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Preface

This work is the result of a one-year research on dengue virus, a member of the Flavivirus genus,
Flaviviridae family, a taxon with many important human pathogens such as Zika and West Nile
viruses. Concerning dengue, this is an increasing global threat, not only restricted to developing
countries. It is becoming more present also in Europe, due to the expansion of its mosquito vector.
This thesis is focused on dengue virus capsid protein interaction with nucleic acids. The capsid
protein is crucial to the viral life cycle, regulating important steps, such as viral assembly and
encapsidation, with the interaction with host lipid droplets being essential for viral replication.
Understanding the capsid protein mode of action can help to develop peptide inhibitors of specific
interactions, a possible way to treat dengue and other Flavivirus infections.

To investigate this important protein, biophysical techniques, namely circular dichroism and
intrinsic fluorescence spectroscopy were employed. Moreover, computational approaches helped
to explore proteins structural data and obtain new insights into its mode of action.

My contribution to the outcome of this work included the production of recombinant protein, an
intensive optimization of circular dichroism experiments and their implementation, alongside
intrinsic fluorescence spectroscopy studies, complemented by a careful computational analysis
of protein structure. As a major accomplishment, | was able to show interaction between the
capsid protein and single-strand DNA, that might lead to a structural change and, furthermore,
supports the current hypothesis that viral RNA binds to the positively charged C-terminal part of

the capsid protein.

This thesis is integrated in the Masters in Molecular Genetics and Biomedicine from the
Faculdade de Ciéncias e Tecnologia da Universidade Nova (FCT, Lisbon, Portugal) and was
developed at the Biomembranes and Nanomedicine Unit of the Instituto de Medicina Molecular
Jodo Lobo Antunes (iIMM), Faculdade de Medicina da Universidade de Lisboa (FMUL),
Universidade de Lisboa, Lisbon, Portugal, under the supervision of Dr. Ivo C. Martins and Prof.
Dr. Nuno C. Santos.

The work is incorporated in the Biomembranes and Nanomedicine Unit’s research line, already
ongoing before my arrival, and is compilated in this thesis, constituted by four main chapters.
First, the reader will find state-of-the-art information regarding the dengue virus infection, virion
structure and the viral life cycle, with a special focus on dengue virus capsid protein. The
methodology section contains the theoretical and practical basis of the techniques and
procedures employed. The next chapter represents the results achieved, before being discussed
in the context of the unit’s research and current knowledge in this field. Finally, the conclusions
are integrated in a model hypothesizing a new mechanism of interaction between the capsid

protein and nucleic acids.



| had the chance to participate in a national meeting, the 4" Chemistry: Shaping the future & 2019
Summer School (4ECQUL), Lisbon, Portugal in which | presented and discussed the results in
poster format (please consult Appendix II: Current outcomes of the work presented — Poster

communication).

¢ Nina Karguth, Ana S. Martins, Nuno C. Santos, lvo C. Martins. Biophysical studies of
dengue virus capsid protein interaction with nucleic acids. 4" Chemistry: Shaping the
future & 2019 Summer School (4ECQUL), July 16 — 18 2019, Lisbon, Portugal.

Furthermore, | had the opportunity to present and discuss my work in another national meeting,
NOVA Biophysica, September 4-6, 2019 in Lisbon, Portugal. | got selected for the presentation
of a flash talk.

Besides that, the novel findings of my research work during this Master’s project have been

incorporated into one publication (please consult Appendix II: published articles).
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Abstract

Dengue virus (DENV) is an increasing global threat due to expansion of its mosquito vector. New
effective therapies require full understanding of the viral life cycle at the level of molecular
mechanisms, since this knowledge can trigger progresses in basic and applied research. The
viral capsid (C) protein is of special importance since, due to its interaction with different ligands,
it mediates key steps of the viral life cycle. DENV C is a structural protein involved in the viral
assembly, binding and encapsidation of the viral genome. However, molecular details of DENV C
binding to nucleic acids are not yet clear. DENV C contains a disordered N-terminal region, an
intermediate flexible fold section and a very stable conserved fold region. The interaction of
DENV C with intracellular lipid droplets was previously studied by the host lab. This led to
understanding structural and functional roles of DENV C N-terminal disordered domain and to the
design of pep14-23, a novel patented viral inhibitor peptide. Furthermore, sections within the viral
genome involved in the binding to DENV C were identified. Now, the focus was to produce
recombinant DENV C protein and to characterize DENV C binding to specific nucleic acid
sequences via biophysical approaches. For that, single-strand (ss) DNA analogous to ssRNA
sequences, identified as relevant to DENV C binding, were used as proxies of the viral genome.
Different interaction profiles with ssDNA sequences were observed. The data show specific
binding to one particular structured ssDNA. This causes a minor structural change upon DENV C
binding to nucleic acids, possibly via its C-terminal a4-04’ region. This knowledge may enable,
later on, to target the most relevant sequences to inhibit these interactions. Such crucial
knowledge regarding DENV C interaction with nucleic acids may yield promising advances in

therapies against dengue and closely related flaviviruses.

Keywords: Dengue virus; capsid protein; protein nucleic acids interaction; circular dichroism;

fluorescence spectrometry
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Resumo

O virus da Dengue (DENV) é uma ameaga global crescente, devido a expansao dos seus vetores
— 0s mosquitos Aedes spp. O DENV é responsavel pela maioria dos casos de febre hemorragica
a nivel mundial e pertence ao género Flavivirus. Novas terapias eficazes requerem a
compreensdo do ciclo da vida viral ao nivel dos mecanismos moleculares. A proteina da
capside (C) é de especial importancia, regulando varios passos cruciais do ciclo da vida viral. E
uma proteina estrutural envolvida na montagem viral, ligando-se e ajudando a encapsular o
genoma. A proteina forma homodimeros, sendo que os dois mondmeros constituintes tém
estruturas terciarias idénticas: apresentam uma regido N-terminal ndo-estruturada, seguida de
quatro hélices a. Pensa-se que a regido hidrofébica (a2-0.2’) ira interage com lipidos e a regiao
positivamente carregada (a4-04’) interage com o RNA viral. Foi descoberto que a proteina C do
virus da Dengue se liga a corpusculos lipidicos intracelulares. Esta interagao foi estudada e, com
base nisto, foi desenvolvido um péptido (pep14-23) capaz de inibir a ligagao da proteina C aos
corpusculos lipidicos. E importante comprender também a interagdo da proteina C com o RNA
viral. O primeiro objetivo deste trabalho consistiu em produzir proteina C recombinante do
Dengue. Depois, o objetivo foi caracterizar a ligagdo da DENV C a sequéncias especificas de
acidos nucleicos. Para tal foram usadas abordagens biofisicas. Sequéncias de cadeia unica de
DNA analogas ao RNA viral relevante foram usadas como proxies do genoma viral. Os dados
mostram ligagdes a sequéncias de ssDNA especificas que poderdo originar uma pequena
alteracao estrutural na DENV C, possivelmente através da regido C-terminal. Juntamente com a
compreensédo da ligacdo da DENV C a sistemas lipidicos, este conhecimento pode levar ao
desenho de inibidores, um passo crucial no desenvolvimento de terapias contra Dengue e

flavivirus relacionados.

Palavras chaves: virus da dengue; proteina da capside; dicroismo circular; espectroscopia de

fluorescéncia
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1 State of the art

This chapter first details dengue epidemics and the global impact of the disease, as well
as the basic aspects of dengue virus, namely its life cycle and virion structure. Then, the
main object of study of this thesis, the dengue virus capsid protein that is involved in key
steps of viral assembly and encapsidation, is presented. Finally, the working hypothesis
and the main aim of this work are described.






Dengue is a serious viral infection, generating a considerable economic burden for healthcare
systems in tropical and sub-tropical regions of the world. The disease causes a febrile illness, for
which there is no antiviral treatment. Concerning dengue infection, there are four serotypes of
dengue virus (DENV): DENV-1, DENV-2, DENV-3 and DENV-4. The cross infection of different

serotypes is believed to increase the risk of dengue haemorrhagic fever.

1.1 Dengue disease — epidemics and the global impact

Dengue is a mosquito-borne viral infection, causing a severe illness with flu-like symptoms,
sometimes leading to a potentially lethal complication called severe dengue. Severe dengue,
previously known as dengue haemorrhagic fever (DHF), was first recognized in the 1950s during
a dengue epidemics in the Philippines and Thailand'. Dengue is widespread in tropical areas,
with risk factors influenced by local spatial variations of rainfall, temperature, humidity, degree of
urbanization and quality of vector control services in urban areas. According to the World Health
Organization (WHO), there are annually 50 — 100 million infections occurring in over 100 endemic
countries, putting almost half of the world’s population at risk, with recent estimates suggesting
even higher numbers. Dengue has become a leading cause of hospitalization and death among
children and adults in the most affected regions like Asia and Latin America.

The incidence of dengue has grown dramatically over the last decades. Exact numbers are
unknown, since many cases, especially in less developed health systems, are unreported and/or
are likely misclassified. Recent estimations indicate 390 million dengue infections per year, of
which 96 million manifest clinically’. A study of prevalence of dengue estimates that 3.9 billion
people in 128 countries are at a serious risk of infection by dengue virus?. Before 1970, only 9
countries had experienced severe dengue epidemics. Today, the WHO estimates that the disease
is endemic in more than 100 countries in regions of Africa, the Americas, the Eastern
Mediterranean, South-East Asia and the Western Pacific. Furthermore, explosive outbreaks of
dengue still occur and the number of cases is increasing. The threat of a possible outbreak in
Europe also exists, as local transmission was reported in France and Croatia in 2010. In 2012
there was a dengue outbreak on Madeira island, Portugal, which led to over 2000 cases in the
island, with additional imported cases being detected in mainland Portugal®. Globally, a decline
of 28 % in case fatality has been observed between 2010 and 2016 due to case management
capacity building at country level'. Among travellers returning from low- and middle-income

countries, dengue is the second most diagnosed cause of fever, after malaria.



1.2 Mode of transmission

Dengue is an arthropode-borne viral disease. The vectors are females of Aedes spp.
mosquitoes®*. The most effective vector is Aedes aegypti, because it feeds mostly of human
blood. Thus, in dense urban areas where this mosquito is established, DENV life cycle can go on
between human and vector organisms®. Aedes albopictus is less effective, but still a potential
vector. It feeds not only of human blood but also of domestic and wild animals®. These mosquito
vectors are endemic in many countries of Asia, the Americas and Africa, and have now spread to
temperate, non-tropical regions, due to globalization of trade and travel, accompanied by climate
change’. The mosquito salivary proteins released during the bite might promote dengue
infection®. When a mosquito bites a DENV-infected human, the viral particles enter the mosquito
dietary tract and infects its epithelial cells®. The replication of the virus takes place and
consequently the salivary glands get infected after approximately 10 — 20 days®. When the
infected mosquito bites another human, it injects its saliva, which is fully loaded with DENV
infectious particles, directly into the bloodstream, causing a new human infection and closing the
transmission cycle. In cities with a high population density and where mosquitoes live and thrive
well, this process repeats frequently over time (if mosquito numbers are uncontrolled), resulting

in the observed seasonal dengue outbreaks'®.

1.3 Dengue pathogenesis

Dengue infection in humans is often asymptomatic but, if not, it can originate a wide range of
clinical manifestations. Following transmission through the mosquito bite, the virus infects first
immature dendritic cells (DC) through the dendritic cell-specific intercellular adhesion molecule 3
(ICAM3)-grabbing non-integrin receptor''-'2. After maturation, infected DC migrate to local or
regional lymph nodes and present the viral antigens to T cells, which initiates the cellular and
humoral responses''. Furthermore, there is evidence of DENV replication in parenchymal cells of
the liver, in macrophages of lymph nodes, spleen, liver and in peripheral blood monocytes's.

After infection, the virus circulates in the blood for 2 — 7 days before the person shows any
symptoms. The clinical features of dengue fever can vary widely according to the patients’ age
and immunological status, besides other factors. Initial dengue infections are frequently
unreported and/or undiagnosed, as symptoms can be very mild or absent. Most children show
only mild unspecific febrile syndromes, while other persons develop severe flu-like symptoms with
high fever, accompanied by severe headache, pain behind the eyes, nausea, vomiting swollen
glands, muscle and joint pains and rash'#'5. During secondary infection, the pathophysiology of
dengue can change dramatically, particularly in sequential infections where an infection with
DENV-1 is followed by infection with DENV-2 or DENV-3, or infection with DENV-3 followed by
DENV-2'617  Infections like this can result in potentially deadly complication with an acute

vascular permeability syndrome, known as dengue shock syndrome (DSS). DSS can be



accompanied by plasma leaking, fluid accumulation, respiratory distress, severe bleeding or
organ impairment'®. The severity of DSS is also age-dependent, but vascular leakage is the most
severe syndrome in young children. This phenomenon is thought to be related to the intrinsic
integrity of the capillaries’®?°. A primary infection in adults, independent of the DENV serotype,
can result in dengue fever (DF) and is mostly accompanied by a tendency for bleeding, leading
to severe haemorrhages’. There are some host factors that can either increase or reduce the risk
of severe dengue disease. Host factors for increased risk include being of the female sex, specific
human leukocyte antigen class | alleles, the occurrence of a single-nucleotide polymorphism in
the tumour necrosis factor (TNF), the presence of a particular promoter variant of the dendritic
cell-specific ICAM3-grabbing non-integrin receptor gene and having the AB blood group?'24.
During secondary infection, host factors that reduce risk of a severe disease include ethnic
background, second or third degree malnutrition, vitamin D receptor genes and polymorphisms
in the Fcy receptor?>?7. Also, the secondary dengue infection severity is higher, if a longer time

interval between the first and the second infection ocurred®.

1.3.1 Clinical signs and therapy

Severe forms of the disease can be successfully managed by careful monitoring patients’
symptoms and the initiation of intravenous rehydration therapy at an early stage (if needed). Early
febrile stages include symptoms like fever, headache, body pains and rash. Later, during
defervescence (reduction of the fever), symptoms like bleeding, thrombocytopenia
(<100,000 platelets/mm3), ascites or pleural effusion can occur. Besides that, severe and
continuous abdominal pain, restlessness and somnolence, persistent vomiting and a sudden
reduction in temperature associated with profuse perspiration can indicate plasma extravasation
and the likely occurrence of dengue shock syndrome. To avoid haemodynamic instability and
hypotension, patients must receive fluid replacements for rehydration. Treatment of
uncomplicated dengue cases is only supportive to alleviate symptoms. This includes oral fluids

and paracetamol intake during the febrile period.”

1.3.2 Immunological response

When DENV enters the human organism, the acquired immune response to the infection includes
antibodies, that are primarily directed against the virus envelope proteins. Thus the response
varies depending on if it is a primary or secondary infection?®*. Individuals, who are not immune
to dengue show a primary antibody response, whereas patients with a previous dengue infection
present a secondary immune response. A primary infection is defined by a slow and low-titre
antibody response’. The first isotype to appear are immunoglobulin (Ig) M antibodies, with peak
levels approximately two weeks after the onset of fever®'32. At the end of the first week of iliness,
dengue-specific 1gG is detectable at low titre and slowly increases. A secondary infection is



characterized by high levels of IgG, even in the acute phase, and rising intensely over the
following two weeks®2. Compared to primary infection, IgM levels are significantly lower33. After
dengue infection, IgG can remain lifelong circulating in the bloodstream, complicating the
serodiagnosis of past, recent and current infections®?34, Immunological responses of IgA and IgE
have been also documented, but the utility of detecting these immunoglobulins as markers for
dengue serodiagnosis is not yet proven®®.
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Figure 1.1: Immunological response after primary dengue infection. Viral load is elevated during
acute illness but declining after the immune response starts. While the viraemia is decreasing, levels of
IgM and IgG are rising. After acute dengue infection, IgG antibodies can remain in the bloodstream for a
long period, possibly interfering with the diagnosis of new infections. Adapted from Guzman, 2010°.

1.3.3 Treatment and vaccination

Until now, there is no specific treatment or effective therapy for dengue disease, but early
detection and proper medical care can lower fatality rates below 1 %"%. A working vaccine,
Dengvaxia®, was registered in Mexico in December 2015, approved for official use in some
endemic regions of Latin America and Asia and, by the end of October 2018, also in Europe3®-32,
However, this vaccine is not 100 % effective against all dengue serotypes. Thus, research into
new prophylactics is still ongoing, with a new vaccine proposed, recently being in Phase 3 clinical
trials*°. Fully effective prophylactics and therapeutic approaches are lacking. This is partly due to

a poor understanding of key steps in the viral life cycle, discussed ahead.



1.4 Dengue virus

Dengue virus is a member of the Flavivirus genus and part of the Flaviviridae family. This taxon
includes other relevant human pathogen species such as West Nile (WNV), Zika (ZIKV), yellow
fever (YFV) or hepatitis C (HCV) viruses*'#2. Flavivirus are enveloped viruses with a single-strand
positive sense RNA genome (ss(+)RNA). The ~10.8 kb genome of DENV contains one open
reading frame (ORF), which is translated into a single polyprotein with the help of the host cell
translation machinery*3. The polyprotein is co- and post-translationally cleaved by viral and host
proteases into ten proteins — three structural and seven non-structural (NS) proteins. The
structural proteins have a critical role in the viral life cycle and are present in the mature virion
structure*344. They are encoded in the amino terminus of the genome and are namely the capsid
protein (C), the pre-membrane protein (prM) and the envelope protein (E)*. The non-structural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) are essential for the viral replication
and are encoded in the remaining part of the genome. Each DENV shares around 65% of the
genome. Despite some differences, each serotype causes nearly identical syndromes in humans
and circulate in the same ecological niche*. Important biological properties of DENV include
receptor binding, haemagglutination of erythrocytes and the induction of neutralizing antibodies

and the protective immune response’.
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Figure 1.2: The dengue virus genome. The single open reading frame encodes the three structural
proteins (C, M and E glycoproteins) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B and N55). Adapted from Guzman, 2010".

