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Resumo

Caracterizacédo do Antigénio Pequeno do Virus da Hepatite Delta: Localizacéo
Intracelular, Estrutura, Multimerizagéo e Capacidade de Ligacdo ao RNA

Carolina Alpalhdo Mantero de Mendonga Alves

Resumo

O virus da hepatite delta (HDV) é o agente patogénico responsavel por uma das
formas mais severas de hepatite viral. O genoma consiste numa molécula circular de
RNA de cadeia simples de polaridade negativa e apresenta uma Unica proteina viral, o
antigénio delta pequeno (S-HDAg). Na sequéncia de um mecanismo de editing outra
proteina viral é traduzida, o antigénio delta grande (L-HDAg). Apesar de partilharem
grande parte da sua sequéncia, as duas proteinas desempenham fungées distintas. O S-
HDAg € essencial para a acumulacdo de RNAs virais enquanto o L-HDAg inibe a
replicacdo viral e € necessario para o empacotamento. O HDV depende extensivamente
de factores do hospedeiro para completar o seu ciclo de replicacdo. Pensa-se que a
polymerase 11 (pol I1) do hospedeiro € redireccionada para transcrever o RNA viral.

No presente trabalho procurou-se caracterizar o0 S-HDAQg e clarificar o seu papel
no ciclo de replicacdo do HDV.

Observamos que quando o S-HDAg é expresso na presenca de replicacdo do
RNA viral, o antigénio co-localiza com a pol Il. Contudo, a co-localizacdo com pol 1l
verifica-se mesmo na presenca de RNA viral incapaz de ser replicado e na ocorréncia de
inibicdo da replicacdo viral, sugerindo que o S-HDAg ndo participa directamente na
transcricdo do RNA viral. Assim, propomos que o S-HDAg é essencial para
acumulacdo de RNAs virais protegendo ou estabilizando os RNAs. Observamos ainda
que na auséncia de RNA viral o S-HDAg co-localiza com a nucleolina nos nucléolos.
Contudo, na presenca de RNA incapaz de ser replicado, o antigénio desloca-se para o
nucleoplasma mantendo-se a nucleolina nos nucléolos, sugerindo que o S-HDAg ndo
interage directamente com a nucleolina.

Ao estudarmos as caracteristicas estruturais do S-HDAg verificAmos, utilizando
um preditor de desordem intrinseca, que apresenta um elevado grau de desordem. A
previsdo foi confirmada in vitro por dicroismo circular observando-se que apenas 30%
dos amino &cidos adoptam uma conformacéo de hélice a.. A auséncia de uma estrutura
rigida pode conferir ao antigénio flexibilidade para se adaptar a diferentes parceiros e
participar em varios passos do ciclo de replicagéo viral.

A multimerizagdo do S-HDAg foi analisada por dispersdo de luz dindmica. Os
resultados indicam que o antigénio recombinante purificado é capaz de formar
multimeros de 12 moléculas. Adicionalmente, foram observados multimeros de seis a
oito moléculas em gel de poliacrilamida desnaturante, apos cross-linking. Os mesmos
multimeros foram observados para S-HDAg presente em particulas virais sugerindo que
a multimerizagéo do antigénio ocorre in vivo.

Finalmente, estudamos a capacidade do S-HDAg interagir com acidos nucleicos.
Verificamos que multimeros e monomeros de S-HDAQ séo capazes de interagir in vitro



Resumo

com RNA e DNA. A falta de especificidade observada pode dever-se apenas a
interacgdes electrostaticas entre o S-HDAg de carga positiva (+12) e &cidos nucleicos
de carga negativa. Propomos que, in vivo, a fosforilacdo extensiva do S-HDAg reduza a
carga positiva contribuindo para que a interaccao seja especifica para 0s RNAs virais.

Palavras-chave: virus da hepatite delta, antigénio delta pequeno, desordem intrinseca de
proteinas, multimerizacdo de proteinas, ligacdo proteina-acidos nucleicos



Abstract

Characterization of the Hepatitis Delta Virus Small Antigen: Intracellular
Localization, Structure, Multimerization and RNA Binding Ability

Carolina Alpalhdo Mantero de Mendonga Alves

Abstract

Hepatitis delta virus (HDV) is the causative agent of one of the most severe
forms of viral hepatitis. It has a small single-stranded circular RNA genome of negative
polarity and only one viral protein, the small delta antigen (S-HDAQ). Following site-
specific RNA editing, a second longer protein is translated, the large delta antigen (L-
HDAQ). Although these viral proteins share most of their sequence they play distinct
roles. S-HDAg is essential for the accumulation of HDV RNAs whereas L-HDAg
inhibits HDV replication and is necessary for viral assembly. With such a limited
coding capacity HDV must rely extensively on host cell components to complete its
replication cycle. The host DNA-directed RNA polymerase 11 (pol 11) is thought to be
re-directed to transcribe HDV RNAs.

The objective of this study was to further characterize S-HDAg and clarify its
role(s) during the HDV replication cycle.

We observed that when S-HDAg was expressed in vivo along with replicating
HDV RNA it co-located with host pol Il. However, such co-localization was also
observed in the presence of non-replicating HDV RNAs or when replication was
inhibited by specific doses of a-amanitin. Thus, we propose that S-HDAg is essential
for HDV RNA accumulation by stabilizing or protecting the viral RNAs rather than
acting as a direct player in HDV RNA transcription. Additionally, we observed that S-
HDAg located in nucleolus when expressed in the absence of HDV RNA, and co-
located with host nucleolin. However, in the presence of non-replicating HDV RNAs,
S-HDAg moved to the nucleoplasm whereas nucleolin was unchanged. This suggests
that S-HDA( is not interacting directly with nucleolin.

In our examination of S-HDAg’s structural features we applied a meta-predictor
of intrinsic disorder, PONDR-FIT. It predicted that full-length S-HDAg has extensive
intrinsic disorder. This result was confirmed in vitro by circular dichroism
measurements that indicated no more than 30% of S-HDAg amino acids adopted an o-
helical structure. Such a lack of a well-defined rigid structure is expected to grant
flexibility to the antigen allowing it to interact with several partners and perform
distinct roles during the HDV replication cycle.

Protein multimerization was studied by dynamic light scattering. Data analysis
indicated that purified recombinant S-HDAg was able to assemble into homomultimers
as high as dodecamers. Similarly, denaturing polyacrylamide gel electrophoresis with
prior cross-linking indicated formation of at least hexamers and octamers. Similar
multimers were observed for S-HDAg present in virus-like particles indicating that S-
HDAg multimerization also occurs in vivo.
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Finally we examined the ability of S-HDAg to bind nucleic acids in vitro. Both
multimers and monomers bound to conformations of both RNA and DNA. Such a lack
of specificity was probably due to electrostatic interactions between the positively-
charged S-HDAg (+12) and negatively-charged nucleic acids. We propose that in vivo,
extensive post-translational phosphorylation of S-HDAg reduces the positive charge,
thereby contributing to interactions more specific for HDV RNAs and possibly
dependent upon protein multimerization.

Despite our observations presented here, some issues relating to our aims remain
unresolved.

Key words: Hepatitis delta virus, small delta antigen, intrinsic disorder, protein
multimerization, protein-nucleic acid binding.
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1. Introduction

1.1. Hepatitis Delta Virus

In 1977, a novel antigen was found in the nucleus of hepatocytes from patients
with a more severe form of hepatitis B (Rizzetto et al., 1977). It was first thought to be a
previously unknown marker of hepatitis B virus (HBV; Rizzetto et al., 1979). Only
later, it was found that the delta antigen was not part of HBV but of a separate defective
virus that requires the presence of HBV for infection (Rizzetto et al., 1980). The
newfound virus was designated hepatitis delta virus (HDV) and, by 1986, its RNA
genome was cloned and sequenced (Wang et al., 1986). This peculiar virus has been
classified as the only member of the genus Deltavirus due to its uniqueness (Murphy,
1996). The HDV virion is a hybrid particle, composed of the delta antigen and HDV
RNA enclosed by the surface antigens of HBV (HBsAgs). HDV has the smallest RNA
genome of all known animal viruses. However, it is comparable, although larger, to

viroid RNAs, pathogenic agents of higher plants (Rizzetto et al., 1980).

1.1.1. Epidemiology

HDV infection is distributed worldwide, although not uniformly, and it is
estimated that 5% of HBsAGgs carriers are also infected with HDV, which signifies that
there might be between 15 and 20 million HDV infected individuals (Rizzetto and
Ciancio, 2012). This is a very rough number because it lacks data from areas where

HBYV is highly prevalent and HDV is poorly studied.

HDV is highly endemic in Mediterranean countries, the Middle East, Northern
parts of South America, and Central Africa (Radjef et al., 2004). HDV also has high
prevalence in Turkey (Bahcecioglu et al.,, 2011; Degertekin et al., 2008), Western
Pacific populations (Dimitrakakis and Gust, 1991), Central Asia (Tsatsralt-Od et al.,
2005), and the Amazonian region of Western Brazil (Parana et al., 2006).

In Southern Europe, HDV infection has been highly prevalent, with studies from
the 1980s and 1990s showing that the incidence of HDV in HBsAgs positive
individuals was higher than 20% (Farci, 2003). With the implementation of HBV
vaccination programs in the 1980s, HDV prevalence considerably decreased to 5-10%
by the late 1990s (Gaeta et al., 2007). However, in the beginning of the XXI century,
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the number of HDV infected HBsAgs carriers in Europe increased to 8-12% (Gaeta et
al., 2007; Wedemeyer et al., 2007a). This increase has been attributed to immigration of
individuals from highly endemic regions (Wedemeyer et al., 2007a). Another report
claims that the increase in HDV incidence is not only due to immigration but also to
other factors associated with HDV modes of transmission (Gaeta et al., 2007). Drug
addiction and other risk behaviors, such as multiple sexual partners, tattooing and
piercing or uncontrolled medical procedures, have been shown to contribute to the
spread of hepatitis D in Italy (Gaeta et al., 2007). In fact, in Western countries the virus
is highly prevalent in intravenous drug addicts with chronic HBV infection (Gaeta et al.,
2007; Wedemeyer et al., 2007a).

More recent and reliable data are needed, especially from poorly studied high
endemic regions. Only in the last couple of years are we getting to know numbers from
certain areas of the world. In the last monothematic conference on HDV, held in
Istanbul in 2010, new HDV epidemiologic data was presented for several countries,
some of which had no previous data. In countries such as Albania (Sadiku and Basho,
2010), Libya (Elhaasi et al., 2010) and Mauritania (Mansour et al., 2010) high HDV
prevalence was reported, with 10-19% of HBsAgs carriers being anti-HDV antibody
positive. In Cameroon, 7.9% of pregnant women HBSAgs positive were anti-HDV
antibody positive (Abgueguen et al., 2010), and a study in Tyva Republic, in the
Russian Federation, reported that 2.5% of healthy individuals present in a trial were
anti-HDV antibody positive (Kozhanova et al., 2010). An epidemiological study in the
Republic of Korea has reported that only 1 patient in 226 HBSAgs carriers was positive
for anti-HDV antibody, showing very low prevalence in that part of Asia (Jung et al.,
2010). In Portugal, the only epidemiological study on HDV, dating back to 1987,
reported that 8.4% HBsAgs carriers had chronic HDV infection (Ramalho et al., 1987).

Based on nucleotide sequence analysis, eight HDV genotypes have been
defined, some of which are distributed by distinct geographic regions (Le Gal et al.,
2006; Radjef et al., 2004). The divergence in nucleotide sequence between isolates of
the same genotypes is less than 15% and between different genotypes it can be as high
as 40% (Radjef et al., 2004). HDV genotype 1 is the most common and prevalent
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worldwide, present mainly in Europe, Middle East, North America and Northern Africa.
It is associated with both severe and mild forms of the disease (Su et al., 2006).
Genotype 2 is more common in the Far East, being present in Japan, Taiwan and parts
of Russia (Hughes et al., 2011). Genotype 2 is associated with a milder disease course
(Su et al., 2006). HDV genotype 3 is exclusively found in the Amazon Basin (Parana et
al., 2006) and genotype 4 is present in Japan and Taiwan (Wu et al., 1998). Genotypes 5
to 8 were found in African patients that had migrated to Northern Europe (Le Gal et al.,
2006; Radjef et al., 2004). Phylogenetic reconstructions based on the delta antigen
coding sequence have shown a probable ancient radiation of African lineages (Radjef et
al., 2004).

1.1.2. Clinical Expression

Hepatitis delta virus usually induces a severe form of hepatitis but, as will be
discussed in this Section, the range of clinical manifestations is very wide going from

asymptomatic cases to fulminant hepatitis.

Regarding HDV transmission, like its helper virus HBV, it is parenterally
transmitted through exposure to infected blood or body fluids. Intrafamilial spread is
naturally common in highly endemic regions. Tests made in chimpanzees have shown
that very small inocula are sufficient to transmit infection (Ponzetto et al., 1987).
Hence, transmission rates are high amongst intravenous drug users. Also, people with
high-risk sexual activity have an increased risk of infection (Gaeta et al., 2007).
However, blood transfusion recipients or patients subject to haemodialysis are no longer
at risk of infection in developed countries because prior screening of blood products is

performed.

HDV requires the presence of HBsAgs to form new infectious virions and
propagate HDV infection. Thus, hepatitis D only occurs in individuals infected with
HBV. Consequently, there are two major patterns of infection: “co-infection” with HBV
and HDV or “super-infection” of patients already infected with HBV. A rare third
pattern has been reported; it can occur after liver transplantation for an HDV-infected
individual, and is designated as “helper-independent latent infection” (Ottobrelli et al.,

1991). In this scenario an initial HDV infection of the new liver occurs without any
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apparent help from HBV. Such an infection remains asymptomatic unless reactivated by
HBV appearance (Ottobrelli et al., 1991).

For an HBV and HDV acute co-infection the most common outcome (95%) is
viral clearance (Hughes et al., 2011). However, such a co-infection can be more severe
than an acute HBV mono-infection, resulting in some cases in acute liver failure
(Govindarajan et al., 1984). Acute hepatitis strikes after an incubation period of 3-7
weeks, beginning with a period of non-specific symptoms such as fatigue, lethargy or
nausea (Farci and Niro, 2012). This pre-icteric phase is also characterized by elevated
serum alanine aminotransferase. The subsequent icteric phase is not always observed
but when it occurs it is characterized by high levels of serum bilirubin (Farci and Niro,
2012).

HDV super-infection of chronic HBV patients also causes severe acute hepatitis
but in this case, for up to 80% of patients, it progresses to chronicity (Smedile et al.,
1982). The processes, which determine whether a patient clears HDV spontaneously or
becomes chronically infected, remain unclear. When chronic HDV infection is
established, the pre-existing liver disease caused by HBV is usually aggravated
(Smedile et al., 1981). It has been claimed that during the acute phase of HDV
infection, HBV replication is suppressed to very low levels and that this suppression can
persist once a chronic HDV infection is established (Farci et al., 1988). Patients with
HDV super-infection suffer a more rapid progression to cirrhosis (Fattovich et al., 1987,
Saracco et al., 1987), increased liver decompensation and eventually death (Fattovich et
al., 2000; Romeo et al., 2009), when compared with patients with HBV mono-infection.
Despite the higher rates of progression to cirrhosis not all published studies refer to an
increased rate of hepatocellular carcinoma (Cross et al., 2008). One explanation of this
may be the abovementioned suppression of HBV replication by HDV, since other
studies assert that higher HBV DNA serum levels correlates with a greater risk of

carcinoma (Chen et al., 2006).

HDV super-infection can also be associated with an increased risk of acute or
fulminating hepatitis. This may be due to a sudden loss of hepatocytes, leading to
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multiorgan failure, so that a patient can go from a healthy status to near death within
just 2 to 10 days (Farci and Niro, 2012).

1.1.3. Diagnosis and Treatment

There are three serological markers specific for an HDV infection: HDV RNA,
delta antigen (HDAg), and anti-HDV antibodies. The presence of HDAg in serum
marks an acute infection, while anti-HDV 1IgG antibody reflects a past or chronic
infection, and anti-HDV IgM antibody is characteristic of the period between the
appearance of HDAg and the development of 1gG anti-HDV in chronic infections
(Shattock and Morris, 1991).

Since HDV s a satellite virus of HBV, every HBsAgs positive patient should be
screened for co-infection with HDV; that is, patients should be tested, at least once, for
anti-HDV antibodies. A negative result does not justify testing for HDV RNA as, so far,
it seems that every individual infected with HDV develops anti-HDV antibodies
(Wedemeyer and Manns, 2010). In contrast, a positive result for anti-HDV antibodies
requires confirmation of continued HDV infection, through detection of HDV RNA in
serum. Anti-HDV antibodies may be present even after HDV RNA has disappeared

during recovery from the infection (Wedemeyer and Manns, 2010).

Currently, there is no need for quantification of the HDV RNA levels in serum
during the diagnosis step. There is no evidence that a correlation exists between the
stage of liver disease and the levels of HDV RNA (Zachou et al., 2006). Thus, a liver
biopsy is still the major tool for evaluating the stage of delta hepatitis in patients
(Wedemeyer and Manns, 2010). However, a quantitative assay of HDV RNA is useful
during the therapy stage to monitor the treatment response of patients undergoing
therapy. Unfortunately, very few data are available on the levels of HDV RNA during
the different stages of the disease. Thus, there is no accepted threshold level at which

one might recommend treatment.

For some time quantification of HDV RNA levels in clinical samples has

suffered from the lack of a standardized test. Quantification of HDV RNA was done in
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specialized laboratories using in-house protocols, which unfortunately become
irrelevant outside the laboratory of origin. Such assays typically lacked an internal
control (IC) and were limited to only one genotype. Furthermore, there was no
international reference standard to make results from different laboratories comparable
(Chudy, 2010; Pawlotsky, 2010). As proposed elsewhere, an HDV RNA reference
preparation should be defined by the World Health Organization to be used as an

international standard (Olivero and Smedile, 2012).

In 2012, two standard protocols were proposed to detect and quantify HDV
RNA from clinical samples (Ferns et al., 2012; Scholtes et al., 2012). The method
proposed by Caroline Scholtes et al. is described as able to be automated to accurately
quantify the major HDV genotypes present in Europe (genotype 1 and the migrant
African strains 5-8; Scholtes et al., 2012). It uses a commercial kit to extract nucleic
acids from samples, and includes an internal control. The IC is added to the samples
before extraction to enable monitoring of the overall performances of the assay. The
one-step RT-gPCR makes use of another commercial kit. To detect HDV nucleic acids
two forward primers and one reverse primer were designed to bind conserved parts of
the delta antigen coding sequence. In addition, in vitro-transcribed HDV RNAs were
consecutively diluted and used as standards.

The other standardized test, as proposed by R. B. Ferns and colleagues, uses a
Brome Mosaic virus RNA as an internal control and also requires a one-step RT-gPCR,
using a commercial kit (Ferns et al., 2012). They describe the protocol as being able to
detect and quantify all HDV genotypes (Ferns et al., 2012).

Application of standardized procedures is crucial to improve our understanding
of HDV RNA Kkinetics during the course of disease. It will improve patient
management, as data can be gathered that will help in the decision to start treatment, as
well as monitoring the response to therapy in chronic patients. Also it will contribute to
the screening of HDV infections in the endemic areas, providing more reliable
epidemiological data. Overall, acceptance of standardization will help clarify the

pathophysiology of HDV infections.

Ideally, a successful treatment of an HDV infection eradicates HDV and its
helper virus HBV. Clearance of HDV is obtained when both HDV RNA and HDAg in
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the liver become persistently undetectable and a complete resolution is achieved when
HBsAQgs clearance is also obtained.

However, at this time there is no efficient therapy. Prolonged treatment with
recombinant interferons is the only therapy that has shown antiviral activity against
HDV. Such therapies, which last up to 2 years, have been reported as only 20-40%
efficient (Wedemeyer et al., 2011).

In general, when searching for a treatment for viral disorders the first and
preferred targets analyzed are the viral components, such as enzymes involved in the
virus replication cycle. But HDV lacks any specific enzymatic function to target. Since
the only known enzymatic activity the virus possesses is a ribozyme, the virus relies on
the host cell to provide for all other enzymatic activities needed for its life cycle. This

represents a serious challenge in finding an HDV-specific therapeutic target.

Puzzlingly, the nucleoside and nucleotide analogues used for treatment of HBV
infection are inefficient against HDV. Although they block HBV DNA synthesis in
chronic patients, they have little impact on HDV and do not even enhance interferon
treatments (Wedemeyer et al., 2011). Famciclovir, lamivudine and adefovir, all used in
HBV treatment, have been shown to lack any significant antiviral activity against HDV
(Niro et al., 2005; Wedemeyer et al., 2007b; Yurdaydin et al., 2002). Ribavirin, a
nucleotide analogue, which inhibits HDV replication in cell culture, when administered
alone or in combination with interferon also failed to increase rates of HDV RNA
clearance (Garripoli et al., 1994; Niro et al., 2006).

Interferon-a. (IFN-a) has been used for treatment of HDV infections since the
mid-1980s (Rizzetto et al., 1986). Several trials were carried out exploring different
doses and durations. Responses to treatment varied and clearance occurred at different
times from the beginning of treatment, occurring even after discontinuation of treatment
(Niro et al., 2005). Although, such data are difficult to compare and very few studies
have measured HDV RNA levels during treatment, some conclusions arose from these
trials (Niro et al., 2005). Researchers have yet to identify pre-treatment characteristics
that determine responders and non-responders to IFN-a. therapy. It seems that 2 years of
treatment with IFN-a is superior to shorter treatment durations to obtain HDV RNA

clearance (Niro et al., 2005). It has been reported that in a 1-year treatment there is only
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a 10 to 20% chance of HDV clearance and in a 2-years treatment trial, 20% of patients
were cleared (Farci et al., 2007). The rate of response is proportional to the dose of IFN-
o,; patients treated with doses of 9 million units responded better than those treated with
only 3 million units, and relapse was common when the IFN-o dose was reduced (Niro
et al., 2005). Unfortunately, a prolonged treatment with high doses of IFN-a. is tolerated
by only a minority of patients (Wedemeyer and Manns, 2010). IFN-o side effects
include flu-like symptoms, fatigue and weight loss as well as severe psychiatric
disturbances. Patients have a tendency to become deeply depressed; suicides and
attempted suicides have been reported (Niro et al., 2005). The severity of reactions
tends to be proportional to IFN-o dose and intermittent use of IFN-a, observed in drug

abusers, increased incidence and severity of side effects (Niro et al., 2005).

By 2006, IFN-o was largely replaced by longer-lasting pegylated IFN-a (PEG-
IFN-a; Castelnau et al., 2006; Erhardt et al., 2006; Niro et al., 2006). Clearance of HDV
RNA was obtained for 6 out of 14 patients in a 1-year treatment plan (Castelnau et al.,
2006). However, in a similar study only 2 patients in 12 were cured (Erhardt et al.,
2006). In a third study, 8 patients out of 38 became HDV RNA-negative after 72 weeks
of treatment (Niro et al., 2006). Ribavirin was also used in this trial but without any

apparent beneficial effect (Niro et al., 2006).

The Hep-Net International hepatitis D intervention trial, which included 90
patients from Germany, Greece and Turkey, tested PEG-1FN-a.2a alone or with adefovir
and adefovir alone (Wedemeyer et al., 2007b). HDV RNA clearance was only observed
in patients who had received treatment including PEG-IFN-a2a, showing an antiviral
efficacy in more than 40% of patients, and 25% became HDV RNA negative
(Wedemeyer et al., 2007b). Adefovir showed little efficacy in reducing HDV RNA
levels but a PEG-IFN-a2a plus adefovir therapy was superior in reducing HBsAgs

serum levels (Wedemeyer et al., 2007D).

Currently, it is usually recommended to treat chronic hepatitis D with PEG-IFN-
o for one year or longer, if the patient can tolerate the adverse effects of such therapy
(Hughes et al., 2011). For patients with advanced liver disease, liver transplantation is

the only therapy available (Farci et al., 2007).



1. Introduction

An optimization of the available treatment strategies is clearly needed, either
regarding doses and duration and also, possible combinations such as PEG-IFN-a2a
with adefovir to also tackle HBsAgs, crucial for HDV propagation. Most importantly,
alternative treatments need to be explored, as the efficacy of the current therapies is
clearly unsatisfactory. One of the most promising alternatives are prenylation inhibitors
since, as will be discussed subsequently, prenylation of HDAg is essential for
interaction with HBsAgs. Furthermore, prenylation inhibitors have already been

developed to treat malignancies and were shown to be safe (Bordier et al., 2003).
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1.2. HDV Biology

1.2.1. HDV Virions and Putative Host Cell Receptors

An infectious HDV virion is an enveloped, roughly spherical particle, of around
36 nm in diameter (He et al., 1989). The outer coat of the virion contains host lipids and
the HBsAgs. As illustrated in Figure 1, there are three size classes of HBsAg, referred
to as large (L-), medium (M-) and small (S-). The envelope surrounds an inner
nucleocapsid consisting of viral ribonucleoproteins (RNPs) with the genomic RNA and

about 200 molecules of HDAg per genome (Gudima et al., 2002).

