, / AHZL, and the scan rate (0.5 or 1.0

Khin™') of DSC experiments was characteristic of the kinetic phenomenon of protein
aggregation that probably occurs throughout the process of thermal denaturation and
intensifies at high temperatures. This result is in agreement with the dependence between
T, and the DSC scan rate, since the formation of aggregates is also dependent on the
heating rate developed in the thermal denaturation experiments and, therefore,

corroborates the irreversibility characteristic of the process [34].
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The biological unit of the crystalized protein DdIB (PDB ID: 4C5C) revealed a
homodimeric arrangement with a geometric radius of ~3.8 nm, this result corroborates
the DLS measurements that determined a hydrodynamic radius of 4.2 + 0.1 nm for the
protein in solution (Fig. 9), as well as the estimated molecular weight of the protein in
solution (Fig. 2b). The smaller radius found in the crystal structure is probably caused by
the effect of the reagents used in the crystallization process, such as polyethylene glycol
(PEG), in which it acts by removing the solvation water from the surface of the protein

to promote crystal nucleation, resulting in compaction of the protein structure [35].

1 10 100
Hydrodynamic radius (nm)

10" 10’ 10° 10° 10"  10°
Time (ps)
Fig. 9. DLS measurement at 2.0 mghL™" of EcDdIB at a pH of 7.4 and at 20 °C . The insert shows the
hydrodynamic radius (nm) distribution profile of the protein in solution. The main plot shows the raw
data from the DLS experiment that corresponds to the sigmoidal curve of the correlation coefficient as a
function of time (us).

4. Discussion

Regarding the biophysical parameters obtained from CD analysis of DdIB, the
most uncommon behavior was the unusual transition formed by two sigmoidal
contributions at a pH of 7.4 (Figure 5b). To interpret this result, we must consider that
CD spectra assesses folding of the secondary structure of the protein. Thus, a probable
hypothesis to justify this result would be the previous presence of ATP or ADP strongly
bound to DdIB during its expression by E. coli, where this ligand would not have been
totally removed during enzyme purification, gel filtration, buffer exchange, and
concentration procedures. Thus, although the experimental conditions in CD analysis
were carried out without adding ATP/ADP, a residual amount of this cofactor may still

have been previously bonded to DdIB.
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We hypothesized that with the rising temperature, close to 320.1 K (47.1 °C),
ATP/ADP would start to unbind from the protein and promote a rearrangement in its
secondary structure. After the cofactor released, the secondary structure would return to
an arrangement similar to that observed at the time when the ATP/ADP began to unbind
and, from then on, the CD started to register only the signal variation regarding
denaturation of the protein structure. Since the fluorescence analysis does not depend only
on secondary structure folding, but mainly on the exposure of the side chains of the
chromophoric amino acid residues to the solvent during the denaturation process, this
two-step transition observed in CD was not observed in the fluorescence experiment (Fig.
7). This hypothesis is supported by the anomalous behavior only observed at a pH of 7.4
because at this pH, the enzyme EcDdIB would be in its native structure, soaked in a pH
value included in the range of cytosolic pH of Escherichia coli around 7.2—-7.8 [36]. That
is, only at a pH of 7.4, among those tested, the DdIB protein would have the correct
structural conformation for binding to the ATP/ADP cofactor.

Another curious data obtained in the CD experiments are the percentages of
secondary structure found (Table 1). The percentages found to DdIB at pH 5.4 and 9.4
are more resemble the crystallographic model than at pH 7.4, which is closer to the pH
8.0 used to obtain the model. Our group hypothesized two explanations for this data: the
first one, is that there is nothing special about the structure at pH 7.4. The bias observed
in the CD analysis at this pH does not allow us to correctly identify the percentages of
secondary structure. It could be that the structural characteristics in 7.4 are very similar
to pH 5.4 and 9.4, but due to the presence of the chromophoric agent linked to the EcDdIB
structure, it modifies the CD signal. The second hypothesis is that the 4C5C model is
biased due to the compaction process caused by the crystallization process, which is
largely due to the high ionic strength and the use of PEG 6000 in the crystallization buffer.
Several articles in the literature demonstrated that the use of PEG can cause changes in
the native structure of proteins [37-39]. Some works have demonstrated the stabilizing
effect of PEG on o-helix structures, which could explain the gain of this secondary
structure in detriment of B-turns in the crystallographic model [40,41]. More experiments
will be carried out to better evaluate the behavior of EcDdIB at pH 7.4, such as the use of
Fourier transform infrared (FTIR) spectroscopy.

The physiological implication of these results presented in this study are that at

temperatures of a feverish situation (between 37 to 41 °C), EcDdIB is still active in the
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bacterium. Thus, highlighting the need to search for new drugs that can inhibit or reduce

its activity.

5. Conclusion

The biophysical analyses carried out in this study have provided for the first time
information about the parameters 7m, AHC(Z,I , AHZ, , and characterization of the secondary

structure elements in solution for three different pH levels for the enzyme EcDdIB.
Additionally, this work well illustrated the relevance of using different techniques in
synergy for the analysis of protein structure, only then, it was possible to verify the
anomalous behavior of DdIB in CD experiments. The divergences found in the
percentages of secondary structure between the protein at pH 7.4 and the crystallographic
model highlight the importance of using protein analysis in solution to validate the
crystallographic structure that will be used for molecular docking assays. At pH levels of
9.4 and 5.4, a greater structural composition of a-helices regarding B-sheets was found,
which was different from that observed at a pH of 7.4 (cytoplasmic pH), where an equal
composition was found. An increase in the stability of the protein was observed at lower
pH, with greater stability at a pH of 5.4. Such results will be useful for energy
minimization of structural models aimed at virtual screening simulations, seeking
secondary structure compositions close to those found at pH 7.4, where DdIB is in its
native conformation. The results presented here could provide useful information in the

search for drugs that inhibit peptidoglycan synthesis.
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Table S1

Mass peptide fingerprint from EcDDIB by LC-MSE. Red peptides in the sequence
matches those founds by LC-MSE. The yellow highlighted represents an alternative
eptide produced by protein digestion that superimpose other peptide sequences.

R

Protein | Species | Score | Peptides Peptides Sequences Monoisotopic
Number mass (Mr)
.IAVLLGGTSAER.E (+2),
.EVSLNSGAAVLAGLR.E (+2), 32,933
DDLB ECOLI 35680 | 19 .EGGIDAYPVDPK.E (+2), !
(K12) .EVDVTQLK.S (+2),

K
R
R
K
K.VFIALHGR.G(+2),

R.AEFEKGLSDK.Q (+2) ,
R.EGSSVGMSK.V (+2),
K.
R
K
R
K
K
R
R

VVAENALQDALR.L (+2),

.LAFQHDEEVLIEK.W (+2),
.WLSGPEFTVAILGEEILPSIR.I (+2)
.IQPSGTFYDYEAK.Y (+2),
.YLSDETQYFCPAGLEASQEANLQALVLK.A (+2,
.AWTTLGCK.G (+2),

. IDVMLDSDGQFYLLEANTSPGMTSHSLVPMAAR.Q (+2) ,
.QAGMSFSQLVVR. I (+2)

.GGEDGTLQGMLELMGLPYTGSGVMASALSMDK.L°+

Oxidation (M) (+2),

R.
K.
K.
K.

SKLLWQGAGLPVAPWVALTR.A (+2),
LLWQGAGLPVAPWVALTR.A (+2),
GLSDKQLAEISALGLPVIVKPSR.E (+2),
QLAEISALGLPVIVKPSR.E (+2)

ILELAD

>sp|P07862|DDLB_ECOLI D-alanine--D-alanine ligase B OS=Escherichia coli
0X=83333 GN=ddlB PE=1 SV=3