1.4.1 The viral life cycle

The life cycle of Flaviviridae members can be subdivided into seven sequential steps. Virions
attach to the surface of the host cell and then enter through receptor-mediated endocytosis. The
acidic environment of the endosome triggers conformational changes in the virion, especially the
E protein undergoes an irreversible trimerization, that results in fusion of the viral and cell
membranes*®47. Subsequently after fusion, the ss(+)RNA is released into the cytosol, the
polyprotein is translated and processed into the ten viral proteins*®. Following, replication takes
place: NS proteins transcribe molecules of ss(-)RNA to serve as a template for the synthesis of

new ss(+)RNA copies®. The viral genome copies are conjugated with the C protein and



encapsidated in an assembly process mediated by unclear mechanisms, involving the structural
proteins and the endoplasmatic reticulum (ER) membranous system*®%, This process results in
infectious virions and subviral particles, of which are both formed by the assembly of prM and E
proteins and are believed to undergo the same maturation process®'. The immature particles are
transported through the trans-Golgi network, where they are cleaved by the host protease furin,
resulting in infectious and mature virions, that are released from the host cell by exocytosis®?3,
The new built virions are now prone to infect other cells. Flavivirus use both host and viral proteins
to complete their life cycle, as well as the host cellular structures. This brief overview of the
process includes the main steps, which are important for the understanding of this work. In vitro
studies show an increased virus replication when human monocytes and mature dendritic cells
got infected, due to the suppression of the interferon (IFN) host protection system®*. Also, Type |
IFN-associated genes are less abundantly activated in peripheral blood mononuclear cells taken
from patients with severe dengue cases compared with milder disease patients®. Consequently,
the increased number of infected cells present targets for CD4+ and CD8+ T cells, which results
in large quantities of interleukin (IL)-10, IL-2, IFNy and TNF, which might contribute to endothelial
damage and changes in the hemostasis’. Damage of endothelial cells might be directly from
virions released from infected cells®®. Furthermore, the uptake of dengue virus non-structural

protein NS1 by hepatocytes might promote the viral infection of the liver®’.
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Figure 1.3: The Flaviviridae life cycle. The virus enters the host cell and the genome is released after the
fusion of the viral and endocytic vesicle membranes. The polyprotein is translated and processed in the ER
membranes. Later on, non-structural proteins promote the replication, while the structural proteins assemble with
RNA. Host proteases are responsible for the maturation of the virion, following the secretory pathway, until the

virus is released to the extracellular space. Mukhopadhyay et al., 200543



1.4.2 The viral structure

The Flavivirus structure has been solved by cryo-electron microscopy (cryo EM) for DENV, YFV
and WNV*#4%8-60_ This technique made it possible to identify the structure of the viral particles in a
high resolution at molecular level. The virion presents a 40-50 nm diameter’. It displays an internal
nucleocapsid, enveloped by a lipopolysaccharide envelope, the lipid bilayer*. The outer layer is
composed by the envelope (E) and membrane (M) proteins. DENV E protein is arranged in anti-
parallel dimers, showing an icosahedral symmetry*4. During the Flavivirus life cycle, the protein
is proposed to promote the fusion between viral and host cell membranes*:. The prM protein is
also embedded into the lipid bilayer, exposing the prM domain in the immature virion to protect
the E proteins fusion region. Later, the prM domain is cleaved by the cellular protease furin to
promote maturation®®®'. The C protein is present in the nucleocapsid, where it is complexed with
viral RNA.
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Figure 1.4: The viral structure. A) Cryo-EM image of the DENV virion, showing the internal structure.
The nucleocapsid is composed by viral RNA, conjugated with C protein copies. Yu et al., 2008%.
B) Schematic drawing of DENV. The internal capsid with the viral genome is enveloped by a lipid bilayer.
The outer layer is composed by the membrane proteins, covered by envelope proteins®?.

1.5 The capsid protein

The capsid protein of DENV is a highly basic protein, composed of 100 amino acids, that form a
homodimer with an intrinsically disordered protein (IDP) region in the N-terminal, followed by
4 a-helices (a1 - a4) per monomer®. If not otherwise indicated, DENV refers to DENV-2 in the
following sections. The main structural region is composed by the disordered N-terminal, a short
flexible intermediate fold and a large conserved fold region, which stabilizes the proteins
homodimer structure®-%8. The dimer is presenting an asymmetric charge distribution, due to the
antiparallel helical interfaces of a2-02’ and oa4-04’. One side presents a hydrophobic pocket
(a2-0.2’), responsible for the binding to host lipid droplets (LDs), while the C-terminal side (a4-04’)

is positively charged and proposed to mediate the C protein binding to the viral RNA®. In addition,



the C protein has not only a structural role. It also provides a protection to the viral genome during
transition between environments, shielding the RNA against exposure to chemical hazards®7°.
The interactions of the C protein with host lipid systems and viral RNA are important for viral
replication”"72. A key function of DENV C is genome encapsidation during viral assembly.
However, the exact mode of action of the C protein is still unclear.

DENV infection affects the host lipid metabolism, increasing host intracellular LDs and
unbalancing plasma lipoprotein levels and composition”"7374, DENV C-LDs binding is essential
for viral replication, requiring K*, the LDs surface protein perilipin (PLIN3) and specific amino acid
residues of DENV C a2-a2’ helical hydrophobic core and of the N-terminal®®75. With the help of
that knowledge, pep14-23, a peptide based on a flavivirus C protein conserved N-terminal motif,
was designed and patented by the host lab’®. Furthermore, it was established that pep14-23
inhibits DENV C-LDs binding, acquiring a-helical structure in the presence of anionic
phospholipids®®. It was shown, that DENV C binds specifically to very low-density lipoproteins
(VLDL), requiring K* and apolipoprotein E (APOE), a specific VLDL surface protein, being also
inhibited by pep14-2377. This analogous interaction and similarities between APOE and PLIN3 in
the context of DENV C binding reinforces the suggestion of a common binding mechanism’®. The
important role of LDs in flavivirus infection is well known and has been recently reviewed”" 7,
However, further research seeks to contribute to a better understanding of the biological function

of the C protein of flaviviruses in general, providing ground for future drug development.
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Figure 1.5: Capsid protein membrane topology and structure. A) The viral genome encodes a
polyprotein that is cleaved into ten viral proteins. The capsid protein is the first protein of the polyprotein.
the N-terminal end B) DENV C protein is an a-helical homodimer with an asymmetric charge distribution.
The disordered N-terminal (not shown) and the hydrophobic cleft, specially the a2-0.2’ interface (green),
are involved in the interaction with host lipid droplets. The positively charged C-terminal a4-04’ interface
(purple) has been proposed to interact with viral RNA. Mukhopadhyay et al., 2005*3, Martins et al., 201255
and adapted from Ma et al., 200453,
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1.6 Objective of the work

Studies at the host laboratory of DENV C protein interaction with host lipoproteins and intracellular
LDs led to the design of pep14-23, a peptide that inhibits DENV C binding to these host lipid
systems. Now, to complement the understanding of DENV C biological activity, studies on
DENV C binding to nucleic acids should be conducted. DENV C structure suggests that its a4-o4’
region may bind the viral RNA®, It was recently shown that ZIKV C protein possesses a broad
binding capability to different nucleotide types, including single-stranded (ss) and double-
stranded (ds) RNA or DNA®'. The complete understanding of DENV C interactions can give rise
to a model of flavivirus C protein function, providing ground for future development of DENV C-
targeted treatments. Thus, this work aims to understand molecular details of DENV C interaction
with nucleic acids, especially ssDNA. To achieve this, a combined in vitro and in silico study of
the C protein-DNA interaction was performed. First, recombinant DENV C protein was produced.
Second, adequate nucleotide sequences were selected to test the interaction with DENV C. After
an intensive optimization of the experimental workflow, DENV C binding to nucleic acids was
tested via biophysical approaches, namely circular dichroism spectroscopy and fluorescence
spectroscopy. To complement the molecular information gathered, a computer-aided analysis
was performed to compare the structure of DENV C with the structure of other RNA-binding viral
proteins. Finally, a model describing the interaction is proposed.
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Figure 1.6: Study of dengue virus capsid protein interaction with nucleic acids. It was hypothesized
that DENV C interacts with the viral RNA through its positively charged face of the dimer. Biophysical and
computational techniques were used to access this interaction. Adapted from Ma et al., 2004%.
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2 Methodology

Experimental procedures and sources of materials are presented in this chapter. In brief,
the protocol for protein expression and purification is detailed. Then, biophysical
techniques employed to analyze the interaction of DENV C with nucleic acids are

described.
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2.1 Materials

Recombinant DENV C protein was expressed in Escherichia coli (E. coli) cells, transformed with
the DENV C serotype 2 C protein gene (encoding residues 1 to 100), cloned into the plasmid
pET21a, containing resistance for ampicillin. Competent cells were treated in Tris-Borate (TB)
buffer, composed by 10 mM HEPES, pH 6.7, 250 mM KCI, 15 mM CaClz, 55 mM MnClz. During
DENV C expression, a NaCl buffer was used, consisting of 25 mM HEPES, pH 7.4, 1 mM EDTA,
5% Glycerol and 0.2 M/ 2 M NaCl. The buffer used for the purification of DENV C consisted of
550 mM KCI and 55 mM KH2PQa4, pH 6.0. For circular dichroism measurements, different buffers
were used. The first experiments were done in 10 mM KHzPO4, pH 6.0 and 100 mM KCI and,
while the experiments later on were performed in 50 mM KH2PO4, pH 6.0, 200 mM KCI or 50 mM
KH2PO4, pH 6.0, 200 mM KCI and 20 mM MgO4S e 7 H20". Buffers were filtered, using a 0.1-um
filter. Unless stated otherwise, the chemicals were purchased from Merck (Darmstadt, Germany).
DNA oligonucleotides were obtained from Eurofins Genomics (Ebersberg, Germany), supplied
by NZYTech, Lda. (Lisbon, Portugal).

2.2 Production of recombinant DENV C protein

The expression and purification of recombinant DENV C protein was based on previous work’2,

The full protocol is detailed below.

2.2.1 Preparation of competent E. coli cells

A colony of E. coli strain C41, previously grown in solid media of lysogeny broth (LB) agar, was
inoculated into 3 mL of liquid LB medium, overnight, at 37 °C and agitation at 200 rpm. Then,
500 uL of the overnight culture were added to 10 mL LB liquid medium (1:50 dilution) and
incubated at 30 °C, until the optical density at 600 nm reached approximately 0.5. After this, the
culture was incubated on ice for 10 min. Following, the cell suspension was centrifuged at 4 °C
for 10 min, 4600 g (Heraeus Multifuge 1 L-R, Thermo Fisher Scientific, Waltham, USA). After
discarding the supernatant, the pellet was gently resuspended in 3 mL ice-cold TB buffer. The
culture was incubated on ice for 20 min and then again centrifuged at 4 °C, for 7 min, 4600 g
(Heraeus Multifuge 1 L-R, Thermo Fisher Scientific, Waltham, USA). The pellet was resuspended
in 930 uL ice-cold TB buffer and 70 uL dimethyl sulfoxide (DMSO), followed by an incubation on
ice for 10 min. The cell suspension was aliquoted (200 uL per tube), before shock-freezing in

liquid nitrogen and storing at -80 °C, for later use.
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2.2.2 Transformation of competent E. coli cells

A 200 pL aliquot of competent E. coli, strain C41 was thawed at room temperature (RT). Then,
1 uL of pET21a-DENV C 1-100 plasmid (containing DENV C gene sequence) was added to
100 uL of competent cells in a tube. The remaining 100 uL of competent cells were used as a
negative control, adding only water (no plasmid). Both tubes were incubated on ice for 30 min.
After this, both samples were heat shocked for 45 sec at 42 °C and immediately placed on ice for
2 min. Next, 900 uL of LB medium was added to both tubes. The samples were incubated for 1 h
at 37 °C and 220 rpm. After, 100 puL of these cells were plated onto LB agar plates with 100 pg/mL
of the antibiotic ampicillin (to select for the competent cells that are transformed with the plasmid).
Plates were incubated overnight at 37 °C and stored at 4 °C after successful transformation.
Competent cells are also plated, in LB medium without antibiotic (diluted 1:10.000) in order to
know if competent cells are viable. If no growth of transformed cells occurs and the non-
transformed cells do grow, the problem would be due to the plasmid or the transformation assay,

but not due to the competent cells viability.

2.2.3 DENV C expression and purification

The protein was expressed in E. coli strain C41 cells transformed with the DENV serotype 2 C
protein gene (encoding residues 1 to 100) cloned into plasmid pET21a. The cells were grown
overnight at 37 °C and 220 rpm in 6 mL LB medium in the presence of 100 ug/mL ampicillin. 4 mL
of the culture grown overnight was transferred into a freshly prepared LB medium in the presence
of the same antibiotics. The protein expression was induced at an optical density at 600 nm
(ODeoo) of 0.8 with 125 uL of 1 mM isopropy-p-D-1-thiogalactopyranoside (IPTG), being grown
overnight at RT and 220 rpm. Next, the cell culture was transferred to 50 mL tubes and centrifuged
at 6100 g (Heraeus Multifuge 1 L-R, Thermo Fisher Scientific, Waltham, USA) for 30 min at 4 °C,
the supernatant was discarded. The pellets were resuspended in 20 mL of NaCl buffer and 10 uM
protease inhibitor mix (cOmplete, EDTA-free, Roche Diagnostics, Mannheim, Germany).
Following, the cells were lysed by 5 cycles of sonication on ice, 2 min turned on at the maximum
power of the apparatus (Sonicator Soniprep 150, MSE, East Sussex, UK) and 2 min turned off,
cooling in ice. DENV C protein was eluted with an increasing NaCl concentration gradient. To
reach a concentration of 2 M, NaCl was added to the 20 mL cell solution, and then incubated for
1 h onice, while continuously stirred. The cell lysate was centrifuged at 6100 g (Heraeus Multifuge
1 L-R, Thermo Fisher Scientific) for 30 min at 4 °C. The supernatant was again centrifuged for
15 min at 16100 g at 4 °C. Next, 60 mL of 0.2 M NaCl were added to the supernatant, to get a
final salt concentration of 0.5 M NaCl. Soluble protein extracts containing C protein were
subjected to cation-exchange chromatography, followed by size-exclusion chromatography. The
1.5 mL fractions were confirmed to contain DENV C protein via 15% sodium dodecyl! sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and mass spectrometry analysis.
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2.2.4 Quality control

To test the quality of the expressed DENV C protein, first, a 15% SDS-PAGE was performed,
alongside evaluating the protein secondary structure via circular dichroism spectroscopy and
mass spectrometry analysis (please consult the next chapter, sections 3.1 and 3.2, for more

details).

2.3 Interaction of DENV C with nucleic acids

DENV C interaction with nucleic acids (ssDNA) was analyzed by biophysical approaches, namely
circular dichroism and fluorescence spectroscopy, via a titration experiment. Briefly, 1 uM of DNA
was dissolved in the appropriate buffer (detailed ahead) and DENV C protein was titrated until
reaching 2 uM (monomer concentration), via successive 5.4 uL additions of protein from at a

stock concentration of 180 uM, in a final volume of 2227 pL.

2.3.1 Circular dichroism spectroscopy

Circular dichroism (CD) is a spectroscopic method that is based on the differential absorption of
left- and right-circularly polarised light by optically active molecules®?. Proteins are optically very
active compounds that, due to their peptide bonds, have the property of chirality. Two isomers
are chiral if they have the same chemical composition, functional groups and similar physical
properties, only differing in their spatial orientation, being the exact mirror counterpart, but not
superimposing with each other. CD measures the difference in the absorbance between left- and
right-circularly polarised light, reporting this difference in terms of ellipticity (®) in degrees®.

Briefly, the fraction of light that is absorbed by a sample follows the Beer-Lambert law:

A, =logq, (170) = €lC (1)

where A,is absorbance at a given wavelength, [, the intensity of light entering the sample, I the
intensity of light leaving the sample. If pure protein samples are used, the signal is proportional
to the concentration of protein in the sample, C (that can be expressed in M), the pathlength, I,
(that can be expressed in cm) and to €, which is the molar extinction coefficient of a given protein
at a given wavelength (that can be expressed in M.cm)™'. In CD spectroscopy, this also applies

for right- and left-circularly polarized light, so CD is the difference in absorption, such that:

CD signal = AA = A; — Ag = g lC — &IC = AclC (2)
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where the direction of rotation of light is denoted by the subscripts. For historical reasons, CD
instruments display the data from the CD signal in ellipticity (8) units (mdeg), converted from the

difference in absorbance via the equation below.

[6] =3298.24¢ (3)

To make comparison simpler and take sample concentration and pathlength into account, CD

spectra are presented in molar ellipticity (8) units (degrees-cm? dmol™'), defined as:

[0] = 1006C  (4)

where C is the molar concentration and / is the pathlength in cm.8?