Since HDV and HBV share the same envelope proteins it is often assumed that
attachment and cell entry occur via similar mechanisms. Attachment of HBV to
cultured cells has been reported to require glycosaminoglycans but it is not known if
this is also true for HDV or for hepatocyte attachment (Leistner et al., 2008; Schulze et
al., 2007).

| S | S-HBsAg

|_pres2 | S | M-HBsAg

| preS1 | pres2 | S | L-HBsAg
119 aa 55 aa 226 aa

Figure 1: HBV surface antigens. Schematic representation of the three HBsAgs: S-HBsAg, M-HBsAg,
and L-HBsAg. The C-terminus region, common to the three antigens is represented as S. preS2 represents
the domain unique to M-HBsAg and L-HBsAg; preS1 represents the domain exclusive to L-HBsAg. The
average size of each region is referred to by the number of amino acids (aa).

Several studies have attempted to identify the regions of the HBsAgs required
for HDV and HBV entry. The three HBsAgs share a common C-terminus. M-HBsSAg
and L-HBsAg also share a preS2 domain whereas L-HBsAgs has a unique domain
designated preS1 (Figure 1). The preS1 region is myristoylated at the N-terminus. This
post-translational modification and about 48 adjacent amino acids are essential for HBV
and HDV entry into hepatocytes. Synthetic peptides that mimic this region are potent
inhibitors of virus entry (Engelke et al., 2006).
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Many studies have aimed to discover the host receptors for HBV (and maybe
HDV). Many candidates have been proposed but not confirmed (Glebe and Urban,
2007).

As a recent example, it has been suggested that functional purinergic receptors
are required for HDV entry as compounds that block the activation of such receptors
inhibited HDV and HBV infection of primary human hepatocytes (Taylor and Han,
2010).

In contrast to all previous studies an important new report by Yan and
colleagues demonstrates that a necessary and sufficient receptor for HBV and HDV is
the sodium taurocholate co-transporting polypeptide (Yan et al., 2012). This protein is a
multiple transmembrane transporter expressed in the liver. Silencing expression of this
protein in primary hepatocytes using small interfering RNAs inhibited HBV and HDV
infection. Expression of this protein in human liver cell lines rendered them susceptible
to infection by HBV and HDV. Therefore, it is now possible for the first time to study
the infection processes for these viruses in vitro, using established human liver cell
lines, which are much more convenient and reproducible than primary hepatocyte

cultures.

1.2.2. HDV RNAs

Since its discovery as an HBV satellite virus, HDV has puzzled scientists. HDV
has a small circular RNA genome with only ~1700 nucleotides; this sequence length
varies by no more than 30 nucleotides among HDV isolates (Dény, 2006). In native
conditions the RNA folds into an unbranched rod-like structure due to intramolecular

base pairing involving around 74% of its nucleotides (Kuo et al., 1988).

Largely due to its small length and circular conformation, the HDV RNA
genome is very different from all known viruses of animals. However, it does have
some similarity to that of the plant viroids, whose genomes are also circular in
conformation and even smaller in length, lacking any known coding capacity (Tsagris
et al., 2008).

12
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HDV contains one functional open reading frame (ORF), encoding the delta
antigen (Chen et al., 1986). This ORF is not encoded by the genomic RNA but by
another RNA species that arises during replication, the HDV antigenome, an exact

complement of the genome.

The delta antigen is transcribed from a third RNA species, a linear 0.8 Kb
messenger RNA (mRNA) of antigenomic polarity and a 5’-cap and 3’-polyadenylated
tail (Hsieh and Taylor, 1991). The different HDV RNA species are represented in
Figure 2. In an infected cell, the three HDV RNA species accumulate in very different
amounts, although genomic RNA is the only species assembled into HDV virions. HDV
genomic RNA is the most abundant, around 300,000 copies accumulate in an infected
cell whereas 100,000 copies of the antigenome are present (Chen et al., 1986). The
HDV mRNA is considerably less abundant with approximately 500 copies per cell
(Gudima et al., 2000).

HDV HDV

Genomic Antigenomic m}i{%\;
RNA RNA
f L

o &) /

Figure 2: Schematic representation of three HDV RNA species. The HDV genomic RNA is a single-
stranded circular RNA with ~1700 nucleotides. It forms an unbranched rod-like structure due to
intramolecular base pairing. The HDV antigenomic RNA is the exact complement of the genomic RNA,
both RNAs have site-specific ribozymes indicated by the black circle. The HDV antigenomic RNA
contains the open reading frame for the delta antigen, represented in grey, but the antigen is translated
from another RNA species, the mMRNA. The mRNA is ~800 nucleotides long with a 5’-cap and a 3°-
polyadenylated tail.

Another peculiar characteristic was found in 1988 when site-specific self-
cleavage and ligation were reported on antigenomic HDV RNA, showing that HDV
RNA possesses ribozyme activity, just like plant viroids (Sharmeen et al., 1988). Both
genomic and antigenomic RNAs display this ribozyme activity, which is comprised
within a contiguous sequence of less than 100 nucleotides (Branch et al., 1989). Both
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ribozyme RNAs have been crystallized and an atomic structure solved (Ferré-D'Amaré
et al., 1998). They enhance HDV RNA self-cleavage by a 10°- to 10’-fold when
compared with uncatalyzed cleavage (Been, 2006; Ferré-D'Amaré et al., 1998).
Although ribozymes are characteristic of viroids, their structures are different from
HDV ribozymes, which are actually more related to the cytoplasmic polyadenylation
element-binding protein 3 (CPEB3;) ribozyme, a conserved mammalian sequence within
an intron of the CPEB;3; gene (Salehi-Ashtiani, 2006). In fact, numerous HDV-like

ribozymes have since been found in several eukaryotic species (Webb et al., 2009).

1.2.3. HDV RNA Replication

HDV RNAs are transcribed in the nucleus of infected cells, but the details of this
process remain poorly defined. As mentioned before, during HDV replication three
RNA species accumulate in infected cells: the genome, antigenome and mRNA (Figure

2). Each of these is the product of post-transcriptional processing.

The precursors, from which these species arise, are thought to be transcribed by
a double-rolling circle mechanism, exemplified in Figure 3. In this model the circular
genome RNA is used as a template to produce multimeric species of opposite polarity
(Taylor, 1990). These greater than unit-length RNAs are subsequently self-cleaved by
the HDV ribozymes and re-ligated, producing unit-length circular antigenomic RNAs.
The re-ligation step is thought to involve a host ligase (Reid and Lazinski, 2000)
although it has been shown that the HDV ribozyme can self-ligate in vitro (Sharmeen et
al., 1989). Through a similar mechanism the unit-length circular antigenomic RNA acts
as a template for the transcription of multimeric species, which are processed to produce
genomic RNA. The genomic RNA also acts as a template for transcripts that are
processed into mMRNA.

Even though such a rolling-circle mechanism has been widely accepted as a
model for HDV replication, critical details remain to be confirmed and/or clarified such

as the host cell components involved.
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_) HDV
Anligenmuic
RNA
~
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Figure 3: Model of HDV replication through a rolling-circle mechanism. The HDV genomic RNA is
used as a template for the precursors of HDV mRNA (Steps 1-2) and also acts as a template for
multimeric RNAs of antigenomic polarity (Step 3). These multimeric RNAs contain at least two copies of
the HDV ribozyme and are thus self-cleaved to produce linear unit-length HDV antigenomes (Step 4),
which are then ligated to produce circular antigenomic RNA (Step 5). In turn, the new antigenomic RNA
is a template for multimeric RNAs of genomic polarity (Step 6) that are similarly self-cleaved and
subsequently ligated to produce new circular genomic RNA (Steps 7-8).

i

3

HDV
HDV Gcnnmit/
mRNA RNA

Most RNA viruses use a virus-encoded RNA-directed RNA polymerase for
replication. This is consistent with the dogma that host cell RNA polymerases are DNA-
dependent and do not accept RNA templates. An important exception are retroviruses
which first synthesize a DNA intermediate using a virus-encoded reverse transcriptase,
to produce a DNA intermediate, which becomes integrated into the host genome and is
then transcribed into RNA, using a host RNA polymerase. However, HDV has no
known DNA intermediate (Taylor, 2009), and the only HDV protein, the delta antigen,
is too small to be a polymerase. This means that HDV RNA must somehow redirect
host DNA-dependent RNA polymerases to use HDV RNAs as templates. How this is
achieved and which host polymerase(s) is (are) involved has been extensively studied

but the results remain somewhat controversial.

The host RNA polymerase Il (pol Il) seems to be required for genomic HDV
RNA transcription. Nuclear run-on experiments on an endogenous HDV RNA template
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have shown that inhibition of pol II by low concentrations of the specific inhibitor a-
amanitin blocks HDV RNA synthesis of both the genomic and antigenomic strands
(Chang et al., 2008). One possible explanation is that the rod-like conformation of HDV
RNAs may trick pol Il into accepting the RNA as a double-stranded DNA template. It
has been shown, through immunoprecipitation assays, that pol Il binds the terminal
stem-loop regions of HDV genome (Greco-Stewart et al., 2007). It has also been
reported that, after binding to the stem-loop, pol Il is able to elongate multimeric RNA
species, carrying out transcription (Filipovska and Konarska, 2000). Such elongation
was observed on a partial antigenomic RNA stem-loop and originated a chimeric
molecule of newly synthesized transcript covalently bound to the 5’-end of the

template. Thus, it is not clear if such elongation is biologically relevant.

Despite being shown that pol Il interacts with genomic HDV RNA it has been
suggested that a different host polymerase is responsible for the synthesis of
antigenomic HDV RNA (Macnaughton et al., 2002; Modahl et al., 2000). The idea that
at least two different host polymerases are involved in the HDV replication cycle is
based on the observation, that in transfected cells, the synthesis of new HDV
antigenomic RNA was not inhibited by concentrations of a-amanitin that would inhibit
pol 11 activity (Modahl et al., 2000). This has led to the speculation that pol | copies
genomic HDV RNA to produce new antigenomic RNA. This is contrary to the afore
mentioned nuclear run-on assays, which have shown that both genomic and
antigenomic RNA synthesis are sensitive to low doses of a-amanitin, consistent with
pol 1l (Chang et al., 2008).

An additional complication arises from in vitro studies, which indicate that
fragments of the HDV RNA genome interact not only with pol Il but also with pol I and
pol 11l (Greco-Stewart et al., 2009). However, such in vitro interactions may not have

biological relevance, especially since they do not lead to RNA-directed transcription.

The HDV mRNA possesses characteristics of a pol Il transcript that is processed
to a mRNA: namely a 5’-cap structure and a 3’-poly(A) tail. In fact, the role of pol Il in
HDV mRNA transcription has been generally accepted (Chang and Taylor, 2002;
Chang et al., 2008; Fu and Taylor, 1993; Macnaughton et al., 2002; Modahl et al.,
2000).
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The controversy regarding the transcription process is thus limited to whether
genomic RNA is transcribed by pol Il or another polymerase, possibly pol I (Taylor,
2012).

In addition to the post-transcriptional processing to make the abovementioned
three HDV RNAs, there is an important RNA-editing event. During the virus replication
cycle some of the antigenomes are edited at a specific site by a host adenosine
deaminase (ADARL1). This changes the adenosine in the amber codon to inosine. After
subsequent RNA-directed RNA synthesis, it leads to the replacement of inosine with
guanosine (Polson et al., 1996). That is, the UAG stop codon is changed to a UGG
tryptophan codon. In this way the delta antigen ORF is extended by 19 amino acids; that
is, to the next stop codon. The specificity of the editing site is in part directed by the
specific folding of the HDV antigenomic RNA (Casey, 2006).

Therefore, although HDV has only one ORF, it encodes two proteins: the small
delta antigen (S-HDAg) of 195 amino acids and the large delta antigen (L-HDAg) with

214 amino acids, which will be described in Section 1.3.

1.2.4. HDV Origin

The resemblance of HDV RNA to that of plant viroids could indicate a viroid
ancestor. The similarities are indeed extensive: the small genome size and circular
conformation, the presence of ribozyme domains and the proposed rolling-circle
mechanism for HDV replication (recently reviewed by Flores et al., 2012). Viroids are
nevertheless significantly smaller than HDV, ranging from 250 to 400 nucleotides, and
they are also non-coding RNAs (Tsagris et al., 2008). HDV could have evolved to
encode the delta antigen and HDAg coding sequence accounts for HDV’s longer
genome. In fact, a cellular homolog of the HDAg has been reported, designated as Delta
Interacting Protein A (DIPA), and was initially considered has a candidate for HDAg
origin (Brazas and Ganem, 1996). However, the homology to HDAg was subsequently
evaluated as not significant, thus disproving the hypothesis (Taylor and Pelchat, 2010).
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Like HDV RNA, viroid RNAs are circular molecules that display intramolecular
folding achieving almost rod-like structures. Some viroids, known as avsunviroids,
replicate via a symmetrical rolling-circle mechanism as the one proposed for HDV
(Taylor, 2009; Tsagris et al., 2008).

Despite the similarities that support a proposed evolution from the viroid world,
there are important differences that advocate a different origin. For example, although
ribozymes are characteristic of viroids, the two HDV ribozymes are structurally very
different from those of the viroids. In contrast, several HDV-like ribozymes have been
found in eukaryotes (Webb et al., 2009). This more supports the hypothesis that HDV
may be derived from the human transcriptome rather than a plant or ancestral RNA
world. Also, the HDV genome is larger than viroids and its antigenome encodes a viral

protein.

In summary, although HDV has similarities to viroids, there are fundamental
differences that avert us from stating, for now, that HDV originates from the plant

rather than animal world.
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1.3. Delta Antigens

HDV has only one open reading frame, which, as mentioned in Section 1.2.3,
due to some post-transcriptional site-specific RNA editing, ultimately encodes two
proteins, S-HDAg and L-HDAg. The two isoforms share 195 amino acids and differ
only in that the large form has 19 extra amino acids on the C-terminus. As such, S-
HDAg and L-HDAg share several functional domains within the common amino acid
sequence, as illustrated in Figure 4. The delta antigens contain a nuclear localization
signal (NLS) comprised by amino acids 66 through to 75 (Alves et al., 2008); a coiled-
coil domain (CCD), also referred to as dimerization domain, within amino acids 12 to
60; and an RNA binding domain within amino acids 97 and 143 (Lee et al., 1993). L-
HDAQg has, within its extra sequence, a nuclear export signal (NES) spanning amino
acids 198 to 210 (Lee et al., 2001).

1 12 6 66 TS 97 144 195

11 1 |
S-HDAg e CCD | o T | RBD

19g 210 2114
1 1 i
L-HDAy w— CCD LS f— RED ] {_NES ,:

Figure 4: Functional domains of S-HDAg and L-HDAg. The delta antigens share most of their
sequence differing only in the 19 amino acids extension at the C-terminal of L-HDAg. They have, within
the common sequence, as represented, a coiled-coil domain (CCD), a nuclear localization signal (NLS),
and an RNA binding domain (RBD). Also indicated on L-HDAg are the nuclear export signal (NES) and
the unique cysteine, residue 211, which is the target for farnesylation. The numbers indicate the position
of the amino acid residues.

Both delta antigens undergo post-translational modifications (PTMs) by several
host enzymes. Several groups have investigated the impact these PTMs may have on the
antigens’ functions but the precise significance of most of these modifications remains

uncertain.

The exception is one PTM, characteristic only of L-HDAg, which has been
shown to be essential. It occurs on cysteine residue 211, and is mediated by a host
farnesyltransferase (Glenn et al., 1992; Otto and Casey, 1996). This isoprenylation of L-
HDAQg is necessary, although not sufficient for viral packaging. It is somehow necessary
for the interactions with HBsAgs, leading to the assembly of new viral particles (Hwang
and Lai, 1994; Lee et al., 1994).
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There are other PTM events, ones shared by both forms of the delta antigen.
These involve phosphorylation, methylation, acetylation and sumoylation (Chen et al.,
2008; Hong and Chen, 2010; Li et al., 2004; Mu et al., 2004; 1999; Tseng et al., 2008).

Phosphorylation has been observed at multiple sites, mostly at serine and
threonine residues. Different phosphorylation patterns were observed for S-HDAg and
L-HDAg, and, if relevant, the distinct patterns may in part account for their distinct
biological functions (Mu et al., 1999). Several host enzymes have been reported to
phosphorylate delta antigens at different sites: casein kinase 11 on Ser2 and Ser213 (Yeh
et al., 1996); double-stranded RNA-activated protein kinase R on residues Serl77,
Ser180, and Thr182 (Chen, 2002); extracellular signal-related kinases 1 and 2 (ERK1/2)
on Serl77 (Chen et al., 2008); and protein kinase C on residue Ser210 (Yeh et al.,
1996). It has been alleged that S-HDAg phosphorylation increases replication of
genomic HDV RNA from the antigenomic strand (Chen et al., 2008). By enhancing the
expression of ERK1/2 in cells transfected with plasmids expressing S-HDAg and
dimeric HDV antigenomic RNA, an increase in the accumulation of HDV genomic
RNA was observed, but not for antigenomic RNA (Chen et al., 2008). More recently, it
has been suggested that phosphorylation of S-HDAg at Serl177 can work as a switch in
HDV antigenomic RNA replication from the initiation to the elongation stage (Hong
and Chen, 2010).

Acetylation of Lys72 on S-HDAg, by host p300 acetyltransferase, is thought to
regulate nucleocytoplasmic shuttling of viral RNA (Huang et al., 2008b; Mu et al.,
2004). Note that this amino acid is within the NLS of the HDAgs (Alves et al., 2008).
Thus such a modification could be expected to have an impact on nuclear import.
Acetylation of S-HDAg, has also been suggested to function as a switch in the synthesis
of the different viral RNA species as this PTM was reported to be essential for HDV
genome and mMRNA synthesis but dispensable for antigenomic RNA synthesis (Tseng et
al., 2008).

Methylation of Argl3 on S-HDAQg, by protein arginine methyltransferase I, has
been observed in vitro and has also been proposed to have a switching effect on HDV
RNA replication (Li et al., 2004; Tseng et al., 2008). The studies were performed with
S-HDAg with an R13A mutation, which failed to be methylated in vitro. In transfected
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cells, the mutant S-HDAg reduced genomic RNA synthesis and almost completely
suppressed HDV mRNA synthesis (Li et al., 2004; Tseng et al., 2008).

Finally, sumoylation of multiple lysine sites, by small ubiquitin-related modifier
isoform 1 (SUMOL1), has been reported. Such PTM was detected on S-HDAg but not on
L-HDAg (Tseng et al., 2010). And this PTM was proposed to enhance genomic RNA
and mRNA synthesis based on experiments where SUMO1 was fused to S-HDAg, so as
to mimic sumoylated S-HDAg (Tseng et al., 2010).

Although the two delta antigens share sequence and functional domains they
play very distinct roles in the HDV replication cycle. S-HDAg is essential for HDV
RNA accumulation whereas L-HDAg acts as a dominant negative inhibitor of HDV
replication (Chao et al., 1990) and also is essential for the assembly, via HBsAgs, of
HDV RNA into new virus particles. There is, however, a common function attributed to
both antigens: it has been observed that both can downregulate HBV replication
(Williams et al., 2009).

Regarding the appearance of L-HDAg it is important to recall that because of the
accumulated editing of the HDV antigenome, the proportion of this form, in relation to
the total amount of accumulated HDAgs, increases during the replication cycle from 0%
to around 30%, (Wong and Lazinski, 2002). This is sufficient to suppress replication but
allow the accumulation of viral genomes that can then be packaged into new infectious
particles with the help of L-HDAg. The NES present in L-HDAg allows the viral RNP
to be exported from the nucleus to the cytoplasm for packaging (Lee et al., 2001). HDV
RNPs then interact with HBsAgs at the endoplasmatic reticulum to form new infectious
virions, which are then secreted to propagate further rounds of HDV infection (Tavanez
et al., 2002). Such assembly of new virions only occurs when HBsSAgs are present,

otherwise, the viral RNPs return to the nucleus (Tavanez et al., 2002).
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1.3.1. Small Delta Antigen

The objective of my research has been to increase the understanding of the
structure and function of S-HDAg, the one viral protein that is essential for the
accumulation of processed HDV RNA transcripts. Therefore, in this Section | will

review, in more detail, prior knowledge and uncertainties relating to this protein.

Three groups have purified recombinant S-HDAg, but have been unable to go on
and produce distinct crystals. Thus, at this time a detailed molecular structure for the
protein is unavailable. A region comprising amino acids 12 to 60 was predicted to have
alpha-helical structure and also be responsible for the protein’s ability to form dimers
(Xia and Lai, 1992; Wang and Lemon, 1993). To test this, one lab obtained large
amounts of the corresponding synthetic peptide (Rozzelle et al., 1995). As a follow-up
to this synthesis, it was found that the peptide readily formed crystals, leading to a
successful molecular structure (Zuccola et al., 1998).

In this structure dimers were observed. More specifically, the largely alpha-
helical peptides formed dimers by an anti-parallel coiled-coil interaction; hence this
region has been referred to as the coiled-coil domain or CCD. Furthermore, the crystal
structure indicated how such dimers might interact to form higher multimers. To test
this hypothesis, the authors expressed and purified full-length recombinant S-HDAg,
and showed, by prior cross-linking followed by mass spectrometry, that complexes as

high as 8-mers could be detected (Zuccola et al., 1998).

Earlier studies had demonstrated that the ability to form dimers was essential
for S-HDAg’s role in promoting HDV RNA accumulation (Lazinski and Taylor, 1993).
The molecular structure of the CCD was used to predict amino acids that might be
important in the dimer and/or multimer interactions. Some of these predictions were
tested and it was confirmed that there are amino acids, which are critical for dimer
formation and, when mutated, affect S-HDAg’s ability to support accumulation of HDV
RNAs (Moraleda et al., 2000).

S-HDAg can form high molecular weight complexes within infected cells. This
was first shown for infected liver tissue by sedimentation with prior cross-linking
(Wang and Lemon, 1993). It was subsequently shown for transfected tissue culture
cells, both in the presence and absence of HDV RNA (Chang et al., 2008).
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Several different approaches have been used to demonstrate how S-HDAg binds
to RNA. In some of these studies the binding was considered to be specific for HDV
rod-like RNA structure (Chao et al., 1991; Defenbaugh et al., 2009; Lin et al., 2010).
One study showed a minimum requirement of 311 nucleotides in a rod-like folding
(Defenbaugh et al., 2009). In addition, multimerization of the S-HDAg was also
required (Lin et al., 2010). In these two studies, the researchers examined purified
recombinant S-HDAg that was C-terminally truncated to become HDV RNA specific
and did not report the same assays with full-length S-HDAg. An earlier study,
performed with S-HDAg fusion proteins, also reported that the HDV RNA rod-like
structure is a prerequisite for the HDV RNA to be recognized by the antigen (Chao et
al., 1991). A different group observed that the removal of the dimerization domain did
not prevent S-HDAg from binding to the viral RNA (Lin et al., 1990). Thus, while it is
agreed that S-HDAg is an RNA binding protein there remains controversy as to whether
it is an HDV RNA specific interaction or if multimerization of S-HDAg is a prerequisite

for the interaction.

As summarized in Table 1, several roles have been attributed to S-HDAg during
the HDV life cycle.

Table 1: Roles attributed to S-HDAg. Putative and observed functions of S-HDAg during the HDV
replication cycle.

Function Observations

S-HDAg-mediated nuclear import of HDV RNA has been

Achieve nuclear import of HDV RNAs observed in vivo (Chou et al., 1998; Tavanez et al., 2002)

Facilitate ribozyme cleavage S-HDAg stimulates HDV RNA ribozyme cleavage in vitro
(chaperone) (Wang et al., 2003)

S-HDAg expression in transfected cells suppresses editing of

Regulate HDV RNA editing HDV antigenomic RNA (Polson et al., 1998)

Facilitate accumulation of processed  S-HDAg is essential for the accumulation of full-length HDV
HDV RNA transcripts RNAs in transfected cells (Chao et al., 1990)

Enhanced elongation by pol 11 in vitro although it might be

Regulate transcription by pol 11 limited to 3°-OH end additions (Yamaguchi et al., 2001)
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S-HDAg is present in the virions forming viral RNPs with the HDV genome.
One of the first tasks it performs is the transport of the viral genome into the nucleus of
infected cells, where RNA-directed RNA synthesis takes place. This transport is
achieved by the presence of the previously described NLS and RBD. Nuclear import
may be facilitated by karyopherin 2a, since this importin interacts with S-HDAg in
vitro (Chou et al., 1998).