MTDKIAVLLGGTSAEREVSLNSGAAVLAGLREGGIDAYPVDPKEVDVTQLKSMGFQKVFI
ALHGRGGEDGTLQGMLELMGLPYTGSGVMASALSMDKLRSKLLWQGAGLPVAPWVALTRA
EFEKGLSDKQLAETSALGLPVIVKP SREGSSVGMSKVVAENALODALRLAFQHDEEVLIE
KWLSGPEFTVAILGEEILPSIRIQPSGTFYDYEAKYLSDETQYFCPAGLEASQEANLOAL
VLKAWTTLGCKGWGRIDVMLDSDGQFYLLEANTSPGMTSHSLVPMAARQAGMSFSQLVVR

(strain K12)
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Lista de Abreviacoes

B-CoVs - B-coronavirus

DAPI - 4',6-diamidino-2-fenilindole

DMSO - Dimetilsulféxido

ESI-MS/MS - Espectrometria de Massas com lonizacao por Eletropuverizacao
FAE ou EtOAc - Fragdo Acetato de Etila

HTS - High-throughput screening

HMW - High Molecular Weight

IPTG - Isopropil B-D-1-tiogalactopiranosideo

IR - Taxa de Infeccdo

LMW — Low Molecular Weight

MERS CoV - Coronavirus da Sindrome Respiratéria do Oriente Médio
MP* — Protease Principal

NSP - Proteinas Nao Estruturais

PDB ID — Protein data bank Identity

PFA - Paraformaldeido

PGG - Pentagalloilglicose

RBD - Dominio de Liga¢do ao Receptor

RMN - Ressonancia Magnética Nuclear

SARS - Sindrome Respiratéria Aguda Grave

X77 - N-(4-tert-butylphenyl)-N-[(1R)-2-(cyclohexylamino)-2-oxo-1-(pyridin-3-
yDethyl]-1H-imidazole-4-carboxamide
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ABSTRACT

Embora existam vacinas eficientes, ndo hd tratamento antiviral especifico para casos
graves de Covid-19 que requerem internacdo em Unidades de Terapia Intensiva (UTI).
Devido a caréncia de farmacos eficientes no tratamento de Covid-19 e a iminéncia do
surgimento de uma cepa viral que seja resistente parcial ou integralmente as vacinas
atuais, a protease principal do SARS-CoV-2 (MP™) torna-se um alvo atrativo para novas
moléculas antivirais, por apresentar papel chave no ciclo viral e ndo possuir homologia
com proteinas humanas. Assim, este estudo teve o objetivo de prospectar novos
compostos inibidores de MP™ de SARS-CoV-2 em extratos de Poincianella pluviosa e
compostos sintéticos, a partir de varredura virtual, e avaliar seu potencial inibitério
empregando ensaios proteoliticos em MP" recombinante e ensaios com células Vero E6
infectadas. Nos ensaios de docking molecular foram identificados quatro compostos com
potencial atividade inibitéria de MP™, presentes nos extratos de P. pluviosa. O composto
isolado Pentagalloylglucose (PGG) apresentou os melhores resultados nos experimentos
de cinética proteolitica, com uma supressdo da atividade da MP™ recombinante em ~60%.
No entanto, nos experimentos com células infectadas todas as fracdes do extrato de P.
pluviosa (FAE, F4 e F2) performaram melhor que PGG, alcancando ~100% de atividade.
A proeminente atividade dos extratos em células infectadas pode ter sido ocasionada pelo
efeito sinérgico dos diversos taninos hidrolisdveis presentes, com a¢do simultinea em

MP™ e outros alvos de SARS-CoV-2 e do hospedeiro.

Palavras-chave: SARS-CoV-2; MP?; Covid-19; taninos antivirais; Poincianella

pluviosa
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1.Introducao

O virus SARS-CoV-2 pertencente a familia altamente diversa Coronavidae, mais
especificamente, estd incluso no género pB-coronavirus (B-CoVs), no qual muitas espécies
sao patdgenos humanos e causam doengas respiratérias graves, incluindo o SARS-CoV e
o Coronavirus da Sindrome Respiratéria do Oriente Médio (MERS-CoV) [1]. O genoma
de SARS-CoV-2 ¢ composto por RNA de fita simples de senso positivo (+ssRNA) com
cerca de 30,000 nucleotideos. Apds a entrada na célula hospedeira, este RNA € transcrito
a partir de duas ORFs sobrepostas, ORF1a e ORF1b, dando origem as poliproteinas ppla
e pplab, respectivamente, que sdo requeridas para a replicagdo e transcri¢ao viral [2—4].
Os polipeptideos funcionais sdo liberados das poliproteinas ppla e pplab por extenso
processamento proteolitico, sendo clivados em 16 proteinas ndo estruturais (NSP),
predominantemente por uma cisteino protease de 33.8 kDa denominada MP™ (também

conhecida como 3 cysteine-like protease — 3CLP™).

MP® (EC 3.4.22.69) hidrolisa pelo menos 11 sitios conservados na poliproteina
pplab, comecando pelo seu sitio de clivagem autolitica [5]. Seu sitio de clivagem
demonstra certa promiscuidade, reconhecendo motivos com sequéncia contendo
LXGGJ|(A/K)X, onde X é qualquer aminodcido e | € o ponto em que ocorre a hidrélise da

pro

ligacdo peptidica [6,7]. Estudos mostraram que a MP™ possui fundamental importancia
para o ciclo viral, pois inibidores especificos bloquearam o ciclo de vida viral sem

biotoxicidade 6bvia, devido ao fato da MP™ nao possuir homdélogos em humanos [8—10].

A investigacdo da estrutura da MP" de SARS-CoV-2, utilizando cristalografia de
raios X, identificou que a estrutura proteica é altamente semelhante a outras proteinas
MP™® de outros coronavirus resolvidas anteriormente, sugerindo a importancia
fundamental dessa proteina para a familia Coronaviridae [11-16]. MP™ possui como
unidade biolégica um homodimero, onde cada mondmero € subdividido em trés
dominios: o Dominio I (residuos 8-101) e o Dominio II (residuos 102-184) formam uma
arquitetura quimotripsina-like com uma cisteina catalitica e um loop longo (residuos 185-
200) os liga ao Dominio III (residuos 201-303). A regido de interacdo entre os dois
monodmeros € majoritariamente composta pelo Dominio II de um mondmero e os residuos
do N-terminal do outro, o que favorece a formacao do bolso de ligacdo ao substrato

[17,18].
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Por apresentar papel chave no ciclo viral e ndo possuir homologia com proteinas

pro

humanas, a MP* de SARS-CoV-2 torna-se um alvo atrativo para novas moléculas
antivirais. Diversos grupos de pesquisa estdo reportando a identificacdo de compostos
promissores com atividade inibitéria de MP™ a partir de ensaios com combinagdo de
varredura virtual baseada em estrutura e triagem de alto rendimento (HTS - High-
throughput screening) [11,19-21]. No entanto, a taxa de sucesso das drogas que iniciam
os estudos e que, de fato, se tornam medicamentos ao término de todas as etapas dos testes
clinicos € de apenas 12%, aproximadamente [22]. Adicionalmente, alguns tratamentos ja
foram identificados; entretanto, possuem baixa eficdcia clinica ou requerem utiliza¢ao

dentro de uma janela de tratamento estreita [23,24], tornando a pesquisa continuada de

novas terapéuticas essencial.