CD spectra of a-helical proteins are defined by three peaks: two negative peaks at, roughly,
222 nm and 208 nm and a stronger positive peak at 192 nm&. Spectra of B-sheets are
characterized by a negative peak at 217 nm and a positive peak at 195 nm, with only half the
intensity of the a-helix peak in this area®. Random coil or unordered structures often show
spectra similar to the polyproline helix spectrum, which is characterized by a small peak around
215-230 nm and a negative peak at 200 nm®28. Changes in CD spectra provide information on
interactions of proteins and ligands and can monitor protein folding and unfolding. Furthermore,

they can be used to study protein stability®?.
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Figure 2.1: Circular dichroism spectra of proteins. CD spectroscopy is based on light absorption.
When absorption occurs in chiral chromophores, it gives characteristic CD spectra. If a molecule is not
chiral or absorbs equally the polarized light, there is no CD signal. Different protein secondary structures
have each their own typical CD spectrum: a-helix, red spectrum; 3-sheet, blue spectrum and random coill,
yellow spectrum. Adapted from Miles et al., 200682.
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CD measurements were carried out in a JASCO J-815 CD spectrometer (JASCO, Tokyo, Japan),
using 0.1 or 1 cm path length quartz cuvettes with 220 pL or 2200 uL of total volume, data pitch
of 0.5 nm, velocity of 200 nm/min with a data integration time of 2 sec and performing
3 accumulations with an automatic baseline (buffer spectra) correction. Spectra were acquired in
the far UV region, between 200 and 260 nm, with 1.0 nm bandwidth. Temperature was controlled
by a JASCO PTC-423S/15 Peltier equipment, at 25 °C. C protein concentration ranged from 1 uM
to 20 uM (monomer) in different buffer conditions. A series of optimization was performed to
obtain clear spectra of the interaction of DENV C with ssDNA. Finally, spectra were smoothed
through the means-movement method (using 5 points) and normalized to mean residue molar
ellipticity, [0] (in deg cm? dmol' Res™).

2.3.2 Fluorescence Spectroscopy

Fluorescence spectroscopy is a crucial technique in biochemical research, due to its robustness,
high sensitivity and non-invasiveness®. Fluorophores can absorb light of a specific
wavelength (Aex) and emit the energy after a brief interval, namely the fluorescence lifetime (t),
at a longer and specific wavelength (Lem)®. The intrinsic fluorescence of proteins, originates
mostly from the aromatic residues of amino acids, mainly tryptophan. This property has been
explored to study protein dynamics and conformational changes, gathering information from
fluorescence intensity, absorption and emission maximum, band shape, anisotropy and
fluorescence lifetimes of the residues in native proteins®”. A molecule, that has been excited with,
for example, ultraviolet (UV) / visible light, can loose the excess energy, as it returns to its ground
state — in fluorescence this is achieved by the emission of light®®. The fluorescence quantum yield
is described as the ratio of the number of photons of light emitted as fluorescence to the number
of photons initially absorbed®®. Studying protein-nucleic acid interactions is simplified by the fact
that all detectable fluorescence arises from the protein, since naturally occurring bases in RNA
and DNA are essentially non-fluorescent®. Almost all fluorescence found in proteins is ascribed
to the tyrosine (Tyr) and, above all, tryptophan (Trp) residues. When both amino acid residues
are present, the emission spectrum will be dominated by Trp, unless the ratio of Tyrto Trp is very
high®. Due to this, fluorescence spectroscopy can be used as a sensitive non-destructive
technique for protein-DNA interactions studies. The intrinsic emission spectra obtained for a free
protein and a protein-DNA complex can be compared and give information about the environment
of Trp and Tyr residues in these two states. Quenching of the fluorescence intensity of an intrinsic
emission spectrum and/or a shift in the wavelength maximum often occurs upon protein-DNA
binding. Changes in the fluorescence emission can be used to determine the stoichiometry of
binding and equilibrium-binding constants, in some cases the data can also give an indication of
the location of particular residues within the protein®. Besides the fact that the experiments are
quick and easy to perform®, the technique is very sensitive, allowing low concentrations (typically

in uM range), required for estimation of binding constants for many protein-DNA interactions®.
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Concerning tryptophan fluorescence, it is widely used as a tool to monitor changes in proteins®’.
Trp has the strongest fluorescence quantum yield of natural amino acids®. For this reason,
intrinsic protein fluorescence normally refers to the fluorescence emission of Trp, as in the case
of DENV C, where only Trp is present (no Tyr). The indole group of Trp is the dominant source of
UV absorbance at excitation ~280 nm (Aex) and emission ~350 nm (Aem) in proteins®”. The
photophysical properties of Trp are highly sensitive and influenced by its local environment®3-94,
The Trp fluorescence maximum (Aem) and intensity are highly influenced by the polarity of its
micro-environment, hydrogen bonding and other non-covalent interactions®”-%.

Due to this sensitivity to the polarity of the surrounding solvent, Aemfor Trp can range from 330 nm
in a hydrophobic environment to 355 nm in water®®%, Protein fluorescence is quite weak and can
be non-existent, depending not only on the environment, but also upon protein structure. The
emission of Trp can be quenched by other amino acids in adjacent positions in the protein, by the
solvent, ligand binding or by impurities®.

The experiments of intrinsic protein fluorescence studies described here were performed in a
VARIAN CARY Eclipse Fluorescence Spectrophotometer (Agilent, Santa Clara, USA), using a
5 mm cuvette. Data were collected in the fluorescence emission mode. Samples excitation was
performed at 280 nm, measurements were collected between 300 and 450 nm, excitation slit of

10 nm, emission slit at 20 nm with a slow scan control and a medium detector voltage.

2.4 Protein structure visualization and comparison

Protein structures coordinates were extracted from the Protein Data Bank (PDB). PDB
identification codes are specified ahead after each protein name. PDB files of DENV C (1R6R)5
and influenza NS1 (2ZKO)®” were used as templates for comparisons. Protein structures were
superimposed through UCSF Chimera 1.13.1 software MatchMaker tool. Then, we carefully
analyzed the superposition visually. Protein structure figures were obtained using UCSF
Chimera 1.13.1.
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3 Results

The results of the experimental work are shown in this chapter. First, the expression of
the purified DENV C protein is evaluated, alongside the characterization of the
recombinant protein. Next, the optimization of the protocol for the measurement of
DENV C interaction with nucleic acids at low concentrations is illustrated. The process of
selection of the nucleic acid sequences is also described, before showing the outcome
of the biophysical experimental evaluation of the interaction of DENV C with nucleic acids.
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In this thesis a combination of in vitro and in silico studies was used to gain insights into DENV C
biological activity and structure, in the context of its interactions with nucleic acids. To achieve
these aims, it was first necessary to express and purify the DENV C protein and, afterwards, to
characterize it. Following, after optimizing parameters and conditions for CD measurements at
low protein concentrations (necessary for these goals), experiments were performed to test
DENV C binding to nucleic acids. Sequences of ssDNA were used as proxies of relevant viral

ssRNA genome regions, with the rational for selecting them explained below.

3.1 Expression and evaluation of the purification of DENV C

Recombinant DENV C protein was expressed and purified in the host laboratory to study the
interaction with nucleic acids, following previous work’. Briefly, a pET-21a plasmid was used,
containing DENV serotype 2 capsid protein gene. Two independent recombinant protein
expression and purification assays were concluded. To confirm the success of the process, an
intermediate quality control step was performed, via 15% sodium dodecyl sulfate —
polyacrylamide-based gel electrophoresis (SDS-PAGE) (Figure 3.1). IPTG induced DENV C
expression in E. coli C41 cells, when compared to the basal expression, as expected. Some
protein is found in the pellet of sonicated cells (Figure 3.1 A, column 5). That was unexpected,
as, in previous work, DENV C was mostly all in the supernatant of the cells. The supernatant of
sonicated cells was clear and, as most of the protein was found there in previous work by others,
the supernatant was used in the ensuing purification chromatography steps. DENV C is about
11.5 kDa (monomer size). A band roughly corresponding to it is visible in the SDS-PAGE of size

exclusion chromatography (described ahead), in the expected region (Figure 3.1 B, column 3).

A B
M 1 2 3 4 5 6 M 1 2 3 4 5 6
‘- KD 3
= e ] s
50 S 50 W
37 - & 37 -
2% - 25 .
20 . 20 o
v o — 5 PRE <«— DENVC
10 10

Figure 3.1: SDS-PAGE (15%) of recombinant protein production in E. coli C41 cells. A) Expression
steps. (M) Protein marker. (1) Overnight basal protein expression (not induced). (2) Cells induced
overnight with IPTG. (3) Supernatant of induced cells. (4) Pellet of induced cells. (5) Pellet of induced
cells after being sonicated. (6) Recombinant DENV C previously purified (positive control). B) Size
exclusion chromatography fractions. (M) Protein marker. (1) Fraction 3. (2) Fraction 4, resuspended
pellet. (3) Fraction 4. (4) Fraction 5, resuspended pellet. (5) Fraction 5. (6) Recombinant DENV C from
other purifications (positive control).
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Purification of DENV C was first performed by affinity chromatography, using a heparin column.
The protein is highly positively charged and, as heparin is negatively charged, it binds to it, eluting
later on when high salt concentrations are passed through the column. Fractions corresponding
to the elution profile of the protein were collected and, then, submitted to size exclusion
chromatography. A S75 column was used for this final purification step. Fractions A4 and A5 were
collected (from here onwards referred to as F4 and F5, respectively). Aliquots of each fraction
were saved to perform a gel electrophoresis (Appendix I, SF 1). A band of 15 kDa is seen, in line
with previous work at the host lab and collaborators, as DENV C protein gives a slightly larger
size than expected in SDS-PAGE.

A second DENV C protein expression was done in exactly the same manner. A final gel
electrophoresis was performed, to compare the result of the two purifications (Figure 3.2). It can
be seen that DENV C from the first purification batch had a higher concentration. This is due to
the fact that only half of the volume after protein expression was used in the second purification.
The reason for using less amount of protein was to avoid any protein precipitation at high

concentrations, as it had occurred in the past with this and similar capsid proteins.

15 “ up ! <+— DENVC

Figure 3.2: SDS-PAGE (15%) comparing two recombinant DENV C protein production assays.
(M) Protein marker. (1) Second purification, after sonication. (2) Second purification, size exclusion
chromatography, fraction 5. (3) Second purification, size exclusion chromatography, fraction 6. (4) First
purification, size exclusion chromatography, fraction 4. (5) First purification, size exclusion
chromatography, fraction 4 as a duplicate. (6) First purification, size exclusion chromatography, fraction 5.
(7) Recombinant DENV C from other purifications, used as a control.
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3.2 Characterization of purified DENV C

Protein samples quality was further assessed via a commercial analysis mass spectrometry
service at i3S (/nstituto de Investigagdo e Inovagédo da Universidade do Porto), Porto, Portugal,
using a MALDI-TOF MS (matrix-assisted laser desorption/ionization, time-of-flight mass
spectrometry) apparatus, via LC-MS Orbitrap (separation by a C4 column) and mass spectra
acquisition in the positive mode. Fractions F4 and F5 from the first purification and fractions F5
and F6 from the second purification were tested, as shown in Appendix |, SI 2 — 5.

The highest peak is consistent with the expected mass of the protein monomer (11.5 kDa).
Fraction 4 of the first purification and the fractions 5 of the first and second purifications show this
exact result. Fraction 6 from the second purification shows a different result and it was not used
for the in vitro experiments. Then, to further test the recombinant DENV C protein obtained, a
quality control of secondary structure content was performed. Briefly, a CD spectrum of DENV C
protein at 50 uM, 25° C was acquired (Figure 3.3). The spectrum of fraction 4 of the first
purification shows two minimal peaks at 208 nm and 222 nm, characteristic of an a-helical

secondary structure, as expected.
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Figure 3.3: CD spectrum of recombinant DENV C protein. Fraction 4 of the first purification, at a
concentration of 50 uM (protein monomer). in 55 mM KH2PO4, pH 6.0, 550 mM KCI. A typical spectrum
for an a-helical secondary structure is seen, with minimal peaks at 208 and 222 nm.
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3.3 Optimization of CD measurements at very low DENV C concentrations

The goal here was to obtain purified DENV C and establish conditions to test its interaction with
nucleic acids. For such purpose, CD spectroscopy was used. Given the low availability of nucleic
acids and the risk of protein aggregation upon interaction with them, there is a need to work at
low protein concentrations. Thus, it is necessary to optimize conditions to measure an adequate
CD spectrum of DENV C at very low protein concentration. Otherwise, at high concentrations,
protein aggregation promoted by the nucleic acids would impair the biophysical analysis (or at
least make it very difficult).

First, CD spectra of DENV C at a concentration of 1 uM (monomer) dissolved in water was
acquired (Figure 3.4 A). Pure water is not an adequate solvent (as expected), since the protein
shows higher random coil (which could eventually, however, facilitate the binding to ssDNA).
Moreover, this makes very clear that buffer conditions must be carefully controlled. Unlike some
globular proteins, DENV C (that has a crucial IDP section) seems to be very easily affected by
the buffer environment. Next, a buffer with 10 mM KH2POs4, pH 6.0, 100 mM KCI was tested. This
composition was chosen because it is compatible with further analysis of DENV C-ssDNA
interactions, via, for example, nuclear magnetic resonance (NMR). Besides, pH 6.0 is still a
physiological pH and was employed in other experiments with this protein®. However, it was not
possible to acquire a stable CD spectrum at low DENV C concentrations using that
buffer (Figure 3.4 B).

>

[©] (x10° deg cm? dmol! Res™)

[vs)

5= =

0+ 0+

5= -5

[©] (x10° deg cm? dmol”! Res™)

-10- — DENVC 1uM -10+ — DENVC1uM
—— DENVC 1uM _
154 A5 DENV C 1uM
1 1 1 L] L] 1 T L L] L] L 1
200 210 220 230 240 250 260 200 210 220 230 240 250 260
A (nm) A (nm)

Figure 3.4: CD spectra of DENV C in different solutions in a 0.1 cm cuvette. A) DENV C in water.
B) DENV C in buffer 10 mM KH2PO4, pH 6.0, 100 mM KCI. Both water and this buffer are inadequate, as
both give rise to some level of random coil secondary structure (which is not the typical DENV C CD
spectra). Moreover, three experiments, in different days, were performed, with poor reproducibility and
the loss of a-helical structure, when the above buffer was used.

Then, DENV C was tested in 10 mM KH2PO4, pH 6.0, 100 mM KCI buffer, at 2 uM (Figure 3.5)
and 10 uM (Figure 3.5 B). Even at this higher protein concentration, it was not possible to acquire
stable DENV C spectra. This is clear from measurements of the same sample giving different

spectra through time (Figure 3.5 A), even when the sample remains in the quartz cuvette
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Figure 3.5: CD spectra of DENV C in 10mM KH2PO4, pH 6.0, 100 mM KCI. A) Unstable spectra of
DENYV C in the concentration of 2 uM, measured in a cuvette of 0.1 cm. B) Unstable spectra of DENV C
in the concentration of 10 uM, measured in a cuvette of 0.1 cm. Measurements of 2 different samples on
2 days. All measurements were conducted in a 0.1 cm path length cuvette.

Finally, a buffer with the composition of 50 mM KH2POs, pH 6.0, 200 mM KCI was used, in line
with previous work®. The higher salt concentration would help to stabilize the spectra of the
protein, even at low DENV C concentrations (Figure 3.6 A). Protein concentrations of 10 uM and
lower did not give reproducible results. Measurements with a DENV C concentration of 20 uM
showed the best result, including the expected and well-documented a-helical spectrum. Since it
is not feasible to use 20 uM in the experiments for interaction with nucleic acids, it was necessary
to change the cuvette path length. CD signal is directly proportional to the path length and protein
concentration. Thus, with a 10-fold larger path length is possible to use one tenth of the protein
concentration and, theoretically, obtain the same signal (assuming that protein structure and/or
aggregation state is not affected by protein concentration, within that range). According to this, a
1 cm path length cuvette was used to measure DENV C at 2 uM. The results (Figure 3.6 B) show
clear and stable spectra, indicative of a-helical secondary structure. Furthermore, these spectra
superimpose with those of DENV C at 20 uM, measured with a path length of 0.1 cm, when the
CD signal is expressed in mean residue molar ellipticity. Therefore, these were viable conditions.
Consequently, cuvettes with a path length of 1 cm were employed to measure 2 uM DENV C in

the presence of ssDNA.
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Figure 3.6: CD spectra of DENV C in 50 mM KH:PO,, pH 6.0, 200 mM KCI. A) DENV C at different
concentrations, 0.1 cm cuvette. The best and most stable spectra are obtained with 20 uM protein, where
two samples overlap. B) Superimposing DENV C spectra in a concentration of 2 yM, measured in a
cuvette of 1 cm path length. As a reference, DENV C at 20 uM in a cuvette of 0.1 cm path length is shown.
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3.4 Selection of nucleic acid sequences

The selection of nucleic acid sequences was done based on results from a collaboration with the
Bioinformatics Institute A*STAR in Singapore. Distinct sections of the viral genome to which
DENV C specifically binds were identified®®. From the resulting data, sequences according to the
following criteria were chosen: first, sections that showed a high affinity binding between DENV C
and the viral genome were selected (binding profiles to the viral genome can be consulted in
Appendix I, SI 6). The viral genome secondary structure can affect the binding. We thus selected
nucleotide sequences with high affinity and either a linear or a structured secondary structure.
Secondary structure predictions of 23ssDNA and 51ssDNA are available in Appendix I, SI 7. Last,
we excluded from those sequences the ones that were either too long or very short, when
compared to those that remained. Very long ones cannot be easily obtained by commercial
synthesis. Very short sequences may not interact in a specific manner. Finally, two sequences
from the remaining lot were selected to perform experiments. These were conducted using

analogous ssDNA sequences as proxies of the viral genome.