Another role attributed to S-HDAg is the regulation of HDV RNA editing,
particularly the deamination by ADAR-1. This editing seems to occur at multiple
locations on HDV RNAs, but it is focused on the antigenomic RNA at the stop codon
adenosine (Polson et al., 1998). S-HDAg has been found to suppress editing at this stop
codon when expressed in transfected cells at levels close to those observed during HDV
replication (Polson et al., 1998). This observation suggests that the antigen plays a role
in limiting HDV RNA editing, as excessive editing has been shown to inhibit HDV
RNA accumulation (Jayan and Casey, 2002).

It has been known for more than two decades that the small form of the delta
antigen is essential for the accumulation of processed HDV RNAs (Chao et al., 1990).
Several theories have been proposed for the precise role(s) it may play, as will be
discussed ahead.

S-HDAg has been shown to interact with host pol Il. In a pull-down assay, both
S-HDAg and L-HDAg fused with a glutathione S-transferase tag were able to bind pol
Il from HeLa nuclear extracts (Yamaguchi et al., 2001). In the same study S-HDAg,
was observed to enhance pol Il elongation, presumably by displacing the subunit A of
the negative elongation factor (NELF-A). S-HDAg was thus reported as an elongation
enhancer of DNA-templated pol Il transcription in vitro (Yamaguchi et al., 2001).
However, the observed enhancement appears to be limited to 3’-OH end additions,
rather than transcription. In a subsequent study Yamaguchi et al., reported that S-HDAg
functionally interacts with pol 1l suggesting that S-HDAg may be involved in
facilitating the uncommon RNA-directed synthesis by an RNA polymerase that is

normally DNA-directed (YYamaguchi et al., 2007). They proposed that the interaction
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between pol Il and S-HDAg loosens what, from molecular structure studies, is
considered to be a pol Il clamp, thereby reducing transcriptional fidelity and allowing
the recognition of the atypical RNA template.

Amidst all the reports that S-HDAg actively participates in HDV RNA
transcription there is a contradictory result showing that the presence of S-HDAg is not
required for the accumulation of processed short HDV transcripts, although full-length
transcripts, genomic or antigenomic, do require S-HDAg, or even L-HDAg (Lazinski
and Taylor, 1994). As an explanation it was proposed that full-length HDV RNAs are
susceptible to nucleolytic degradation in the absence of S-HDAg and, due to their size,
such RNAs are more prone to be degraded than smaller RNAs. In other words, S-HDAg
interacts with HDV RNAs to protect them and thereby allow their accumulation in

infected cells.

Another role attributed to S-HDAg is that of HDV RNA chaperone. In vitro
studies have reported that S-HDAg can stimulate HDV RNA ribozyme activity (Wang
et al., 2003). From such studies it is inferred that in vivo S-HDAg may be directly
involved in post-transcriptional processing of nascent multimeric transcripts by
enhancing cleavage into unit-length molecules. It should be noted however, that the
abovementioned studies of Lazinski and Taylor indicate that in vivo, HDAg is not
directly needed for ribozyme cleavage and subsequent ligation (Lazinski and Taylor,
1994).

S-HDAg may also be involved in deviating/re-directing other host cell
components to facilitate HDV RNA replication. As will be discussed subsequently, S-

HDAGg is a rather promiscuous protein in that many cellular partners have been detected.

25



1. Introduction

1.3.2. Host Interactions

HDV has a very small RNA genome, as mentioned earlier, and encodes only one
viral protein, HDAg. Albeit the fact that a second isoform of the HDAg appears later in
the replication cycle, S-HDAg and L-HDAg are not sufficient for HDV to complete its
replication cycle. None of these two HDAg isoforms has replicase activity or any other
known enzymatic activity and, despite the fact that HDAgs are essential, HDV must
rely extensively on host cell factors to complete its replication cycle. Many S-HDAg-
interacting proteins have been identified through different affinity approaches, as
summarized in Table 2. But, as will be discussed below, the role of most of these

interactions remains unclear and is still being investigated.

Table 2: Identification of S-HDAg-interacting proteins. Summary of the proteomic studies to identify
host proteins that interact with S-HDAg.

Reference Experimental Approach Number of Identified

Proteins
Cao et al., 2009 Immunopurification followed by mass spectrometry > 100
Casacaetal., 2011 Yeast two-hybrid screening 30

A comprehensive study using immunopurification followed by mass
spectrometry identified over 100 host proteins that associated with a tagged S-HDAg
(Cao et al., 2009). This set included 9 of the 12 subunits of the pol Il complex, further
supporting the idea that pol Il is involved in HDV RNA transcription (Cao et al., 2009).
In another study, a yeast two-hybrid approach identified 30 proteins encoded by a
human liver cDNA library that interacted with S-HDAg (Casaca et al., 2011). Only
three proteins from this study had also been identified by the previously mentioned

immunopurification approach.

Some of the S-HDAg-interacting proteins that have been more thoroughly
studied are described in Table 3. These include the previously mentioned host enzymes

responsible for post-translational modifications.

26



1. Introduction

Table 3: S-HDAg-interacting proteins. Summary of S-HDAg-interacting proteins with putative or
observed function (adapted from Greco-Stewart and Pelchat, 2010).

Host Protein Function Reference

Phosphorylation of Ser2 observed in vivo as
Casein kinase |1 inhibition of casein kinase Il suppresses Ser2 Yeh et al., 1996
phosphorylation

Double-stranded RNA-
activated protein
kinase R

Phosphorylation of Ser177, Ser180 and Thr182

observed in vitro and in vivo Chen etal., 2002

Phosphorylation of Ser177 observed in vitro, and in
ERK1/2 vivo activation of endogenous ERK1/2 increases Chenetal., 2008
Ser177 phosphorylation

Arginine . . Lietal., 2004; Tseng
methyltransferase 1 Methylation of Argl3 observed in vitro et al., 2008
p300 acetyltransferase Acetylation of Lys72 observed in vivo Mu et al., 2004

Sumoylation of multiple lysine sites observed in vitro
SUMO 1 and in vivo by co-transfection with S-HDAg- Tseng et al., 2010
expressing plasmid

Karyopherin 2o Nuclear import of vm;l_:jl;isggmteracts in vitro with Chou et al., 1998

S-HDAg enhances pol 1l elongation in vitro but

Pol Il might be limited to 3°-OH end additions

Yamaguchi et al., 2001

Some of the S-HDAg-interacting proteins may be relevant for its cellular
localization and may influence the role played by the viral protein. It has been
suggested that the delta antigens interact with abundant nucleolar proteins C23,
nucleolin, and B23, nucleophosmin (Huang et al., 2001; 2008a). A nucleolar
localization signal has even been attributed to the delta antigens (Huang et al., 2008a).
The presence of S-HDAg in the nucleolus of infected cells may be highly relevant, in
that it has been proposed that antigenomic HDV RNA is synthesized by host
polymerase I, a nucleolar protein (Modahl et al., 2000). S-HDAg may even be
responsible for the transport of HDV genome to the nucleolus so that it can be
transcribed. However, the biological relevance of S-HDAg nucleolar localization has

not been ascertained.
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1.4. Intrinsically Disordered Proteins®

The notion that a rigid 3-Dimensional (3-D) structure is a prerequisite for a
protein to be functional was unquestioned for a long time. The paradigm can be dated
back to the lock-and-key hypothesis, proposed in 1894 by Emil Fischer, to explain
enzymatic specificity (Lemieux and Spohr, 1994). This concept was later validated as
the crystal structures of proteins were beginning to be solved by X-ray diffraction
(reviewed by Uversky, 2011a). So, for a long time, the conventional view was that a
functional protein folds into a unique and stable 3-D structure, perfectly matching the

substrate to which it should bind.

Up until a couple of decades ago, the idea that disordered proteins could also
have specific functions was considered outlandish. Nevertheless, occasionally, flexible
but functional proteins were discovered or re-discovered. Information on these flexible
proteins was scarce and shallow, since they didn’t fit the structure-function paradigm;
they were considered mere exceptions to a rule. Nonetheless, throughout the years, a
variety of names were given to these non-conventional proteins: partially folded,
flexible, pliable, chameleon, vulnerable, natively unfolded, etc. (reviewed by Uversky,
2011a).

Only in the late 1990s did researchers start to realize that these unstructured
proteins were representative of a broad class of rather important proteins (Dunker et al.,
2001; Romero et al., 1998; Tompa, 2002; Uversky et al., 2000; Wright and Dyson,
1999). In recent years, the term intrinsically disordered proteins (IDPs) has become the
most widely accepted, and intrinsically disordered regions (IDRs), to define proteins or
protein segments that are biologically functional although they exist as collapsed or
extended mobile conformational ensembles (Uversky, 2011a).

The increasing number of experimentally characterized IDPs led to the creation,
in 2007, of DisProt, a database of disordered proteins (Sickmeier et al., 2007).

This Section has been adapted from a review presented in Appendix.
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1.4.1. Intrinsic Disorder Prediction

Like ordered proteins, whose structures can to some extent be inferred from their
amino acid sequence, IDPs and IDRs have signature characteristics that allow the
prediction of disorder based on sequence data alone. A mark of probable intrinsic
disorder is a low content of hydrophobic amino acids, which usually form the core in
folded proteins, and a high presence of polar amino acids conferring high net charge to
the disordered protein or disordered region (Romero et al., 2001; Uversky et al., 2000).
Low hydrophobicity is thought to lead to a low driving force for protein compaction and
high net charge may result in strong electrostatic repulsion. Hence, these features
contribute to structural disorder. Even by 1978, it had been suggested that IDPs and
IDRs have amino acid compositions that differ from ordered proteins and therefore
disorder could be predicted by the abnormally high ratio of charged residues by
hydrophobic residues (Williams, 1978). However, this early mode of intrinsic disorder
prediction was based on a very small set of proteins and never tested for other sets.
Later it was shown that IDPs and IDRs are deficient in what has been called ‘order-
promoting’ amino acids such as Ile, Leu, Val, Trp, Tyr, Phe, Cys and Asn; and are
enriched in ‘disorder-promoting’ amino acids like Ala, Arg, Gly, Gln, Ser, Glu, Lys and
Pro (Dunker et al., 2001).

IDPs and IDRs sequence characteristics were used to design algorithms to
predict intrinsic disorder. In 1997 and 2000 were published the first well-tested
predictors of intrinsic disorder (Romero et al., 1997; Uversky et al., 2000). Since then,
more than 50 predictors have been developed to evaluate disordered regions based on
amino acid sequences on a per-residue analysis (reviewed by He et al., 2009). Many
predictors can be accessed via public servers such as the PONDR® predictors (Peng et
al., 2006; Romero et al., 1997), FoldIndex (Prilusky et al., 2005), Dis-EMBL (Linding
et al., 2003a), GlobPlot (Linding et al., 2003b) and PrDOS (Ishida and Kinoshita, 2007),
to name a few. There are also available meta-predictors, such as PONDR-FIT (Xue et
al., 2010a), which combines the output of six individual disorder predictors, and
metaPrDOS (Ishida and Kinoshita, 2008), which is claimed to have an improved
prediction accuracy. It is also available as a web metaserver, MeDor, which permits a
fast simultaneous analysis by multiple predictors of a given sequence, retrieving an

integrated view of the outputs (Lieutaud et al., 2008).
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1.4.2. ID Prevalence

Disorder predictors have been applied to the predicted proteins of entire
genomes to assess the extent of intrinsic disorder, with predictions spanning the three
kingdoms. Studies have shown that IDPs and IDRs are not rare exceptions but highly
abundant in all species. In fact, almost 70% of proteins in the Protein DataBase by 2003
had IDRs (Obradovic et al., 2003). IDPs are more common in eukaryota than in
prokaryota and archea, with up to 30% of eukaryotic proteins being mostly disordered
(Oldfield et al., 2005). However, in a recent study, comparing 194 eukaryotic and 87
prokaryotic proteomes, researchers found an overlap in the frequency of predicted
disorder, which spans a wide range in both kingdoms (Pancsa and Tompa, 2012).
Although prokaryotes were found to have a lower average disorder than eukaryotes both
groups have a very broad range of predicted disorder, with scores of average ratio of
disordered residues in proteins ranging from 0.12 to 0.35 for prokaryotes and 0.1 to 0.41

in eukaryotes (Pancsa and Tompa, 2012).

The same study also found the highest levels of predicted intrinsic disorder in
single-celled protists, often higher than in more complex eukaryotic organisms. Hence,
a new theory was proposed by the authors correlating intrinsic disorder with lifestyle
and not only with the complexity of the organism (Pancsa and Tompa, 2012). They
suggest that a low level of disorder reflects and adaptation to the environment, as low
values were found for certain intracellular parasites and endosymbionts. Organisms,
such as host-changing parasites, which lead a varied lifestyle, changing habitats, have

higher levels of disorder (Pancsa and Tompa, 2012).

The amount of predicted intrinsic disorder in viral proteins has been compared
with that of eukaryotes. Even though, eukaryotic proteomes contain more proteins with
long disordered sequences, viral proteomes have more short disordered segments (Xue
et al., 2010b).

Nevertheless, viruses have also been shown to have the widest spread of
proteome disorder ranging from 7.3% of disorder promoting residues in human
coronavirus up to 77.3% in avian carcinoma virus (Xue et al., 2012). Viral proteins
display a high propensity for intrinsic disorder, as they tend to have reduced amounts of

hydrophobic residues and a high proportion of polar amino acid residues (Xue et al.,
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2010b). In particular, RNA viruses, which display the highest mutation rates, also have
a high incidence of disordered regions and significantly lower van der Waals contact
densities, reflecting the intensity of the 3-D interaction network of a protein (Tokuriki et
al., 2008). As will be examined in section 1.4.4, viral proteins profit at different levels

from the flexibility that results from intrinsic disorder.

1.4.3. Biophysical Characterization of Disorder

IDPs are by definition, an ensemble of conformational states, so the
determination of one unique structure is not possible and a multiparametric approach is
required. A dynamic structural characterization of an IDP relies on different parameters
from a host of physiochemical methods to obtain information on different aspects of the
protein such as overall compactness, conformational stability, presence of residual
secondary structure, transient long-range contacts, regions of more or less mobility
(Uversky and Dunker, 2012). Most of the techniques used were initially developed to
analyze ordered proteins thus, data analysis needs to be careful as results for intrinsic
disorder are usually due to the lack of signals characteristic of ordered sequences. That
is also why several methods should be used and results compared to minimize
ambiguity (Uversky and Dunker, 2012). Some techniques will be briefly summarized
below, of which, the most commonly used to obtain data describing IDP structures are

NMR and small-angle X-ray scattering (Tompa, 2011).

(i) X-ray crystallography is the ‘classic’ technique for determining a protein’s
crystal structure. With this method the higher flexibility of the atoms in disordered
regions results in a non-coherent X-ray scattering, making them invisible. That is, the
outcome is a region with missing electron density corresponding to the disordered
segment (Dunker et al., 2001). This method depends on the ability of proteins to form

crystals, and highly disordered proteins in general, are not even able to be crystallized.

(i) An NMR spectroscopy approach is commonly used. It provides information
on a residue-by-residue basis although supplying little information on the overall shape
of the protein. 1-Dimensional NMR is limited to small molecules while heteronuclear

multidimensional NMR is preferable for larger proteins. The latter method can be used
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to obtain precise data on 3-D structures and also provide direct measurements of IDR
mobility (Uversky and Dunker, 2010).

(iii) Circular dichroism (CD) in the far-UV region provides estimates of
secondary structure and near-UV CD displays sharp peaks for aromatic groups when the
protein is ordered. CD lacks residue-specific information and the data obtained are less
clear when a protein contains both ordered and disordered segments (Dunker et al.,
2001).

(iv) The level of protein compactation or hydrodynamic dimension can be
assessed by different techniques such as gel-filtration, viscometry, small-angle X-ray
scattering or sedimentation (Uversky and Dunker, 2012).

(v) Small-angle X-ray scattering can also be used to determine the degree of
globularity, providing information on the presence or absence of a tightly packed core
(Uversky and Dunker, 2012).

(vi) Proteolytic degradation is also a method to identify disordered segments in a
protein since flexibility can be a major determinant for susceptibility to cleavage
(Johnson et al., 2012). Typically a structured protein needs a segment of more than 10

residues to be unfolded to reveal a proteolytic cleavage site (Dunker et al., 2001).

Note that many IDPs and IDRs adopt a well-defined structure when bound to
their partners (Dyson and Wright, 2002). In these cases, by using methods to

characterize ordered proteins, the structure of the bound protein can be readily solved.

1.4.4. Viral IDPs

Viral proteins should be considered as a unique group of proteins. Viruses must
adapt faster than their hosts. They need to survive in their host’s environment as well as
inside the host, all the while evading host defense mechanisms, such as innate and
adaptive immune responses. In order to adapt, viral genomes are subject to relatively
high mutation rates, ranging from 10 up to 10 nucleotide exchanges per generation
for RNA viruses and 10® to 10° for DNA viruses (Drake et al., 1998). The higher
mutation rate found in RNA viruses probably reflects the lack of RNA repair

mechanisms. In comparison, the genomes of bacteria and eukaryotes have on average, a
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mutation rate of 10 (Drake et al., 1998). Since viruses have highly compact genomes,
often with overlapping reading frames, a single mutation can have an impact on more
than one viral protein (Reanney, 1982). Finally, viral proteins usually need to perform
numerous interactions with host cell components, during the different steps of the virus
life cycle from entry to replication to formation and exit of new infectious particles.
Viral proteins must interact with host membranes, host proteins and in some cases, host
nucleic acids even though viral proteins are often phylogenetically separated from their
host proteins (Forterre, 2006; Reanney, 1982).

All these features make it extremely interesting to test whether viral proteins are
also associated with unique biophysical characteristics and advantages. Intrinsic
disorder may be a way for viral proteins to cope with these distinctive circumstances as

the resulting plasticity can confer a number of exceptional functional advantages.

(i) Intrinsically disordered proteins are more flexible and without a rigid
compact structure; thus, viral proteins can be highly promiscuous and take part in

several interactions with multiple partners.

(if) IDRs in particular can act as flexible linkers between functional domains

enabling mechanisms that will facilitate binding and promiscuity.

(iii) These flexible linkers can also help viral proteins to elude the host cell’s
adaptive immune system by making it difficult for epitopes to be recognized (Goh et al.,
2008).

(iv) Disorder can also be a way to cope with high mutation rates, characteristic
to viruses. High flexibility, resulting from low interactions between amino acids, can be
linked to a high adaptability and represent a strategy to buffer deleterious effects of
mutations; an already unstructured protein has less to lose from a substitution than a

highly structured one, as it is already unfolded.

Intrinsic disorder or conformational flexibility affords a “broad partnership”
enabling the disordered proteins to adapt to and interact with several distinct partners.
One IDR can bind multiple partners by gaining very different structures (Oldfield et al.,
2008). IDPs can perform different interactions: they can be involved in highly stable
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complexes or in signaling interactions in which they transit between the bound and
unbound state as a dynamic and sensitive on-off switch (Uversky, 2011b). IDPs’ ability
to have different conformations depending on environmental conditions allows them to

exercise different functions in different contexts.

Binding promiscuity is a key characteristic for viral proteins. Even though some
viruses have a genome that codes several proteins, it is usually not sufficient and they
require host cell machinery to complete their life cycles. As mentioned before, viruses
have very compact genomes and by having viral proteins with IDRs or even the entire
protein disordered, a single protein can be involved in different tasks by interacting with
different partners.
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1.5. Final Remarks

S-HDAg is a nuclear protein and such subcellular localization can be related to
some of the roles attributed to S-HDAg during HDV replication (Table 1). S-HDAg has
been observed both in the nucleolus and in the nucleoplasm with results varying with
the experimental conditions (Alves et al., 2008; Bichko and Taylor, 1996; Lee et al.,
1998). On the one hand, S-HDAg has been reported to be directly involved in HDV
replication, namely by interacting with host pol Il, which locates in the nucleoplasm
(Yamaguchi et al., 2001). On the other hand, S-HDAg is known to interact with
nucleolar proteins such as B23 and C23 (Huang et al., 2001; 2008a) and it has been
suggested that host pol I, a nucleolar protein may be responsible for HDV antigenomic
RNA synthesis (Modahl et al., 2000). Thus, it can be hypothesized that the different
subcellular localization patterns of S-HDAg are related with different phases of HDV
replication. By analyzing the co-localization of S-HDAg with pol 1l and nucleolar
proteins we will try to assess the relevance of S-HDAg subcellular localization in the
presence and absence of HDV RNA.

HDV has a very limited coding capacity: just one protein, HDAg, which can
exist in two isoforms. Thus it can be hypothesized that they are likely to be multi-
purpose proteins, that is, they are likely to be involved in more than one step of the viral
replication cycle. S-HDAg has already been described as a promiscuous protein,
interacting with many host proteins (Cao et al., 2009; Casaca et al., 2011; Greco-
Stewart and Pelchat, 2010). This adaptability of S-HDAg to different partners and other
characteristics suggest that it has some degree of structure flexibility or intrinsic
disorder. Furthermore, no one has been able to obtain crystals of full-length S-HDAg
suggesting again the lack of a rigid structure. In fact, S-HDAg has several
characteristics attributed to intrinsically disordered proteins besides binding promiscuity
and inability to form a crystal structure (Uversky, 2011). IDPs are commonly nucleic
acid binding proteins, displaying chaperone activity, just like S-HDAg. High net charge
is also common in IDPs and HDV has an estimated net charge of +12 (Kuo et al., 1988).
Multimerization ability is yet another feature of IDPs that is present in S-HDAg. Based
on these attributes we hypothesize that S-HDAg has some level of intrinsic disorder and

propose to test this hypothesis both in silico and in vitro.
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S-HDAg multimerization and its interaction with nucleic acids are two
fundamental characteristics for some of the functions already attributed to S-HDAg
(Table 1). These two features rely on the protein’s coiled-coil and RNA binding
domains and have been studied by different groups, using different forms of
recombinant S-HDAg (as discussed in Section 1.3.2.). It has been suggested that S-
HDAg needs to multimerize in order to bind HDV RNA (Lin et al., 2010). And also,
that the binding is specific for HDV RNA, requiring a minimum length and rod-like
structure to take place (Defenbaugh et al., 2009). As these studies were performed with
a C-terminally truncated S-HDAg we propose to test this features in the context of the
full-length S-HDAg. As such, we will test the specificity of the RBD in the full-length
S-HDAg. Also we will assess the importance of multimerization in RNA binding using
a N-terminally truncated S-HDAg lacking the CCD.
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2. Specific Aims

The following studies were undertaken to better understand three important

aspects of the essential role(s) of the hepatitis delta virus small antigen, S-HDAg:

1. Evaluate sequence features affecting the subcellular localization of S-
HDAQg, particularly in the context of HDV replication, along with the significance and
relevance of S-HDAg co-localization with host factors.

2. Further examine structural features of purified S-HDAg, with an
evaluation of the extent of intrinsic disorder, and the part it might play in the role(s) of
the protein.

3. Evaluate the role of S-HDAg multimerization in nucleic acid binding
ability, both for the full-length S-HDAg and for a truncated form lacking the putative

multimerization domain.
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Hepatitis delta virus (HDV) encodes one protein, hepatitis delta antigen (5Ag), a 195-amino-acid RNA
binding protein essential for the accumulation of HDV RNA-directed RNA transcripts. It has been accepted
that 8Ag localizes predominantly to the nucleolus in the absence of HDV genome replication while in the
presence of replication, 5Ag facilitates HDV RNA transport to the nucleoplasm and helps redirect host RNA
polymerase II (Pol II) to achieve transcription and accumulation of processed HDV RNA species. This study
used immunostaining and confocal microscopy to evaluate factors controlling the localization of 8Ag in the
presence and absence of replicating and nonreplicating HDV RNAs. When 5Ag was expressed in the absence
of full-length HDV RNAs, it colocalized with nucleolin, a predominant nucleolar protein. With time, or more
quickly after induced cell stress, there was a redistribution of both 5Ag and nucleolin to the nucleoplasm.
Following expression of nonreplicating HDV RNAs, 8Ag moved to the nucleoplasm, but nucleolin was un-
changed. When 8Ag was expressed along with replicating HDV RNA, it was found predominantly in the
nucleoplasm along with Pol II. This localization was insensitive to inhibitors of HDV replication, suggesting
that the majority of 8Ag in the nucleoplasm reflects ribonucleoprotein accumulation rather than ongoing
transcription. An additional approach was to reevaluate several forms of 8Ag altered at specific locations
considered to be essential for protein function. These studies provide evidence that 8Ag does not interact
directly with either Pol IT or nucleolin and that forms of 5Ag which support replication are also capable of prior

nucleolar transit.