Diversos estudos com produtos naturais vém dando luz a metabdlitos secundarios
de plantas com atividade antiviral [25,26]. Um destes metabdlitos sdo os taninos,
compostos encontrados na maioria das plantas superiores e produzidos em quase todas as
partes da planta, por causa de seu papel fundamental na defesa contra insetos, fungos,
virus ou bactérias [27]. Diversos trabalhos na literatura ja demonstraram a atividade
antiviral de taninos [28-30], inclusive contra o virus SARS-CoV-2 [31]. Os taninos
também podem auxiliar na melhora do quadro de pacientes com Covid-19 (também
considerado um distirbio inflamatdrio), devido as suas atividades antioxidantes e
antiinflamatorias, assim, podem diminuir a morbidade e mortalidade da doencga [32]. Por
mais que alguns compostos antivirais paregcam ser promissores, sao poucos os extratos de
espécies vegetais da flora brasileira que foram caracterizados e, portanto, constituem um

campo de pesquisa pouco explorado no combate a infeccdes por microrganismos.

Devido a caréncia de farmacos eficientes no tratamento de casos graves de Covid-
19 e a iminéncia do surgimento de uma cepa viral que seja resistente parcial ou
integralmente as vacinas atuais, este estudo teve o objetivo de prospectar novos inibidores
da enzima MP® de SARS-CoV-2. A estratégia € utilizar a metodologia de varredura
virtual de extratos de Poincianella pluviosa (também conhecida como Sibipiruna) e
compostos sintéticos, bem como avaliar o potencial inibitério empregando ensaios
proteoliticos em MP™ expressa heterologamente. Os melhores inibidores da MP™ foram
avaliados em estudos de atividade antiviral em culturas de células Vero E6 e sua potencial

toxicidade in vitro. Os compostos apresentados aqui poderdo aumentar o acervo de drogas
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com potencial atividade antiviral contra este virus que ja resultou em milhdes de mortes

e vem causando danos econdmicos vertiginosos em todo o mundo.

2. Material e Métodos

2.1. Simulagoes de varredura virtual

A cadeia A da estrutura cristalografica da protease principal (MP™) de SARS-
CoV-2 ligada ao inibidor ndo covalente N-(4-tert-butylphenyl)-N-[(IR)-2-
(cyclohexylamino)-2-oxo-1-(pyridin-3-yl)ethyl]- 1 H-imidazole-4-carboxamide (chamado
de X77) - PDB ID: 6W63 [33] - foi utilizada nas simulac¢des de varredura virtual. Para
1850, todas as dguas e sais foram removidos da estrutura e os programas de varredura com
os respectivos protocolos foram definidos por meio de redocking do ligante X77
(Pubchem CID 145998279). O programa AutoDock Vina [34] utilizou o algoritmo padrao
de busca e ranqueamento com uma caixa de dimensdes 15, 20 e 20 nos eixos x, y € z,
respectivamente, centrada no ligante X77. Os ligantes foram minimizados usando o
campo de forca uff [35] antes de serem convertidos para o formato *.pdbqt. O programa
Molegro v-6.1 [36] utilizou os algoritmos Moldock SE e Moldock Score para busca e
ranqueamento, respectivamente, onde os ligantes foram ranqueados pelo menor indice H-
bond. O raio de busca foi de 9 A centrado no ligante X77. Os programas foram
considerados validados quando o rmsd encontrado na sobreposi¢do do ligante X77 foi

menor que 1,5 A em todas as repeticoes.

A biblioteca contendo 13 taninos identificados no extrato de P. pluviosa [37] e o
ligante X77 foram utilizados nas simulagdes. As estruturas 2D ou 3D dos compostos
foram obtidas nas bases de dados Zincl5 ou PubChem [38,39], adicionadas de
hidrogénios e convertidas para o formato 3D com o programa OpenBabel [40]. A
varredura virtual foi realizada em quadruplicata, com os programas validados, e os

escores médios dos compostos avaliados foram ponderados por meio da Equacdo 1.

Molegro + Vina J (1)

. 1 1
Escore relativo médio = — .
Molegro ., Vina
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Os termos Molegromax € Vinamax correspondem a pontuagdo do composto ao qual
o escore numérico maximo foi atribuido por cada programa. O escore médio relativo

obtido com o ligante X77 foi utilizado como nota de corte.

2.2. Expressdo e purifica¢do da proteina recombinante MP"° de SARS-CoV-2

O plasmideo pET22b-MP™ contendo a sequéncia codificante de MP™ (clonado
usando as enzimas de restri¢ao Ndel e Xhol) foi adquirido da empresa FastBio (BRA). O
plasmideo foi desenhado para gerar uma proteina quimérica com 6 residuos de histidina
na extremidade C-terminal. As cepas de Escherichia coli BL21 (DE3), transformadas
com o plasmideo pET22b+MP™, foram cultivadas aerobicamente em meio LB liquido
contendo 50 pg.mL"! de ampicilina a 37 °C. Quando a cultura atingiu ODeqo de 0,6, foi
induzida a expressao de MP™ utilizando-se 0,5 mM de IPTG (Isopropil B-D-1-
tiogalactopiranosideo); a cultura foi mantida em 20 °C por 14 horas. Depois da expressao,
a cultura foi centrifugada em 10.000 x g por 10 min a 4 °C e o pellet armazenado em

freezer -20 °C.

O pellet foi ressuspenso em tampao de lise (NaH>PO4 50 mM, NaCl 300 mM,
imidazol 10 mM, 10% glicerol, 0,2% Triton X-100 e pH 8,0) e sonicado por 4 min com
pulsos de 20 s ON e 20 s OFF no gelo com amplitude de 60% em sonicador Fisher
Scientific. O extrato sonicado foi centrifugado em 15.000 X g por 10 min a 4 °C e o
sobrenadante foi filtrado em filtro de seringa Millex® de 0,22 um (Merck-Millipore,
GER). Posteriormente, o sobrenadante foi aplicado em HisTrap (Cytiva, USA) de 1 mL
usando AKTA Purifier (Cytiva, USA), para a inje¢cdo e monitoramento da amostra, em
tampao de binding (NaH>PO4 50 mM, NaCl 300 mM, imidazol 10 mM e pH 8,0). Para a
eluicdo da proteina foi utilizado um gradiente de 10-300 mM imidazol. A andlise de

purificacdo foi realizada usando SDS-Page 12% [41].

A verificacdo da unidade biol6gica homodimérica de MP™ foi realizada a partir
da massa da proteina eluida em cromatografia de gel filtracdo, utilizando coluna
Superdex ™ Increase 200 10/300 GL (Cytiva, USA). A curva de calibracio foi construida
usando o kit de calibracdo de filtracdo em gel LMW e HMW (Cytiva, USA), seguindo as
recomendacdes do fabricante. A andlise foi realizada em modo isocrético utilizando o
tampao fosfato 50 mM + NaCl 100 mM (pH 7,2) a temperatura ambiente e fluxo de 0,5

mL/min e o acompanhamento da corrida foi realizado a partir das absorbancias em 214 e
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280 nm. Os volumes de elui¢do para cada proteina foram medidos e convertidos em K,
(Equacao 2) e plotados em funcdo do logaritmo dos respectivos pesos moleculares
(logMW),
_ Ve_Vo
Ky = VoV, (2)
sendo V, = volume de eluicdo, V, = volume vazio da coluna e V.= volume geométrico da

coluna. As andlises foram realizadas em duplicata.

As amostras foram concentradas e tiveram seus tampoes trocados em filtros de centrifuga
Amicon® com Cut Off de 10 kDa (Merck-Millipore, GER) e quantificadas a 280 nm para
os ensaios de protedlise, usando um coeficiente de extingiio molar de 0,94 L.g™!.cm™ para

conversio de Abs em mg.mL! estimado pelo servidor web ProtParam [42].