Table 1: Selected sequences for the interaction with DENV C.

Name | RNA Sequence DNA sequence criteria
23 CAGAAGGCUCA CAGAAGGCTCA ¢ High binding
UGAAGAAGGCA TGAAGAAGGCA profile
UUUGUGGAAUC TTTGTGGAATC e Structured
CGCUCAGUAAC CGCTCAGTAAC e Long sequence
AAGACUGGAG AAGACTGGAG
51 UAGAGAUGGGUGAAG TAGAGATGGGTGAAG ¢ High binding
profile
e Linear
e Short sequence
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3.5 Interaction of DENV C with ssDNA

DENV C was titrated, up to 2 uM (monomer), into 1 uM of ssDNA in a 50 mM KH2POQO4, pH 6.0,
200 mM KCI buffer (Figure 3.7). DENV C and 23ssDNA seem to interact causing a structural
change in the protein (Figure 3.7 A). No interaction is seen between 51ssDNA and DENV C as
there is no visible change and the CD spectra of DENV C alone (negative control) superimposes
with it. The experiment was also performed with a buffer with Mg?* (composition: 50 mM KH2P O,
pH 6.0, 200 mM KCI, 20 mM MgO4S). The interaction between 23ssDNA and DENV C is still
seen, but to a lower degree. On the contrary, Mg?* does not affect the interaction (or lack of it) of

51ssDNA with DENV C.
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Figure 3.7: DENV C-ssDNA interaction — CD spectra. Titration of ssSDNA with up to 2 yM DENV Cin a
50 mM KH2PO4, pH 6.0, 200 mM KCI buffer, with and without Mg?* ions present (20 mM MgO,S).
A) DENV C-23ssDNA interaction, without Mg?*. B) DENV C-23ssDNA interaction, with Mg?*. C) DENV
C-51ssDNA interaction, without Mg?*. D) DENV C-51ssDNA interaction, with Mg?*. Only 23ssDNA seems

to interact with DENV C.

In Figure 3.8 information about DENV C interaction with 23ssDNA is obtained, by plotting the
ellipticity ([6]) at 222 nm (a local minimum for a-helices) as a function of DENV C concentration.
A difference is seen between control (DENV C + H20) and the 23ssDNA sample, possibly due to
structural changes after ssDNA binding. In Figure 3.8 B the signal of ssDNA after binding of
DENYV C is shown. The rising graph indicates an interaction between 23ssDNA and DENV C. In
buffer with Mg?*, 23ssDNA-DENV C interaction is weaker. Again, DENV C shows no interaction
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with 51ssDNA. Also, the signal of the 51ssDNA stays relatively flat, which indicates that there is
no interaction. Again, in buffer with Mg?*, no interaction could be seen between DENV C and the

51ssDNA.
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Figure 3.8: Interaction of DENV C with two different ssDNA sequences. A) Protein signal at 222 nm
after subtraction of the DNA signal. B) DNA signal at 222 nm after subtraction of the protein signal. Both
data indicate that 23ssDNA interacts with DENV C, but not 51ssDNA. Magnesium ions partially decrease
the interaction, perhaps by making DNA more positively charged. However, if only electrostatics attraction
played a role, 51ssDNA would be expected to bind DENV C at least to a small degree, which is not

observed.

To complement the structural analysis of the interaction between DENV C and DNA, the same
samples were tested via fluorescence spectroscopy, namely intrinsic protein fluorescence. The
signal of the intrinsic protein fluorescence might be not strong enough to show the interaction
between the C protein and DNA (Figure 3.9). There is no change visible in the spectra, neither in
experiments with 23ssDNA, nor with 51ssDNA. After normalization to the maximum peak of the
data, the spectra were superimposing, meaning that the DENV C protein always presents the

same tryptophan environment and structural shape. Results of the normalization can be consulted

in Appendix I, S| 8.
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Figure 3.9: DENV C-ssDNA interaction — intrinsic fluorescence spectroscopy analysis. Titration of
DENV C (up to 2 uM) to two ssDNA sequences, in a buffer of 50 mM KH2PO4, pH 6.0, 200 mM KCI, with
and without Mg?* ions present (20 mM MgO4S). A) DENV C-23ssDNA interaction, without Mg?*. B) DENV
C-23ssDNA interaction, with Mg?*. C) DENV C-51ssDNA interaction, without Mg?*. D) DENV C-51ssDNA
interaction, with Mg?*. No interaction is clear, although a small loss of signal is seen, possibly indicating
some small level of protein aggregation and/or precipitation. Nevertheless, the peak maximum and the
spectral shape suffer minimal changes.
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4 Discussion

In this chapter, the results of the experimental work of the thesis are discussed within the
frame of the current knowledge and recent publications. There will be a deeper insight
into the interaction of DENV C with its ligands. A mode of action for the binding of DENV

C to the viral genome and possible structural changes are proposed.
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4.1 DENV C protein expression and characterization

DENV C protein was successfully expressed and purified. No major contaminants were seen in
the SDS-PAGE performed after size exclusion chromatography. DENV C quality and purity was
further analyzed by mass spectrometry, showing the expected mass in fraction 4 and 5 of the first
purification and in fraction 5 of the second purification (Appendix I, SI 2 — 5). Fraction 6 of the
second purification does not show the expected mass spectrum, thus it was not used for the
experiments.

CD spectra of a-helical proteins display negative peaks at ~222 nm and ~208 nm®. Spectra from
B-sheet proteins show a negative peak at ~217 nm®84, According to this, we could obtain a CD

spectrum (Figure 3.3) and assert the a-helical secondary structure for the DENV C, as expected.

4.2 Optimization of CD measurements at very low DENV C concentration

The optimization was done to test the best conditions possible to measure DENV C protein in
very low concentrations, making the work with ssDNA more feasible and to prevent protein
aggregation. First of all, buffers used for CD spectroscopy should not contain any optically active
materials and should be as transparent as possible®®. Samples dissolved only in water show the
highest transparency. However, some proteins denature in the absence of salt. Going in line with
this, first tests were performed in water, but did not give any stable results and indicated some
level of random coil (Figure 3.4), so buffers with different salt concentrations were tested.
Furthermore, buffers for CD analysis should be free of particulate matter, so filtering the buffers
before use is crucial. High transparency quartz cuvettes (cells) were used, with path length
between 0.1 and 1 cm. Cells of very short pathlengths (> 0.1 cm) have a small total sample
volume and a small surface area facing the light beam of the CD apparatus. In those cases, it is
important that the light beam is tightly focused, since large artifacts may be produced otherwise®.
Using larger path length cells is only advisable to facilitate the production of stable spectra, but at
the cost of larger volumes. When using high protein concentrations in very short path length cells
(or low concentrations in long path way cells), a high-tension voltage artifact can occur
(Figure 3.6 B). This happens when strong absorption of the light beam by the sample does not
allow a sufficient amount of light to reach the detector and in turn creates artifacts'®. Taking all
of the above into account, 1 cm cuvettes were the most adequate, showing reproducible results
(Figure 3.6 B) and were used henceforth.
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4.3 Selection of nucleic acid sequences

As described in the results, a previous study by the host laboratory®® helped to identify specific
sections of the viral genome important for DENV C binding to it. Briefly, the architecture of the
nucleocapsid of DENV serotype 2 and ZIKV was elucidated by using a nuclease digestion assay
and next generation sequencing to map the respective viral RNA (vRNA) genome wide
association with the C protein in vitro®. Despite an irregular organization of the nucleocapsid, it
was shown that the C protein binds in a non-random manner along the vRNA with distinct patterns
of association. Furthermore, it shows a binding preference for Guanin (G)-rich sequences, with
the potential to form G-quadruplexes®. As already established, G-quadruplexes have the
potential to affect viral life cycles''. According to this, the chosen nucleic acid sequences used
in this thesis are both G-rich.

In addition, it is known that ZIKV C protein binds single-stranded and double-stranded RNA, as
well as DNA®'. Whether this is specific binding or not, is not yet clear. In any case, this broad
binding feature of ZIKV C protein suggests that it might involve a nucleotide-associated host
response, in addition to its viral ssRNA binding for virus assembly®’. Since ZIKV and DENV are
closely related viruses, the same may occur with DENV C. In consonance with all of the above,
ssDNA oligonucleotides were used as proxies of ssRNA viral genome sequences. As the dengue
genome is ssRNA, ssDNA is an adequate substitute, and much easier to work with than ssRNA,
that is prone to being quickly degraded. The ssDNA sequences were selected from the most
promising sites identified by the host laboratory and collaborators®, according to the rational
detailed before in the results section. Further details can be found in Appendix I, SI6. Overall,
studying these ssDNA further will help identify the precise binding sites of DENV C protein within
the viral ssRNA genome.

4.4 Interaction of DENV C with ssDNA

To further investigate the mechanism of action of DENV C, we focused on the interaction of the
C protein with nucleic acids. It is important to characterize DENV C binding to the viral ssRNA,
since it is a crucial step in the viral life cycle. Analogous ssDNA sequences were used as proxies
of the viral genome. As already described before, the C proteins positively charged a4-a4’ region
may govern its binding to nucleic acids, especially to double helical structures. The 23ssDNA, a
long and structured sequence, showed interaction, as well as a change in structure of the
C protein after ssDNA binding. However, the 51ssDNA (short, linear) showed no interaction. Next,
it was important to discriminate whether this interaction is specific or not. The results indicate that
the length, nucleic acid structure and also the ssDNA sequence may be crucial for the specific

DENV C-ssDNA binding. Addition of Mg?* does not seem to promote the interaction, as it lowers
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it, decreasing the spectra’s intensity. It can be hypothesized that in presence of Mg?* the structure
of the ssDNA might change and affect DENV C binding. Alternatively, the Mg?* may bind the
ssDNA, making it a more positively charged particle, and thus decreasing electrostatics. This
could force attraction of the nucleic acid particle to the C protein. To evaluate this, more structured
ssDNA sequences need to be tested. Additional investigations may be performed, replacing Mg?*
with another divalent ion, such as Ca?* or Mn?*, to help determine if DENV C interaction with
23ssDNA is specific or due to indiscriminate electrostatic forces. Nevertheless, if DENV C binding
to ssDNA was purely electrostatics, it would bind to some degree to 51ssDNA, as it is negatively
charged as well. Since it was shown that only the 23ssDNA interacted, this suggests that the
protein is at least partially selective, binding to specific sequences.

Analysing the data of the intrinsic fluorescence measurements (Figure 3.9) reveals that, although
there is no difference in the maximum peak of the spectra, the intensity of DENV C with 23ssDNA
is slightly lower than the control. This can mean a small decrease in protein concentration. Since
this effect is stronger with the 23ssDNA than the 51ssDNA, it can be an effect of binding
associated with some degree of protein aggregation and deposition, causing the concentration of
DENV C in solution to decrease. Such interpretation goes also in line with results of CD analysis.
A closer look at the acquired spectra reveals a change upon interaction with 23ssDNA, which
might be due, to a small extent, to protein precipitation from solution. However, this does not
explain all changes, since the shape of the spectra changes. There is a shiftin DENV C secondary
structure towards possibly more random coil or B-sheet. Analysis through deconvolution
approaches, such as K2D2'%? (Appendix I, SF 10) suggest that the interaction with 23ssDNA
causes a decrease in DENV C a-helical content. Overall, if spectra are normalized, no isodichroic
point is seen, suggesting a mechanism with more than one species present in solution and not a
simple change from a-helix to another structure of DENV C, such as random coil. The ssDNA
signal is residual, if compared to the protein signal, and cannot account for all the changes.
Looking at the protein structure, the CD and fluorescence data suggest that the main structure
remains unchanged. The tryptophan environment, forming part of the protein inner “conserved
fold” core stable region, remains the same. It is likely that the C-terminal region is prone to interact
with negatively charged nucleic acids, due to its positive net charge (+7). Each C-terminal of the
DENV C monomer provides a net charge of +8. Since the protein forms homodimers in solution,
this net charge is in fact the double (+16), making it more susceptible to interact with ssDNA and
thus viral RNA. Still, it cannot be excluded that the N-terminal might interact as well, as each
N-terminal monomer also shows a positive net charge of almost the same degree. These
hypotheses demand further enquiry, using other techniques, such as nuclear magnetic
resonance, to precisely map the DENV C-ssDNA binding sites.

Few studies have tried to evaluate the interaction of the capsid protein with RNA. A possible role
of DENV C as an RNA chaperone was studied and it was shown that the C protein facilitates the
formation of the typical hammerhead structure of the RNA'%, However, the N-terminal regions of
DENV C are intrinsically disordered, exhibiting high flexibility in folding and also possess many
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positively charged amino acid residues. They have been shown to be essential for DENV
propagation in human and mosquito cells'®. Besides this, it was shown that truncated C protein
variants of other Flaviviruses do not impair viral fitness to the same range'%>'%. Hence, and
supporting the observations concerning the N-terminal charge, even if the interaction of the
C-protein with the viral RNA occurs mostly through the a4-04’ interface, the N-terminal IDP
regions may still play a role®. It is important to notice, that intrinsically disordered protein domains
are a natural way for increasing the functional activity of viruses and other organisms'07:1%8
Another crucial hypothesis is that the a4-04’ mediated binding to nucleic acids is dependent upon
the in vivo interaction with host lipid systems, via the N-terminal and the hydrophobic a2-02’
interface®. This interaction may promote structural arrangements that allow C protein binding to
the vRNA. Thus, the role of host lipid systems in the binding of DENV C to nucleic acids should
also be considered.

Importantly, it was recently shown that mutations in the dimer interfaces of the DENV C protein
affect the structural stability and impair the RNA-capsid interaction'®. In 2007, Patkar et. al.'%
predicted the structure for the YFV capsid proteins and mutations at the residues 81 and 88 lead
to an impaired viral assembly'®. Based on those results, Figueira-Mansur et. al. (2019)'%°
generated single mutants of DENV C at L50 and L54 of the a-helix, which was shown to interfere
with the integration of the capsid into LDs and at residues L88 and 188 located in the a-helix,
which was shown to affect viral assembly. All mutations promoted a reduction in the proteins
stability and furthermore they affected the ability of DENV C to interact with RNA, especially
pronounced for mutations in the a4-helix'%. Keeping all this in mind, the a4-04’ interface could

be a potential target for antiviral drug design in the future.

4.5 Computational analysis

The findings of this thesis should be considered in light of DENV C biologically relevant
interactions with LDs”® and RNA (Figure 4.1). As a basis for this analysis, the structure of DENV C
(PDB ID: 1R6R ) was used. The experimental structure shows three distinct structural regions:
the disordered N-terminal (starting at the N-terminal up to residue R22), the flexible fold (residues
V23 to L44, where a-helix 1 is located) and the conserved fold that includes helices a2, a3 and
o4, containing the residues R68 and W69 that are highly conserved among Flavivirus®®. R68 is
located in the a3 helix, with its side chain pointing to the protein interior®®. W69 locates at DENV C
a3 as well, having a crucial role in structural stability of the dimer®3. Along with dimer structural
stability, these interactions enable allosteric communication and movements between DENV C
more hydrophobic section (a.2-a.2 dimer interface) and its remaining sections, namely the o4-o04’
region. Figure 4.1 displays this, in the context of the C protein biologically relevant interactions,
as they are understood on the basis of recent studies®%66.71.7277-80_| ooking further, it is important
to consider that the binding of DENV C to host LDs is mediated by both the N-terminal and the
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a2 region®. V51 of a2 is affected by the interaction with LDs and stabilizes the dimer by contact
with a3 (165). Another interaction via salt bridges from a2 (K45 and R55’) to a4 (E87) stabilizes
the homodimer (Figure 4.1 A). The C protein binding to host LDs, which affects a2-02’, can lead
to changes in the a4-a4’ structural arrangement (Figure 4.1 B).

With the above in mind, we did an extensive search in PDB for similar proteins. Influenza A non-
structural protein 1 (influenza NS1) (PDB ID: 2ZKO¥%), a RNA-binding viral protein, with a two
a-helix interface domain similar to DENV C a4-04’, was identified (Figure 4.1 C). To take a closer
look to the similarity with the a4-a4’ motif, please consult Appendix I, Sl 9. Influenza NS1 has
interesting features: it accumulates in the nuclei of host cells after being translocated by importin o
and B and works as a viral immune-suppressor by weakening the host cell gene expression'°.
DENV C was also reported to have an importin a-like motif in the N-terminal 611,

DENV C may function as an immunosuppressor, similarly to influenza NS1, by interacting with
importins a and/or . Importantly, ivermectin, a specific inhibitor of importin o/p-mediated nuclear
import, is also able to inhibit the replication of HIV-1 and DENV "2, The mechanism might involve
the C protein, specifically the N-terminal IDP, which is similar to the N-terminal IDP of importin
a%. Moreover, influenza NS1 can counteract the RNA-activated protein kinase (PKR)-mediated
antiviral response due to direct interaction with PKR''3, Besides that, influenza NS1 blocks the
activation of the interferon (IFN) regulatory factor 3, which in turn prevents the induction of IFN-
related genes . DENV inhibits the IFN signalling pathway in a similar manner''s. By its
N-terminal dsRNA-binding ability, influenza NS1 inhibits the nuclear export of mRNAs and
modulates pre-mRNA splicing, also to suppress antiviral response®. Similarities between
DENV C and influenza NS1 also extend to the later ability to bind RNA (Figure 4.1 C). Recognition
of dsRNA is made by influenza NS1 RNA-binding domain, that forms a homodimer®”. Following,
a slight change in R38-R38’ orientation leads to anchoring the dsRNA by a hydrogen bond
network to the protein®’.