Hepatitis delta virus (HDV) is a subviral agent with a single-
stranded circular RNA genome. As reviewed recently (6, 14,
37) this 1,679-nucleotide RNA is replicated by RNA-directed
RNA synthesis dependent upon redirection of the host RNA
polymerase II (Pol IT). Replication involves the production of
the antigenome, an exact complement of the genome. The
small delta antigen (3Ag) is translated from a third RNA, one
with the same antigenomic polarity but with a linear rather
than circular conformation, of less than full-length, and pos-
sessing a 5" cap and a 3’ poly(A). 8Ag is a 195-amino-acid-long
RNA binding protein that is essential in one or more ways for
the accumulation of HDV RNA-directed RNA transcripts.
There is a second form of 8Ag that is 19 amino acids longer at
the C terminus; this species arises due to specific RNA editing
that occurs on the antigenomic RNA during replication. Un-
like the small form, the large does not support HDV genome
replication and is a dominant-negative inhibitor of the repli-
cation driven by the small form. However, large 8Ag does have
an essential function in that in the presence of HBV envelope
proteins, it facilitates the assembly of HDV genomic RNA into
new virus particles.

Our previous immunostaining studies have shown that in the
absence of HDV genome replication, small 8Ag localizes pre-
dominantly to the nucleolus, with some staining in the nucleo-
plasm (4). It has been reported that 8Ag moves to the nucleus
because of a bipartite nuclear localization signal (NLS) (21):
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however, a more recent study shows that a single short se-
quence (positions 66 to 75) is sufficient to direct a marker
protein to the nucleus, where it localizes to the nucleoplasm
(2). Nucleolar localization of 8Ag has been attributed to a
nucleolar localization signal (24). It has been suggested that
dAg binds directly to nucleolin (24), also known as C23, and to
nucleophosmin, also known as B23 (17). The present study
includes examination of the nature and significance of the 8Ag
localization to the nucleolus. Other investigators have noted
that for several viruses, specific and essential viral proteins,
typically RNA-binding proteins, also locate to the nucleolus,
and in some cases such localization only occurs early in infec-
tion, leading to the speculation that a “nucleolar transit” may
be an essential step in genome replication (12, 15). Consistent
with but not proof of such a transit for Ag is that during HDV
genome replication, the majority of 8Ag is no longer found in
the nucleolus but in the nucleoplasm (4). Located within the
nucleoplasm is the majority of the host RNA Pol 11, and so it
has been tempting to suggest that colocalization of 8Ag might
be an indication of HDV RNA-directed transcription com-
plexes (8). However, the present studies indicate that even
though the majority of the 8Ag is in the nucleoplasm, it is not
in association with active HDV RNA-directed transcription by
Pol II but rather, with the accumulation of completed tran-
scripts. Furthermore, even nonreplicating HDV RNAs can
move dAg from the nucleolus to the nucleoplasm.

Along with other investigators we have noted that during
HDYV replication, there arise mutated forms of 8Ag. There is
the large 5Ag that arises via editing. However, there are other
forms, some of which might support infection or coexist in the
presence of forms that do (3, 4, 13). Such mutated forms
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1. dAg distribution during induction of 293-3Ag and 293-HDV cells. Cells were induced by the addition of TET and studied at 16 and 40 h

by immlmmtmmng and confocal microscopy. Detection of S5Ag is indicated in red while detection of nucleolin or Pol 1T (as indicated) is in green;

DAPI counterstaining is in blue.

present a spectrum of different intracellular localizations; for
example, they may be spread throughout the whole cell or
located over the endoplasmic reticulum or associated with the
splicing factor SC35 at speckle sites in the nucleoplasm. There-
fore, for most of the present study, we focused on expressing
the essential small 8Ag, without and with replicating or non-
replicating HDV RNAs, under conditions designed to prevent
altered forms of the protein from arising. Then, with immuno-
staining procedures we examined the intracellular localizations
of 8Ag relative to specific cellular components, such as nucle-
oplasmic Pol IT and SC35 or nucleolar nucleolin. Our findings
have implications for the hypothesis of prior nucleolar transit
of 8Ag and for the significance of 8Ag in the nucleoplasm when
HDYV RNA replication occurs.

MATERIALS AND METHODS

Cells. Two inducible cell culture systems were as previously described (7).
Briefly, we first established from TRex cells (Invitrogen) a clone, 293-8Ag,
expressing a single copy of 8Ag cDNA under tetracycline (TET) control. Next,
HDV genome replication was initiated in these cells by transfection of HDV
RNA that has a frameshift mutation and does not express 8Ag by itself. A clone
derived from a single cell was identified by its high level of HDV replication and
was designated as 293-HDV cells. Both 293-8Ag and 293-HDV cells were main-
tained in Dulbecco’s modified Eagle’s medium with 107

% fetal bovine serum and
selective antibiotics, blasticidin and hygromycin (Invitrogen). Also used were
293T and Huh7 cells (30).

Plasmids and transfection. Vectors expressing the forms of 8Ag and HDV
were as previously described (22, 23, 28). Transfection of 293T and Huh7 cells
was via Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions.

Indirect immunofluorescence. Indirect inmunofluorescence was performed as
previously described (8). After paratormaldehyde fixation, we used the following
primary antibodies: polyclonal rabbit anti-8Ag and mouse monoclonal antibodies
specific for nucleolin, Pol II (4H8), and splicing factor SC35. The mouse anti-
bodies were obtained from Abcam. As secondary antibodies we typically used
Alexa 488 chicken anti-mouse and Alexa 594 goat anti-rabbit (Invitrogen). Cells
were stained with DAPI (4',6'-diamidino-2-phenylindole) to visualize the nuclei
and mounted with antifade mounting solution (Invitrogen). Confocal images
were obtained using either a Zeiss 510 laser scanning microscope or a Nikon
Eclipse TE2000-E. Optical sections of 0.1 wm were collected. In some cases

Z-stacks at 0.25 pm were collected, and the intracellular distribution of stained
proteins was determined using MetaMorph software.

RESULTS

Effect of increased time of TET induction on the intracellu-
lar localization of 3Ag in 293-8Ag and 293-HDV cells. As
described previously (7) and in Materials and Methods, both
the 293-5A¢g and 293-HDV cell lines contain a TET-inducible
cDNA for the small 8Ag. In addition, the 293-HDV cells con-
tain copies of HDV RNA so that TET induction leads to
increased transcription and accumulation of HDV RNAs. At
16 and 40 h after induction, the immunostaining patterns were
determined as shown in Fig. 1.

For 293-HDV cells the 8Ag pattern was the same at both 16
and 40 h. It was predominantly nucleoplasmic, colocalizing
with host RNA Pol II. We previously showed that HDV RNA
accumulation reaches maximal values by 40 h (7). Thus, we
consider that for the majority of the 8Ag in these cells, the
nucleoplasmic distribution reflects association with the accu-
mulation of processed HDV RNA species rather than with the
process of RNA-directed transcription.

At 16 h the predominant distribution of 8Ag in 293-8Ag cells
was with host nucleolin, a major nucleolar protein, rather than
with Pol II, a nucleoplasmic protein. A minority of cells gave
staining in both nucleoli and nucleoplasm or in nucleoli only.
After 40 h the predominant staining pattern was in nucleo-
plasm only. Quantitation of the three staining patterns is pre-
sented in Table 1.

For 293-3Ag cells at 40 h the nucleoplasmic distribution of
3Ag seemed similar to that obtained for 293-HDV cells, and
vet in this case it had nothing to do with HDV RNA-directed
RNA transcription. We noted that the nucleolin distribution in
293-3Ag cells also changed with time, from being nucleolar to
more nucleoplasmic. This change also occurred in 293T cells
that lack the 8Ag (data not shown). Thus, we considered that
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TABLE 1. Time-dependent changes in intracellular distribution
of BAg"

% of cells with specific intracellular

Time after 8Ag distribution in:

Cell line induction
(h) Nucleolus Nucleolus and Nucleoplasm
only nucleoplasm only
203-5Ag 16 86 10 4
40 5 15 80
293-HDV 16 <1 <1 =99
40 <1 <1 =99

“ As described in the legend of Fig. 1, the two indicated cells types were
induced by the addition of TET and at the indicated times were fixed and
immunostained. At least 100 cells were examined for the three indicated patterns
of intracellular distribution of 3Ag.

for both the 8Ag and the nucleolin, the change in localization
might actually be associated with the time since the cells were
seeded. As confirmation of this interpretation, we found that
when induced cells were reseeded at subconfluent density and
observed within 24 h, the majority of both 8Ag and nucleolin
localized to the nucleolus (data not shown). In an earlier study
of 8Ag expression in Huh7 cells at 6 days after transfection, we
observed 3Ag to be predominantly nucleolar; however, such
cells had been reseeded at subconfluent density within 24 h of
observation (4).

Cellular stress changed the 8Ag localization of induced 293-
8Ag cells. Upon further study, we found two situations that
quickly and reversibly changed the intracellular distribution of
8Ag and nucleolin in 293-3Ag cells. At 16 h after induction
cells were treated for 1 h with either actinomycin or 5,6-di-
chloro-1-beta-p-ribofuranosylbenzimidazole (DRB). A low
concentration of actinomycin (10 ng/ml) is known for its ability
to specifically block transcription by Pol I of rRNA precursors
(31). DRB is a nucleoside analog known for several activities in
animal cells. It inhibits kinases including casein kinase IT and in
this manner can interfere with Pol II transcription (44). It is
also known to be a cause of nucleolar stress (18). Nucleolin is
known to be hyperphosphorylated by kinases including casein
kinase IT (26). 8Ag is also reported to be phosphorylated by
this kinase (42).

As shown in Fig. 2B and D, treatments for 1 h with actino-
mycin or DRB, respectively, caused the majority of the 8Ag to
be detected in the nucleoplasm. The same treatments also
caused much of the host nucleolin to be localized in the nu-
cleoplasm. Furthermore, if the treated cells were then returned
to normal growth conditions for 2 h, within each cell a signif-
icant fraction of both 8Ag and nucleolin were back in the
nucleolus, as shown in Fig. 2C and E, respectively. A similar
effect for DRB has been reported for a fusion of large 8Ag with
green fluorescent protein (27, 35).

The studies shown in Fig. 2 support the interpretation that
for induced 293-3Ag cells, 8Ag, similar to what is known for
nucleolin, was in the nucleolus because of binding to rRNA
precursors. Also, the studies shown in Fig. 1, with the time-
dependent movement of 8Ag and nucleolin to the nucleo-
plasm, are consistent with the maturation of the rRNA pre-
cursors and the release of 8Ag from the nucleoli. Nevertheless,
while these interpretations might explain why the 8Ag could
leave the nucleolus, they do not explain why the 8Ag (or
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nucleolin) was then relocated to the nucleoplasm rather than
to another cellular compartment.

Expression of nonreplicating forms of HDV RNA can cause
movement of SAg from the nucleoli to nucleoplasm. The above
studies suggested that 8Ag might bind to rRNA precursors in
the nucleolus. As a test of this interpretation, we examined the
consequences of also expressing nonreplicating HDV RNAs
since we might expect that 8Ag would prefer to bind to the
latter. Huh7 cells, a human liver cell line, were transfected with
a plasmid to express 8Ag (pDL444), without or with a plasmid
to express an excess of full-length HDV RNA. The latter,
plasmid pDL482, as previously described, was a chimera of
genomic and antigenomic HDV RNA sequences and was in-
capable of replication even when provided with 8Ag (23). After
24 h cells were examined for the distribution of 3Ag and
nucleolin.

For cells expressing 8Ag we detected only nucleolar local-
ization (Fig. 3A). However, for about half of the cells coex-
pressing the HDV RNA, we detected two additional patterns:
localization in nucleoli and nucleoplasm or in the nucleoplasm
only. Table 2 gives the quantitation of this and additional
experiments where we tested the consequences of expressing
other RNAs. Another HDV RNA, lacking sequences from one
end of the genomic rod-like structure, also caused redistribu-
tion of 3Ag.

Thus, nonreplicating HDV RNAs were able to cause move-
ment of 8Ag from the nucleoli to the nucleoplasm. The results
support the interpretation that, given the choice, 8Ag will ac-

A nucleolin DAPI

293-bAg
control

B

after actino

C

after actino
and recovery

D

after DRB

E

after DRB
and recovery

FIG. 2. Conditions of cell stress cause relocalization of 8Ag and
nucleolin in 293-3Ag cells. At 16 h after TET induction, cells were
either untreated (A) or subjected to brief treatments (B to E) and then
studied by immunostaining to detect 8Ag (red) or nucleolin (green);
DAPI counterstaining is also shown (blue). The treatments were as
follows: 10 ng/ml actinomycin for 1 h (actino; B), actinomycin followed
by 2 h of recovery in the absence of actinomycin (C), 50 uM DRB for
1 h (D). and DRB followed by 2 h of recovery (E).
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A dAg nucleolin merge DAPI

Huh7
control

FIG. 3. Movement of 8Ag from nucleoli to nucleoplasm following
expression of nonreplicating HDV RNA sequences. Huh7 cells were
transfected with a plasmid (pDL444) to express 8Ag, without or with a
plasmid to express a chimera of HDV RNA (pDL482). After 24 h,
immunostaining was used to detect 3Ag (red) and nucleolin (green).
Panel A shows the pattern detected when cells expressed 3Ag only.
Panels B and C show two new patterns detected when cells also
expressed the nonreplicating HDV RNA. Quantitation for the pat-
terns is summarized in Table 2.

cumulate on HDV RNAs even if they are nonreplicating rather
than on rRNA precursors.

Treatment with amanitin or hexamethylene bisacetamide
(HMBA) did not cause relocalization of 3Ag in induced 293-
HDV cells. In contrast to 293-3Ag cells, when induced 293-
HDV cells were treated for 1 h with actinomycin or DRB,
there was no detectable change in the 8Ag distribution even
though there was movement of nucleolin from the nucleolus
(data not shown). Furthermore, when the cells were briefly
treated with amanitin (45 min at 5 pg/ml), an inhibitor of host
RNA Pol II and known to be able to inhibit HDV RNA
accumulation (9, 29), there was again no change in the distri-
butions of 8Ag or of Pol 1T (Fig. 4A and B). Such findings
provide more support for the interpretation that in induced
293-HDV cells, the distribution of the majority of 8Ag has
nothing to do with HDV RNA transcription although it may
have something to do with the accumulation of processed
HDV RNAs. However this does not exclude the possibility that

TABLE 2. Ability of expressed RNAs to change in intracellular
distribution of 3Ag*

% of cells with specific intracellular
8Ag distribution in:

Type of RNA expressed Nucleolus

Nucleolus . Nucleoplasm
only and i only
N nucleoplasm ’
None >99 <1 <1
HDV chimera of genomic and 44 36 20
antigenomic sequence
HDV fragment of genomic 52 29 19

sequence

“ As described in the legend of Fig. 3, Huh7 cells were transtected with plasmid
(pDL444) to express 8Ag along with either a control plasmid (pSVL) or plasmids
to express an HDV chimera (pDLA482) or a 1,165-nucleotide HDV RNA frag-
ment (pDL539). At 24 h the cells were fixed and immunostained. At least 100
cells were examined for the three indicated patterns of intracellular distribution
of 3Ag.

A dAg pol Il

293-HDV|
control

B

after
amanitin

C

after
HMBA

FIG. 4. Effect of amanitin and HMBA treatments on 8Ag distribu-
tion for induced 293-HDV cells. Panels A and B show 293-HDV cells
at 16 h after TET induction, without and with an additional incubation
with amanitin (10 pg/ml for 45 min). Panel C shows 293-HDV cells
that were induced for 22 h in the presence of added HMBA (3 mM).
Immunostaining was used to detect 8Ag (red) and Pol II or nucleolin
(green); DAPI counterstaining is shown in blue.

even after disruption of transcription, the intracellular local-
ization of 8Ag and RNA remains nucleoplasmic.

It has been reported that 8Ag in vitro interacts with an
essential transcription factor, pTEFb, a complex of CDK2 and
cyclin T (40). Also, it is reported that in animal cells much of
the Pol II can exist bound to specific templates but that in a
paused state it is associated with a depletion of active factor
pTEFb and, further, that this depletion is caused by the asso-
ciation of pTEFb to 7SK RNA in the nucleolus (43). One way
to disrupt the nucleolar complex and release paused Pol I1 is by
treating cells with HMBA (10, 32). We applied such a treat-
ment during TET induction of 293-HDV cells. As shown in
Fig. 4C, this caused no significant change in the intranuclear
distribution of 8Ag or Pol 11, and it had no effect on the extent
of accumulation of HDV RNA (data not shown). This sup-
ports the interpretation that 8Ag in the nucleoplasm was not in
a paused configuration with Pol II.

Altered forms of 8Ag show unexpected intracellular local-
izations. Figure 5 is a representation of features that have been
described for the unmodified 8Ag, with alignment on the 195-
amino-acid species used in our studies (19). At position 12 to
60 is a domain that was noted to have a potential alpha-helical

CCcD NLS RBD RBD
WT — e,
A19-31 s
W50A +
»89-4 ———
»69-46 ———m ——
AB9-74 -

FIG. 5. Features of 8Ag. Shown is the localization on 8Ag of what
are referred to as the CCD, core NLS, and the bipartite RBD. Also
indicated are representations of the changes or deletions of five altered
forms of 8Ag. These forms are as used in Fig. 6 and have been
described previously (23, 28). WT, wild type.
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A 8Ag pol Il DAPI

- . . .
- . .
B dAg DAPI

o . .
o . .
o . .

FIG. 6. Expression of altered forms of 3Ag in 293 cells. Plasmids
encoding the wild type (WT; controls) and five altered forms, as indi-
cated at left, of 8Ag were transfected into 293 cells. At 16 h cells were
examined by immunostaining to detect 8Ag (red) and either Pol IT or
SC35 (green); DAPI counterstaining is shown in blue.

structure (45). Initial studies to determine why 8Ag located to
the nucleus defined a bipartite nuclear localization signal. Sub-
sequent studies have shown that just one such region at posi-
tion 66 to 75 (indicated as an NLS) is sufficient (2). Other
studies have determined two regions, at positions 97 to 107 and
136 to 146, that are rich in positively charged amino acids,
which function as a bipartite RNA-binding domain (RBD)
(20). Another study has reported that within the 12 amino
acids at the N terminus is yet another RBD (39).

Also indicated in Fig. 5 are five altered forms of 3Ag that we
have previously described (23, 28). These are representative of
changes in the features of the unmodified wild-type 8Ag. These
proteins were transiently expressed by transfection of 293 cells,
and then the intracellular distributions were examined by im-
munostaining.

Figure 6A shows the results for two forms of 8Ag that were
altered in the coiled-coil domain (CCD). The mutant with a
deletion of residues 19 to 31 (A19-31) fails to dimerize (23,
28). The amino acid exchange mutant, W50A, is predicted to
be important in the CCD structure, and yet experimentally
dimerization can still be detected (28). Both altered forms fail
to support HDV genome replication (28) and, as shown in Fig.
6A, localized to the nucleoplasm rather than to the nucleolus.
Similar results were obtained with W20A that, like W50A, is
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predicted to be important for the CCD structure and yet does
not prevent dimerization (28).

Figure 6B shows the results for a form, A89-145, altered by
deletion that includes the two RBDs. A form with a larger
deletion, A69-146, now including the NLS, also localized to the
nucleoplasm. Neither of these species is capable of supporting
HDYV RNA accumulation (23). Since both species lack the two
RBDs, it may be unlikely that they are binding to RNA species
in the nucleoplasm. Some of the nucleoplasmic 8Ag seemed to
colocalize to speckles containing the splicing factor SC35. Such
speckles are considered to contain Pol II and are adjacent to
paraspeckles, putative sites for the processing of Pol II RNA-
directed RNA transcripts (5, 33). Shih et al. have previously
shown that a green fluorescent protein fusion to the N-termi-
nal 88 amino acids of small 8Ag primarily localizes to SC35
speckles (36).

Finally in Fig. 6B are shown results obtained with a form of
8Ag, A69-74, that has a deletion of most of the NLS (23). This
protein was localized mainly to the cytoplasm. A small amount
was detected in the nucleus, primarily colocalized with nucle-
oli. We were initially puzzled to find that this protein has some
ability to support HDV transcription and accumulation of
HDYV RNA transcripts. Relative to the HDV RNA transcript
accumulation achieved with unmodified 3Ag, such accumula-
tion was about 20% (data not shown). Therefore, we used
analysis of a series of Z-sections obtained by confocal micros-
copy to determine the fraction of the protein that was nuclear.
It was determined to be about 30%. Thus, relative to unmod-
ified 8Ag, the altered protein lacking an NLS led to about
equal amounts of 8Ag nuclear accumulation and of HDV
RNA accumulation.

DISCUSSION

This report focuses on the use of immunostaining proce-
dures to study the associations of 8Ag in the presence and
absence of HDV RNAs. The advantage of this approach is that
if the cells are fixed prior to staining, one can be confident that
observed associations are not artifacts of rearrangement, such
as can occur during cell fractionation procedures. This is a
concern in our previous studies of Ag that made use of frac-
tionation followed by rate zonal sedimentation, immunopre-
cipitation, and gel electrophoresis under nondenaturing con-
ditions (8, 11). Even when fixation is followed by fractionation,
there are concerns about the interpretability of the complexes
detected (8). However, even for studies using fixation followed
by immunostaining, there is still the limitation that a colocal-
ization of two components supports but is not sufficient to
prove an interaction, whether direct or indirect interactions.

Most studies reported here made use of expression in 293
cells, but many aspects have been confirmed in Huh7 cells.
Also, some of the results with the small 8Ag have been repro-
duced with large 8Ag. A difference was that when large 5Ag
was relocalized to the nucleoplasm, it showed a greater ten-
dency than small 8Ag to localize to SC35 speckles (data not
shown).

There are three major questions addressed by this study.
First, what are the nature and significance of 8Ag in the nu-
cleolus? 3Ag, like nucleolin, is an RNA-binding protein, and
we conclude that both proteins colocalize because they bind to
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rRNA precursors (15); immunoprecipitation of 8Ag with
nucleolin has been reported, but such studies did not exclude
the possibility that the interaction was mediated by rRNA (24).
Since dAg is nucleolar only in the absence of HDV RNA
transcription and/or accumulation, one might argue that nu-
cleolar localization is irrelevant to replication. An alternative
interpretation is that 8Ag goes to the nucleolus before it is
utilized to facilitate the accumulation of processed HDV RNA
transcripts. If such a nucleolar transit does occur, this raises the
question of whether such a transit is somehow required for the
viral life cycle. It can be said that the only forms of 8Ag that
support replication are ones which, expressed in the absence of
HDV RNAs, will accumulate in the nucleolus. At the same
time, altered forms, such as large 8Ag that does not support
replication, will also go to the nucleolus. As suggested in the
introduction, we know that the RNA binding proteins of many
viruses, both RNA and DNA viruses, can localize to the nu-
cleolus (15, 27). Furthermore, some studies consider nucleolar
transit to be of relevance. For example, in the case of ortho-
myxoviruses there are studies suggesting that prior nucleolar
localization is required for the nucleocapsid protein early in
replication, which is followed by a combination of nucleoplas-
mic and nucleolar localizations (12, 34).

Second, what are the nature and significance of 8Ag found in
the nucleoplasm? Several situations have been found in which
8Ag localized to the nucleoplasm. Not just replicating HDV
RNA (Fig. 1) but also nonreplicating HDV RNA (Fig. 3) can
cause nucleoplasmic accumulation of §Ag. Also, nucleoplasmic
accumulation can occur in the absence of detectable HDV
RNA species. For example, at 40 h after induction dAg is
primarily localized to the nucleoplasm (Fig. 1). Certain cell
stress conditions lead to nucleoplasmic localization (Fig. 2B
and D). Also, several altered forms of 3Ag localize to the
nucleoplasm (Fig. 6A and B). In each of these situations we do
not know what the 3Ag is binding to in the nucleoplasm. In
some cases we can detect a component that colocalized with
SC35 (Fig. 6B). This could reflect indirect rather than direct
binding, but the localization apparently does not need 8Ag to
possess either a dimerization or an RBD.