2.3. Ensaio proteolitico com substrato fluorogénico

O substrato fluorogénico LGSAVLQ-Rh110-dP (Boston Biochem, USA) foi
usado como substrato nos ensaios proteolitica in vitro com a enzima recombinante MP™
de SARS-CoV-2. A MP™ cliva o C-terminal do aminoédcido glutamina (LGSAVLQ) -
Rh110-dP), convertendo o substrato de bisamida ndo fluorescente em monoamida
fluorescente e, em seguida, em rodamina 110, com um aumento adicional na
fluorescéncia [43,44]. A rodamina 110 foi monitorada com excitacdo e emissao nos
comprimentos de onda de 485 nm e 535 nm, respectivamente. Foram realizados testes em
duplicata sem a presenca de inibidores, onde o substrato foi testado na faixa de

pro

concentracdo de 2 a 50 uM, com 1 uM de MP™ em tampao de ensaio (50 mM Tris-HCl,
pH 7.5, 1 mM EDTA) com volume final de rea¢dao de 300 uL. em placa preta de 96 pogos
(Greiner Bio-One, AUT), sendo conduzido no equipamento FlexStation 3 (Molecular
Devices, USA). As velocidades foram ajustadas a equacao de Hill adaptada a equacao de

Michaelis-Menten (Equacao 3).

__ Vmax.[S]"
~ Kmn+[S|"

3)

onde V ¢ a velocidade na concentragdo de substrato S, Vimix € a velocidade maxima, Km

¢ a constante de Michaelis e n € o coeficiente de Hill.
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Os ensaios na presenca dos inibidores foram de ponto tnico, sendo usado 10 uM
de substrato fluorogénico, 1 uM de MP* em tampao de ensaio com 5 pL de inibidor a
2.63 mg.mL! (concentragio final de 43.8 pg.mL'), com volume final de 300 pL. Os
extratos de P. pluviosa [37] e os compostos sintéticos (Bm6, Bm7, Bm8 e PGG) foram
diluidos em DMSO (Dimetilsulf6xido). Os ligantes Bm6, Bm7 e Bm8 foram sintetizados
e gentilmente cedidos pelo prof. Rébson Ricardo Teixeira da Universidade Federal de
Vicosa (UFV) [45]. O diluente dos inibidores, DMSO, também foi testado para verificar
se poderia influenciar a velocidade da reacao enzimatica. Todos os testes foram incubados
por 10 min para que houvesse equilibrio térmico com a temperatura do ensaio de 37 °C.
O inicio da reacdo foi realizado com a introdu¢@o da enzima MP™. Todas as corridas foram
subtraidas as suas respectivas linhas de base, sendo esta obtida com todos os componentes
de cada teste, exceto a MP™ de SARS-CoV-2. Todos os experimentos foram realizados

utilizando 5 min de tempo de reagcdo, com leitura da fluorescéncia a cada 10 s.

2.4. Ensaios em células Vero E6 em cultura

Os ensaios dos compostos com células Vero E6 em cultura foram realizados em
laboratério NB3 do Instituto de Ciéncias Biomédicas — ICB - da Universidade de Sao
Paulo (USP). Os compostos foram dissolvidos nas concentracdes indicadas e diluidos em
série em DMSO. Imediatamente antes do plaqueamento, os compostos foram diluidos

33,33 x em PBS, e 10 uL dessas solu¢des foram transferidos para placas de ensaio.

As células Vero E6 foram semeadas em placas de 384 pocos em DMEM High e
incubadas durante 24 h. Apés a incubagdo (37 °C, 5% CO2), os compostos foram
adicionados a placa para atingir uma concentragado final de 100 pg/mL. Apds a inoculagdo
viral, as placas foram mantidas por 36 h de incubacdo (37 °C, 5% CO.), sendo,
posteriormente, fixadas com 4% de PFA (paraformaldeido) e submetidas a
imunoflorescéncia indireta como segue o protocolo adiante. Apds lavagem duas vezes
com PBS pH 7.4, as placas foram bloqueadas com albumina de soro bovino a 5% (BSA)
(Sigma-Aldrich, USA) em PBS (BSA-PBS) por 30 min em temperatura ambiente e
lavadas duas vezes com PBS. Como um anticorpo primdrio, o soro de um paciente
brasileiro convalescente de Covid-19 diluido 1:500 em PBS ou um anticorpo policlonal
de coelho anti-SARS-CoV-2 proteina nucleocapsidica (GeneTex, USA) a 2 ug/mL em
PBS foram usados para detectar a infec¢io de SARS-CoV-2 em células Vero. Os

anticorpos primdrios foram incubados por 30 min e as placas foram lavadas duas vezes
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com PBS. Como anticorpos secundérios, IgG anti-humano de cabra marcado com FITC
(Chemicon) ou IgG anti-coelho de cabra marcado com Alexa 488 (Thermo Scientific,
USA) foi usado diluido a 4 pg/mL em PBS e incubado por 30 min com 5 pg/mL
dihidrocloreto de 4',6-diamidino-2-fenilindole (DAPI, Sigma-Aldrich, USA) em PBS
para corar nucleos. As placas foram lavadas duas vezes com PBS e fotografadas no
Operetta High Content Imaging System (Perkin Elmer, USA) usando uma objetiva de

ampliacao de 20 x. Quatro imagens foram adquiridas por poco.

As imagens adquiridas foram analisadas no software Harmony (Perkin Elmer,
USA), versao 3.5.2. A andlise das imagens consistiu na identificagcdo e contagem de
células Vero E6 com base na segmentacdo nuclear e infec¢@o viral com base na coloragcdo
citoplasmatica detectada pelo ensaio de imunofluorescéncia. A taxa de infecc¢do (IR) foi
calculada como a razdo entre o nimero de células infectadas e o nimero total de células
contadas em cada poco. A taxa de sobrevivéncia celular foi calculada como o nimero de
células contadas em cada poco dividido pelo nimero médio de células nos pocos de
controle positivo (células infectadas tratadas com DMSO), multiplicado por 100. A
atividade antiviral foi determinada pela normalizacdo do IR ao controle negativo (células

infectadas e nao infectadas tratadas com DMSO), conforme a Equagao 4.

IRpeg—IRpos

Sendo: IRest = Taxa de infecgdo em um dado poco com composto teste; IRpos =
Taxa de infeccdo média do controle positivo (células ndo infectadas tratadas com
veiculo); e IRneg = Taxa de infecgdo média do controle negativo (células infectadas tratada

com veiculo).

3. Resultados

3.1. Selecdo de compostos por docking molecular

A estrutura da MP™ ligada ao inibidor X77 (PDB ID: 6W63) foi escolhida, dentre
diversas outras, devido ao ligante X77 ndo estar ligado de forma covalente, o que é um

requisito importante na escolha de inibidores por varredura virtual, uma vez que o método
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de docking simula uma ligacao nao covalente (inibicdo competitiva) no sitio ativo da
enzima. Esta limitacdo é devido ao fato de que programas de docking utilizados ndo
conseguem fazer varredura virtual em larga escala considerando inibidores que poderiam

se ligar de forma covalente.

Os escores médios obtidos com quatro simula¢des de docking para cada um dos
ligantes da biblioteca testada, com ambos os programas utilizados, mais o escore médio
relativo obtido com a Equagdo 1 sdo mostrados na Tabela 1. Em negrito € mostrado o

ligante X77.

Tabela 1. Escores médios obtidos com quatro simulagdes de docking da
biblioteca de taninos do extrato de P. pluviosa.