Taking all this into account, it can be proposed, as with influenza NS1, a small conformational
change in DENV C o4-04’ interface occurs after contact of its a2-a2’ interface with LDs,
modulated by transitions between N-terminal alternative “open” and “closed” conformations.
Binding to LDs requires an open conformation (Figure 4.1 D), decreasing the conformational
variability and entropy of DENV C protein, which would trigger the allosteric movements affecting
the C-terminal a4-04’. As with influenza NS1, the Flavivirus C protein would remain in the same
overall fold, but a small opening of a4-a4’ would facilitate its binding to RNA. Further analysis will
help to understand the interaction between DENV C and its ligands, as well as the development

of C protein-targeted drugs.
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free NS1 bound NS1 NS1-RNA complex

LDs

Figure 4.1: Protein structures of DENV C and influenza NS1. (A) DENV C structure from two different
angles with the conserved residues R68 and W69 (purple), and the interface stabilizing residues V51 and
165 (green), as well as E87, R55 and K45, forming the salt bridge (cyan). (B) DENV C structure in a
N-terminal closed formation and next in an open conformation with schematic binding of LDs and the
affected amino acids (yellow). (C) The RNA-binding domain of NS1 protein from Influenza A in a RNA-
free (left) and RNA-bound state (middle and right), showing an organization similar to DENV C o4-a4’
region (adapted from Cheng et al., 2009). (D) DENV C structure with schematic bound LDs and RNA.
DENV C amino acid residues affected by the binding to are colored yellow, while a key internal salt bridge
is shown in cyan. DENV C binding to host LDs may enable allosteric rearrangements (eventually involving
the salt bridge), that may lead to a small conformational change in a4 side chains, namely the positively
charged residues that stabilize the RNA-bound form of DENV C and, similarly, of the other Flavivirus C

protein.
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4.6 Future work

The mechanism of binding of DENV C to nucleic acids and their role in the Flavivirus life cycle is
still poorly understood. Recent studies elucidated that DENV C may interact with specific regions
of the viral genome®® and this thesis could partly prove this interaction. Keeping this in mind and
that the binding to host LDs affects DENV C a2-02’ region, as well as its N-terminal IDP region,
it can be hypothesized that DENV C-LDs binding enables some allosteric movements. Such
movements can result in a change on the a4-a4’ structural arrangement and in turn facilitates the
binding to the viral RNA. However, more ssDNA sequences need to be tested. NMR experiments
can also help to map the specific binding sites of nucleic acids on DENV C. It is also of great
interest to test the interaction of DENV C with viral RNA, both in the absence and presence of
host lipid systems, to further elucidate how the assembly of the nucleocapsid is performed in
Flavivirus in general.

In the future, DENV C binding to RNA can be studied, using biophysical approaches like CD and
light scattering spectroscopies, to determine in detail binding parameters and affinities, as well as
any structural changes and estimate the size of the RNA-C protein complexes. Calorimetry
assays upon the binding of DENV C to RNA can complement the thermodynamic binding data.
Later on, this knowledge may enable targeting of the most relevant sequences, seeking to inhibit
key interactions and develop new therapeutic approaches against DENV and closely related

flaviviruses.
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6 Appendix

Complementary information, not essential for understanding the main body of text, is
found here. This concerns mainly results and supporting information that complement the
data found in the above chapters. In addition, the outcomes of this work are shown as
abstracts of the results, which were already presented through meetings and original

articles, recently submitted. A list of the material found in the appendix is found ahead.
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A Affinity chromatography B Size exclusion chromatography
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Figure SI1: Chromatogram of the first recombinant DENV C purification. A) Affinity chromatography
(heparin column) of the sonicated cell lysate supernatant. Samples corresponding to DENV C eluted in
the second peak between. B) Size exclusion chromatography (S75 column) of samples collected during

the affinity chromatography. Samples corresponding to pure DENV C eluted in the second peak. Aliquots
of 1.5 mL were collected.
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Figure SlI2: Result of the mass spectrometry analysis of fraction 4, first purification. This fraction

showed the expected result of the mass spectrometry analysis and was used to perfom the experiments

with DNA.
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Figure SI3: Result of the mass spectrometry analysis of fraction 5, first purification. This fraction

showed the expected result of the mass spectrometry analysis, but was only used for preliminary tests.
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Figure Sl4: Result of the mass spectrometry analysis of fraction 5, second purification. This fraction

showed the expected result of the mass spectrometry analysis, but was only used for preliminary tests.
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Figure SI5: Result of the mass spectrometry analysis of fraction 6, second purification. This fraction

does not show the expected mass of DENV C, thus it was not used for experiments.
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Figure SI6: Binding profiles of tested sequences of the viral genome binding to DENV C. The figure
shows the 95 peaks previously identified by the host laboratory, through a collaboration with the
Bioinformatics Institute A*STAR, Singapore, and used to select the ssDNA sequences.

The peaks can be analysed with the help of the following information:
Binding affinity: High — all four points are relatively flat

Low — the four points show a discernible positive slope
Signal strength: High — most of the points lie between 9 — 10 log signal per million reads (SPMR)

Medium — most of the points lie around 8 log SPMR
Low — most of the points lie below 7 log SPMR

*Recap for the figure. The blue dots/line represents the log (normalized peak height) of the raw data. The

pink dots/line represents the model obtained using the generalized linear mixed effect model that was
used to fit the data and obtain p-values. The model and the raw data fit well.

54



: A
—C A
107 3 /
T G
Tt
=
¢ 4
1
G/A T\T
A/
/ 6-T-a—-6—A
- ¢ Ra
T T
/C\ 40
/ \A-\G/G\ /A\ /
3 T
JINN
50 G T—A
1
G\A—A/

4G = -1.96 23550NA

30

P2 A
/A \A
G \
'||' /GZO
\ /
A\ /G\
/C\T/C\ /C\A
10 \T T-G—T\G
(\\A/ \I_/ \G\ 30
N,/ A~
A y
G A
A 1
, ¢
C
d
A /
3 A\ /c
G\(Is ?/T
014
-4~
-T
AN
¢ n
A A
-zz::sssnm\A_C/
5 —T T
G
AN
A A
| |
T G
~_
| A
G
|
G
|
10 —G
|
T
|
G
|
A
|
A
|
3 - S stusoa

Figure SI7: Secondary structure prediction of ssDNA. A) Structure prediction of 23ssDNA,
alternative A. B) Structure prediction of 23ssDNA, alternative B. C) Structure prediction of 23ssDNA,

alternative C. D) Structure prediction of 51ssDNA. Structure predictions were done by using the mfold

web server16.
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Figure SI8: DENV C-DNA interaction — fluorescence spectroscopy, normalized data. Titration of
DENV C (up to 2 yM) into two ssDNA samples, in a buffer of 50 mM KH2PQOy4, pH 6.0, 200 mM KCI, with
and without Mg?* ions present (20 mM MgO4S). A) DENV C-23ssDNA interaction, without Mg?*. B) DENV
C-23ssDNA interaction, with Mg?*. C) DENV C-51ssDNA interaction, without Mg?*. D) DENV C-51ssDNA
interaction, with Mg?*. No major changes are seen.

a4-a4’ of DENV C——

RNA ———

Figure SI9: Comparison of DENV C and influenza NS1 protein structures. DENV C (red) and
influenza NS1 (blue) superimposed. The figure is shown with influenza NS1 in the RNA-bound form.
A) Superimposing of the a4-a4’ part of DENV C with the similar motif of influenza NS1. B) Different
angle of the structure comparison. It can be seen that the a4-o4’-like structure of influenza NS1 is a

somewhat more open, when bound to nucleic acids.
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Figure SI10: K2D2 estimation of DENV C secondary structure content from CD spectra. Predicted
spectrum of 0.8 uM DENV C (red) using K2D2 algorithm and CD data between 200 and 240 nm, without
(A) and with 1 uM 23ssDNA (B). The original input spectra are also shown. The original input spectra are
also shown. The input and predicted spectra superimpose well for A. In B the input and predicted K2D2
spectra do not superimpose perfectly, but the amount of a-helical structure could still be estimated,

showing a decrease upon interaction. 51ssDNA gives a similar profile as the protein alone (not shown).
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Appendix ll: Current outcomes of the work presented

Poster communication: National colloguium — Chemistry: Shaping the future & 2019 Summer
School (4ECQUL), Lisbon, Portugal

Date and venue: July 16 — 18 2019, Lisbon, Portugal

Title: Biophysical studies of dengue virus capsid protein interaction
with nucleic acids

Authors: Nina Karguth, Ana S. Martins, Nuno C. Santos, Ivo C. Martins

Affiliation: Instituto de Medicina Molecular, Faculdade de Medicina, Universidade
de Lisboa, Av. Prof. Egas Moniz, 1649-028 Lisbon, Portugal

Abstract: Dengue virus (DENV) is an increasing global threat due to the expansion of its
mosquito vector. New effective therapies require full understanding of the viral life cycle, at the
level of the molecular mechanisms governing protein-ligand interactions, since this knowledge
can trigger progresses in basic and applied research. The viral capsid (C) protein is of special
importance, due to its interaction with different ligands, mediating key steps of the viral life cycle.
DENV C is also a structural protein involved in the viral assembly, binding and helping to
encapsulate the viral genome. However, the molecular details of DENV C binding to nucleic acids
are not yet clear. DENV C contains a disordered N-terminal region, an intermediate flexible fold
section and a very stable conserved fold region. We previously studied the C protein interaction
with host lipoproteins and intracellular lipid droplets. This led to understanding of the structural
and functional roles of DENV C N-terminal disordered domain and, furthermore, to the design of
pep14-23, a novel patented viral inhibitor peptide. We also identified specific sections of the viral
genome to which DENV C specifically binds. To complement this knowledge, here we
characterized DENV C binding to these sections via biophysical approaches, using analogous
DNA sequences as proxies of the viral genome. We identified different binding interactions with
different DNA sequences. This may enable, later on, the targeting of the most relevant
sequences, seeking to inhibit these interactions. Together with the understanding of DENV C
binding to host lipid systems, such crucial knowledge regarding DENV C interaction with nucleic

acids may yield promising advances in therapies against dengue and closely related flaviviruses.
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Oral communication - Flashtalk: NOVA Biophysica, Lisbon, Portugal

Date and venue: September 4 — 6, 2019, Lisbon, Portugal

Title: Dengue virus capsid protein and its interaction with nucleic acids
Authors: Nina Karguth, Ana S. Martins, Nuno C. Santos, Ivo C. Martins
Affiliation: Instituto de Medicina Molecular, Faculdade de Medicina, Universidade

de Lisboa, Av. Prof. Egas Moniz, 1649-028 Lisbon, Portugal

Abstract: Dengue virus (DENV) is an increasing global threat due to the expansion of its
mosquito vector. New effective therapies require full understanding of the viral life cycle, at the
level of the molecular mechanisms governing protein-ligand interactions, since this knowledge
can trigger progresses in basic and applied research. The viral capsid (C) protein is of special
importance, due to its interaction with different ligands, mediating key steps of the viral life cycle.
DENV C is also a structural protein involved in the viral assembly, binding and helping to
encapsulate the viral genome. However, the molecular details of DENV C binding to nucleic acids
are not yet clear. DENV C contains a disordered N-terminal region, an intermediate flexible fold
section and a very stable conserved fold region. We previously studied the C protein interaction
with host lipoproteins and intracellular lipid droplets. This led to a better understanding of key
structural and functional roles of DENV C N-terminal disordered domain. It also led to the design
of pep14-23, a novel patented viral inhibitor peptide. Recently, we identified sections of the viral
genome to which DENV C specifically binds. To complement this, using analogous single-strand
DNA sequences as proxies of the viral genome, here we test DENV C binding to nucleic acid
sequences. Biophysical analysis via circular dichroism and intrinsic fluorescence spectroscopy
studies supports the binding to specific structured single-strand sequences. This may enable to,
later on, target relevant nucleotide sequences, seeking to inhibit DENV C binding to the viral RNA.
Together with understanding DENV C binding to host lipid systems, such crucial knowledge
regarding DENV C interaction with nucleic acids may thus yield promising advances in therapies
against dengue and closely related flaviviruses.
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Published articles:

Title: Structural and functional properties of the capsid protein of Dengue and
related Flavivirus

Authors: André F. Faustino', Ana S. Martins', Nina Karguth', Vanessa Artilheiro’,
Francisco J. Enguita®, Joana C. Ricardo?$, Nuno C. Santos"* and Ivo C.
Marting'-*
Affiliation: ' Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de

Lisboa, Av. Prof. Egas Moniz, 1649-028 Lisbon, Portugal

2 Centro de Quimica-Fisica Molecular, Instituto Superior Técnico, Universidade
de Lisboa, Lisboa, Portugal

#Present address: Instituto de Biologia Experimental e Tecnoldgica (iBET),
Apartado 12, 2780-901 Oeiras, Portugal

SPresent address: Department of Biophysical Chemistry, J. Heyrovsky Institute
of Physical Chemistry, Czech Academy of Sciences, Dolejskova 3, 182 23
Prague 8, Czech Republic

*Correspondence: ivomartins@fm.ul.pt; Tel.: +351217999476;
nsantos@fm.ul.pt; Tel.: +351217999480;

Current state: published: Int J Mol Sci. 2019 Aug 8;20(16).

Abstract: Dengue, West Nile and Zika, closely related viruses of the Flaviviridae family, are an
increasing global threat, due to the expansion of their mosquito vectors. They present a very
similar viral particle with an outer lipid bilayer containing two viral proteins and, within it, the
nucleocapsid core. This core is composed by the viral RNA complexed with multiple copies of the
capsid protein, a crucial structural protein that mediates not only viral assembly, but also
encapsidation, by interacting with host lipid systems. The capsid is a homodimeric protein that
contains a disordered N-terminal, an intermediate flexible fold section and a very stable
conserved fold region. Since a better understanding of its structure can give light into its biological
activity, here, first, we compared and analyzed relevant mosquito-borne Flavivirus capsid protein
sequences and their predicted structures. Then, we studied the alternative conformations enabled
by the N-terminal region. Finally, using Dengue virus capsid protein as main model, we correlated
the protein size, thermal stability and function with its structure/dynamics features. The findings
suggest that the capsid protein interaction with host lipid systems leads to minor allosteric
changes that may modulate the specific binding of the protein to the viral RNA. Such mechanism
can be targeted in future drug development strategies, namely by using improved versions of
pep14-23, a Dengue virus capsid protein peptide inhibitor, previously developed by us. Such

knowledge can yield promising advances against Zika, Dengue and closely related Flavivirus.
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Abstract: Dengue, West Nile and Zika, closely related viruses of the Flaviviridae family, are an
increasing global threat, due to the expansion of their mosquito vectors. They present a very similar
viral particle with an outer lipid bilayer containing two viral proteins and, within it, the nucleocapsid
core. This core is composed by the viral RNA complexed with multiple copies of the capsid protein,
a crucial structural protein that mediates not only viral assembly, but also encapsidation, by interacting
with host lipid systems. The capsid is a homodimeric protein that contains a disordered N-terminal
region, an intermediate flexible fold section and a very stable conserved fold region. Since a better
understanding of its structure can give light into its biological activity, here, first, we compared and
analyzed relevant mosquito-borne Flavivirus capsid protein sequences and their predicted structures.
Then, we studied the alternative conformations enabled by the N-terminal region. Finally, using
dengue virus capsid protein as main model, we correlated the protein size, thermal stability and
function with its structure/dynamics features. The findings suggest that the capsid protein interaction
with host lipid systems leads to minor allosteric changes that may modulate the specific binding of
the protein to the viral RNA. Such mechanism can be targeted in future drug development strategies,
namely by using improved versions of pep14-23, a dengue virus capsid protein peptide inhibitor,
previously developed by us. Such knowledge can yield promising advances against Zika, dengue
and closely related Flavivirus.

Keywords: Dengue virus (DENV); capsid protein (C protein); Flavivirus; intrinsically disordered
protein (IDP); protein—-RNA interactions; protein-host lipid systems interaction; circular dichroism;
time-resolved fluorescence anisotropy

1. Introduction

Viral hemorrhagic fever is a global problem, with most cases due to dengue virus (DENV), which
originates over 390 million infections per year worldwide, being a major socio-economic burden,
mainly for tropical and subtropical developing countries [1]. A working vaccine was registered in
Mexico in December 2015, approved for official use in some endemic regions of Latin America and Asia
and, as of October 2018, also in Europe [2-4]. However, this vaccine is not 100% effective against all
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DENYV serotypes. Thus, research into new prophylactics is still ongoing, with a new vaccine proposed
recently being now in phase 3 clinical trials [5]. In spite of these recent developments, fully effective
prophylactics approaches are lacking and there are no effective therapies. This is in part, due to a poor
understanding of key steps of the viral life cycle.

There are four dengue serotypes occurring: DENV-1, DENV-2, DENV-3 and DENV-4 [6]. Here,
if not otherwise indicated, DENV refers to DENV-2. DENV is a member of the Flavivirus genus, part of
the Flaviviridae family, a genus which comprises 53 viral species [6]. Many of these are important
human pathogens as well, such as hepatitis C (HCV), tick-borne encephalitis (TBEV), yellow fever
(YFV), West Nile (WNV) and Zika (ZIKV) viruses [6-9]. Flaviviridae are single-stranded positive-sense
RNA viruses with approximately 11 kb, containing a single open reading frame [10]. Using the host
cell translation machinery, the Flavivirus RNA genome is translated into a polyprotein that is co- and
post-translationally cleaved by cellular and viral proteases into three structural proteins and seven
non-structural proteins [10]. Structural proteins are named as such since they are present in the mature
virion structure [11]. Nevertheless, they may also have non-structural roles, such as the capsid (C)
protein. This is a structural protein that also mediates viral assembly and encapsidation, crucial steps
of the viral life cycle. Given the C protein key roles, it is the focus of this work and will be described in
detail below.