Third, does 8Ag bind, whether directly or indirectly, to nu-
cleoplasmic Pol I1? Some form of binding, direct or indirect, is
plausible since it has been shown that Pol IT is essential for at
least some of the HDV RNA-directed transcription (8). There
is a report that 8Ag can interact in vitro with one or two
subunits of host Pol II (41) while a more recent study recon-
stituted Pol II transcription in the absence of 8Ag (1). Be that
as it may, our previous studies using immunoprecipitation in-
dicate that for the majority of 8Ag expressed within cells in the
presence or absence of HDV RNA, there is only minimal
association with Pol II (8). Furthermore, the immunostaining
studies show that in the absence of HDV RNAs, the 8Ag is
largely nucleolar while Pol 1I is nucleoplasmic (Fig. 1): thus,
dAg is not binding to Pol II and is somehow binding to nucle-
olar components, which we believe are probably rRNA pre-
cursors. Contrary interpretations are that 8Ag in the nucleolus
is binding to nucleolin (24) and B23 (17). that it has fewer
posttranslational modifications than nucleoplasmic 8Ag (38),
that 8Ag modified to contain a nucleolar localization signal
supports the synthesis of antigenomic RNA but not genomic
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RNA (16), and that Pol I in the nucleolus carries out the
transcription of antigenomic RNA (25).

In the presence of HDV RNAs the immunostaining results
show that 8Ag and Pol II are in the same nucleoplasmic loca-
tion, and it has been tempting to assert that they must be
associated and participating in RNA-directed RNA synthesis
(8). In contrast, after the present studies we would be more
cautious. First, at 40 h after induced replication, when accu-
mulation of processed HDV RNAs has reached a maximum
value and transcription may have ceased (7), the same colo-
calization is observed (Fig. 1). Furthermore, when HDV tran-
scription is inhibited with amanitin, the colocalization remains
(Fig. 4). Therefore, we suggest that the majority of 8Ag that
colocalizes with Pol II in the nucleoplasm is not currently
involved with active RNA-directed transcription. In cells that
have undergone HDV transcription, we have previously used
immunoprecipitation and found at least 16% of the HDV
RNAs in association with 3Ag (8). Thus, we expect that the
majority of 8Ag in the nucleoplasm is in association with HDV
RNAs in a postreplicative state. However, we do not know why
such ribonucleoprotein complexes remain largely in the nucle-
oplasm. In addition, we have to remember that 8Ag can have
a similar nucleoplasmic localization in the presence of HDV
RNAs that cannot replicate (Fig. 3) or in the total absence of
full-length HDV RNAs (Fig. 1 and 2), and so also will certain
altered 3Ag forms that lack an RBD or a dimerization domain
(Fig. 6A and B).

In summary this study used immunostaining of cells under
defined conditions of 8Ag expression, without and with the
accumulation of associated HDV RNA species, to examine the
intracellular localizations of 8Ag and its colocalizations with
host components. The findings reveal the complications of
extrapolating from such localizations to interpretations of
functional significance.
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a-helical structure. In addition, dynamic light scattering studies indicated that purified 6Ag assembled into
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structures of as large as dodecamers. Cross-linking followed by denaturing polyacrylamide gel electrophor-
esis revealed hexamers to octamers for this purified 6Ag and at least this size for 6Ag found in virus-like
particles. Oligomers of purified 6Ag were resistant to elevated NaCl and urea concentrations, and bound
without specificity to RNA and single- and double-stranded DNAs.

© 2010 Elsevier Inc. All rights reserved.

Introduction

The replication of the RNA genome of hepatitis delta virus (HDV)
requires the translation of a single 195 amino acid basic protein known
as the delta antigen (6Ag) (Chao et al., 1990). As reviewed elsewhere
(Casey, 2006; Lai, 2006; Taylor, 2009), different properties have been
attributed to the 6Ag, some of which have been associated with domains
on the 6Ag primary sequence. These include a nuclear localization signal
(NLS) and an RNA binding domain (RBD) (Fig. 1). Also, during HDV
replication an RNA editing event occurs, which allows the translation of
a 6Ag that is 19 aa longer. This larger 6Ag acts as a dominant negative
inhibitor of the smaller form (Chaoet al., 1990), and has an essential role
in recruitment of HBV envelope proteins for assembly of progeny virus
(Chang et al., 1991).

Early studies with altered forms of 6Ag revealed that regions near the
N-terminus were required to make dimers and showed that this ability
was essential for functionality in viral RNA replication (Lazinski and
Taylor, 1993). A peptide corresponding to amino acids 12-60, and
spanning the region thought necessary for dimerization readily formed
crystals; the structure was determined as a dimer of anti-parallel «-
helices (Zuccola et al.,, 1998) that became known as the coiled-coil
domain (CCD). From this structural analysis it was also argued that the
6Ag might form octamers. In addition, mass spectrometry after cross-

* Corresponding author. Fox Chase Cancer Center, 333 Cottman Avenue, Philadelphia,
PA 19111-2497, USA. Fax: +1 215 728 3105.
E-mail addresses: carolinamantero@gmail.com (C. Alves), hong.cheng@fccc.edu
(H. Cheng), Heinrich.Roder@fccc.edu (H. Roder), john.taylor@fccc.edu (J. Taylor).
' Current address: Molecular Biology Unit, Center for Malaria and Tropical Diseases,
Institute of Hygiene and Tropical Medicine, New University of Lisbon, Lisbon, Portugal.

0042-6822/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2010.08.019

48

linking, confirmed that some of the purified 6Ag did form octamers
(Zuccola et al., 1998). Amino acids in the CCD structure that might be
critical for the formation of dimers and higher multimers were chosen
and tested (Moraleda et al., 2000). Some agreement with the structural
models was obtained by mutating these residues (Cornillez-Ty and
Lazinski, 2003).

Studies of 6Ag in virus particles have also been carried out.
Associations with HDV genomic RNA were demonstrated by both
equilibrium centrifugation (Ryu et al., 1993), rate zonal sedimenta-
tion, and agarose gel electrophoresis under non-denaturing condi-
tions (Dingle et al., 1998b). Interestingly, 6Ag behaves as a high MW
complex, even when the associated RNA is released by prior treatment
with either RNase or vanadyl ribonucleosides, consistent with the idea
that 6Ag has an intrinsic ability to form and maintain multimers
(Dingle et al., 1998Db).

Several studies indicate that 6Ag is also present in high MW
complexes within cells. Wang and Lemon (1993) applied prior cross-
linking to HDV infected liver tissue and showed that 6Ag was in
complexes with a sedimentation value of 15 S. Chang et al. (2008)
obtained similar results using extracts of tissue culture cells transfected
with HDV. Interestingly, similar-sized complexes were found when 6Ag
was expressed in the absence of the full-length viral RNA, and no size
change was detected when these complexes were first treated with
RNase. An extensive mass spectrometry study identified >100 protein
partners of 6Ag in cells undergoing HDV replication (Cao et al., 2009).
Thus, while the majority of 6Ag expressed in cells seems to be in high
MW complexes it remains unclear to what extent these represent
multimers of 6Ag and/or association with host proteins. In terms of the
intrinsic secondary, tertiary and quaternary structures of the 6Ag, most
studies have been limited to fragments of 6Ag or complexes that include
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Fig. 1. Primary and secondary structure features of the 195 amino acid 6Ag. The upper panel indicates the coiled-coil domain (CDD), nuclear localization signal (NLS) and the RNA
binding domain (RBD) (Han et al.,, 2009). The middle panel shows predictions of disorder using the meta-predictor PONDR-Fit (Xue et al., 2010), and three of its component
programs (Obradovic et al., 2003; Obradovic et al., 2005), as indicated. The disorder score is a measure of the certainty that a region of the protein is disordered; a score of 1 indicates
100% certainty. The lower panel shows the primary sequence with basic, acidic and hydrophobic amino acids indicated in blue, red and green, respectively.

6Ag but, in other respects, were of uncertain origin. Therefore, the
present studies focus on the use of 6Ag that was of full-length, with no
modifications, and purified in such a way as to maintain native structure.
Furthermore, several experimental approaches have been used to
quantitate intra- and inter-molecular interactions.

Theoretical approaches have been used to predict secondary
structure (Deny, 2006; Taylor, 2009) but the tertiary structure for full-
length 6Ag remains unknown; at least three labs have purified the
full-length 6Ag and yet been unable to determine a crystal structure. A
reason for this latter difficulty might be what is referred to as intrinsic
protein disorder. Based on experimental evidence and the develop-
ment and application of neural network predictors it is now believed
that ~50% of natural eukaryotic proteins contain at least one region of
disorder (Dunker et al., 2000). It is thought that disorder can offer an
evolutionary benefit, making possible protein-protein and protein—
nucleic acid interactions in which disordered regions fold into more
structured domains (Dyson and Wright, 2004; Fuxreiter et al., 2008).

In the following study we have made use of structure predictors
along with experimental strategies to detect secondary, tertiary and
quaternary structures of 6Ag, and its interactions with nucleic acids.

Results
Predictions of intrinsic disorder

In order to predict disordered regions in proteins, neural network
strategies have been applied in programs that are then educated using
experimental data on regions of proteins known to be either ordered
or disordered. Recently Xue et al. (2010) have combined six of these
programs to produce PONDR-Fit, a meta-predictor which provides
significantly improved accuracy. We applied this program to the full-
length 6Ag, as seen in Fig. 1, where a score of 1.0 indicates a region
that is disordered and 0 indicates a highly ordered region. According

to this meta-predictor most of the 6Ag is disordered. For the CCD,
which spans positions 12-60, only a small patch is predicted to have
less disorder. This is in rough agreement with studies of the
corresponding peptide that crystallizes and has been solved as an
anti-parallel coiled-coil (Zuccola et al., 1998). Also shown are the
results for three of the component predictors.

The same meta-predictor was applied to the 5Ag for all eight clades
of HDV with results as summarized in Fig. 2. Maybe the only
conserved feature was the prediction of partial order within the CCD.
There were no regions with comparable levels of predicted order, and
even regions with reduced order, were not conserved between clades.
In summary, other than for part of the CCD region, the shared feature
was predicted disordered. As a reference a comparison was made with
the 125 amino acid apoptin protein of the chicken anemia virus. As
reviewed in the Discussion, this protein has many similarities to 6Ag,
including extensive disorder and yet, according to the meta-predictor,
is not as disordered as the 6Ag. For comparison we also show the
highly a-helical ammonia channel protein of E. coli.

Circular dichroism of purified 5Ag

We next evaluated the secondary structure of the full-length 6Ag,
experimentally, via circular dichroism, which assesses the average
secondary structure content of a protein in solution. As shown in Fig. 3,
the spectrum of recombinant 6Ag exhibits a strong negative
band around 208 nm and a somewhat weaker negative band around
222 nm. Assuming a molar mean-residue ellipticity of —34,100 mdeg
cm? dmol™! at 222 nm for a fully a-helical peptide (Scholtz and
Baldwin, 1992), the data indicate that 5Ag contains approximately 35%
a-helical secondary structure. Alternatively the data were analyzed
using the K2D2 program (Perez-Iratxeta and Andrade-Navarro, 2008)
giving a best fit with 29% «-helix, 14% p-sheet, and 57% other (mainly
disordered).
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Fig. 2. Predictions of 5Ag disorder for all eight clades of HDV. Analyses were made as in Fig. 1. Also shown are controls of the highly disordered apoptin of chicken anemia virus, and
the highly structured ammonia channel protein from E. coli.

Previous studies have used CD to detect a-helical structure in the adopting a dimeric anti-parallel coiled-coil structure (Zuccola et al.,
24-50 peptide (Cheng et al., 1998; Lin et al., 1999; Lou et al., 2000) 1998). If we accept that the 12-60 peptide is 90% a-helical structure
and in the larger 12-60 fragment of Rozzelle et al. (1995). X-ray (Zuccola et al., 1998) it could contribute 20% ac-helical structure to the
crystallography confirmed that the 12-60 peptide is largely o-helical, full-length protein. This is less than predicted for 6Ag by CD, implying
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Fig. 3. Circular dichroism of 6Ag. The purified protein was analyzed as described in
Materials and methods. The open circles show the data points and the solid line the fit
using the K2D2 program (Perez-Iratxeta and Andrade-Navarro, 2008) and the indicated
results for a-helix, p-sheet and other (disordered) structures.

that a small amount of additional o-helical structure exists within the
full-length protein. This conclusion is consistent with previous
theoretical predictions of ce-helical structure within 6Ag (Deny, 2006 ).

Dynamic light scattering to detect 6Ag multimers

As mentioned in the Introduction a number of approaches have
been used to evaluate the quaternary structure of 5Ag, using the full-
length protein as well as truncated and/or tagged forms of 6Ag. For
the recombinant full-length protein used in this study, there is already
evidence from mass spectrometry for the occurrence of octamers,
detected following protein cross-linking (Zuccola et al, 1998).
However, it was unclear if these were stable structures or transient
structures that could be stabilized by the cross-linking protocol.

Dynamic light scattering (DLS) provides a measure of translational
diffusion constants, which together with assumptions on protein shape
can yield insight into the oligomerization state of protein solutions of
non-cross-linked proteins that are sufficiently monodisperse (Schurr
and Schmitz, 1986 ). The DLS data for 6Ag (Table S1and Fig.S1) showed a
major species with a hydrodynamic radius R, = 6.44 nm (accounting for
98% of the amplitude and essentially 100% of the total protein mass).
Assuming the complex can be approximated as a sphere, the
corresponding molecular mass is ~263 kDa, consistent with a multimer
of twelve 22 kDa subunits. This is an upper limit of the subunit number,
since a non-spherical structure could exhibit a similar R, with fewer
subunits. Very similar DLS parameters were obtained after addition of
150 mM NaCl (MW =279 kDa) or lowering the temperature to 15 °C
(275 kDa; Table S1), suggesting that the size of the 6Ag oligomer was
quite insensitive to solvent conditions.

Gel electrophoresis to detect 6Ag multimers

To obtain a more precise estimate of oligomer subunit number, we
used SDS polyacrylamide gel electrophoresis of purified 6Ag, with and
without prior glutaraldehyde cross-linking. Un-cross-linked protein
was almost homogeneous. There was a single major band with a minor
band (<10%) of slightly slower mobility (Fig. 4A). Relative to MW
markers, the major band is ~26 kDa, significantly larger than the
predicted size of 21.8 kDa and as detected by mass spectrometry
(Zuccola et al., 1998). However, SDS gel electrophoresis is known to
overestimate the molecular size of the 6Ag (Bergmann et al., 1987;
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Fig. 4. Electrophoretic mobility of purified 6Ag and of 6Ag assembled into virus-like
particles. In panels A and B purified 8Ag, at 2puM was treated without or with
glutaraldehyde cross-linking, 0.01% or 0.1%, as indicated by + and ++ respectively.
This was followed by SDS denaturation and electrophoresis on a gel of 4-12%
polyacrylamide. In panel A, total protein was detected by SimplyBlue staining and in
panel B, 6Ag was detected by immunoblot using specific antibody. In panel C, virus-like
particles containing 6Ag, without and with prior cross-linking were examined asinpanelB.
The minor band migrating faster than the monomer might be a proteolytic fragment. Atleft
are indicated MW markers. Panel D is the quantitation of panel B, lane 2. Indicated is an
interpretation of detected bands as multimers of 6Ag.

Gerlich et al., 1987). Following cross-linking of 6Ag at 2 LM, it migrated,
relative to protein MW standards, as a broad band at about 160 kDa,
consistent with aggregates of 6- to 8-mers. However, in addition to the
anomalous mobility of the monomer, it might be that cross-linked
multimers also migrate aberrantly relative to protein standards.

Identical samples were also analyzed by immunoblot to detect
bAg. Without prior cross-linking, the 6Ag again gave a major band at
~26 kDa (Fig. 4B). This confirmed both the purity of the 6Ag
preparation and the lack of hydrolytic protein fragments.

We next asked if reducing the extent of prior cross-linking altered
estimates of oligomer size. As shown in Fig. 4B, with quantitation
presented in Fig. 4D, we detected small amounts of species consistent
with 1, 2, 3,4 and 5 6Ag. (Note that the immunoblot assay could give
signals that increase in linear proportion to the size of a multimer.)
‘We also note that with reduced cross-linking the major species near
the top of the gel, indicated as 6- to 8-mers, gave a stronger
immunoblot signal. This is consistent with less cross-linking produc-
ing multimers that even after SDS gel electrophoresis, are less
compact and more readily reactive with the polyclonal antibody.

We next asked if we could use cross-linking to detect 6Ag
multimers in virus-like particles. As shown in Fig. 4C, we obtained
results similar to those obtained using purified 6Ag (c.f. Fig. 3B). By
reducing cross-linking, we again detected species corresponding to 2,
3,4, 5, and 6-8 molecules of 6Ag.

As a test of the natural stability of the complexes present in the
purified 6Ag, we incubated purified 6Ag in various concentrations of
NaCl and urea prior to cross-linking. As shown in Fig. S2, the
complexes were largely resistant to these treatments.

Binding of nucleic acids to 6Ag multimers

The above studies support the conclusion that complexes of six,
eight or more 6Ag molecules are formed in solutions of purified
protein and in virus-like particles associations of six to eight or more
6Ag molecules are formed. Based upon this similarity, and the reports
that 6Ag binds RNA in virus-like particles, we asked whether the
multimers made from purified protein were able to change the
electrophoretic mobility in non-denaturing agarose gels of different
species of >?P-labeled RNA and DNA.
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Fig. 5. Electrophoretic mobility shift of HDV genomic unit-length RNA by 6Ag.
Increasing amounts of 6Ag, without (panel A) or with (panel B) prior cross-linking with
0.1% glutaraldehyde followed by quenching with ammonium acetate, were incubated
with trace amounts of *?P-labeled unit-length linear genomic HDV RNA. Samples were
analyzed on non-denaturing gels of 1.5% agarose. After electrophoresis the gel was
dried and radioactivity assayed using a bio-imager. In each panel the first lane is the
control in the absence of 5Ag. The triangle indicates use of increasing concentrations of
0Ag: 0.2,0.4, 0.8, 1.6, 2 and 3.2 uM.

First we tested the ability of increasing concentrations of 6Ag to
bind to relatively small amounts of *2P-labeled unit-length genomic
RNA. As shown in Fig. 5A, 6Ag at 0.2 pM did not affect RNA mobility,
but with increasing concentration mobility shifts were observed, and
by 1.6 uM the majority of the RNA was retained at the top of the gel.

In order to test whether rearrangement of 6Ag multimers was
required for binding to RNA, we subjected the 6Ag to prior cross-
linking followed by quenching of the excess cross-linker with
ammonium acetate. As shown in Fig. 5B, the cross-linked 6Ag was
still able to bind RNA with almost equal efficiency as the non-cross-
linked 6Ag. To confirm the completeness of the quenching procedure,
glutaraldehyde was pre-mixed with quencher and then added to 6Ag;
no cross-linking was detected (data not shown). We conclude that
preformed 6Ag multimers can bind directly to the RNA.

Next we tested other nucleic acids for their ability to bind to 6Ag.
Fig. 6A and B shows results with two different HDV RNA species. The first
was 1679 nt unit-length linear antigenomic RNA, while the second was a
419 nt antigenomic RNA which is not predicted to contain any of the
HDV rod-like folding. As shown, as the concentration of the 6Ag was

Am s

dAg :I

increased both of these RNAs underwent a mobility shift, ultimately
collecting at the origin of the gel. Thus, rod-like folding is not needed for
binding.

Two non-HDV RNAs were also tested in the mobility shift assay.
RMRP is a 267 nt non-coding host RNA recently shown to bind to
telomerase (Maida et al,, 2009), and potato spindle tuber viroid RNA is
359 nt long. As shown in Fig. S2A and B respectively, both RNAs bound
to 0Ag.

DNA species were also tested. For this we 5’-end labeled a DNA
ladder with double-stranded species ranging from 100 to 12,000 bp.
As shown in Fig. 5C all species were shifted towards the top of the gel.
There was no significant difference related to the length of the DNA.
Denatured DNAs were also shifted by the same concentrations of 6Ag
(data not shown).

In summary these mobility studies allow two conclusions:
(i) Multimers of 6Ag are able to bind many different forms of RNA and
DNA. This is in contrast to previous reports from this and other labs and
will be considered in the Discussion. (ii) Multimers can form first and
then bind nucleic acids. As previously reported the 6Ag multimers
assembled into virus-like particles and into serum virus retain their
integrity when the RNA is removed (Dingle et al., 1998b). While this is
consistent with the RNA binding to preformed multimers, it is equally
consistent with the RNA assisting in the formation of multimers that no
longer need the RNA for their integrity.

Since 6Ag is a basic protein with an expected net charge of +12 at
neutral pH, a multimer will be even more positively charged, and this
could facilitate binding to the negatively charged nucleic acid.
Therefore we asked if high concentrations of NaCl could disrupt the
binding of *?P-labeled genomic HDV RNA to 6Ag. As shown in Fig. 7A,
at 24 M NaCl, the RNA was released. In parallel we tested whether
NaCl was able to disrupt 6Ag multimers. As shown in Fig. S2, even at
3.6 M Nadl, this did not occur. We also showed that increasing
concentrations of vanadyl ribonucleosides (VRC) released the RNA
from the 6Ag multimers (Fig. 7B).

Discussion
This study advances our understanding of the secondary, tertiary,

and quaternary structures of 6Ag that are essential for HDV
replication. Previous studies have identified a dimerization domain

C Mgil
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Fig. 6. Electrophoretic mobility shift of RNA and DNA species by 6Ag. *?P-labeled RNA species were gel purified and then incubated in the absence or presence of increasing amounts
of 6Ag. Samples were then subjected to electrophoresis under non-denaturing conditions, as in Fig. 5. In panel A the RNA was the 1679 nt unit-length antigenomic linear HDV RNA. In
panel Bit was a 419 nt species of antigenomic linear HDV RNA, representing the region 714-224, using the numbering of Kuo et al. (1988), that is predicted to not include the rod-like
folding of the RNA. In panel C, we used end-labeled double-stranded DNA with a ladder of sizes from 100 to 12,000 bp. In each panel the left lane is the control in the absence of 5Ag.
The triangles indicate use of increasing concentrations of 6Ag: 0.2, 0.4, 0.8, 1.6, 2 and 3.2 uM.
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Fig. 7. Binding of HDV RNA to 6Ag can be reversed by increasing concentrations of NaCl
and VRC. *?P-labeled unit-length genomic HDV was incubated with 6Ag at 2 uM, and
then increasing concentrations of NaCl (panel A) or VRC (panel B), and then analyzed as
in Fig. 5. In each case the first lane is the control in the absence of 6Ag. The triangles
indicate use of increasing concentrations of NaCl: 0.15, 0.3, 0.6, 1.2, 24, and 3.6 M
(panel A) or VRC: 0, 0.3, 1, 3, and 10 mM (panel B).

(CCD) spanning amino acids 12-60 (Fig. 1). In particular, the crystal
structure of a synthetic 12-60 peptide revealed an anti-parallel
coiled-coil dimer in which over 90% of the residues (45 out of 49) are
a-helical (Zuccola et al., 1998) consistent with earlier CD data
(Rozzelle et al., 1995). From our CD measurements on full-length 6Ag
we deduced that the remainder of the protein contains very little
additional secondary structure (Fig. 3). We arrived at a similar
conclusion using the recently developed meta-predictor PONDR-Fit
(Xue et al, 2010) which combines six neural network programs
trained on a large number of regions of known protein disorder.
Analysis of the 6Ag sequence studied here (Fig. 1) as well as for all
eight clades of HDV (Fig. 2) predicted high levels of disorder (P-Fit
scores >0.75) throughout the protein, except for parts of the CCD
region. There was no evidence for additional ordered regions outside
the CCD that are conserved between clades. PONDR-VLXT, one of the
six components of PONDR-Fit, predicts somewhat higher levels of
order, both in the CCD and two or three segments in the C-terminal
half of 6Ag (especially for clades 5-8). This algorithm recognizes short
regions experimentally known to be disordered that become
structured when they are bound to other proteins (Obradovic et al.,
2005). This supports the possibility that 6Ag multimerization
promotes helix formation in the CCD while isolated segments within
the initially disordered C-terminal region are poised to become
ordered upon interaction with other cellular proteins.