Compound Id Vina’ ‘ Molegr’o‘ Escore l‘nédio
escore médio  escore médio relativo

CID65238 -9,6 £0,1 -24,07 £ 1,74 0,99
CID151590 -9,5+0,1 -21,46 £2,27 0,93
CID73178 -9,3+0,1 -21,00 +4,18 0,91
CID452707 -9,4+0,1 -21,69 £5,99 0,93
Zinc4098612 -9,2+0,1 -15,73 £2,01 0,80
CID3001497 -8,7+0,4 -16,13 £3,39 0,78
CID73179 -8,7+0,3 -18,81 £1,55 0,84
CID10056140 -8,4+0,1 -20,56 £3,56 0,86
CID145998279 -8,4+0,1 -5,14 +1,52 0,87
CID16131237 -8,2+0,2 -21,39 £3,03 0,43
CID5281855 -7,3+0,0 -10,25 £0,11 0,59
Zinc21789 -53+0,1 -13,90 £2,00 0,56
Zinc1504 -5,2+0,0 -15,69 +0,05 0,59
Zinc330141 -4,8+0,1 -13,37 £1,60 0,52

Uma representagao gréafica dos escores médios relativos ordenados € mostrada na
Figura 1. Esta representacdo ilustra melhor os compostos mais bem ranqueados que o

ligante de referéncia X77.
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Figura 1. Representacdo grafila dos eslores médios relativos dos taninos
presentes no extrato de Poincianella pluviosa em relacdo ao ligante de
referénlia X77 (CID145998279) marlado em bege.

A Figura 1 e a Tabela 1 mostram que quatro ligantes ficaram mais bem ranqueados
do que o ligante de referéncia X77. O ligante CID 65238 ou Pentagalloylglucose (PGG)
foi o melhor avaliado tendo, em teoria, maior probabilidade de se ligar 8 MP™ de SARS-
CoV-2 em relagdo aos demais ligantes. Porém, devido ao seu grande nimero de ligacdes
rotaciondveis (Figura 2), ndo foi possivel encontrar uma pose constante para sua interacao
com o sitio ativo da proteina alvo (Figura 3A). Isso pode significar que sua interagdo com
a proteina € inespecifica e que, na prética, poderia apresentar um fendmeno de inibi¢ao
mista, haja visto que poses diferentes poderiam interagir com a proteina de forma

diferente, simulando a interacdo de ligantes diferentes.
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J4 o composto CID151590 (Tellimagrandin II), foi o que apresentou o segundo
melhor escore relativo e também foi o ligante que apresentou o maior nimero de poses
que se repetiram nas simulacdes (Figura 3B). Isso pode significar que, apesar de ser um
ligante com menor escore relativo que o PGG, ha alta probabilidade dele se ligar a MP™,
de maneira especifica (Figura 3C), devido ao cluster de conformacdes encontradas. Na
Figura 3C pode ser verificado que os residuos do sitio ativo de MP™ Thr25, His41,
Phe140, Asnl42, His163 e Glul66 sao responsaveis pela formagao de ligacdes de
hidrogénio e Met49 por interacdo dipolo-dipolo com Tellimagrandin II, sendo o residuo

His41 em conjunto com Cys145 responséveis pela atividade catalitica (diade catalitica)

[46].

Os ligantes CID452707 (1,3,6-Trigalloylglucose) e CID73188 (1,2,3,6-
Tetragalloylglucose), apesar dos bons escores relativos, apresentaram um menor nimero

de poses que se repetiram na intera¢do com a enzima, o que também pode significar
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interagdo pouco especifica com o sitio ativo da MP™. Os quatro compostos polifendlicos

encontrados sdao depsideos, polifendis compostos por duas ou mais unidades arométicas

monociclicas ligadas por uma ligacdo éster. Ja foi verificado atividade antiviral para essa

classe de compostos na literatura para o HIV e o virus da Hepatite C [47,48].

B

HoN

Asn142A

Figura 3. Sobreposi¢ao das [in[0 poses de melhor
eslore dos ligantes PGG (CID65238) (A) e / /
Tellimagrandin II (CID151590) (B). E visivel na ""““‘@ /
figura (A) que as poses ndo se repetem, enquanto nomiizn”
na figura (B), as poses sdo [onstantes [om d
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Em funcao destes resultados, a frac@o acetato de etila (FAE ou fracdo EtOAc) do

extrato de Poincianella pluviosa, bem como as subfracdes denominadas de F2 e F4 [37]

foram utilizadas em ensaios de inibicdo da MP™ recombinante. O composto isolado
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Pentagalloylglucose foi sintetizado conforme descri¢do na literatura [49,50], para ser

testado em sua forma pura como inibidor de MP™.

3.2. Produgado e identificacdo da unidade biologica de MP™ de SARS-CoV-2

Foi verificado um bom rendimento na producdo de MP™, tendo como resultado ~2
mL da proteina pura na concentra¢do de 0,6 — 0,8 mg/mL a cada 100 mL de cultura. A
massa da proteina observada em SDS-PAGE 12% estd condizente com a massa tedrica
de 34.992,96 Da (Figura 4), predita pela plataforma ProtParam. A pureza foi considerada
satisfatoria apenas utilizando a cromatografia de afinidade, ja que ndo foi verificada

nenhuma outra banda contaminante em conjunto com MP®.

Mw

(kDa) Wash Elution

MM FT

150
102
76

52

38

31

24

17

12

Figura 4. Produc¢ao da proteina recombinante MP™ em E. coli. A protease purificada foi corrida em SDS-
PAGE 12% para confirmar a massa e a pureza. MM - Marcador Molecular (Full Range Rainbow, Cytiva,
USA). Wash - tampao de eluicdo 0-35%, Elution - tampao de elui¢do 35-100%.

Ap6s a purificacdo, a proteina foi concentrada a 2 mg.mL™! para o ensaio em
cromatografia analitica de gel filtragio em coluna Superdex™ Increase 200 10/300 GL,
em modo isocrdtico. A Figura 5 mostra os volumes de eluicdo dos padrdes e de MP™ que
foram convertidos para K, e representados graficamente em relacao ao logaritimo de seus
massas moleculares. A massa molecular de MP™ foi calculada por ajuste linear, e a massa
encontrada para a MP™ recombinante de SARS-CoV-2 foi de 67,182 Da. A razdo das
massas [homodimero]/[massa tedrica mondmero] foi de 1.92, sugerindo um homodimero

como unidade bioldgica, o que estd de acordo com a literatura.
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Figura 5. Elui¢do de MP® em cromatografia de exclusdo molecular. Foi utilizado coluna Superdex™
Increase 200 10/300 GL (Cytiva, USA). O kit de calibragdo de filtragdo em gel LMW e HMW (Cytiva,
USA) foi aplicado: Ferritina (440 kDa), Aldolase (158 kDa), Canalbumina (75 kDa), Anidrase Carbdnica
(29 kDa) e Ribonuclease (13,7 kDa). O K,, dos padrdes e de MP™ foram representados graficamente em
relacdo ao logaritimo de seus pesos moleculares. A massa molecular (MM) de MP™ foi calculado por
ajuste linear. As corridas realizadas em modo isocrdtico com tampao fosfato 50 mM + NaCl 150 mM,
pH 7,2 e a temperatura ambiente e fluxo de 0,5 mL/min. Os comprimentos de onda de 214 e 280 nm
foram utilizados para monitorar a corrida. A MM estimada para MP™ em solugdo foi de 67,182 Da.
Varidveis de equacdo linear: a = 2,02718; b = -0,33626; K., (y) = 0,40397; R? = 0,99345.