DENV C contains 100 amino acid residues, which form an homodimer with an intrinsically
disordered protein (IDP) region in the N-terminal followed by four a-helices, «1 to 4, per monomer [12].
Overall, the main structural/dynamics regions consist of the disordered N-terminal, a short flexible
intermediate fold and, finally, a large conserved fold region, which greatly stabilizes the protein
homodimer structure [12-16]. The C protein has an asymmetric charge distribution: one side of the
dimer contains a hydrophobic pocket (x2—-x2’ interface), responsible for, alongside the disordered
N-terminal, the binding to host lipid droplets (LDs) [12-16]. The other is the positively charged
C-terminal side (4—x4’ interface), proposed to mediate the C protein binding to the viral RNA [12].
It is noteworthy that several transient conformations for DENV C N-terminal were proposed, which
may help modulate DENV C interaction with host lipid systems, via an autoinhibition mechanism [15].

DENYV infection affects the host lipid metabolism, increasing host intracellular LDs and unbalancing
plasma lipoprotein levels and composition [17-19]. Importantly, DENV C binds LDs, an interaction
essential for viral replication [18,20]. DENV C-LDs binding requires potassium ions, the LDs surface
protein perilipin 3 (PLIN3) and involves specific amino acid residues of DENV C o2-«2’ helical
hydrophobic core and of the N-terminal [14,20]. This knowledge led us to design pep14-23, a patented
peptide, based on a Flavivirus C protein conserved N-terminal motif. We then established that
pep14-23 inhibits DENV C-LDs binding [14], acquiring o-helical structure in the presence of anionic
phospholipids [15]. Moreover, we also found that DENV C binds specifically to very low-density
lipoproteins (VLDL), requiring K* ions and a specific VLDL surface protein, apolipoprotein E (APOE),
being also inhibited by pep14-23 [21]. This is analogous to DENV C-LDs interaction. The similarities
between APOE and PLIN3 further reinforce this, suggesting a common mechanism [22]. The role of
LDs in Flavivirus infection is well known and has been recently reviewed [14,18,20,23-25]. Given that,
pep14-23 is an excellent drug development lead. Further developments require a better understanding
of the function of the C protein of dengue and of Flavivirus in general.

Therefore, here, we seek to contribute to understand the C proteins biological activity, with a
special focus on DENV C. Briefly, we studied DENV C structure-activity relationship in the context of
similar and highly homologous mosquito-borne Flavivirus C proteins. Our findings shed light into the
structure-function relationship behind the C protein biological roles, which may contribute to future
therapeutic approaches against DENV and closely related Flavivirus.
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2. Results

2.1. Analysis of Amino Acid Sequence Conservation Among Flavivirus C proteins

A phylogenetic analysis of the Flavivirus C protein and the polyprotein amino acid residue
sequences reveals if the C protein is an indicator of phylogenetic similarity (Figure 1). C proteins of
Spondweni group viruses, i.e., ZIKV, Spondweni virus (SPOV) and Kedougou virus (KEDV), cluster
together, being the most similar to DENV (Figure 1a). Another cluster corresponds to mosquito-borne
encephalitis-causing Flavivirus: Saint Louis encephalitis (SLEV), WNV, WNYV serotype Kunjin (WNV-K),
Alfuy (ALFV), Murray Valley encephalitis (MVEV), Usutu (USUV) and Japanese encephalitis (JEV)
viruses. The Flavivirus polyproteins sequences show similar clusters (Figure 1b). As such, the C protein
is a good indicator of viral genetic similarity. Thus, we investigated the C protein amino acid sequences,
seeking common patterns relevant to biological activity.
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1
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Figure 1. Flavivirus phylogenetic trees. Phylogenetic trees of (a) Flavivirus C proteins, highlighting in
red the viruses with the C protein most similar to dengue virus (DENV) C (Spondweni group viruses
(ZIKV), Spondweni virus (SPOV) and Kedougou virus (KEDV)) and of the (b) entire viral polyproteins
of the same Flavivirus. Overall, despite some differences, the same general clusters are seen regardless
of the clustering being based on the polyprotein or the capsid protein.

The amino acid residues sequences of the Flavivirus C proteins identified above were analyzed in
the context of the three main regions identified in DENV C sequence, i.e., the conserved fold region,
the flexible fold region and the N-terminal IDP region (Figure 2). This was done for all mosquito-borne
Flavivirus relevant for human diseases (Figure 2a), as well as for the four main DENV C serotypes
(Figure 2b). For this, the 16 mosquito-borne Flavivirus and the 4 DENV serotypes amino acid sequence
of the C protein are jointly aligned. In agreement with previous work [12,14], five conserved motifs
are found in the mosquito-borne Flavivirus C proteins and deserve attention, namely: the N-terminal
conserved BhNML+R!8; 90GXGP* in loop L1-2; 4“1+ hhLAhhAFF+F% in a2 helix; 8RW® of 3 helix;
and, finally, the 3F++-h% motif from a4 (with ‘h’, “+" and ‘~’ representing hydrophobic, positively
charged and negatively charged residues, respectively). Between residues 70-100, other motifs,
not previously reported and containing hydrophobic and positively charged residues, are visible.
Moreover, amino acid residues G and P, that can break the continuity of «-helices, are conserved in
specific positions of the protein, especially in the disordered N-terminal and the flexible fold regions
(Figure 2c). Charged residues are also conserved in specific locations. They are mostly in the conserved
fold region, especially after position 95 (Figure 2d). Overall, the disordered N-terminal and the flexible
fold regions, when compared with the conserved fold region, have an average of, respectively, 10 versus
4 G and P residues (Figure 2c), green, 10 versus 15 K and R residues (Figure 2d), blue, and 1 versus 2 D
and E residues (Figure 2d), magenta.
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Figure 2. Flavivirus C proteins amino acid residues sequence conservation. (a) Mosquito-borne

Flavivirus C protein are 55% conserved, with residues being considered conserved if, in a given position,

more than 15 are equal (red) or stereochemically similar (black). (b) Conservation between DENV

serotypes is 80%, with the same criteria as in (a). (c) Structure-breaking residues G and P (green).

(d) Charged residues: dark blue for positively charged residues (K and R), light blue for H, and magenta

for negatively charged residues (D or E). (e) Overall conserved regions of Flavivirus C proteins: the

disordered N-terminal and the conserved fold are clearly conserved in terms of charged and G/P

amino acids. In contrast, the flexible fold region allows higher variability. Thus, its main role seems

to be to connect the disordered N-terminal and the conserved fold regions, and to enable alternative

conformations.

DENV C serotype 2 is highlighted in blue, with amino acid residues numbered

according to its sequence. Amino acid residues are numbered according to the consensus, coinciding

with DENV-2 residues numbers. The viruses’ full designation is found in the abbreviations section.
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Several motifs in the Flavivirus C protein sequences can be identified. These represent the main
sections of the protein, conserved during evolution as these must be crucial to protein function
(Figure 2e). The N-terminal region, although disordered, is highly conserved, in terms of charged
amino acid and G/P residues. The flexible fold section allows greater variability, in line with previous
reports by us and others, suggesting that it can adopt several conformations [15].

2.2. Analysis of the Flavirus C Protein Sequences Hydrophobicity and Secondary Structure Propensity

Hydrophobicity and «-helical propensity predictions were performed as previously reported [15],
using the Kite-Doolittle [26] and the Deleage-Roux [27] scales on ProtScale server, respectively, for the
16 mosquito-borne Flavivirus C proteins analyzed (Figure 3). The hydrophobicity scale ranges from
—4.5, for highly polar amino acids (hydrophilic), to 4.5, for highly hydrophobic amino acid residues [26].
Therefore, when plotting the average values for each amino acid residue of the Flavivirus C sequences,
negative local minima and positive local maxima indicate, respectively, hydrophilic and hydrophobic
regions (Figure 3a,b). All proteins display a similar profile even in the N-terminal and flexible
fold regions despite the slightly higher amino acid residues variability (Figure 2). The «0 domain,
homologous to pep14-23, is amphipathic, with average values near 0. In the flexible fold region, which
is mostly amphipathic too, there is a peak of hydrophobicity between residues 30 and 40, possibly
explaining its intermediate structure/dynamics behavior [13,14]. Some peaks of hydrophobicity are
observed in the «3 and a4 domains, with the most hydrophobic domain being o2, as expected from
the sequence analysis (Figure 2) and from the literature [12,14,18].
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Figure 3. Flavivirus C proteins hydrophobicity and secondary structure predictions. (a) Hydrophobicity
predictions and (b) respective average (black line) + standard deviation, SD (gray lines). (c) «-helical
secondary structure predictions and (d) respective average (black line) + SD (gray lines). Amino acid
residues are numbered according to the consensus, coinciding with DENV 2 residues numbers.

For a-helical predictions secondary structure is highly probable above a threshold of 1.0 [27].
Flavivirus C proteins secondary structure predictions correlate well with the known secondary structure
of DENV C (Figure 2e) [12]. Such agreement supports the concept of a transient «0 occurring for these
proteins, as hypothesized earlier [15]. Roughly, between positions 12 to 20, occurs a disordered region
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with high tendency to acquire x-helical secondary structure. Importantly, the values of the predictions
are similar and the same tendencies are found in all proteins, with peaks and valleys co-localizing
(Figure 3). Along with data from the last subsection, these results strengthen the idea that Flavivirus C
proteins have similar structure and dynamics properties.

2.3. Analysis of the Flavivirus C Protein Tertiary Structure Propensity

Flavivirus C proteins tertiary structure was then investigated, complementing the «-helical
predictions, to help understanding the disordered N-terminal region role(s). Following previous
work [15], I-TASSER [28-30] was used to predict tertiary structures for the 16 closely related
mosquito-borne Flavivirus C proteins (Figure 4). Eighty monomer conformations were obtained (several
for each sequence) and superimposed with the DENV C homodimer partial structure deposited at the
Protein Data Bank (PDB) and obtained via nuclear magnetic resonance (NMR) spectroscopy (PDB ID:
1R6R). Noteworthy, DENV [12,16], WNV [31] and ZIKV [25] C proteins form homodimers, stabilized
by hydrophobic and electrostatic interactions involving their conserved fold region [12-14,25,31-33].
Since this is the most conserved region of Flavivirus C proteins sequences (Figure 2), a homodimer is
thus not only a stable conformational arrangement, but also likely to occur. Thus, as 28 conformers
had more than 5 backbone clashes with the other monomer when superimposed in a homodimer
structure (not allowing a viable homodimer), those conformers were discarded Table 1. The remaining
52 Flavivirus C proteins conformational models were analyzed, while superimposed with DENV C
homodimer (PDB ID: 1R6R, model 21 [12]). These were then grouped into four clusters by visual
inspection of their similarity (Figure 4).

Cluster A: Cluster B:

S . / S = -y,
* N-terminal at the ”side”\ * N-terminal at the “top”

* Possible homoconformer * Possible homoconformer
* 12 models * 14 models
Cluster C: Cluster D:

* N-terminal in the hydrofobic cleft *alin WNV C orientation

* Impossible homoconformer * Possible homoconformer
* 18 models * 8 models

Figure 4. Flavivirus C proteins tertiary structure predictions, organized into four conformational
clusters. The Flavivirus C proteins conformations predicted by I-TASSER are superimposed with DENV
C experimental homodimer structure (black). Amino acid residues of the N-terminal region in o-helix
conformation are in blue, the other «-helices in red and the loops in gray. From the 80 conformers,
52 can be clustered by similarity of conformations, from cluster A to D. Clusters A, B and C have
the a1l helix in the DENV C experimentally determined conformation (Protein Data Bank (PDB) ID:
1R6R [12]). In cluster D the «1 is in West Nile Virus (WNV) C and ZIKV C conformation (PDB IDs:
1SFK [31] and 5YGH [25], respectively). The closed autoinhibitory conformation of cluster C seems the
most probable, having the highest number of models. Although unlikely given their transient unstable
nature, N-terminal IDP regions may interact with each other. Table 1 specifies each cluster composition.
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Most sequences have a conformer in each cluster (Figure 1 and Table 1). In cluster A, some
N-terminal amino acid residues are close to a4—x4’ and may interact with RNA, namely the positively
charged residues. Cluster B has the most scattered conformers, with the N-terminal region at the
“top”, not interacting with other protein regions, resembling a transition between more ordered states.
In cluster C, the N-terminal region is in an autoinhibitory conformation, blocking the access to the
al-a2—-a2’-x1’ region, as previously suggested by us for DENV C [15]. 18 conformer models are
predicted in this closed conformation with, at least, one model from most of the C proteins tested (except
JEV C and ZIKV C; see Table 1). Therefore, it can occur in most Flavivirus C proteins. As for cluster
D conformation, the a1 helix is in the conformation of WNV [14,31] and ZIKV [25] C experimental
structures, an arrangement not previously reported for DENV C [15]. This closed conformation also
involves the N-terminal region and «1 domain, and partially blocks the x2—«2" hydrophobic cleft
(or totally blocks it, when both monomers are in the same conformation). Importantly, both cluster C
and D are closed conformations, supporting the autoinhibition hypothesis.

Table 1. Distribution of the I-TASSER predicted models through the four clusters.

Protein Cluster A Cluster B Cluster C Cluster D Excluded

ALFV C
AROAV C
BAGV C
DENV C
IGUV C
ILHV C
JEVC
KEDV C
KOKV C
MVEV C
ROCV C
SLEV C
SPOV C
USUV C
WNV C
ZIKV C

Total
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Dimers with A or B conformers in one monomer enable the simultaneous co-existence of all other
conformers (A to D) on the other monomer. The C conformer neither permits the existence of C-C’
homoconformers (i.e., both monomers in the same conformation) nor the heteroconformers of C-D’
and D-C’. Despite that, D-D’ homoconformers are allowed, similarly to the conformation that WNV C
adopts in the crystal form [31]. Moreover, to go from cluster A to cluster C or D, the N-terminal region
should pass by cluster B. These constraints suggest a path for transitions between conformations,
discussed ahead. Overall, the autoinhibition hypothesis proposed for DENV C [15] is supported and
such conformation can occur in other Flavivirus C proteins.

2.4. Analysis of Dengue Virus (DENV) C Protein Rotational Correlation Time

Given the close similarities between Flavivirus C proteins (Figures 1-4), DENV C can be used as a
general model for them. Hence, we proceeded to determine DENV C overall rotational correlation
time (7.), taking advantage of the tryptophan residue in position 69 (W69) intrinsic fluorescence. Our
computational data support three main structure/dynamics regions, including a disordered N-terminal
region, which would increase its expected apparent size (as it would not be globular and folded),
a property detectable by such an approach. Upon testing molecules in aqueous solution and at room
temperature, fluorescence lifetimes are usually in the ns timescale, and the fluorescence decays are
sensitive to the anisotropy of the fluorophore, which depends on its 7. (vd. Equations (1)—(8), describing
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these relations, in the Methods section [34,35]). Thus, the time-resolved fluorescence decay of DENV C
W69 and the corresponding anisotropy decay were determined, both at pH 6.0 and 7.5 (Figure 5).

Table 2. Fitting parameters of DENV C time-resolved fluorescence anisotropy data analysis. Parameters

obtained from fitting Equations (5) and (8) to the data of Figure 5. Values are average (+% standard

error, SE). * Statistically significant differences (p < 0.05) between the values obtained for the two pH

values tested.

Parameter pH 6.0 pH75
71 (ns) * 0.209 (£ 3.9%) 0.520 (£ 4.0%)
T (nS) 3.106 (+ 0.4%) 3.108 (+ 0.9%)
73 (ns) * 6.328 (+ 0.4%) 6.506 (+ 0.4%)
x ¥ 0.275 (+ 0.7%) 0.178 (+ 3.4%)
o * 0.315 (+ 0.9%) 0.385 (+ 0.4%)
og * 0.410 (+ 0.4%) 0.437 (+ 0.4%)
7c (ns) * 16.46 (+ 2.9%) 16.41 (+ 3.4%)
o 0.130 (+ 0.8%) 0.131 (+ 1.1%)
b
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Figure 5. DENV C time-resolved fluorescence anisotropy. Time-resolved fluorescence decay at pH
(a) 6.0 and (c) 7.5, with the corresponding anisotropy decays at pH (b) 6.0 and (d) 7.5. Fluorescence
and anisotropy decays at both pH values are similar (gray and black decays, respectively). Fitting of
experimental data (red) took into account the instrument response function (IRF; in green) and the
corresponding residuals distribution, displayed below each graph. The equations used for fitting are
presented on the Methods Equations (5) and (8). The parameters obtained are shown in Table 2.

Time-resolved fluorescence anisotropy decays at both pH values are similar (Figure 5b,d).
Fluorescence lifetime components (71, T, and 73) were obtained from the intensity decays Equations
(2)—(6) [34,35], with a triple-exponential retrieving the best fit (Figure 5a,c). Fitting the data retrieves
similar values Table 2 for 71, 7 and 73, and corresponding weights (x;, x; and &3 pre-exponential
factors, respectively). For accurate calculation of 7., the condition 7, < 3 X 73 must occur [34,35]. Since
73 values were ~6.4 ns (with a significant weight oz of ~0.42), this means that, at both pH values,
we could measure 7. values up to a limit of ~19 ns. In both pH conditions, the 7, measured was
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16.4 £+ 0.5 ns at 22 °C, within the limit and higher than expected for a purely globular protein of DENV
C size, as predicted [13].