Intrinsic disorder is increasingly recognized for its relevance in
understanding the intra- and inter-molecular interactions of impor-
tant proteins (Dunker et al,, 2008). In the case of viral proteins that are
expressed in cells in relatively large amounts, disordered regions may
increase the capacity to structurally adapt for engagement in a wide
variety of homo- and hetero-multimeric interactions (Goh et al.,
2008a,b); during HDV replication 6Ag interacts with more than 100
different host proteins (Cao et al., 2009). It is interesting to compare
6Ag with apoptin, a protein of chicken anemia virus. Like 6Ag this
protein is small (125 amino acids), basic, essential for replication,
binds nucleic acids, and has not yielded to crystal-structure
determination. Apoptin forms homomultimers of 30-40 molecules
and is known to interact with several different host proteins (Leliveld
et al,, 2003a,b; Los et al., 2009; Teodoro et al., 2004). Comparison of
the PONDR-Fit profiles of apoptin with that of 6Ag (Fig. 2) shows
somewhat higher degrees of order centered around residue 45 with
flanking regions of predicted disorder, similar to the patterns
observed for the N-terminal 120 residues of 6Ag. (Incidentally, the
N-terminal 69 amino acids of apoptin have been demonstrated to
account for its multimerization behavior (Leliveld et al, 2003b).)
However, a much higher fraction of the residues in 6Ag are predicted
to be highly disordered suggesting that intrinsic disorder might be

even more relevant to understanding the properties and functions of
06Ag in the HDV life cycle.

Qualitative insight into 6Ag quaternary structure was obtained by
denaturing gel electrophoresis. Prior cross-linking revealed the
existence of multimers formed both by the purified protein and that
present in virus-like particles. With the purified 6Ag the complexes
were detected when the proteins were at 0.2 and 2 pM during cross-
linking (Fig. 4 and data not shown). Much higher concentrations are
present in cells during HDV replication, suggesting that multimers
should also arise in vivo; for example, the observed accumulation of
2.4 million copies of 6Ag in a nucleus of ~9 um diameter represents an
average concentration of 24 pM (Chang et al., 2005).

Relative to protein standards the majority of cross-linked multimers
appeared to contain 6-8 molecules of 6Ag (Fig. 4A-C). This confirms and
extends previous mass spectrometry studies in which octamers were
detected although not quantified (Zuccola et al., 1998). In addition, the
hydrodynamic dimensions observed in our dynamic light scattering
measurements, were consistent with an oligomer of <12 subunits. The
0Ag multimers we observed were remarkably stable even in the
presence of high NaCl or urea concentrations (Fig. S2).

The multimers of full-length 6Ag did bind nucleic acids but
without specificity; HDV RNAs with and without rod-like folding and
of different lengths were bound, as were non-HDV RNAs, and double-
and single-stranded DNAs (Figs. 5A, 6 and S3). This binding is
consistent with simple electrostatic interactions. The 6Ag has a
predicted net charge of 412 at neutral pH (Kuo et al., 1988) and
multimers will have a greater total charge and are thus expected to
have enhanced affinity for nucleic acids that have one negative charge
per nucleotide. Similar electrostatic interactions with nucleic acids
have been reported for the apoptin mentioned earlier, which is also
basic and forms large oligomers (Leliveld et al., 2003a). We also found
that nucleic acid binding was achieved when the protein was first
cross-linked (Fig. 5B), indicating that 6Ag rearrangement was not
necessary during binding. Observations that the binding was reversed
with increasing concentrations of NaCl (Fig. 7A) or vanady! ribonu-
cleosides (VRC) (Fig. 7B) agree with the interpretation of an
electrostatic interaction. The findings are also consistent with our
earlier studies on natural HDV ribonucleoprotein complexes where
VRC released the HDV RNA but left the 5Ag complexes intact (Dingle
et al.,, 1998Db). However, unlike the natural situation, the purified 5Ag
did not demonstrate specificity for rod-like HDV RNA.

The ability of 6Ag to bind non-specifically to nucleic acids might
explain its behavior as a chaperone. In a series of papers Wang et al.
(2003) showed that 6Ag would facilitate strand exchange reactions
between short DNA oligonucleotides. We confirmed their results
including evidence that the chaperone effect can be achieved with N-
terminal and C-terminal fragments of the 6Ag lacking the oligomer-
ization domain (G. Moraleda, H.J. Netter, and J.M. Taylor, unpublished
observations). Thus, the chaperone activity of 6Ag appears to be
independent of its ability to oligomerize. It seems to be a property of a
positively charged protein independent of multimerization.

The present findings of non-specific binding of 5Ag to nucleic acids
also appear to disagree with earlier studies from this lab by Chao et al.
(1991). which indicated that a delta antigen would bind to HDV RNAs
but only if they had the ability to form rod-like folding structures.
However, the assay used in the previous study was quite different: the
protein tested was a fusion protein and the detection method was a
northwestern. The present findings also disagree with recent studies
that employed a 6Ag with an N-terminal fusion and a C-terminal
deletion in a mobility shift assay and concluded that binding to HDV
RNA required a minimum of ~311 nt of rod-like folding (Defenbaugh
etal, 2009; Lin et al,, 2010). However, it should be noted that when a
non-truncated form of fusion protein was used, no specificity was
detected in the RNA binding assay.

Further in vitro experiments are thus needed to determine whether
or not we can identify features of the full-length protein and /or the RNA
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substrates that will produce specific interactions. Recent in vitro studies
with the full-length core protein of HBV have also encountered RNA
interactions that are efficient but not specific for viral RNA (Porterfield
etal., 2010). However, it remains to be seen how and to what extent the
in vivo interactions can be specific for viral RNA. Further work is needed
to gain a more detailed understanding of the mechanism of in vivo self-
associations of 6Ag and its interactions with HDV RNAs as well as host
proteins and nucleic acids. We have reported that in vivo 6Ag is present
in large complexes, even in the absence of HDV RNA genome replication
or when HDV RNAs are present but released by treatment with VRC
(Dingle et al., 1998b) or RNase (Chang et al., 2008; Dingle et al., 1998a).
In addition, a recent study reported the identification by mass
spectrometry of more than 100 host proteins that interact with 6Ag
and began to test how these might contribute to supporting HDV
replication (Cao et al, 2009). Sorting out which are the relevant
associations is non-trivial because millions of copies of 6Ag are produced
per cell during HDV replication, most of which are in the nucleus at
concentrations exceeding 24 pM (Chang et al., 2005), much higher than
the 0.2-2 uM used for the in vitro studies reported here. A further in vivo
complication is that in the presence or absence of HDV RNA, 6Ag is found
in either the nucleoplasm or nucleolus, respectively (Han et al., 2009).
That is, the same high concentrations of 6Ag can assume different
intranuclear associations depending upon whether or not HDV RNA
species have been allowed to replicate.

Conclusion

A combination of biochemical and biophysical approaches has been
used to show that extensive intrinsic disorder and multimerization are
essential aspects of full-length 6Ag. However, the in vivo interaction
between this essential protein and viral RNAs is more specific and no
doubt more complex than we have been able to reproduce in vitro with
purified protein.

Materials and methods
Purified delta protein

As previously described, full-length 6Ag was expressed in E. coli and
purified (Dingle etal,, 1998a; Moraleda et al., 2000; Zuccolaet al., 1998).
The chromatography procedures used in the purification were chosen
with the aim of obtaining a protein that was still in its native
conformation. The protein was a generous gift from Harmon Zuccola
and James Hogle and had been evaluated as >85% pure. The sequence
corresponds to an American strain of HDV (M28267). From optical
density measurements we deduce that the purified protein contains less
than one nucleotide of RNA or DNA per molecule of delta antigen. The
protein has been tested for its ability to support HDV genome
replication: surprisingly transfection into cells of this protein and in
vitro transcribed HDV RNA at as low as an equimolar ratio was sufficient
to initiate replication (Dingle et al,, 1998a). Nevertheless, this is not
proof that the majority of the purified protein is native in conformation.

PONDR-FIT analyses

PONDR-Fit (Xue etal., 2010) is a meta-predictor which combines the
results of six different programs each separately designed to predict
disorder in proteins. It was applied here to the 6Ag sequence of the
purified protein, as well as to the 5Ag for all eight clades of HDV: clade 1
(US-1), D0O1075; clade 2 (Taiwan-3), U19598; clade 3 (Vnzd8375),
AB037947; clade 4 (Tokyo), AB118847; clade 5 (dFR2600, Togo),
AM183326; clade 6 (dFR2627, Nigeria), AM183329; clade 7 (dFR2158,
Cameroon), AM183333; clade 8 (dFR2072, Senegal), AM183330, the
125 amino acid apoptin (Noteborn et al., 1991) of chicken anemia virus
(M55918), and the 428 amino acid ammonia channel protein of E. coli
(P69681).
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Circular dichroism analysis

The far-UV circular dichroism (CD) spectrum of a 5.3 UM protein
solution (in 20 mM potassium phosphate buffer, pH 6.3) was acquired
at25 °ConanAviv 62A spectropolarimeter (Aviv, Lakewood, NJ), using a
1 mm quartz cuvette. The CD spectrum is an average of five scans
recorded in the far-UV region (195-250 nm) with a band pass of 2 nm.

Dynamic light scattering analysis

Dynamic light scattering experiments were performed at 15 and
25°C on a DynaPro Molecular Sizing Instrument with Dynamics V6
data analysis software (Protein Solutions, Inc.) on 80 ul of a 10 uM
solution of 6Ag (in 20 mM potassium phosphate buffer, pH 6.3,
without or with 150 mM NaCl). Autocorrelation curves were acquired
for a total acquisition time of 600 s. Representative data are shown in
Fig. S1A with deductions summarized in Table S1.

Virus-like particles

As previously described, Huh7 cells were transfected with
plasmids to initiate HDV genome replication and to express the
envelope proteins of hepatitis B virus (Gudima et al., 2007). Media
were harvested at days 7-10, and clarified of cellular debris by low
speed centrifugation. Virus-like particles were then collected by two
cycles of ultracentrifugation through a cushion of 20% sucrose.

DNA-directed RNA transcription

Plasmids containing HDV and non-HDV sequences were transcribed
in vitro using T7 RNA polymerase using a RiboMax large-scale
transcription system (Promega) with the addition of [a->?P] CTP (MP
Biomedicals). Unit-length genomic HDV was transcribed from pSG253
pre-cut with Notl (Gudima et al., 2004). Unit-length, 1060 and 419 nt
antigenomic RNAs were transcribed from pSG254 pre-cut with Notl, Stul,
and Bgll, respectively (Gudima et al., 2004). Unit-length genomic PSTVd
RNA was transcribed from pJC144 pre-cut with EcoRl (Chang et al,
2003). RMRP was transcribed using expression PCR (Chang and Taylor,
2002). Transcripts were gel purified prior to use in gel retardation assays.

Gel electrophoresis analyses

Gel retardation assays with *2P-labeled nucleic acids, were
performed using gels of 1.5% agarose (in 1x TBE) followed by drying
onto charged paper (DE81, Whatman) and bio-imager detection (Fuji).
32p-labeled RNAs were prepared as described above. *2P-labeled DNA
was obtained by phosphorylating a 1 kb Plus DNA Ladder (Invitrogen)
using [y->2P] ATP (MP Biomedicals) following the manufacturer's
instructions.

Association of 6Ag with nucleic acids was performed in 150 mM
NaCl-5 mM HEPES (pH 7.5) for 10 min at room temperature. RNA
concentrations were at 2nM and 6Ag concentrations were as
indicated in the figure legends.

Protein samples, without and with prior glutaraldehyde cross-
linking, were examined on 4-12% acrylamide NuPAGE gels (Invitro-
gen). Glutaraldehyde was typically added to 0.1% final concentration,
and after 10 min at room temperature it was inactivated by the
addition of 100 mM ammonium acetate. Total protein in gels was
stained with SimplyBlue SafeStain (Invitrogen) and detected using an
Odyssey laser scanner (LI-COR). For immunodetection 56Ag proteins
were electrotransferred to a cellulose nitrate membrane and reacted
with a rabbit polyclonal anti-6Ag followed by infrared dye-labeled
goat anti-rabbit antibody (LI-COR), with detection using the Odyssey
scanner.

Supplementary materials related to this article can be found online
at doi:10.1016/j.virol.2010.08.019.
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Table S1
Summary of DLS parameters for 6Ag at pH 6.3, based on regularization fit of
autocorrelation function

R (nm)' %Pd* D (cm%s) %Int MW (kDa)®
20 mM NaPO,, 25°C 6.44 14  3.384e-7 98 263
20 mM NaPO,, 150 mM NaCl 25°C | 6.61 12 3.296e-7 97 279
20 mM NaPO,, 150 mM NaCl 15°C | 6.57 10 2.498e-7 94 275

! hydrodynamic radius
Zpercent polydispersity
® molecular mass of equivalent sphere
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Fig. S1. Evaluation of multimers of Ag detected by DLS. Shown are representative
DLS data obtained at 25 °C on a solution of 10 pM 5Ag in 20 mM potassium
phosphate, pH 6.3 (after 30 min centrifugation at 14,000 rpm on an Eppendorf
centrifuge). Panel A shows the autocorrelation data (solid blue line) along with a
regularization fit obtained using the Dynamics program (Protein Solutions, Inc.). The
corresponding residuals are plotted in panel B. Panel C shows the predicted
distribution of hydrodynamic radii on a percent-mass scale. Additional parameters are

given in Table S1.

Fig. S2. Multimers of 8Ag are resistant to NaCl and urea. Aliquots of 8Ag were
incubated in the presence of increasing concentrations of NaCl or with urea. They were
then cross-linked with glutaraldehyde and analyzed by SDS polyacrylamide gel and
immunoblot. At left is a sample that was not cross-linked. The increasing
concentrations of NaCl indicated by the triangle were 0.15, 0.3, 0.6, 1.2, 2.4 and 3.6 M.
The increasing concentrations of urea were: 0, 1, 2, 4, and 6 M. There was minor
dissociation to smaller oligomers after treatment with 6 M urea. And with increasing
concentrations of urea the 6-8 mer band migrated less; this could be due to

displacement of SDS from the protein and/or a reduction in the extent of cross-linking.

Fig. S3. Ability of purified dAg to bind to RNAs of PSTVd (panel A) and RMRP (panel

B). Assays were performed as in Fig. 6. In panel B, the second and slower band

represents dimers of the 359 nt PSTVd RNA.
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Fig. S1
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Abstract

Background

The small antigen (S-HDAQ) of hepatitis delta virus (HDV), a basic protein of 195
amino acids, is essential for the accumulation of HDV RNAs in infected cells. We have
previously shown that purified recombinant S-HDAg is able to multimerize and binds,
without specificity, to nucleic acids. Others have solved the structure of a peptide
spanning amino acids 12-60, and obtained evidence for an antiparallel coiled-coil
dimerization. This and other data are consistent with this region being responsible for
dimerization and even higher order multimerization. In the present study we further
characterized a truncated form of S-HDAg, spanning amino acids 61 - 195, a region we

have predicted to be intrinsically disordered and has yet to be structurally characterized.

Methods

Expression and purification of the full-length and the truncated protein were performed
and used in multimerization assays. The proteins were analyzed by denaturing
polyacrylamide gel electrophoresis with and without prior glutaraldehyde cross-linking.
Additionally, we analyzed the proteins ability to bind nucleic acids through

electrophoretic mobility shift assays.

Results

The truncated protein failed to multimerize and yet was still able to bind nucleic acids,
again without specificity. This binding ability was equally sensitive to increasing pH,

for both full-length and truncated S-HDAGgs.
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Conclusions

Some studies found in literature, indicate that S-HDAg dimerization and even
multimerization are needed for the biological activities of this essential protein,
including its ability to bind nucleic acids, particularly the viral RNAs. However, the
data here obtained indicate that nucleic acid binding can be achieved without

dimerization and multimerization and with no apparent specificity for viral RNA.
Key words

Hepatitis delta virus, small delta antigen, intrinsically disordered protein, protein

multimerization, nucleic acid binding
Background

Hepatitis delta virus (HDV) is the human pathogen with the smallest RNA genome
known to date. It is a defective virus that requires the presence of hepatitis B virus
(HBV) to propagate infection since the HDV envelope is formed by HBV surface
antigens. HDV co-infection with HBV or HDV super-infection of hepatitis B patients,
increases the severity of acute and chronic liver disease [1]. The HDV genome is a
1.7kb single-stranded circular RNA with only one open reading frame (ORF) coding the
delta antigen (HDAQ). During the HDV replication cycle, site-specific editing of the
antigenomic RNA by a host adenosine deaminase results in the expression of a second
form of the HDAg. The mRNA for the original small delta antigen (S-HDAQ),
corresponding to a 195 amino acids long protein, has its stop codon changed to a

tryptophan residue, so the ORF is extended by 19 amino acids. This results in the
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translation of the large delta antigen (L-HDAg) with 214 amino acids. None of the
HDAg forms has any known enzymatic activity and although both forms share most of
their sequence and therefore functional domains, they display different functions in the
HDV replication cycle. It has been shown that S-HDAg is essential for HDV RNA
accumulation while L-HDAg acts as a dominant inhibitor of replication and is essential

for virus assembly [1].

It has been previously shown that S-HDAg is an intrinsically disordered protein (IDP)
by using a meta-predictor of intrinsic disorder as well as measurements of circular
dichroism [2]. In fact S-HDAQg has several characteristics commonly attributed to IDPs.
IDPs rarely contain enzymatic activity and are commonly involved in nucleic acid
binding and/or interactions with other proteins [3]. S-HDAg is a nucleic acid-binding
protein and is also rather promiscuous, with multiple host protein partners identified
through different approaches; although the role of these interactions is mostly unclear
[4-6]. S-HDAg is also a basic protein with an expected net charge of +12 at neutral pH
[7]. This is common in IDPs and may play an important role in the protein’s ability to
bind negatively charged nucleic acids. Posttranslational modification (PTM) sites, such
as phosphorylation, acetylation, fatty acid acylations, glycosylation, methylation or
ubiquitination, are also a common feature to IDPs. This is likely due to the fact that
these modifications can induce structural changes in the protein, conferring distinct
conformations. It has been described that S-HDAg is modified by phosphorylation,
methylation, acetylation and more recently sumoylation, and different functions have

been attributed to the different modified forms of the antigen [8-13].
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The evidence, showing that S-HDAg is an IDP, can explain why little success has been
achieved in solving its 3-D structure. To date, despite several attempts from at least
three different groups, no one has been able to obtain crystals of the full-length antigen.
However, crystals were readily achieved for a truncated form spanning amino acids 12
to 60, the least disordered region of the protein [2, 14]. This segment is involved in S-
HDAQg dimerization and was designated a coiled-coil domain (CCD) as dimers form an

anti-parallel coiled-coil [14].

The present study was undertaken to assess the importance of the other regions of the S-
HDAQg in both multimerization and nucleic acid binding. For this we generated and
purified a truncated form of S-HDAg lacking the first 60 amino acids and analyzed its

multimerization and nucleic acid binding properties.

Results

Multimerization ability of AGOHDAg

We have observed in a preceding work, that recombinant full-length S-HDAg is able to
form homomultimers in vitro just as well as S-HDAg present in viral particles [2]. We

were able to observe aggregates as high as 6- to 8-mers of recombinant S-HDAg.

In the present study, we further characterized the highly disordered region of S-HDAg.
A truncated protein, AGOHDAg, was constructed, which lacked the previously
characterized dimerization domain, as represented in Figure 1. After expression and
purification the purity of the recombinant protein was confirmed by denaturing SDS gel

electrophoresis, in Figure 2A.
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This mutant protein was first analyzed to confirm the negative impact of the deletion in
its multimerization ability. Hence, AGOHDAg was analyzed by SDS-PAGE with and
without prior glutaraldehyde cross-linking. As can be seen in Figure 2A, the un-cross-
linked protein displayed a well-defined single band. The truncated protein has an
estimated weight of 15 kDa although in the SDS-PAGE analysis the monomer appears
to be a ~19 kDa protein, when compared with the molecular weight marker. However, it
has been observed before, that SDS-PAGE over estimates the size of full-length HDAg

[15,16]. It seems that this characteristic also applies to the truncated protein.

When the truncated protein was cross-linked before the electrophoretic analysis we
observed no major mobility changes. That is, only the single band corresponding to the
monomers was detected, even if slightly fuzzier as glutaraldehyde concentration
increased. This is compatible with there being no aggregation of A6OHDAQ in vitro,

even with increasing glutaraldehyde concentrations.

Following this result we asked whether the truncated protein could form aggregates in
the presence of the full-length antigen or if it would affect the latter’s ability to
multimerize. To do so the proteins were mixed in a 1:1 molar ratio and analyzed by
SDS-PAGE, with or without prior cross-linking. In Figure 2B, it can be seen as
expected that, without any cross-linking, two bands were detected corresponding to the
full-length S-HDAg and the truncated form AGOHDAg. Relative to the MW markers,
one band has an apparent MW of ~19 kDa and the other, ~28 kDa, corresponding to the
truncated and the full-length antigens, respectively. Although the proteins have a MW

of around 15 kDa for AGOHDAg and 21 kDa for S-HDAg, again we observed the over
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estimation of the HDAg molecular weight characteristic when using this analytical

method.

When the protein mixture was cross-linked by adding increasing concentrations of
glutaraldehyde of 0.01% and 0.1%, the full-length protein formed high MW aggregates
but the truncated form appeared to have the same electrophoretic mobility (Figure 2B).
This shows that in the presence of full-length S-HDAg the AGOHDAg cannot form
aggregates and remains as a monomer even in the presence of high glutaraldehyde
concentration. It can also be observed that the presence of AGOHDAg does not seem to
affect the S-HDAg multimerization ability as aggregates form apparently with similar

efficiency as when S-HDAg is alone [2].

RNA binding ability of AGOHDAg

In a previous work, we have shown that the full-length S-HDAg can bind nucleic acids
as a multimer [2]. S-HDAg was cross-linked and, following glutaraldehyde
neutralization, the multimers were incubated with different nucleic acids. We found no
binding specificity in our in vitro conditions as the full-length protein bound HDV RNA
as well as a dsSDNA molecular weight marker [2]. In the present study we analyzed the
nucleic acid binging ability of AGOHDAg, which, as we have just shown, is unable to

multimerize.

A60HDAg was incubated, at increasing concentrations ranging from 0 to 3uM with a
fixed amount of a linear HDV RNA, prior to a gel retardation assay. As can be observed
in Figure 3, there was a mobility shift as the AGOHDAg concentration increased, relative

to the nucleic acid alone.
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As mentioned before, S-HDAg showed no apparent nucleic acid binding specificity as it
binds to HDV RNA of different shapes and sizes, non-HDV RNA and even DNA [2].
We decided to assess if the lack of multimerization would have an impact on nucleic
acid binding specificity. AGOHDAg was incubated with dsDNA and the interaction was
analyzed through a gel retardation assay in the same conditions as before. A shift in the
DNA mobility was detected, as observed in Figure 4A, showing that at AGOHDAg
concentrations higher than 4uM, a high molecular weight complex begins to form
between the DNA and truncated protein. This complex was unable to enter the gel, and
the DNA is detected at the well. This result shows that in vitro, AGOHDAg is able to
interact with dsDNA. Therefore, even though it cannot form homomultimers, this
truncated delta antigen is still able to interact with different nucleic acids. This
interaction is not specific in our in vitro conditions similarly to what had been observed

before with the full-length antigen [2].

Our in vitro conditions for the nucleic acid binding assays were at a standard 7.5 pH.
We chose to analyze the AGOHDAg-nucleic acid interactions at a higher pH, closer to,
but still lower than, the protein’s estimated pl (Figure 1). A protein’s net charge is
determined by its amino acid compositions but it is also influenced by the solvent’s pH.
As A6OHDA(g has an estimated pl of 9.84 it should behave has a positively charged
protein at a neutral pH, just as the full-length S-HDAg has an estimated +12 net charge,

at neutral pH [7].

At a pH higher than neutral the AGOHDAGQg net positive charge would be lower, and this
may also effect the protein’s conformation. Therefore, increasing concentrations of

A60HDA(g were incubated with a fixed amount of dsDNA at pH 9.5. At this higher pH
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we observed a change in AGOHDAg’s ability to bind nucleic acids. In Figure 4B, we
detected a change in the DNA mobility at the highest AGOHDAg concentration when
compared with free DNA. However, not all the DNA had shifted since a band with the
same mobility as free DNA can be clearly seen, as well as the DNA-A60HDA(g
aggregate close to the well. Comparing with the assay performed at a neutral pH, figure
4A, we observed that an increase in pH would impair the truncated protein’s ability to
interact with DNA. At pH 7.5, when 4 uM of A6OHDAg was present high MW
aggregates started to appear. In contrast, at pH 9.5 this only begun to occur at 8 uM
AB0HDAQg. Also, at pH 7.5 and A6GOHDAg at 12 uM, we did not detect free DNA,
consistent with it all forming complexes with the protein. This was not achieved at pH
9.5 since in these conditions we detected free DNA even at the highest AGOHDAg
concentration. A similar impact of increased pH on nucleic acid binding ability was

observed for the full-length S-HDAg (Figure 4C and D).