3.3. Andlise cinética dos compostos sintéticos e extratos de Poincianella pluviosa

A atividade enzimdtica de MP™ foi confirmada pela emissdo de fluorescéncia
causada pela hidrélise do substrato sintético (Figura 6). A Figura 6 mostra a curva de
atividade enzimética pela concentracdo de substrato, onde foram verificadas as constantes
Kwm de 34,58 £ 4,90 uM e Vmax 51,33 + 5,38 rFu/s usando a equacdo de Hill adaptada a
Michaelis—Menten (Equacao 3). Foi verificado que ndo hd nenhuma informacao cinética
de MP™ com este substrato fluorogénico na plataforma Brenda Enzymes; assim, estes
dados poderdo se somar as informacdes ja existentes de outros substratos neste banco de
dados [51]. Também pode ser verificado na Figura 6 uma discreta tendéncia de formacgao
de uma curva sigmoide, evidenciado pelo comportamento do ajuste ndo linear em baixas
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concentracdes de substrato fluorogénico, ao invés de um comportamento de hipérbole
retangular caracteristico de uma enzima michaeliana, indicando uma discreta
cooperatividade. Este comportamento cooperativo pode ser evidenciado pelo n de 1,48
encontrado, apontando que apds a ligacio do substrato em um dos mondmeros de MP™, a

afinidade do outro mondmero pelo substrato aumenta.

rate (rFu/sec)

54—

-5 0 5 10 15 20 25 30 35 40 45 50 55
Substrate (uM)

Figura 6. Atividade proteolitica de MP® recombinante. Gréfico de Michaelis-Menten R? = 0.998. O
tampao de reacdo foi o 50 mM Tris-HCI, pH 7.5, 1 mM EDTA. Km de 34,58 £ 4,90 uM, Vpnax 51,33
rFu/sende 1,48 £0,14 A concentracio da enzima foi de 1 pM e o substrato foi testado nas concentragdes
de 2, 5, 10, 20, 30, 40 e 50 uM.

A atividade inibitéria dos 7 compostos foi avaliada em ponto tnico (Figura 7) e
na mesma concentraciio, 43.8 pg.mL'. A amostra Controle 1 é a reagio onde nem
inibidor, nem DMSO foram adicionados, sendo a condi¢do com menor interferéncia
possivel no estudo. No Controle 2, foi adicionado DMSO sozinho, sem adi¢cao de nenhum
inibidor, para avaliar se poderia modificar a atividade de MP™. Na Figura 7A nota-se a
influéncia negativa causada pela adi¢io de DMSO, mesmo em baixa concentracdo em
relacdo ao volume total da reacdo (1.67%). Desta forma, a atividade de MP™ nos testes
com os inibidores foi representada em relagdo a atividade encontrada no Controle 2;
assim, as velocidades encontradas nos primeiros 60 s de reacao para todos os compostos

foram normalizadas em relacdo ao Controle 2 (Figura 7B).
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Figura 7. Avaliacdo da inibi¢do da atividade proteolitica de MP™ causada pelos 7 compostos analisados.
(A) Monitoramento dos 300 s do teste em 535 nm. (B) Atividade dos 7 compostos avaliados mais o
Controle 1, normalizados em relagdo ao Controle 2. O tampao de reacio foi o 50 mM Tris-HCl, pH 7.5,
1 mM EDTA. A concentracio da enzima foi de 1 pM, substrato testado na concentragdes de 10 uM e os
composto em 43.8 pug.mL".

O Controle 1 apresentou ~60% mais atividade que o Controle 2; mesmo em baixas
concentracdes, 0 DMSO foi capaz de diminuir a atividade hidrolitica de MP™. A atividade
enzimatica € dependente do enovelamento adequado da proteina, sendo, este ultimo,
regido por um delicado equilibrio entre as interagdes fisico-quimicas intrinsecas de uma
proteina e seu ambiente que orientam sua estrutura e estabilidade. Como o DMSO € um
co-solvente frequentemente utilizado para a solubilizacdo de drogas hidrofébicas, pois é
miscivel em dgua e na maioria dos liquidos organicos, assim, pode favorecer a exposi¢ao
de residuos hidrofébicos alojados no interior da proteina ao ambiente, refletindo nas
interacdes que estabilizam um polipeptideo dobrado [52]. Na literatura € possivel
encontrar diversos trabalhos que apontam a capacidade do DMSO inibir a atividade de
diversas enzimas, incluindo proteases, mesmo em baixas concentragdes [53-56]. NoOs
descartamos a possibilidade da diminuicao da atividade de MP™ ser causada pela absor¢ao
de luz fluorescente pelo DMSO, pois este € opticamente inerte nos comprimentos de onda

analisados [57].

O composto que apresentou maior atividade inibitéria foi o PGG, inibindo quase
60% da atividade de MP™. Estes dados corroboram com os resultados encontrados nos
experimentos in silico, onde o PGG foi o composto melhor ranqueado nas anélises de
docking. Adicionalmente, também corrobora com este resultado o fato de o PGG estar
isolado, ndo fazendo parte de um extrato. As fracdes FAE, F4 e F2 apresentaram,

aproximadamente, 55, 20 e 32% de atividade inibitdria, respectivamente. Em fungdo
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destes resultados, estas fracdes de P. pluviosa e o composto PGG isolado foram enviados
para serem testados em células infectadas. Os compostos Bm6, Bm7 e Bm8 sdo
substancias sintéticas derivadas do produto natural Eugenol que se mostraram efetivos
inibidores de protease do virus West Nile [45]. Porém, estes compostos ndo apresentaram
atividade inibitéria sobre a MP™ e, por isso, ndo foram selecionados para ensaios em

células Vero E6 infectadas.

3.4. Ensaios de citotoxicidade e atividade antiviral em células Vero E6

Os compostos que exibiram as melhores atividades inibitérias da proteina
recombinante MP™ nas anélises cinéticas foram submetidos ao teste com células Vero E6.
Foi encontrado uma taxa de sobrevivéncia celular menor que 50% para os extratos de P.
pluviosa (Figura 8A). O que apresentou menor toxicidade foi F4, com taxa de
sobrevivéncia celular de 45,36% (Tabela 2). PGG foi o composto que apresentou maior

taxa de sobrevivéncia celular, 55,23%.
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Figura 8. Anilises de citotoxicidade e atividade antiviral em células Vero E6 em cultura. (A) Taxa de
toxicidade celular dos quatro compostos analisados. (B) Atividade antiviral dos extratos de Poincianella
pluviosa e do composto sintético PGG.

Os dados de citotoxicidade para as fragdes EtOAc de P. pluviosa encontrados
nesse estudo contrastam com os ja publicados. Adriani et al. (2021) utilizou a mesma
fracdo EtOAc (FAE), ao qual, ndo foi capaz induzir hemdlise significativa de eritrdcitos
humanos até a contracao de 500 pg/mL (3% de hemdlise), valor 5 vezes maior do que o
utilizado em nossos ensaios, sendo verificada hemolise apenas em altas concentracdes
(1.000 pg/mL demonstrou 21,2% de hemolise) [58]. Neste mesmo trabalho, também nao
foi verificada nenhuma toxicidade em ensaios in vivo com larvas de Galleria mellonella
em concentracdes de FAE até 62,5 ug/mL/kg de larva e na dosagem maxima testada

(1.000,0 pg/mL/kg) foi verificada uma taxa de mortalidade de 30% apds 10 dias de
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inoculagdo. Em nosso estudo, uma menor citotoxicidade é completamente plausivel
olhando o desvio padrio na Figura 8A, isto ocorre devido a certas replicatas terem

apresentado taxas de sobrevivéncia celular bem acima da média.

Tabela 2. Médias das taxas de sobrevivéncia celular e atividades inibitérias com as fracées EtOAc de
Poincianella pluviosa e de PGG sintético em células Vero E6.
Taxa de Sobrevivéncia

Composto Atividade Antiviral (%)

Celular (%)
PGG 66.44 55.23
FAE 100.50 41.96
F4 101.83 45.36
F2 96.53 38.56

Todas as fracdes de Sibipiruna apresentaram elevadissimas atividades antivirais
(Figura 8B), todas maiores que 96%. A Tabela 2 mostra que o composto PGG, mesmo
possuindo uma boa atividade inibitéria da MP™ (66,44%), foi o pior ranqueado quanto a
atividade antiviral. Com base nos testes com células infectadas, as fracdes FAE e F4
apresentaram os melhores equilibrios entre atividade antiviral/citotoxicidade. Pelo fato
destes compostos terem apresentado o maximo da atividade possivel para o teste na
concentracio de 100 pg.mL’!, futuros estudos com concentracdes menores serio

avaliados para analisar a melhor relacdo dose/resposta e identificar o ECso.