Rossi et al. [36] correlated the 7. of 16 globular proteins at 20 °C with their molecular weight
(MW in kDa), based on NMR data, leading to the relation: 7, = 0.6 MW. Assuming DENV C as a
23.5 kDa fully globular homodimer and correcting for the temperature (T) and viscosity (1) [37], the 7.
predicted is 12.0 ns. However, the correlational time must be slightly higher, as the protein will be
partially unfolded and disordered (in the N-terminal). Jones et al. [16] measured a 7. of 13 ns at 27 °C,
by NMR, which with the corrections from Equation (10) [37], corresponds to 13.4 ns at 25 °C. Given
DENV C size, this implies that the protein is not globular, in line with current knowledge of DENV C
structure and dynamics [12-16]. Fluorescence anisotropy supports an even more open and partially
disordered DENV C structure, given the 7, value of 15.2 + 0.5 ns at 25 °C Table 3, in line with in silico
data (Figures 1-4).

Table 3. Comparing DENV C 7. values (7. at 25 °C in H,O were calculated using Equation (10)).

T.(ns)atT T (°Q) 7. (ns) at 25 °C in H,O Method Source
164+ 05 22 152+ 05 Time-resolved This work
fluorescence anisotropy
13.0 27 13.4 Overall NMR Jones et al., 2003 [16]

relaxation analysis
14.1 20 12.0 7c (ns) ~ 0.6xMW (kDa)  Rossi et al., 2010 [36]

2.5. Analysis of DENV C Conformational Stability

Circular dichroism (CD) spectroscopy was used to study DENV C secondary structure, via its
thermal denaturation in solution from 0 to 96 °C, at pH 6.0 and 7.5 (2 °C steps, Figure 6). At both pH
values, the «-helical structure is partially lost upon increasing temperature (Figure 6a,b). However,
even at 96 °C, the protein does no become completely random coil, as seen from the spectrum shape
and its high ellipticity at 222 nm (Figure 6c). Plotting the mean residue molar ellipticity at 222 nm, [6],
as a function of temperature, T, reveals a transition at ~70 °C at both pH (Figure 6c).
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Figure 6. DENV C temperature denaturation followed via circular dichroism (CD) spectroscopy. CD
spectra of DENV C, between 20 and 90 °C, at pH (a) 6.0 and (b) 7.5. For the sake of simplicity, the spectra
from 0 to 18 °C and from 92 to 96 °C are not displayed, as they are similar to the 20 °C and the 90 °C
spectra, respectively. (c) Mean residue molar ellipticity at 222 nm, [6], as a function of temperature
(dots) for pH 6.0 (gray) and 7.5 (black), between 0 and 96 °C. Lines correspond to the fitting of Equation
(21) (combined with Equations (20), (22), (24) and (28)). Vertical dashed lines represent experimentally
observed T, colored according to pH. Error bars represent SD, from three independent experiments.
Residuals are shown below the graph, being lower than SD.
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DENV C does not display a typical unfolding profile, as the denaturation curves do not reach a
flat plateau. Still, ellipticity data were successfully fitted to a denaturation curve (Figure 6¢), assuming
a homodimer with one-step denaturation [32]. Briefly, Equation (21) was combined with Equations
(20), (22) and (24) and fitted to the data. This allows to obtain the thermodynamic parameters of DENV
C unfolding Table 4, namely the melting temperature (Ty,), the enthalpy variation at T, (AH’ T:n) and

the entropy variation at T, (ASOTO ), with all parameters at standard thermodynamics conditions
(symbolized by “°”). Equation (28) was then used to calculate the melting temperature (Tr,) at the actual
[Pm] (instead of the value at [P] =1 M, details in the Methods). Despite small differences, the parameters
obtained are not significantly different between pH values Table 4. A small but consistent variation of
the CD spectra between 0 and 40 °C is observable, implying: (i) a conformational equilibrium with
temperature and/or (ii) some flexibility of the structure and/or (iii) a transition between alternative
conformations. This temperature range covers the physiological conditions of both mosquitoes (20 to
40 °C, depending on the environment) and humans (36 to 40 °C). DENV C can continuously transition

107

between conformations as temperature varies, in line with the previously hypothesized conformational
equilibrium [15]. As temperature increases, the disordered conformations become more abundant
but only a partial loss of structure is seen. This indicates that the C protein conserved region is
thermodynamically stable. Similar observations are expected for other Flavivirus C proteins.

Table 4. Fitting parameters of DENV C temperature denaturation CD data. Parameters were estimated
by fitting Equation (21) (combined with Equations (20), (22), (24) and (28)) to the data. Ty, is
the experimentally observed melting temperature (represented by the vertical lines in Figure 6¢).
Estimations are average + SE. There were no significant variations between the two pH values tested

(p < 0.05).
Parameter pH 6.0 pH75
T (°C) 70.02 + 0.63 69.03 = 0.65
Ty (°C) 88.26 + 0.80 88.80 + 0.83
AH o (k] mol™) 612 + 26 564 + 23
AS" e (k] mol™ K1) 1.693 + 0.073 1.557 + 0.065

3. Discussion

Flavivirus C proteins are known to have similar sequences and structure [12-16,25,31]. Here,
we go further by examining common features at different structural levels, complemented with data
on DENV C size and thermodynamic stability. The phylogenetic analysis of the C proteins and the
polyproteins (Figure 1) shows that the former is a marker of Flavivirus evolution. There are several
conserved motifs, highlighted in previous studies with 16 Flavivirus [12,14]. The work is now expanded
to include the four DENV serotypes (Figure 2). When these 20 Flavivirus C amino acid sequences, with
between 96 and 107 amino acid residues each, are jointly analyzed, it is clear that 55% of the residues
are conserved or stereochemically similar (Figure 2a). About 80% of amino acid residues are equal
or similar and, thus, conserved among the four DENV C serotypes (Figure 2b). From the five major
conserved motifs, four are known to be involved in dimer stabilization [14]: the **GXGP*? motif at
loop L1-2, that marks the transition from the flexible to the conserved fold region [14]; the SRW®? at
a3 forms an hydrophobic pocket that accommodates the W69 side chain involving residues from «2,
o3 and o4 [12,32]; and, the ¥*h+hhLAhhAFF+F>° and 84F++-h% motifs, respectively from «2 and
a4 helices, maintain the homodimer structure both via the a2-«2’ hydrophobic interaction and via
the salt bridges of residues [RK]* and [RK]*® with [ED]®” [12,14,32]. Flavivirus C proteins must have
similarly sized secondary structure domains, since G/P are in the same positions and these amino
acid residues tend to break the secondary structure (Figure 2c). Charged residues are also conserved
(Figure 2d), which makes sense as charges would promote the interaction of the C protein with the
negatively charged host lipid systems [12,14,20-22] and the viral RNA [12]. C proteins have a common



Int. ]. Mol. Sci. 2019, 20, 3870 11 0f 23

homodimer conserved fold region (roughly, residues 45-100), as observed for DENV, WNV and ZIKV
C structures [12,14,25,31]. Conserved motifs are summarized in (Figure 2e).

The above explains the C proteins similar hydrophobic and a-helix propensities (Figure 3).
The conserved motif >hNML+R'8, at the N-terminal region, and the a2-«2’ hydrophobic cleft are
of particular importance for DENV C interaction with LDs and VLDL [14,20-22,38]. Mutations in
specific residues of DENV C a2-a2’" and «4-x4’ also impair RNA binding. Likewise, ZIKV C also
accumulates on LDs surface, with specific mutations on this protein disrupting the association [25].
ZIKV C also binds single-stranded and double-stranded RNAs [25], with, as for DENV C, the high
positively charged residues density prompting the binding to LDs and RNA [12,39,40]. Given the
match at the level of N-terminal «-helical propensity and «2-u2” hydrophobicity (Figure 3), the C
proteins may all be self-regulated by an autoinhibition mechanism, as proposed for DENV C [15].

The autoinhibition hypothesis is corroborated by the quaternary structure analysis (Figure 4);
Table 1. Two clusters, C and D, are autoinhibited conformations. Importantly, cluster D 1 aligns
with WNV C [14,31] and ZIKV C [25]. Moreover, if two monomers are in a D conformation (D-D’
homoconformer), the dimer «x2-«2’ region is totally inaccessible. Cluster C does not allow a C—C’
homoconformer nor a C-D heteroconformer, imposing restrictions to the simultaneous transitions that
are possible between A, B, C and D, as homodimer. The interaction between N-terminal regions within
a dimer may be considered. Nonetheless, the disordered nature and high density of positively charged
amino acid residues will mostly favor the repulsion between these IDP regions.

It is important to look at the clusters (Figure 4), while considering the number of positively
charged residues (Figure 2) in the disordered N-terminal and flexible fold (10 K and R residues) versus
those in the conserved fold (15 K and R). The charge distribution in some arrangements implies that the
disordered N-terminal is at least in theory able to bind the viral RNA [39,40]. Such binding would be
governed by the N-terminal region cationic amino acid residues [41,42]. Here, the structure predictions
reveal that, indeed, the first 12 N-terminal residues can locate near a4—x4’ Cluster A (Figure 4),
the most likely RNA binding site [12,39,40]. Furthermore, binding to RNA via the C-terminal «4-«4’
interface may be favored by a previous or simultaneous interaction of the protein with host LDs via
the N-terminal region and «2—-«2’ interface. Access to «a2—-x2’ (controlled by the N-terminal region)
would modulate the interaction (Figure 4) and, thus, viral assembly. In agreement, the binding of the
related hepatitis C virus core protein (homologous to DENV C) to host LDs is what enables efficient
viral assembly [43]. Thus, the C protein disordered N-terminal would be critical to protein function,
enabling crucial structural and functional roles.

To evaluate this, we used DENV C as a model system, measuring its 7, value by time-resolved
fluorescence anisotropy (Figure 5) and its thermal stability by CD spectroscopy (Figure 6), at pH 6.0
and 7.5 (within the usual pH range of its biological microenvironment). A similar 7., 15.2 + 0.5 ns,
is obtained at both pH values (Figure 5; Tables 2 and 3), in line with previous work [13]. DENV C
maintains its homodimer structure and dynamics behavior between pH 6.0 and 7.5. The 7. value and
respective size are higher than expected, due to the N-terminal disordered nature.

Regarding DENV C thermodynamic stability (Figure 6, Table 4), the protein Tp, is ~70 °C at
both pH values. These denaturation parameters are in line with other authors, as a chemically
synthesized DENV C 21-100 fragment (without most of the disordered N-terminal region) displays
aTm =71.6°C[32]. DENV C high thermal stability in physiological conditions is likely due to the
large hydrophobic area that is shared by the two monomers [12], but also to the W69 stabilizing
interactions and, as experimentally observed [32], the formation of salt bridges (residues K45 and R55
with E87). As structure/dynamics properties are conserved among Flavivirus C proteins (Figures 2-4),
these observations can probably be generalized for all these proteins.

These findings must also be considered in light of DENV C biologically relevant interactions with
LDs [22] and RNA (Figure 7). DENV C experimental structure [12] contains three distinct structural
regions [13]: a disordered N-terminal region (from the N-terminal up to residue R22), a flexible
fold (residues V23 to .44, where «-helix 1 is located) and a conserved fold with helices &2, «3 and
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a4, containing the R68 and W69 amino acid residues, highly conserved among Flavivirus [12]. R68
terminates «3 helix, with its side chain pointing to the protein interior [12]. W69 locates at DENV C
ad—o4’ interface, having a crucial role in the dimer structural stabilization [12]. Along with dimer
structural stability, these interactions enable allosteric communication and movements between DENV
C more hydrophobic section (x2-«2’dimer interface) and its remaining sections, namely the a4—«4’
region. Figure 7 displays this, in the context of the C protein biologically relevant interactions, as they
are understood on the basis of recent studies [12-15,18,20-24].

Looking further, it is important to consider that the binding of DENV C to host LDs is mediated by
both the N-terminal IDP region and the a2—-«2’ interface [14]. V51 of &2 is affected by the interaction
with LDs and stabilizes the dimer by contacting with o3 (I165). Another interaction via salt bridges,
between 2 (K45 and R55’) and «4 (E87), stabilizes the homodimer (Figure 7a). The C protein binding
to host LDs, which affects the a2-«2’, can lead to changes in the a4—a4’ structural arrangement
(Figure 7b). To investigate this we searched for similar proteins. An RNA-binding protein with a
two-helix domain similar to DENV C a4-a4’ was identified (Figure 7c), influenza A non-structural
protein 1 (NS1, PDB ID: 2ZKO [44]). Influenza NS1 has interesting features: it accumulates in the nuclei
of host cells after being translocated by importin « and 3 and works as a viral immuno-suppressor
by weakening the host cell gene expression [45]. DENV C was also reported to have an importin
a-like motif in the N-terminal [15,46]. Regarding the targets that may interact with importin o and be
transported to the nucleus, they normally contain a nuclear localization sequence (NLS), consisting of
a motif of at least 2 consecutive positively charged residues [47-51]. Some of these proteins contain 2
NLS motifs, with at least 8 (up to 40 or even more) residues in between, designated as a bipartite NLS
motif [49-51]. Strikingly, Flavivirus C proteins have three motifs of two consecutive cationic residues in
the N-terminal region and «1 domain, which could form a bipartite NLS. A bipartite NLS formed by
the cationic residues before position 10 and at positions 17 and 18, with a spacer of 7 to 13 residues can
occur. The other bipartite NLS possibility may be formed by residues at positions 17 and 18, and at
positions 31 and 32, with 9 to 12 spacer residues. Possible bipartite NLS are also seen in the conserved
fold region but its static nature precludes activity as NLS. If DENV C binds to importin «, it may
act as a cargo protein to be transported to the nucleus. This could explain why has DENV C been
found in the nucleus of DENV infected cells [46,52,53]. DENV C may directly bind importin 3, given
the similarities between the N-terminal region of DENV C and importin o [49]. This may allow it to
disrupt the normal nuclear import/export system in DENV-infected cells. The conformational plasticity
of the N-terminal and flexible fold regions is certainly compatible with interactions with importin(s).
As the hypothesized bipartite NLS are conserved among Flavivirus C proteins, this may occur in other
Flavivirus.

The C protein may act as an immuno-suppressor, similarly to influenza NS1, by interacting with
importins o« and/or importin 3. Ivermectin, a specific inhibitor of importin «/f3-mediated nuclear
import, is able to inhibit HIV-1 and DENV replication [54]. The mechanism of DENV C inhibition
might involve the C protein, specifically the intrinsically disordered N-terminal IDP region, which is
similar to importin « disordered N-terminal region [15]. Moreover, influenza NS1 can counteract the
RNA-activated protein kinase (PKR)-mediated antiviral response through a direct interaction with
PKR [55]. Besides, influenza NS1 blocks interferon (IFN) regulatory factor 3 activation, which in turn
prevents the induction of IFN-related genes [56]. DENV inhibits the IFN signaling pathway in a similar
manner [57]. By its N-terminal region dsSRNA-binding ability, influenza NS1 inhibits the nuclear export
of mRNAs and modulates pre-mRNA splicing, suppressing antiviral response [44]. Similarities between
DENV C and influenza NS1 also extend to the later ability to bind RNA (Figure 7c). Recognition
of dsRNA is made by the influenza NS1 RNA-binding domain, which forms a homodimer [44].
Afterwards, a slight change in R38-R38’ orientation leads to anchoring the dsRNA to the protein by
a hydrogen bond network to the protein [44]. One of the main functions of influenza NS1 binding
to RNA is sequestering dsRNA from the 2’-5" oligo(A) synthetase [58]. We propose that, as with
influenza NS1, a small conformational change in DENV C a4—x4’ interface occurs after the contact
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of its a2—a2’ interface with LDs, modulated by transitions between alternative N-terminal “open”
and “closed” conformations. Binding to LDs requires an open conformation (Figure 7d), decreasing
the conformational variability and entropy of the C protein, which trigger the allosteric movements
affecting the C-terminal a4—x4’. As with influenza NS1, the Flavivirus C protein would remain in the
same overall fold, but a small opening of x4—-x4” would facilitate its binding to RNA.

free NS1 bound NS1 NS1-RNA complex

LDs

Possible
simultaneous
binding of DENV C
to LDs and viral
RNA

Figure 7. Protein structures of DENV C and influenza NSI1. (a) DENV C structure from two different
angles with the conserved residues R68 and W69 (purple) and the interface stabilizing residues V51
and I65 (green), as well as E87, R55 and K45, forming the salt bridge (cyan). (b) DENV C structure in a
N-terminal region closed conformation and, next, in an open conformation with schematic binding of
lipid droplets (LDs) and the affected amino acid residues (yellow). (¢) The RNA-binding domain of
NS1 protein from influenza A in a RNA-free (left) and RNA-bound state (middle and right), showing
an organization similar to DENV C a4-a4’ region (adapted from Cheng et al., 2009 [44]). (d) DENV C
with schematically bound to a LD and to RNA. DENV C amino acid residues affected by the binding to
LDs are colored yellow, while a key internal salt bridge is shown in cyan. DENV C binding to host
LDs may enable allosteric rearrangements (eventually involving the salt bridge), allowing a small
conformational change in o4 side chains, namely the positively charged residues, prompting stable
RNA-C protein binding.