Discussion

S-HDAg is the only HDV encoded protein, along with its longer form L-HDAg; and
even though it lacks any known enzymatic activity it is thought to play a crucial role in
HDV replication cycle, as it is essential for genomic RNA accumulation in infected
liver cells. This small 195 amino acids long protein is highly promiscuous as it not only
binds to HDV RNA to form viral ribonucleoproteins but also interacts with several host
factors, although the biological meaning of most interactions remains to be clarified [4-
6]. S-HDAg was predicted to be an IDP, which is consistent with many of its known
characteristics such as high net charge, promiscuity in binding several partners and lack

of enzymatic activity [2]. The high level of intrinsic disorder found in S-HDAg can
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justify the difficulties found in achieving its crystal structure. So far, only a peptide

spanning the first 60 amino acids was crystallized, and consequently, had its structure

characterized [14].

In the present study we aimed to gain further insight on the region of S-HDAg that was
not crystallized and lacks the CCD domain, involved in S-HDAg multimerization. A
truncated version of S-HDA(, consisting of amino acids 61 through to 195, was
expressed and purified, and characterized by different assays. The truncated protein,

designated A6GOHDA(, is schematized in Figure 1.

Accordingly, our first approach meant to confirm that, without the CCD, the truncated
protein was unable to multimerize. Hence, AGOHDAg was analyzed by SDS-PAGE
with prior glutaraldehyde cross-linking and the result shows, in Figure 2A, that
AG60HDA( is unable to form multimers in vitro. We also observed, in Figure 2B, that
AB0HDAg does not interfere with the multimerization of the full-length S-HDAg.
Furthermore, it appears that AGOHDAg cannot multimerize even in the presence of full-
length S-HDAg, which can clearly form aggregates in vitro (Figure 2B). We cannot
exclude that a small fraction of the truncated protein is present in the multimers formed
by the full-length S-HDAg in the presence of glutaraldehyde. However, the majority of
the AGOHDA( is present as a monomer since we observe no major changes in the
bands’ intensities except for the same fuzziness displayed when the truncated protein

was cross-linked in the absence of S-HDAg, in Figure 2A.

Following the confirmation that AGOHDAQ is unable to multimerize we assessed its

ability to bind nucleic acids. S-HDAg is an RNA-binding protein in its native form so
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we decided to evaluate the binding ability of the truncated form. An HDV RNA was
transcribed in vitro and incubated with AGOHDAQg prior to electrophoretic mobility shift
assays. As displayed in Figure 3, there is a clear shift in mobility as higher
concentrations of AGOHDAQ are incubated with fixed amounts of HDV RNA, relative
to the nucleic acid alone. Noticeably, the mobility shift resulting from the interaction
between AGOHDAg and RNA is a gradual one. This is unlike what we observed in
previous work for the nucleic acid interactions with the full-length S-HDAg, where
there was a clear shift from the unbound to the bound state without any intermediate
positions [2]. Here, since ethidium bromide staining was the method of detection, we
used significantly higher amounts of nucleic acid (100 ng). The different pattern
observed may be due to the fact that, in the present study, we did not use relatively

minor amounts of radiolabeled nucleic acid, as in our previous work.

In a second mobility shift assay, we tested AGOHDAg’s ability to bind dsDNA. For that,
the truncated protein was incubated, at increasing concentrations, with a dSDNA
fragment. The result, shown in Figure 4A, reveals that, in the tested in vitro conditions,
AB0HDA(g interacts with dsDNA since there is a clear shift in mobility when AGOHDAg
was added to the nucleic acid. However, there is a difference in the mobility shift
achieved when the protein is binding RNA or dsDNA. As seen in Figure 3, there is a
gradual shift in mobility has the AGOHDAg concentration increases, consistent with a
gradual increase in the molecular weight of the complexes formed by the protein and
HDV RNA. However, when A6GOHDAg interacts with dsSDNA, we observe, in Figure
4A, no gradual change but an abrupt shift between the unbound and bound DNA. This

shift was as observed when using trace amounts of nucleic acids in our previous work
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[2]. That is, as the protein concentration increases we observe two bands corresponding
to unbound DNA and complexed DNA until, at 12uM A60HDAQg, all DNA appears to
be bound to protein and no unbound DNA is detected. This difference in the shifts may
reflect a difference in binding specificity, sugeesting that, if AGOHDAGg is more specific
for RNA it may bind immediately, without the need for a minimum concentration for

interaction to occur, leading to a gradual shift.

As we have observed in Figures 3 and 4A, A6OHDA(g is able to interact with HDV
RNA and dsDNA, leading to the conclusion that this truncated protein displays no
nucleic acid binding specificity, at least in vitro, just has the full-length S-HDAg [2].
The lack of specificity concurs with the idea that the high net charge of this basic
protein facilitates its binding to negatively charged nucleic acids, independently of their
nature. Nonetheless, it is still possible that HDV RNA binding specificity occurs in vivo
for the native S-HDAg. The antigen is extensively phosphorylated in vivo, which likely
reduces its high net charge, limiting the ability to be involved in non-specific

electrostatic interactions [17].

Another group has reported that a truncated form of S-HDAg has RNA binding
specificity and also that there is a requirement that the RNA must have a minimum of
~311 nt of rod-like folding for binding to occur [18]. However, their results were
obtained while studying a form of S-HDAg, spanning amino acids 1-160, that is
truncated at the C-terminus, and possessing a His-tag fused to the N-terminus. In
agreement with our results, they observed no specificity when the full-length S-HDAg
interacted with nucleic acids [18]. Yet it remains puzzling how removing part of the

disordered structured led to the “new found” specificity.
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The results of the present study also disagree with early findings that, again, indicated
that S-HDAg specifically bound only HDV RNAs with rod-like folding [19]. Once
more, the binding assays used a protein A tagged fusion protein and the results were

analyzed by northwestern [19].

Regarding the impact of multimerization on the nucleic acid binding ability of S-HDAg,
we have shown that the oligomerization of the protein is not a prerequisite for its ability
to interact with nucleic acids, at least in vitro, although the full-length S-HDAg forms
multimers, even in vivo in viral particles [2]. However, others have reported that
multimerization is a prerequisite for nucleic acid binding specificity [20]. Again, in this
study a different form of S-HDAg was tested, they used the same C-terminal truncated
and N-terminal fusion protein that had shown binding specificity. Furthermore, when a
point mutation, that depleted the multimerization ability, was analyzed, a lack of

binding specificity was found [18, 20].

Conclusion

In conclusion, the data presented here show that multimerization of S-HDAg is not
required for the protein to bind nucleic acids in vitro. Also, just as previously reported
for the full-length S-HDAg, we observe that a multimerization deficient mutant binds
nucleic acids with no apparent specificity. The lack of specificity may be due to an
electrostatic interaction, between the positively charged protein and the negatively
charged nucleic acids, or a consequence of the antigen’s disorder that grants flexibility

to adapt to different partners.
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Methods

Expression plasmids

As previously described, plasmid pR58V5 has been used to express high levels of full-
length S-HDAg in Escherichia coli [21]. This plasmid DNA was used a template with
specific primers to amplify the region encoding amino acids 61-195 (with forward
primer: 5’-TTTCAATTGCCAAAGATAAAGATGGCG-3’, reverse primer:5’-
TTTCTCGAGTTACGGAAAGCC-3’). The amplified sequence was cloned into the
EcoRI - Xhol cloning site of pGEX-6P-2 (GEHealthcare). The resulting plasmid,

designated pGEX-6P-2-A60HDA(, allowed expression of the fusion protein GST-

ABOHDAg.

Bacterial expression and purification of recombinant proteins

Expression and purification of full-length S-HDAg was performed as described
elsewhere [6]. Expression of GST-A60HDAg was obtained in BL21 (DE3) codon plus
(Novagen) competent cells, following transformation with plasmid pGEX-6P-2-
A60HDAQg. A single bacterial colony was first inoculated into a 100 ml overnight
culture. Then 10 ml was inoculated into a 1 L culture of 2xYTA media. Protein
expression was induced with 1 mM isopropyl-p-D-thiogalactopyranoside (IPTG) when
optical density was between 0.6 and 0.8. After an additional 3 h, cells were pelleted at

3,000 rpm for 7 min.
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For the subsequent purification method cells expressing the GST-A60HDAg were
resuspended in PBS. Protease inhibitors were added (cOmplete, Roche). Cells were
lyzed by four freeze-thaw cycles after the addition of 0.1mg/mL lisozyme. The lysates
were treated with DNase 1 (Roche) and centrifuged at 14,000xg for 10 min. The
supernatants were analyzed by SDS-PAGE followed by western blot to detect the
presence of the recombinant protein. Total protein extracts were stored at -80C until
further use. The GST tag was removed by PreScission protease (GE Healthcare)
cleavage as instructed. AGOHDAg was concentrated using Protein concentrating

solution and dialysis cassettes (Pierce) as suggested by the manufacturer.

RNA synthesis

Plasmid pDL542 has a T7 promoter to express full-length antigenomic HDV RNA [22].
The plasmid was transcribed in vitro using a T7 RiboMax transcription system

(Promega) to obtain HDV RNA, following protocols provided by the manufacturer.

Gel electrophoresis

Protein samples were analyzed by denaturing electrophoresis in 12% polyacrylamide
gels with SDS denaturation. Proteins were detected by Coomassie blue staining. In the
cross-linking experiments, the protein samples were treated with 0.01% or 0.1% of
glutaraldehyde for 10 min at room temperature. Glutaraldehyde was then inactivated by
the addition of 1200 mM ammonium acetate, followed by SDS denaturation and gel

electrophoresis.

For the analysis of protein-nucleic acid interactions the protein samples were diluted in

a standard binding buffer containing 150 mM NaCl and 10 mM Tris-HCI (pH7.5) or as
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otherwise stated. After 10 min incubation at room temperature, the nucleic acids were
added and the mix was incubated for an additional 10 min prior to the electrophoretic
mobility shift assays. For the study of DNA-protein interaction we used the PCR
product obtained in the cloning of the truncated protein. The mobility shift assays were
performed in non-denaturing 1.5% agarose gels (1x TBE). The nucleic acids were

subsequently detected by staining with ethidium bromide.
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Figures

Figure 1 - Schematic representation of S-HDAg and A6OHDAg

CCD represents the coiled-coil domain between amino acids 12 to 60; NLS is the
nuclear localization signal from amino acids 67 to 75; RBD corresponds to the RNA
binding domain comprised within amino acids 97 and 146. The amino acid sequence
corresponds to AGOHDAg and the AGOHDAg’s isoelectric point (pl) and molecular

weight (MW) were estimated using Expasy (Www.expasy.org).

Figure 2 - S-HDAg and A6OHDAg multimerization ability

In panels A and B, purified recombinant protein was cross-linked with increasing
concentrations of glutaraldehyde (0, 0.01 and 0.1%) prior to SDS-PAGE. The proteins
were detected by Coomassie blue staining. In panel A, only purified AGOHDAg was
present at 2 uM and in panel B both S-HDAg and A6GOHDAg were present at 2 UM

each.

Figure 3 - Gel retardation assay: A6GOHDAg binding HDV RNA.

Purified recombinant AGOHDAg was incubated, in standard pH 7.5 binding buffer, with
100 ng of HDV RNA at increasing concentrations (0; 0.5; 1.5 and 3 uM; lanes 1-4,
respectively). At left is a RNA marker (RiboRuler High Range RNA Ladder,

Fermentas).

81


http://www.expasy.org/
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Binding

Figure 4 - Gel retardation assays: AGOHDAg binding DNA and S-HDAg binding

HDV RNA.

In panel A, 100 ng of dsDNA were incubated in standard pH 7.5 binding buffer, with
increasing concentrations of purified recombinant AGOHDAg (0, 2, 4, 6, 8, 10, and 12
KM). Panel B shows the assay in binding buffer at pH 9.5. Recombinant AGOHDAg was
incubated with 100 ng of dsDNA, at different concentrations (0, 2, 4, 6, 8, 10, and 12
HM). In panel C, 100 ng of HDV RNA was incubated, in standard pH 7.5 binding
buffer, with increasing concentrations of purified recombinant S-HDAg (0, 0.5, 1, 1.5,
and 2 uM). In panel D, 100 ng of HDV RNA were incubated in a pH 9.5 binding buffer,

at different concentrations of purified recombinant S-HDAg (0, 0.5, 1, 1.5, and 2 uM).
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Figure 1
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6. Discussion and Future Perspectives

As considered in the Introduction, the replication of the genome of the hepatitis
delta virus is a complex phenomenon. It is deceptive that the RNA genome at ~1,700
nucleotides is smaller than that of any other animal virus. It is equally deceptive that the
small 195 amino acids HDAg is the only protein encoded and is essential for the
replication of the RNA genome. All this means that the RNA and the HDAg also have
to make many and essential interactions with components of the host cell.

The smallest form of HDAg is a crucial player in the HDV replication cycle.
While the L-HDAg is essential in the formation of new virions, allowing for HDV
propagation, it is S-HDAQg that is essential for the accumulation of HDV RNA, possibly
playing a direct role in HDV RNA replication. Thus, the subject of the present study
was S-HDAg, and, by characterizing this antigen, we aimed to, albeit indirectly, get a

deeper insight into the putative roles of this viral protein.

We Dbegan our Specific Aim 1 by addressing the significance of S-HDAg
subcellular localization in the presence and absence of HDV genome replication. We
found that S-HDAg locates predominantly in the nucleolus in the absence of HDV RNA
but is observed in the nucleoplasm in the presence of HDV RNA.

The nucleolar pattern may be justified by S-HDAg’s known interaction with
nucleolar proteins nucleolin and nucleophosmin. But, since S-HDAg only appears to
occur in the nucleolus in the absence of HDV RNA this may be deemed an irrelevant
pattern for HDV RNA transcription. Then again, this may instead be a necessary
transient step as nucleolar transit has been reported crucial for some viruses. Evidence
that virus proteins can target the nucleolus has been reported for DNA and RNA viruses
(Hiscox, 2002). This has led to the suggestion that viruses use such targeting to enhance
viral replication and alter host cell transcription and cell cycle regulation. Also, the
observed lack of nucleolar localization of S-HDAg expressed in the presence of HDV
RNA, is not necessarily contradictory with reports that host pol I, a nucleolar protein,
may be involved in HDV antigenomic RNA synthesis. For example, S-HDAg may not

be directly involved in antigenome synthesis and instead have an indirect role such as

87



6. Discussion and Future Perspectives

HDV genome transport to the nucleolus or chaperone-like functions for the
accumulation of processed HDV antigenomes.

To conclude our Specific Aim 1 we assessed how S-HDAg interacted with the
host cell by observing co-localization with relevant host factors in different nuclear

compartments.

When S-HDAg presented a nucleolar pattern, co-localization with host nucleolin
was observed as expected. Some time after S-HDAg induction both S-HDAg and
nucleolin migrated to the nucleoplasm. The same re-location was also observed when
cell stress was induced. However, S-HDAg is unlikely to interact directly with nucleolin
as, in the presence of non-replicating HDV RNA, S-HDAg locates in the nucleoplasm
and nucleolin maintains its nucleolar pattern. Considering that S-HDAg is a nucleic
acid-binding protein, we hypothesize that unspecific binding to ribosomal RNA
precursors is involved in S-HDAg nucleolar pattern. It is also possible that specific
post-translational modifications of S-HDAg may alter its intracellular localization.

S-HDAg presence in the nucleoplasm seems particularly relevant since pol I,
the host polymerase thought to be responsible for HDV genome replication, is present
in the nucleoplasm. It is likely that some direct or indirect interaction occurs between
host pol Il and S-HDAg as both proteins seem to be essential for HDV RNA
transcription and were shown to interact in vitro. In the absence of HDV RNA, S-HDAg
localizes to the nucleolus, and thus is unable to co-locate with the majority of host pol
.

Nevertheless, in the presence of HDV RNA, we observed the co-localization of
the two proteins. However, there is a caveat, in that co-localization of S-HDAg and pol
Il is consistent with but not proof of an interaction of functional significance. Co-
localization is also observed after HDV RNA accumulation has reached a maximum
level and therefore transcription has ceased (Chang et al., 2005). Even S-HDAg mutants
that are unable to support HDV RNA accumulation, co-locate with host pol Il. Also,
when pol Il activity is inhibited by a-amanitin the co-localization with S-HDAg is still
observed. As such, although we detect co-localization in the cell nucleoplasm of S-
HDAg and Pol Il, our data suggest that the proteins are not necessarily involved in
active HDV RNA transcription.
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In this Aim we have thus found that, although S-HDAg is essential for HDV
RNA accumulation, our observations more support the interpretation that S-HDAg
functions as a chaperone that protects/stabilizes the processed transcripts rather than be

directly involved in RNA transcription.

In Specific Aim 1 it remains unclear the biological significance of the observed
patterns. Particularly, to further understand the nucleoplasmic distribution of S-HDAg,
it would be interesting to perform in situ hybridization to assess the localization of the
viral RNA.

In Specific Aim 2 we tested the hypothesis that S-HDAg has some level of
intrinsic disorder. We observed that it has several characteristics common to
intrinsically disordered proteins. As mentioned before, these include a high net positive
charge, RNA binding ability, chaperone activity, no known enzymatic activity, ability
to oligomerize, and binding promiscuity. We applied an in silico analysis of S-HDAg
using a meta-predictor of disorder. We found that S-HDAg is largely disordered. Only a
small portion of the CCD was predicted to be less disordered, corresponding to part of
the S-HDAQg peptide that was crystallized by Zuccola et al. in 1998. Our result was also
independently confirmed by CD data, which showed that there is little secondary

structure other than the CCD region.

From our findings in Specific Aim 2 we predict that the high level of intrinsic
disorder constitutes important advantages for HDV. That is, such flexibility of S-HDAg,
would enable it to structurally adapt and engage in a variety of homo- or hetero-

multimer interactions with host proteins.

Regarding Specific Aim 2, it should be possible to determine S-HDAg’s
conformation ensembles or protein-cloud by combining data from different
experimental approaches. An understanding of the protein’s most likely conformations
could also provide clues on how S-HDAg binds its different partners. It could even be
assessed if the antigen assumes any rigid structure when bound to its partners. As part
of such a follow-up on Specific Aim 2 we are currently expressing and purifying

AB60HDAg labeled with **N and/or *C isotopes for NMR analysis. CD data will also be
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obtained for this recombinant purified protein. We hope to assemble information on S-
HDAQg structural features.

With our Specific Aim 3 we confirmed S-HDAg’s ability to multimerize. We
found that high molecular weight homomultimers of purified recombinant S-HDAg
occur in vitro. Furthermore, multimerization is also likely to occur in vivo as high S-
HDAg multimers were detected in virus-like particles. Also, in our in vitro experiments
the concentrations of S-HDAg used were estimated to be ~10 times less than the
average S-HDAg concentration within an infected cell. Thus we predict that multimers
are even more likely to form in vivo. Both our cross-linking and light scattering results
imply that recombinant S-HDAg alone forms mostly complexes of 6 up to 12

molecules.

Following this observation we tested the ability of the full-length recombinant S-
HDAGg to bind nucleic acids. We found that S-HDAg interacted with nucleic acids with
no apparent specificity (RNA vs. DNA, single- vs. double-stranded vs. rod-like) even

when S-HDAg multimers were cross-linked prior to the binding assays.

We interpret that the binding in our in vitro conditions is based on electrostatic
interactions. S-HDAg has a very high net charge (+12) and a multimer may have an
even greater total charge. Consequently, we observed a lack of specificity in binding

negatively-charged nucleic acids in vitro.

To conclude our Specific Aim 3 we assessed the importance of multimerization
in S-HDAg’s nucleic acid binding ability. We designed and expressed an N-terminal
truncated S-HDAg, A60HDAg, unable to multimerize and assessed its ability to bind
nucleic acids. The results obtained were similar to those for the full-length protein. In
our in vitro conditions we detected no binding specificity as AGOHDAg interacted with
HDV RNA as well as non-HDV RNA and DNA. Therefore we revised our earlier
interpretation. That is, lack of binding specificity is largely due to electrostatic
interactions between negatively charged nucleic acids and monomers of positively

charged S-HDA(g, and that multimerization, per se, is not essential for such interactions.
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The observed lack of binding specificity is consistent with our hypothesis in
Specific Aim 1 that S-HDAg binds rRNA precursors, in the absence of HDV RNA, thus

locating in the nucleolus.

Our findings in Specific Aim 3 clearly differ from published reports that
demonstrate S-HDAg’s binding specifically to HDV RNA (Defenbaugh et al., 2009).
However, we note that the authors used a different recombinant S-HDAg, with a C-
terminal truncation, which was shown to be HDV RNA specific in their in vitro
conditions. Similar to our findings, these authors did report a lack of specificity when
using a full-length recombinant S-HDAg. When the same research group used their C-
terminal truncated S-HDAg they observed that multimerization of S-HDAg is essential
for HDV RNA binding (Lin et al., 2010). An obvious interpretation is that if one

weakens the binding ability of the monomer then multimerization may be needed.

We speculate that in vivo, where extensive post-translational phosphorylation of
the S-HDAg occurs (Mu et a., 1999) this will reduce the net positive charge of the

monomer, so that multimerization may be needed for specific HDV RNA binding.

Specific Aim 3 should be continued in an attempt to clearly sate if S-HDAg’s
interaction with nucleic acid is specific for HDV RNA or not. Competition assays with
different nucleic acids could be considered to determine if there is a preference for
HDV RNA. Nonetheless, we would speculate that a disordered protein such as S-
HDAg, which can bind to many distinct host proteins, is also likely able to adapt to

different nucleic acids.

In conclusion, it is clear that, despite our observations presented here, and all the
progress in understanding HDV biology, many issues remain unresolved. We hope that
the work still in progress in our and other labs may contribute for a deeper knowledge

of this fascinating pathogen.
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Electrophoretic Mobility Shift Assay:
Analyzing Protein — Nucleic Acid Interactions

Carolina Alves and Celso Cunha

Center for Malaria and Tropical Diseases

Institute of Hygiene and Tropical Medicine, New University of Lisbon
Portugal

1. Introduction

Interactions between proteins and nucleic acids mediate a wide range of processes within a
cell from its cycle to the maintenance of cellular metabolic and physiological balance. These
specific interactions are crucdial for control of DMNA replication and DNA damage repair,
regulation of transcription, REINA processing and maturation, nuclear transport, and
translation.

The characterization of protein-nucleic acid interactions is essental not only for
understanding the wide range of cellular processes they are involved im, but also the
mechanisms underlying numerous diseases associated with the breakdown of regulatory
systems. These include, but are far from being limited to, cell cycle disorders such as cancer
and those cansed by pathogenic agents that rely on or interfere with host cell machinery.
More recently, it has been hypothesized that many neurological disorders such as
Alzheimer’s, Huntington's, Parkinson's, and polyglutamine tract expansion diseases are a
consequence, at least in part, of aberrant protein-DINA interactions that may alter normal
patterns of gene expression (Jiménez, 2010).

The electrophoretic mobility shift assay (EMSA), also known as gel retardation assay, is a
regularly used system to detect protein-nucleic acid interactions. It was originally developed
with the aim of quantifying interactions between DN A and proteins (Fried & Crothers, 1981;
Gamer & Revzin, 1981) and since then evolved to be suitable for different purposes
including the detecton and quantification of RMNA-protein interactons. EMSA is most
commonly used for qualitative assays including identification of nucleic acid-binding
proteins and of the respective consensus DMNA or ENA sequences. Under proper conditions,
however, EMSA can also be used for quantitative purposes including the determination of
binding affinities, kinetics, and stoichiometry.

EMSA is a commonly used method in the characterization of transcription factors, the most
intensely studied DNA-binding proteins, and the largest group of proteins in humans,
second only to metabolic enzymes. Their purificaion and identificaion is crucial in
understanding gene regulatory mechanisms. Transcription factors are sequence specific
DMNA binding proteins that are usually assembled in complexes formed pror to
transcription inifiation. They bind discreet and specific DNA sequences in the promoter
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region functioning either as an activator or repressor of expression of the targeted gene
through protein-protein interactions (reviewed by Simdicevic & Deplancke, 2010).
Transcription factors play essential roles during development and differentiation. It is well
established that disruption of normal function of tissue-specific transcription factors, as a
result of mutations, is often associated with a number of diseases including most forms of
cancer, neurological, hematological, and inflammatory diseases. Additionally, transcription
factors are often found differentially expressed in different pathologies suggesting an at
least indirect involvement on the onset or progression of diseases. Ome of the most
prominent examples of the imvolvement of transcription factors in development and
progression of diseases is perhaps the p33 protein. p53 is a transcription factor involved in
the modulation of expression of several genes that regulate essential cellular processes such
as cell proliferation, apoptosis, and DINA damage repair (reviewed by Puzio-Euter, 2011).
Mutations in p33 that cause loss of function were reported in about 50% of all cancers. It is
believed that this loss of function makes cancer cells more prone to the accummlation of
mutations in other genes thus facilitating and accelerating the formation of neoplasias
(reviewed by Goh et al., 2011).