4. Discussao

Taninos sao polifendis de grande relevancia dentro dos produtos naturais e sao
definidos como o Unico grupo de metabdlitos fendlicos de peso molecular relativamente
alto (500 — 30.000 Da), tendo a capacidade de complexar fortemente com carboidratos e
proteinas [59]. Acredita-se que os taninos podem exercer seus efeitos bioldgicos de duas
maneiras diferentes: (1) inabsorvivel como uma estrutura complexa, produzindo efeitos
locais no trato gastrointestinal com ac¢do antioxidante, antimicrobiano, antiviral,
antimutagénico e efeitos antinutriente, ou (2) como taninos absorviveis ou metabdlitos
absorviveis oriundos da fermentacdo colonica de taninos, que podem produzir efeitos

sist€émicos em vdrios 6rgaos [60].

Os extratos de P. pluviosa (fracdo EtOAc) utilizados neste trabalho ja foram

investigados anteriormente por Bueno et al. (2014) empregando espectrometria de massas
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(ESI-MS/MS) e ressonincia magnética nuclear (RMN) de C'? em estado sélido. Foi
verificada a presenca de diversos polifendis e taninos hidrolisaveis, sendo confirmada a
presenca de trés dos quatro compostos mais bem ranqueados como inibidores de MP™ nas
andlises in silico: PGG, Tellimagrandin II e 1,2,3,6-Tetragalloylglucose [37]. Estes
resultados refor¢cam a nossa proposta de que os taninos presentes no extrato de P. pluviosa
atuam como inibidores de protease principal de SARS-CoV-2, tendo participacdo na
atividade antiviral observada nos estudos de células infectadas. Outros compostos com
potencial acdo inibitéria contra MP™ (pirogalol) [61], RNA polimerase dependente de
RNA (4cido gélico, dcido eldgico, corilagin) e inibidores da interacdo Spike-ACE2
(corilagin, Tellimagrandin II, PGG e geraniin) também foram identificados nos extratos

de Sibipiruna [62-68].

A presencga dos diversos compostos no extrato de P. pluviosa explica o melhor
desempenho deste em relagdao ao PGG isolado nos testes com células Vero E6 infectadas,
indicando que pode ter ocorrido a acdo sinérgica dos taninos. A acdo dos taninos em
diferentes enzimas alvo simultaneamente acentuou o efeito antiviral do extrato, o que
corrobora com o valor de ~100% encontrado para FAE e F4. Existe também a
possibilidade dos compostos agirem em enzimas da célula hospedeira, como a serino-
protease TMPRSS2, em concordancia com a ac¢do dual do é4cido tanico em MP® e em
TMPRSS2, que possui um importante papel no mecanismo de invasao celular por SARS-
CoV-2 [31,69]. Adicionalmente, como o indculo viral foi introduzido posteriormente aos
extratos, pode ter acontecido o bloqueio da invasdo celular pela inibicdo da ligacdo do
dominio de ligacdo ao receptor (RBD) da proteina Spike de SARS-CoV-2 com o receptor
celular ACE2 humano. A liga¢do de taninos a componentes do envelope viral também
acontece no virus influenza A, virus parainfluenza, virus herpes tipo 1 e 2 e hepatite A,
resultando na inibicdo da fixac@o ao receptor, ndo ocorrendo penetracdo via membrana

plasmética [70].

A rica composicdo de taninos hidrolisdveis nos extratos de Sibipiruna pode
apresentar uma vantagem extra, podendo propiciar uma melhora no quadro inflamatério,
devido a acdo antioxidante e anti-inflamatéria dos taninos, reduzindo a morbidade e a
mortalidade dos casos de Covid-19, ocasionado pelo seu papel na manutencdo da
homeostase redox [32]. Outra vantagem dos extratos utilizados neste estudo é que sdo

extraidos a partir de uma espécie de planta bastante comum no Brasil, principalmente na
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regido da Mata Atlantica e Pantanal, sendo também extensamente utilizada na arborizag¢ao

de cidades [71].

Os resultados aqui sd@o promissores, pois demonstram substincias capazes de
inibir 100% da atividade viral. Além disso, este trabalho sugere algumas moléculas que
podem servir de base para modificacdes quimicas que possam levar a uma afinidade
aumentada para a MP™ e/ou uma atividade antiviral mais destacada. Apesar dos resultados
promissores, mais estudos de citotoxicidade, determinagdo de ECso e CCso (concentragdes
de compostos que reduzem a taxa de infeccdo e a sobrevivéncia celular em 50%,
respectivamente), bem como estudos em modelo animal infectado precisam ser realizados

para avaliar a aplicac@o do extrato de P. pluviosa contra a Covid-19.

5. Conclusao

Em resumo, os resultados apresentados neste estudo mostram que as fragdes do
extrato de Poincianella pluviosa possuem uma potente atividade antiviral em células
Vero E6 infectadas com SARS-CoV-2, sugerindo como mecanismo de acao a inibi¢do de
MP™ além de outros diversos alvos virais e da célula hospedeira, como a inibi¢do da
invasdo viral, denotando um possivel efeito preventivo adicional. A a¢do sinérgica dos
diversos polifendis e taninos presentes nos extratos de Sibipiruna tem como efeito a
potente acdo antiviral. A proeminente acdo antiviral dos compostos contidos nas fragcdes
EtOAc os caracteriza como bons prospectos a farmacos, o que pode ajudar no
desenvolvimento de futuros novos inibidores frente a escassa terapéutica contra Covid-

19.
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ABSTRACT

Non-coding Y RNAs and stem-bulge RNAs are homologous small RNAs in vertebrates and nematodes,
respectively. They share a conserved function in the replication of chromosomal DNA in these two groups of
organisms. However, functional homologues have not been found in insects, despite their common early
evolutionary history. Here, we describe the identification and functional characterization of two sbRNAs in
Drosophila melanogaster, termed Dm1 and Dm2. The genes coding for these two RNAs were identified by
a computational search in the genome of D. melanogaster for conserved sequence motifs present in nematode
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sbRNAs. The predicted secondary structures of Dm1 and Dm2 partially resemble nematode sbRNAs and show
stability in molecular dynamics simulations. Both RNAs are phylogenetically closer related to nematode sbRNAs
than to vertebrate Y RNAs. Dm1, but not Dm2 sbRNA is abundantly expressed in D. melanogaster S2 cells and
adult flies. Only Dm1, but not Dm2 sbRNA can functionally replace Y RNAs in a human cell-free DNA replication
initiation system. Therefore, Dm1 is the first functional sbRNA described in insects, allowing future investiga-
tions into the physioclogical roles of sbRNAs in the genetically tractable model organism D. melanogaster.

Introduction

Non-coding RNAs (ncRNAs) regulate many fundamental
pathways in eukaryotic organisms. Two families of
ncRNAs play essential functional roles during chromosomal
DNA replication: Y RNAs in vertebrates and stem-bulge
RNAs (sbRNAs) in nematodes [1,2]. Y RNAs have been
shown to be essential for the initiation of chromosomal
DNA replication in ahuman cell-free system, for DNA
replication and cell proliferation in cultured vertebrate
cells and for early development and viability of Xenopus
laevis and the zebrafish, Danio rerio [3-5]. sbRNAs are able
to functionally replace endogenous Y RNAs in a human
DNA replication initiation system. They are also essential
for DNA replication and cell proliferation in the nematode
Caenorhabditis elegans, as well as its development and
viability [6].