Int. ]. Mol. Sci. 2019, 20, 3870 14 of 23

The C-terminal is likely to be the crucial section for RNA binding given its similarity with influenza
NS1 (Figure 7). Nevertheless, the N-terminal conformers must also be considered in the context of
RNA binding (Figure 4). The A and D conformers allow RNA to be bound to the a4-x4’ interface
and, simultaneously, to the N-terminal cationic amino acid residues. A—A’ and D-D’ conformations
result in the possible binding of a single continuous portion of RNA to both the C-terminal «4-x4’ and
the N-terminal IDP region, making the RNA more tightly bound. Moreover, the A-B’, B-B” and B-C’
conformations would enable the protein to bind two distinct sections of the RNA, one bound to o4—a4’
and another to the N-terminal regions. That arrangement may allow to further compact the viral RNA.
The N-terminal IDP region putative binding to RNA should not be disregarded given its positive net
charge (+7). It compares very well with the C-terminal x-helical region net charge (+8 for a monomer,
+16 for ad—x4” dimer interface). Both may thus bind RNA due to, mostly, electrostatic forces. This IDP
region can thus provide multi-functionality by several modes of binding and different ligands, enabled
by alternative conformations. It must be stressed that this is not unlikely. Viral proteins tend to have
IDP regions that increase their biological activity [59-61]. In a proteome as small as that of flaviviruses
(10 proteins), IDP regions augment the number of ligands with which it can interact. Less structure
often means more function. This is an increasingly hot topic of recent research, leading to design of
algorithms to identify these regions [62,63]. Further analysis will help understand the interaction
between DENV C and its ligands.

To conclude, the data imply a common structure and functions for mosquito-borne Flavivirus
C proteins. Moreover, studying DENV C rotational diffusion and thermodynamics reveals a stable
protein due to the conserved fold maintaining the homodimer structure. These findings apply to
other Flavivirus C proteins, supporting a common mechanism for their biological activity. Such
understanding of this key protein structure and dynamics properties may contribute to the future
development of C protein-targeted drugs to impair dengue virus and other Flavivirus infections.

4. Materials and Methods

4.1. Materials

Chromatography columns HiTrap Heparin (1 and 5 mL), Sephadex S200 and the chromatography
equipment AKTA-explorer were from GE Healthcare (Little Chalfont, UK). Sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) reagents were from BioRad (Hercules,
CA, USA). Unless otherwise stated, other chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

4.2. Flavivirus C Proteins Primary, Secondary and Tertiary Structural Predictions

For primary structure alignments we used the 16 non-DENV Flavivirus polyprotein sequences
identified in reference [14], plus the four DENV reference sequences from NCBI, namely: DENV
serotype 1, strain 45AZ5, NCBI ID NP_059433.1; DENV serotype 2, strain New Guinea C, NCBI ID
NP_056776.2; DENV serotype 3, strain D3/H/IMTSSA-SR1/2000/1266, NCBI ID YP_001621843.1; and,
DENV serotype 4, strain rDEN4, NCBI ID NP_073286.1. For the phylogenetic trees, both the entire
polyproteins and the C protein regions were used. For the alignments and subsequent data analysis,
the residues next to the NS2B-NS3 protease cleavage site [64,65] were excluded, leaving only the C
protein sequences. Alignments and the derived phylogenetic trees were performed via Clustal Omega
web tool (http://www.ebi.ac.uk/Tools/msa/clustalo/) [66,67].

Statistical comparison of the disordered N-terminal plus flexible fold regions with the conserved
fold region of Flavivirus C proteins, for G and P content, as well as charged amino acid residues,
was performed via a paired f-test, using GraphPad Prism v5 software. p-values were always lower
than 0.001.

Predictions of hydrophobicity and o-helix propensity were done using ProtScale server
(http://web.expasy.org/protscale/) [26,27], tertiary structure predictions were performed via I-TASSER
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server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) [28-30], following previous approaches [15].
Briefly, Flavivirus C protein sequences from our previous work were employed [14]. DENV and
WNV (serotype Kunjin) C structures were excluded, not serving as templates for the tertiary structure
prediction. ZIKV C protein structure was also not included, as it was not yet determined when the
modeling was conducted. This avoids a bias towards known homologous protein structures. Five
I-TASSER models were obtained for each C protein sequence. These were superimposed with DENV
C experimental structure (PDB ID 1R6R, model 21) [12] after root-mean-square deviation (RMSD)
minimization in UCSF Chimera v1.9 software [68]. Clusters were formed based on the visual similarity
between predictions. The number of N-terminal amino acid residues with backbone clashes with
the other monomer backbone was calculated for each model. In our previous work [15], a DENV C
predicted structure was excluded from further analysis if it had 6 clashes or more, as it would not be
viable as an homodimer [15]. Here we excluded models with more than 5 clashes (28 models rejected).
These would preclude homodimer formation and, thus, were not considered in the clusters analysis
(Table 1 excluded models column).

4.3. Structure Comparison Between DENV C and Influenza NS1

Protein structures coordinates were extracted from the Protein Data Bank (PDB, www.pdb.org).
PDB identification codes are specified ahead after each protein name. The protein structures were
superimposed through UCSF Chimera 1.13.1 software MatchMaker tool. After that, we carefully
analyzed the superposition visually. Then, using the Match-Align tool of UCSF Chimera, which returns
a sequence alignment based on the regions and taking into account the structure superimposition,
we identified the residues simultaneously similar in structure and sequence. Protein structure figures
were obtained using UCSF Chimera 1.13.1 version [68].

4.4. DENV C Recombinant Protein Production and Purification

Recombinant DENV C protein expression and purification was conducted based on previous
approaches [13]. We used a pET-21a plasmid containing DENV serotype 2 strain New Guinea C capsid
protein gene (encoding amino acid residues 1-100) [69]. The protein was expressed in Escherichia coli
C41 and C43 bacteria grown in lysogeny broth (LB) medium. The only differences in the purification
protocol are the abolition of the ammonium sulfate precipitation step and the addition of a size exclusion
chromatography step (with Sephadex 5200) after the heparin affinity column chromatography, using
an AKTA chromatography equipment. The C protein was purified in a 55 mM KH,POy4, pH 6.0,
550 mM KCI. DENV C protein purified fractions were concentrated with Amicon Ultra-4 Centrifugal
Filters of 3 or 10 kDa nominal cut-off, from Millipore (Billerica, MA, USA). Concentrated protein
samples were stored at —80 °C. Protein samples quality was assessed by SDS-PAGE and matrix-assisted
laser desorption/ionization, time-of-flight mass spectrometry (MALDI-TOF MS) analysis. Very low
degradation and the highest peak consistent with the expected mass of the protein monomer (11765 Da).

4.5. Time-Resolved Fluorescence Anisotropy

Time-resolved fluorescence spectroscopy measurements were performed in a Life Spec 1II
equipment with an EPLED-280 pulsed excitation light-emitting diode (LED) of 275 nm (Edinburgh
Instruments, Livingston, UK), acquiring the emission at 350 nm. DENV C (monomer) concentration was
20 uM in 50 mM KH;, POy, 200 mM KCI, pH 6.0 or pH 7.5, with 550 uL total volume, in 0.5 cm x 0.5 cm
quartz cuvettes. The instrument response function, IRF(#), was obtained with the same settings, except
emission, which was at 280 nm, with a solution of polylatex beads of 60 nm diameter diluted in Mili-Q
water. Measurements were performed at 22 °C. Time-resolved fluorescence intensity measurements
with picosecond-resolution were obtained by the time-correlated single-photon timing (TCSPT)
methodology [35]. Measurements were performed at constant time, with 15 min per decay, acquiring
2048 time points in a 50 ns window. Four intensity decays, I(t), were acquired in each condition, with
excitation/emission polarizers, respectively at vertical/vertical positions, Iyy(t), vertical/horizontal
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positions, Iy (#), horizontal/vertical positions, Iy (t), and horizontal/horizontal positions, Iy (#). The
instrumental G-factor was calculated as [35]:

50
Iy Ty (bt

G="%—"—
50
Iy Iau(t)dt

)

The G-factor value obtained was 1.61. The intensity decay with emission polarizer at the magic angle
(~54.7°, with respect to the vertical excitation polarizer), I, (t), avoids the effects of anisotropy. It can
be calculated easily [35]:

Ln(t) = Iyv(t) + 2GIyu(t) 2

with Iyy (t) and Iyy () depending on the time-resolved fluorescence anisotropy, r(t), as:

In(t)

Iyy(t) = == (1+2r(t)) (©)
ona(®) = 20 1 (1) @

Thus, I,(t) was used to obtain the fluorescence lifetime components, 7;, and the respective
amplitudes, «;, for the DENV C W69. I,,,(t) was described by a sum of three exponential terms:

3 t
In(t) = Y e ®)
i=1

where the index i represents each component of the fluorescence decay. For the fitting to the data, «;
and 7; values were obtained by iteratively convoluting I,,,(t) with the IRF(¢):

I () = I, (t) @ IRE(t) (6)

and fitting I%7/(t) to the experimental data, I;," (t), using a non-linear least squares regression method.
The usual statistical criteria, namely a reduced x? value bellow 1.3 and a random distribution of
weighted residuals, were used to evaluate the goodness of the fits [35]. Data analysis was performed
using the TRFA Data Processing Package v1.4 (Scientific Software Technologies Centre, Belarusian
State University, Minsk, Belarus) which allows calculating automatically the standard error (SE) for
each fitted parameter [35].

The time-resolved fluorescence anisotropy, r(t), is calculated via Iyy(t), Iyy(t) and G
via_ENREF_52:

~ Iyy(t) = Glyu(t)
) = Iyy(t) +2GIyu(t) @

In this case, the obtained r(t) can be fitted to a single exponential decay [35]:

r(t) = roel %) (8)

where ¢ is the anisotropy when t—0 and 7. is the rotational correlation time. The r(t) decays were
globally analyzed in TRFA Data Processing Package v1.4 maintaining the previously obtained oy and
7; values constant, and convoluting Equations (3) and (4) with the respective IRF(t), analogously to the
analysis of I, (t), using Equation (8) to fit r(¢). Values obtained for both pH conditions were considered
statistically different if their 95% confidence intervals (~1.96 X SE) do not overlap (corresponding to
p < 0.05).
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4.6. Rotational Correlation Time Corrections

The 7. of a molecule in solution is related with the solution viscosity, 17, the molecular hydrodynamic
volume, V, the Boltzmann constant, kg, and the absolute temperature, T, as [35,70]:

_

= kT )

Tc
Based on Equation (9), 7. can be corrected for different temperatures, considering that the
molecular volume does not change significantly in a small temperature interval (+5 °C; i.e., V and kg

are constants), using [70]:
TaTea Ty Teb MbTa
- = S Teb = Tca—7
a Mo NaTp
where the indexes ‘a’ and ‘b’ represent a different condition of T and 7, taking into account the variation
of n with T [37]. The 1 values were assumed to be those of pure H,O or 10% DO in the case of the
corrections for the NMR-based values (those from the literature). In this way, Table 5 below shows the

values employed on the calculations [37]:

(10)

Table 5. Values for 1 employed in this work, derived from the references and Equations above.

T (°O) 1 in H>O (cP) 1in 10% D, 0 (cP) Zj;: inH,O Z}:T: in10%D,0
20 1.002 1.027 0.8736 0.8523
22 0.955 0.978 0.9231 0.9012
25 0.890 0.911 1 0.9770
27 0.851 0.871 1.0530 1.0293

4.7. Temperature Denaturation Measurements via Circular Dichroism (CD) Spectroscopy

Circular dichroism spectroscopy measurements were carried out in a JASCO J-815 (Tokyo, Japan),
using 0.1 cm path length quartz cuvettes, data pitch of 0.5 nm, velocity of 200 nm/min, data integration
time (DIT) of 1 s and performing 3 accumulations. Spectra were acquired in the far UV region, between
200 and 260 nm, with 1 nm bandwidth. The temperature was controlled by a JASCO PTC-4235/15
Peltier equipment. It was varied between 0 and 96 °C, in steps of 2 °C, increasing at a rate of 8 °C/min
and waiting 100 s after crossing 5 times the target temperature, T. Then, the system was allowed,
at least, 120 s to equilibrate (sufficient time for a stable CD signal). Before and after denaturation,
spectra were acquired at 25 °C, to determine the reversibility of thermal denaturation. DENV C
monomer concentration was 20 uM in 50 mM KH,;PO,, 200 mM KCl, pH 6.0 or pH 7.5, with 220 puL
of total volume. Spectra were smoothed through the means-movement method (using 7 points) and
normalized to mean residue molar ellipticity, [0] (in deg cm? dmol~! Res™!).

For the CD temperature denaturation data treatment, we assumed a dimer to monomer
denaturation model [71-73] in which the folded dimer, F,, separates into unfolded monomers,
U, in a single step described by reaction R1:

F, & 2U (R1)
In this system, the total protein concentration, [Pp], in monomer equivalents, is described as:

[Pm] = 2[F2] + [U] (11)
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Hereafter, concentrations are treated as dimensionless, being divided by the standard concentration
of 1 M, in order to be at standard thermodynamic conditions. The fractions of monomer in the folded,
fr, and unfolded, fy, states are calculated by [71,72]:

N

[

F,
fp = —= 12
P TP (12)
[U]
fip = —— 13
U= ol (13)
fr+fy=1 (14)

and the concentrations of folded dimer and unfolded monomer can be written in terms of fy:

[U] = fu[Pm] (15)
o = felPn] _ (1= f)lPn 6

Then, the equilibrium constant, Keq, of R1 is defined in terms of [U] and [F2], or fy and [Pp,]:

CUP (lPa])? 2Pl
Kea = B = TPz~ (-f0) 17

which can be solved in order to fy;, with the only solution in which fy; € [0; 1] being:

\B[Pm]Keq + Keq? = Keq

fu = 1Pr] (18)

The [6] signal as a function of temperature [71,72,74], [0], can be described as a linear combination
of the signal of the folded, [0]; f, and unfolded states, [0]1(;, weighted by fy:

0]y = [0]7r(1~fu) + [0l ufu (19)
where [6]7  and [0]7 ; have a variation with T described here by a straight line (i can be F or U) [72,74]:

Equation (19) can be re-written to evidence fy and then substitute it by Equation (18) [71,72]:

\JBIPm]Keg + Keq? = Keq

Olr = 10lrg +(16)ry—10 21
[6]7 = [6] 75 ([ Jru—| ]T,F) 4[Pn] (21)
Keq can also be described by the standard Gibbs free-energy, AG’, of the reaction R1:

Keq = € K- (22)

where R is the rare gas constant and T is the absolute temperature. The AG” function used to fit the
data contains both the enthalpic, AH ° and entropic, AS’, variations with temperature, which take
into account AH’ 7, the specific heat capacity at constant pressure, AC;,, and the standard conditions’

denaturation temperature, T,,,, according to [74]:

o - T of e T
AG = AH T;n(1 - )—ACP(Tm—T—l—Tln(TO )) (23)

m m
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In our data, AC;, was statistically equal to 0 and, thus, Equation (23) can be simplified to:

AG" = AH - (1 - Tl) (24)

m

Then, Equation (21) was combined with Equations (20), (22) and (24), and fitted to the data using
GraphPad Prism v5 software, via the non-linear least squares method, to extract both the AH® 7 and

T;n, along with the respective SE values. Afterwards, ASOTO can be obtained, since AG" = 0 kJ mol~!
at T,,, via the following Equation:

o o o o AHQT"
AH T~ T AS T = 0= AS T = = = (25)
m

The SE of ASOTo was calculated based on AH® T T:n, and the respective SE values:

2
SEAH°To SETO 2
— | +|—== (26)
AH e ( T )

AH' o
Tin

SEpge , =
o n

Interestingly, for a dimer to monomer denaturation, Keq depends on [Pm] and, consequently, AG
also depends on [Pp,]. This implies that AG™ = 0 at Ty, (Tm value estimated if [P,] = 1M), which is
considerably higher than the observed Tr, (that occurs when fyy = 0.5). The dependence of T, with
[Pm] is [72]:

AG’ = —RTp In([Pm]) = T = G fym05 (27)
fy=05 — m m m — R ln([PmD
AH’ -
T = = (28)

AS 7 —RIn([Pr])

The SE of Ty, was based on the percentual SE value of T:n.

Values obtained for both pH conditions were statistically evaluated via F-tests to compare two
possible fits, one assuming a given parameter as being different for the distinct data sets, and another
assuming that parameter to be equal between data sets (while maintaining the other parameters
different). No statistically significant difference (p < 0.05) was observed.
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Abbreviations

ALFV Alfuy virus

APOE Apolipoprotein E

AROAV Aroa virus

BAGV Bagaza virus

C protein Capsid protein

CD Circular dichroism

DENV Dengue virus

ICTV International Committee on Taxonomy of Viruses
IDP Intrinsically disordered protein

IFN Interferon

IGUV Iguape virus

ILHV ITheus virus

JEV Japanese encephalitis virus

KEDV Kedougou virus

KOKV Kokobera virus

LDs Lipid droplets

MVEV Murray Valley encephalitis virus

NS1 Non-structural protein 1 from influenza virus A
PDB Protein Data Bank

pep14-23 Inhibitor peptide pep14-23 (amino acid sequence NMLKRARNRYV)
PLIN3 Perilipin 3

ROCV Rocio virus

SLEV Saint Louis encephalitis virus

SPOV Spondweni virus

Usuv Usutu virus

VLDL Very low-density lipoproteins

WNV West Nile virus

WNV-K WNYV serotype Kunjin

YFV Yellow fever virus

ZIKV Zika virus
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