Both Y and sbRNAs show homology in function and
structure [1,2,7,8]. Structurally, they comprise short stem-
loop RNAs of around a hundred nucleotides in length. The
partially complementary 5’ and 3’ ends hybridize to form
a double-stranded stem structure with a central single-
stranded loop. Common to both Y and sbRNAs are con-
served nucleotide sequence elements in the stem structure.
They comprise a short helix of 7-10 base pairs flanked by
G-C base pairs either end, and a highly conserved double-

stranded GUG-CAC tri-nucleotide motif near the center of
this domain. This domain is located in the upper stem of
both ncRNA families, which opens up into the central loop
domain. Importantly, these conserved motifs are essential
for the function of these RNAs during the initiation of
chromosomal DNA replication in a cell-free system because
mutations in these elements abrogate their function
[3,6,9,10].

Despite the similarities, there are a few differences
between Y and sbRNAs. On the one hand, vertebrate
Y RNAs contain a second helical motif with a bulged
C residue towards the terminus of the stem-loop, which
bind orthologues of the Ro60 protein. In fact, Y RNAs were
originally described as the RNA component of Ro-
ribonucleotide particles (Ro-RNPs), based on their associa-
tion with Ro60 [11]. However, neither the Ro-binding
domain nor the Ro60 protein are essential for Y RNA
function during DNA replication [3,9,12], and they are
not found in sbRNAs [1,2,6]. On the other hand, sbRNAs
contain a highly conserved UUAUC penta-nucleotide motif
at the 5' end of the central single-stranded domain, which
appears to play an additional stimulatory role for DNA
replication [1,2,6].

In evolutionary terms, functional Y RNAs are found in
all vertebrates investigated so far, and sbRNAs in several
nematodes including C. elegans and Caenorhabditis briggsae
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Abstract

The DNA/RNA-binding KIN protein was discovered in 1989, and since then, it has been found to participate in several pro-
cesses, e.g., as a transcription factor in bacteria, yeasts, and plants, in immunoglobulin isotype switching, and in the repair
and resolution of double-strand breaks caused by ionizing radiation. However, the complete three-dimensional structure and
biophysical properties of KIN remain important information for clarifying its function and to help elucidate mechanisms
associated with it not yet completely understood. The present study provides data on phylogenetic analyses of the different
domains, as well as a biophysical characterization of the human KIN protein (;;5,KIN) using bioinformatics techniques,
circular dichroism spectroscopy, and differential scanning calorimetry to estimate the composition of secondary structure
elements; further studies were performed to determine the biophysical parameters AH,, and T,,. The phylogenetic analysis
indicated that the zinc-finger and winged helix domains are highly conserved in KIN, with mean identity of 90.37% and
65.36%, respectively. The KOW motif was conserved only among the higher eukaryotes, indicating that this motif emerged
later on the evolutionary timescale. g, KIN has more than 50% of its secondary structure composed by random coil and
p-turns. The highest values of AH,,, and T, were found at pH 7.4 suggesting a stable structure at physiological conditions.
The characteristics found for 4, KIN are primarily due to its relatively low composition of a-helices and p-strands, making
up less than half of the protein structure.

Keywords KIN (Kinl7) protein - Phylogeny - Circular dichroism - DSC analysis - Tumor marker

Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/500249-019-01390-3) contains

supplementary material, which is available to authorized users. Cell metabolism is composed of an intricate network of

physical and biochemical processes, many of which depend
on interactions between proteins and nucleic acids. The
KIN protein is one of these proteins for which an interac-
tion with nucleic acids has been proposed (le Maire et al.
2006b; Mazin et al. 19944, b; Pinon-Lataillade et al. 2004).
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However, the mechanism of this interaction and the meta-
bolic function of KIN have not yet been elucidated. KIN
was identified in 1989 in Fisher’s rat fibroblasts (FR 37T3)
from the cross-reaction of monospecific polyclonal antibod-
ies directed against the RecA protein from Escherichia coli
(Angulo et al. 1989).

KIN is ubiquitously expressed in mammals and shows
high expression in human skeletal muscle cells, heart, tes-
tis, and cells with high proliferation rates, including several
tumor cell types (Ramos et al. 2015; Zhang et al. 2017a,
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ABSTRACT: Ureases are amidohydrolases . .
GmaxUrease = |

extraction and = |
purification

Functional and
structural
characterization

that catalyze the hydrolysis of urea to ammonia
and carbamate. In addition to the enzymatic
function, have fungitoxic and
insecticidal function, which are independent of
their catalytic activity. Soy (Glycine max) has
two main urcase isoforms: ubiquitous and
embryo-specific, the latter is present in beans. In
view of the potential applications of ureases, this

ureases
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work aimed to extract, purify, characterize the
structure, activity and fungitoxic activity of soy
urease against Paracoccidioides brasiliensis.
The biochemical characterization ~ was
performed, pH and
temperature, as well as the determination of the
Michaelis—-Menten constant (Km) and maximum

in terms of optimal
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After purification and structural-functional characterization, the embryo-specific
soybean urease shows antifungal properties against Paracoccidioides brasiliensis.

velocity (Vimax). The protein sequence was identified by mass spectrometry and used in computational modeling of the biological
structure. The optimum pH and temperature of the enzyme were 6.5 and 65 °C, respectively, Km 526 mmol L and Vimax 7.4 mmol L+

NH3- [ urense '8!

and biological unity as a trimer. The antifungal activity assays (in vitro) were promising, showing a fungicidal profile of

the urease, with a minimum inhibitory concentration of 10 pg-mL~". This work demonstrated, for the first time, the fungitoxic activity of
embryo-specific soy urease against the Pb18 strain of P. brasiliensis.
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Abstract: KIN (Kin17) protein is overexpressed in a number of cancerous cell lines, and is therefore
considered a possible cancer biomarker. It is a well-conserved protein across eukaryotes and is ubig-
uitously expressed in all cell types studied, suggesting an important role in the maintenance of basic
cellular function which is yet to be well determined. Early studies on KIN suggested that this nuclear
protein plays a role in cellular mechanisms such as DNA replication and /or repair; however, its asso-
ciation with chromatin depends on its methylation state. In order to provide a better understanding
of the cellular role of this protein, we investigated its interactome by proximity-dependent biotin
identification coupled to mass spectrometry (BiolD-MS), used for identification of protein—protein
interactions. Our analyses detected interaction with a novel set of proteins and reinforced previous
observations linking KIN to factors involved in RNA processing, notably pre-mRNA splicing and
ribosome biogenesis. However, little evidence supports that this protein is directly coupled to DNA
replication and /or repair processes, as previously suggested. Furthermore, a novel interaction was
observed with PRMT7 (protein arginine methyltransferase 7) and we demonstrated that KIN is
modified by this enzyme. This interactome analysis indicates that KIN is associated with several
cell metabolism functions, and shows for the first time an association with ribosome biogenesis,
suggesting that KIN is likely a moonlight protein.

Keywords: KIN (Kin17); cancer biomarker; protein—protein interactions; BioID-MS; splicing process;
ribosome biogenesis

1. Introduction

KIN is described as a potential diagnostic biomarker and a potential target for breast
cancer therapy [1,2], as well as a suitable marker for predicting chemotherapy response
in colorectal carcinoma [3]. A study recently performed and published by our group
demonstrated that KIN is differently expressed in subpopulations of melanoma from
murine cell lines, according to its aggressiveness [4]. Studies of KIN in human colorectal
cancer cells, using siRNA to silence its expression, indicated reduced cell proliferation
and an accumulation of cells in the beginning or middle of cell cycle S phase [5]. KIN is
overexpressed in most cancer cells studied so far [1,6,7], except for the cell line derived
from MeWo melanoma [8].

The DNA- and RNA-binding protein KIN, also known as Kinl7, is well conserved
among species from lower to higher eukaryotes, suggesting an important role in the main-
tenance of basic cellular function which remains to be defined [9]. It was identified by
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