In our laboratory, research is mainly directed to the study of host-pathogen interactions
during hepatitis delta virus (HDV) replication and infection. HDV is the smallest human
pathogen so far identified and infects human hepatocytes already infected with the
hepatitis B virus (HBV). Both viruses have the same envelope proteins that are coded by
the HBV DNA genome. HDV is, thus, considered a satellite virns of HBEV. The HDV
genome consists of a single-stranded, circular, RINA molecule of about 1700 nucleotides.
This genome contains only one open reading frame from which two forms of the same
protein, the socalled delta antigen, are derived by an editing mechanism catalyzed by
cellular adenosine deaminase I. Both forms, small and large delta antigen, were shown to
Play crucial roles during wirus replication: the small delta anfigen is necessary for virus
ENA accumulation and the large delta antigen plays an important role during envelope
assembly (reviewed by Rizzetto, 2009). However, neither protein seems to display any
known enzymatic activity. Accordingly, HDV is highly dependent on the host cell
machinery for virus replication. It has been shown through EMSA that the small delta
antigen binds in vitro to RNA and DNA without any specificity, which is in agreement
with one of the roles attributed to the protein as a chaperone (Alves et al, 2010). Making
use of different experimental approaches it was possible to identify a number of cellular
proteins that interact with HDV antigens or ENA (reviewed by Greco-Stewrart & Pelchat,
2010). However, the precise role played by most host factors during the wirus life cycle
remains elusive. Furthermore, it is highly consensual among HDV researchers that many
other cellular factors that interact with delta antigens or HDV ENA remain to be
idemtified and it is crucial to find those that interact with HDWV RINA for a better insight on
its replication and as possible targets for new therapies.

In this chapter we will review the principles of EMSA and its advantages and limitations for
the gquanfitative and qualitative amalysis of protein-nmcleic acid interactions. The key
parameters influencing the quality of protein samples, binding to nucleic acids, complex
migration in gels, and sensitivity of detecton will be discussed. Finally, an overview of the
principles, advantages and disadvantages of methods that are an alternative to gel
retardation assays will be provided.
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2. Advantages and limitations

Since its first publication, in 1981, several improvements and variant techniques of EMSA
were reported. Originally described as a method to qualitatively detect protein-DNA
interactions, gel retardation assays rapidly became one of the most popular methods to map
interaction sequences and domains not only in DINA but in EINA-protein interactions as
well. EMSA was also adapted in order to allow the determination of quantitative parameters
including complex stoichiometry, binding kinetics and affinity.

Several features made EMSA one of the most popular methods among researchers that
study protein-mucleic acid interactioms. Probably, the main advantages of EMSA when
compared to other methods, as we will further discuss in the next sections, may be
considered as follows: (1) EMSA is a basic, easy to perform, and robust method able to
accommodate a wide range of conditions; (2) EMSA is a sensiive method, using
radicisotopes to label nucleic acids and autoradiography, it is possible to use very low
concentrations (0.1nM or less) and small sample volumes (20 pL or less; Hellman & Fried,
2007). Ewen though, less sensitive, non-radicactive labels are often used as well These
labels can further be detected wusing fluorescence, chemiluminescence or
immumohistochemical approaches. Although less sensitive then radicisotopes, the wide
variety of labels that can be used makes EMS5A a very versatile method; (3) EMSA can also
be used with a wide range of nucleic acid sizes and structures as well as a wide range of
proteins, from small oligonucleotides to heavy transcription complexes; (4) Under the right
conditions a gel retardation assay can separate the distribution of proteins between several
nucleic acids within a single sample (Fried & Daugherty, 1998) or distinguish between
complexes with different protein stoichiometry and/or binding site distribution (Fried &
Crothers, 1981); (3) FPinally, but not less important, it is possible to use both crude protein
extracts and purified recombinant proteins enabling the identification of new nucleic acid-
interacting proteins or characterization of specific proteins and its targets.

Despite its sensitivity, versatility and usually easy to perform protocols, EMSA is often
considered to bear a number of limitations. Dissociation can occur during electrophoresis
gsince samples are not at equilibrinvm during the run, thus preventing detecton
Additionally, complexes that are not stable in solution may be stable in the gel requiring
wvery short runs so that the observed pattern relates to what happens in solution. EMSA does
not provide a straightforward measure of the weights or entities of the proteins as mobility
in gels is influenced by several other factors. Also, EMSA does mot directly provide
information on the nucleic acid sequence the proteins are bound to. However, this problem
may usually be overcome using footprinting approaches as described further ahead. Kinetic
studies using EMSA are limited since the time resclution for a regnlar EMSA protocol
consists of the time required to mix the binding reaction and for the electrophoretic
migration to occur before the mix enters the gel. Only processes that have relaxation times
larger than the interval required for solution handling are suitable for kinetic shudies.

3. How complexes migrate in gels

In this secton, we will start with a simple account of the characteristics of the
electrophoretic mobility of nucleic acids alone, and afterwards we will discuss how the
formation of protein-nucleic acid complexes alters these characteristics.
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In a non-denaturing agarose or polvacrylamide gel and conventional buffer conditions the
mucleic acids, being negatively charged, will migrate towards the anode when electric
current is applied. The gel will then act as a sieve selectively impeding the migration in
proportion to the nucleic acid molecular weight, which is generally proportional to its
charge. Therefore, and as the weight is approximately related to chain length, the length of
mucleic acid is estimated by its migration. There is though another property that affects gel
migration that is the topology of the nucleic acid (conformation, circularity) making the
molecules seem longer or shorter than they really are. Secondary and teriary structures can
be removed using denaturing agents (for example, formaldehyde, formamide and urea)
allowing for the electrophoretic mobility to become a simple function of molecular weight
Obviously, this denaturing step canmot be applied in a gel retardation assay as it would
impede the interaction between the protein and nucleic acid.

M 1 2 M

Fig. 1. Example of an electrophoretic mobility shift assay. An unlabeled DN A of £00 base
pairs (bp) was incubated in a phosphate buffer (137¥m» NacCl, 2. 7mM ECI, 4£.3mM
MNa,HPOy, 1.5mM KEH,PO,, pH 7.4) in the absence (1) or presence (2) of 2uM of small
delta antigen. The samples were loaded onto a 1.3% agarose gel and after electrophoresis
in TAE buffer (40mM Tris acetate, 1mM EDTA) the DN A was stained with ethidinm
bromide. (M) represents the molecular weight marker (GeneFuler DINA Ladder mix,
Fermentas).

WWhen a protein is added to the mix and interacts with the nucleic acid forming complexes it
results in a change in gel migration relative to that of the free nucleic acid. This shift is
mainly due to an obvious increase in the molecular weight, the adjustment of charge and
eventual changes in the nucleic acid conformation. In figure 1 we give an example of an
EMSA study where the small delta antigen was added to DINA. It is clear that the addition
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of the small delta antigen (Fig.1. well 2) to a 200bp DINA fragment results in the formation of
a complex with decreased gel mobility when compared with the unbound DINA (Fig 1. well
1). We can conchude that under our in wvifro binding conditions, the small delta antigen
interacts with the given 400bp DINA fragment causing a clear mobility shift.

It is expected that when protein binds a nucleic acid fragment there will be a decrease in
relative mobility and if the protein doesn’'t induce any appreciable bend on the nucleic acid
then the conformational contribution to the decrease is small Although an increase in the
protein molecular weight results in reduction of gel migration it has been reported that the
increase of the nucleic acid length can have the opposite effect. This was reported for the Lac
repressor bound to DNA fragments of increasing sizes, which resulted in an increase of
relative mobility (Fried, 1989). This cbservation indicates that the ratio of protein and
nucleic acid weights is more important in the migration than the absolute weight of the
complex. Another interesting study reports that the binding of protein to a nucleic acid can
accelerate mobility. This was observed for relatively large linear DN A binding to a protein
from the hyperthermophilic Methanothermus fervidus that was shown to induce nucleic acid
condensation (Sandman et al., 1990). In this case the conformational change of the DNA is a
stronger factor than the weight increase, causing acceleration rather than a decrease in
relative mobility.

Crverall, the conformational features that influence gel migration of protein-nucleic acid
complexes are not thoroughly studied and questions are only raised when exceptions
emerge such as the one: mentioned above. Nowadays, the EMSA method iz almost
exclusively used to analyze the interaction between proteins and nucleic acids and to a
lesser extent its conformations that can influence gel migration. When exceptions arise and
the retardation pattern is not exactly as predicted, it can still point out clearly whether the
molecules are interacting or not. In the end, the exact location of the resulting gel bands
cannot be predicted but the answer is usually unambiguons.

External factors can also influence the separation of the bound or unbound nucleic acid such
as the nature of the gel matrix and temperature during electrophoresis. Generally, the best
resolution is obtained with the smallest pore diameter that allows the migration of unbound
nucleic acid. However, if large complexes are expected there should be a compromise in
pore size so that they can enter the gel matrix. As will be discussed below, polyacrylamide
gels offer the best conditions for small complexes and nucleic acid fragments. On the other
hand, agarose gels are more suitable for larger aggrepates.

The detection of a protein-nmcleic acid complex within a gel depends critically on the
resolution obtained between unbound nucleic acid and the formed complexes as well as its
stability within the gel matrix. In most cases, the gel matrix is expected to stabilize the
preformed complex as it impedes the diffusion of dissociating components maintaining the
concentration of protein and nucleic acid (and complex) at levels as high or higher than
those achieved in the equilibrium binding reactiion. This of course is compromised if for
instance the salt concentration in the binding reacton differs largely from that in the
electrophoresis/gel buffer, resulting in an adjustment in salt concentration that could
disrupt the complexes formed. As the gel retardation method is an in vitre assay, when
extrapolating to the in vivo conditions one must be careful as the former may provide
favorable binding conditions that are not achieved at physiological concentrations.
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4. The method

There are five focal steps in a conventional EMSA protocol that invelve different variables
susceptible to optimization: (1) preparation of protein sample; (2) synthesis and labeling of
nucleic acid; (3) binding reaction; (4) non-denaturing gel electrophoresis and (5) detection of
the outcome. In this segment we will discuss each step separately mentioming the key
variables in each one and the opHons available for any given situation. Figure 2 represents
schematically the regular steps in a gel retardation assay that will be discussed below.
Whenever possible we will also refer to examples in the literature.

labalad protain
nuclac aid sample non-denaturing gel electrophoresis
.a/—-\ B B G

N/ o
D

binding
reaction L

Fig. 2. A schematic representation of a conventional EMSA protocol. The labeled nucleic
acid, simplified as lines with a star representing the label, is mixed with the protein sample,
represented by the oval shapes, in a binding reaction and then loaded inte a non-denaturing
gel. After electrophoresis the result is detected according to the label in the nucleic acid. Cn
the schematic gel (A) represents a well on which only the labeled nucleic acid was loaded.
The free nucleic acid is expected to have more mobility than the bound molecules. In well
(B) is symbolized a labeled nucleic acid binding to one small peptide and in well (C) is
binding to two larger proteins. The heavier complex (in C) is expected to display the lowest
mobility during electrophoresis and therefore is closer to the beginning of the gel.

4.1 Preparation of the protein sample

Regarding the protein sample, the EMSA can be divided into two categories based on
whether the nucleic acid-interacting protein is kmown or not Therefore, preparing the
protein sample will depend on which category it falls, in order to obtain an optimal
performance.

When faced with a putative mucleic acid-binding protein or complex of completely
unknown subcellular origin, whole cell extracts mmst be used. If there is an educated guess



Electrophoretic Mobility Shift Assay: Analyzing Protein — Mucleic Acid Interactions 211

on the nature of the protein, it is advisable to isolate nuclear and cytoplasmic proteins from
crude extracts improving the results. Particularly, if the binding protein is thought to be
nuclear and in low abundance, the isolafon of nuclear extracts will prevent the dilution that
would occur if whole cell extracts were used, which could render the concentration too low
for the protein to be even detected.

Cell extracts are easy and relatively fast to obtain and the methods are commeonly derived
from the protocol described by Dignam and collaborators almost three decades ago
(Dignam et al., 1983). This method isolates both muclear and/or cytoplasmic proteins
suitable for later analysis using EMSA. One disadvantage in preparing cell extracts is its
crudeness; they generally degrade faster than purer preparations due to the presence of
cellular proteases. To limit protein degradation or alteration the protocol should be
performed on ice or at 4°C and protease inhibitors should be added. A control test can easily
be performed to assess the viability of the extract by using ubiquitous DINA probes (Kerr,
1995). If these fail than the cell extract might be “dead”. Despite its disadvantages cell
extracts are needed when the interest lies in identifving new nucleic acid-binding proteins
or when a complex of different proteins is needed to interact with the target nucleic acid as
sometimes one recombinant protein cannot bind by itself Tissue samples can also be a
source of protein sample for these assays. The same care should be taken as in whole cell
extracts to minimize the activity of proteases.

If the nucleic acid-binding protein is known then recombinant proteins can be expressed
and purified. Fecombinant or heterologous proteins are commeonly expressed in bacteria or
an eukaryotic cell line of interest. Fusion proteins of the target are generally constructed
with a tag to facilitate purificaion. Common tags, such as glutathione-S-transferase (G5T),
tandem affinity purification tag (TAP tag), maltose binding protein (MBF) or 6xHistidine,
are cloned in frame with the protein. Sometimes it is possible to include a protease cleavage
site between the protein of interest and the tag so the latter can be easily removed after
purification. Even though a tag can be very helpful, it should be taken into account that it
can alter the recombinant protein conformation and even disrupt its binding ability. On the
other hand they can be helpful in stabilizing the protein terminus they are close to. A careful
study is needed when choosing the tag and usually small peptides are preferred to
minimize its impact on the recombinant protein of interest.

There are several systems available for the production of heterologous proteins of which
bacterial extracts of Escherichia coli are one of the most widely used. This Gram-negative
bacterinm remains an attractive host due to its ability to grow rapidly and with
high density using inexpensive substrates. Its genetics has been well characterized for
quite some time and there is a wide range of cloning vectors as well as mutant host strains
that make it such a wversatile system. Typically, the heterologous complementary DINA
is cloned into a compatible plasmid which is then transfected into the bacteria to achieve
a high gene dosage. This doesn't necessarily guarantee the accummulation of high levels
of a full-length active form of the recombinant protein but other efforts can be made
to improve that. To achieve high-level production in E. coli strong promoters should
be used such as the bacteriophage T7 late promoter, and usually the T7 polymerase is
also present under IPTG (isopropyvl-p-D-1-thiogalactopyranoside)-induction. In the past
vears several strains have been engineered to improve the recombinant protein
vields through efforts to increase mRINA stability as well as improve transcription
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termination and translational efficiency (reviewed by Baneyx, 1999 and Makine et al,
2011). However, this extensively used system for protein overexpression has an important
drawback when studying eukaryotic proteins. The bacterial systems are not able to
perform post-translational medifications that would eventually happen in wvivo in
eukaryotic cells.

When working with recombinant nucleic acid-binding proteins it should be taken into
account the importance of post-franslational modifications on the protein’s binding ability.
A careful research of previous reports might hint if it is necessary to perform modifications
pricr to the binding reaction. In some cases post-translational modifications change the
sequence-specificity of the binding. For example, genotoxic stress induces modifications on
the C-terminus of the tumor suppressor protein p53 that modulate its DNA-binding
specificity (Apella & Anderson, 2001). If the modifications are crucial, rather than unsing
bacterial exitracts a more biologically relevant host should be considered. Transient gene
expression in mammalian cells has become a routine approach to express proteins in cell
lines such as human embryonic kidney cells. The benefits are obvious for the production of
eukaryolic proteins in mammalian cells as post-translational modifications will likely be
native or near-native, solubility and correct folding are more likely to occur as well as
expression of proteins in their proper intracellular compartments. These methods, however,
tend to be more expensive as cells need a more complex growth media and there is a lower
diversity in cloning vectors. To get out of the latter limitation an alternative approach uses
baculovirus-infected insect cells. In this method a recombinant virus is produced either by
site-specific transposition of an expression cassette into the shuttle wector or through
homoelogous recombination (reviewed by Jarvis, 2009).

When expressing recombinant proteins, sometimes, the heterologous genes interfere
severely with the survival of the host cell. For toxic proteins produced in E. coli strains there
are some techmiques available to get around this problem. A highly toxic gene can be
defined as a gene that, when introduced into a cell, causes cell death or severe growth and
maintenance defects even prior to expression induction. The best solution for expressing a
highly toxic gene is to enable the host to tolerate it during the growth phase, so that after
induction an efficient expression ensures a rapid and quantitative production of the toxic
protein before the cell dies (reviewed by Saida et al, 2006). This can be achieved by different
strategies such as manipulation of the gene’s tramscriptional and translational control
elements, for example, by suppressing basal expression of the toxic protein from leaky
inducible promoters. Managing the coding sequence to produce reversible inactive forms or
conirolling the plasmid copy number is also an option as well as selecting less susceptible E.
coli strains or adding stabilizing sequences.

Cell-free systems are also available to express recombinant proteins including in vitro
transcription’, translation systems such as rabbit reticulocyte systems, wheat germ based
systems or E. coli cell-free protein expression systems (reviewed by Endo & Sawasaki,
2006). Here, proteins can be expressed directly from cDNA templates obtained
through PCR, avoiding subcloning which makes it a faster method by skipping this step,
and eventually cheaper. It can also be used to express proteins that seriously interfere
with the cell physiology such as the toxic proteins mentioned above. On the other hand
these methods usually achieve smaller yields than for imstance bacterial extracts
approaches.
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4.2 Synthesis and labeling of nucleic acids

COme of the kev advantages of EMSA is its versatility as it can be performed using a wide
range of nucleic acid structures and sizes. This method can characterize both double- and
single-stranded DINA as well as EINA, triplex and quadruplex nucleic acids or even circular
fragments. The probe design and synthesis depends on the application or purpose of the
study and is a significant aspect, as it will influence the detecHon and therefore the
sensitivity of the results. There are two main aspects to consider in this step: the length of
the nucleic acid and its labeling,

Unlabeled nucleic acids can be used in a gel retardation assay and be detected by post-
electrophoretic staining with chromophores or flucrophores that bind nucleic acids or in the
“classical way” using ethidium bromide. Howewver the use of labeled nucleic acids is usually
preferred as it can facilitate detection and add sensitivity to the method. The most common
choice is radioisotope labeling as it offers the best sensitivity withount mterfering with the
structure of the probe. A higher sensitivity makes it ideal for assays that have a limited
amount of starting material. The radicisotope, usually 2P, can be incorporated in the nucleic
acid during its synthesis, by the use of labeled nucleotides, or afterwards via end labeling
using a kinase or a terminal transferase. With a radicactive label the EMSA results can be
easily detected by antoradiography. Even if radioisotope labeling confers high sensitivity to
the method it implies handling hazardous radicactive material requiring exira safety
measures that may not be available. Other labels can be used as alternatives that, even
though are less sensitive, are a lot safer to manipulate and more stable such as fluorophores,
biotin or digoxigenin (Holden & Tacon, 2011). When these molecules are used detection is
achieved by chemiluminescence or mmunchistochemistry. Although, in general
radicisotope labeling achieves higher sensitivity there are some reports that similar results
can be obtained with other labels such as Cyano dye Cy5 (Ruscher et al, 2000).

Although the most common approach is the labeling of the nucleic acid probe there are
protocols available that employ protein labeling at the same time. For example, Adachi and
co-workers suggest the use of an iodoacetamide derivative labeling of the thiol residue of
cysteins (Adachi et al, 2003). Using radicisotope labeled DMNA mived with a nuclear protein
extract they perform a conventional EMSA and after detecion by autoradiography the
complexes are eluted from excised gel bands and treated with 3-iodecacetamidofluorescein
for protein labeling. The sample is then loaded onto a denaturing gel and after
electrophoresis is transferred to a membrane and detected with anti-fluorescein antibody.
This allows the characterization of the proteins in the complex giving information on how
many proteins are present and their molecular weight Howewver it is not able to detect
proteins without cystein residues.

Regarding the length of the nucleic acid probe, it depends on what is being studied. If one is
looking for specific binding sites, small probes can be used to assess with each segment the
protein will interact. The use of short nucleic acids has several advantages as they are easily
synthesized and inexpensive to purchase; a small sequence has less non-specific binding
sites (it should be particularly advantageous when a protein has low sequence-specificity);
the electrophoretic resolution between complexes and free nucleic acid is higher so shorter
electrophoresis times can be used. MNevertheless, in a short sequence the binding sites are
closer to the molecular ends which can canse aberrant binding and it can be tricky to resolve
the free nucleic acid from the complexes formed if these have a very high molecular weight.
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Om the other hand, the longer nucleic acid targets avoid these problems but will have more
non-specific binding sites and the mobility shift is generally smaller requiring longer
electrophoresis times as they run more slowly. A compromise needs to be reached
depending on what the EMSA study is ryving to achieve.

4.3 Binding reaction

The interaction between proteins and nucleic acid is sensitive to salt concentration and pH
as it will influence the protein charge and conformation. Howewver, the experimental
conditions are very versatile in that different buffers can achieve good results. The most
commonly used are Tris based buffers but other options include 2-(2-hydrosyethyl)-1-
piperazineethanesulfonic acid (HEFES), 3-(N-morpholino)-propanesulfonic acid (MOPS),
and glycine or phosphate buffers. Naturally, it is advisable to provide an environment as
close as possible to physiological conditions so the data obtained in vifro can be related to
what happens in vivo.

Additives can be included in the binding reaction either if the imteractions require the
presence of co-factors or stabilizing agents, or as helpful components to minimize non-
specific binding Glycerol or other small neutral solutes, for example sucrose, can be
added to the binding mixture to stabilize labile proteins or enhance the stability of the
interaction (Vossen et al, 1997). These solutes are used at final concentrations of 2M or less,
as higher concentrations might interfere with the sample’s viscosity and complicate
handling. Other assays may require the presence of co-factors for a comrect interaction such
as the presence of cAMP for the E. coli CAP protein (Fried & Crothers, 1934) or ATP for
human recombinase Rad31 (Chi et al, 2006). Non-ionic detergents are used to maximize
protein solubility. In this case, the concentrations used depend on the detergent and system
under study. Nuclease and phosphatase inhibitors can be useful as well as protease
inhibitors, which as mentioned before, are particularly important when the protein sample
comes from cell extracts. These inhibitors are commercially available and the concentration
depends on the manufacturer’s instructions. Some of the additives mentioned, particularly
those involved in stabilizing the formed complexes can be included not only in the binding
mixture but also in the gel buffers.

To minimize non-specific loss of protein the addifion of a carrier protein (less than
01mg/mL) such as bovine serum albumin can be very helpful. The addition of unlabeled
competing nucleic acids is suitable when there are secondary binding activities that mask
the relevant one. Of course this only works if the protein interacts with the target nucleic
acid with greater affinity then its competitor and the secondary binding does not
discriminate between the sequences. Since the presence of a competing mucleic acid will
always reduce the amount of specific binding, testing different competitors and
concentrations is needed to optimize the assay. Another option to circumvent the problem
of non-specific binding is the addition of salt at concentrations that will distupt non-specific
ionic bonds but leave the more specific interactions unimpaired.

4.4 Non-denaturing gel electrophoresis

After the binding reaction the free nucleic acid is separated from the formed complexes by
non-denaturing gel electrophoresis. EMSA can be performed on polyacrylamide or agarose
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gels depending mainly on the size of the nucleic acid and desired resclution. The average
pore size is estimated to be around 5 to 20nm in diameter for 10 and 4% acrylamide gels
respectively (Lane et al, 1992). Typically the higher comcentration gels are used for
oligonucleotides and small ENAs and the lowest concentration for DNA fragments of
around 100bp. A polyacrylamide gradient gel is sometimes preferred over linear gels as the
gradient in pore size increases the range of molecular weight frachoned in a single rum,
which is particularly important when the complex has a much higher weight than the free
nucleic acid (Walker, 1994). When complexes of different composition are formed, the
gradient gels are also more likely to separate those with close molecular weight.

Agarose gels, on the other hand, have a pore size of around 70 to 700nm (Lane et al., 1992} in
diameter and are therefore mostly used in assays with larger nucleic acid fragments or when
large protein complexes are expected. Overall, polyacrylamide gels offer a better resclution
for nucleic acid-protein complexes with a molecular weight of up to 500,000Da (Fried, 1989
as cited in Hellman & Fried, 2007).

Regarding the electrophoresis buffers, it should be taken into account the fact that the
interaction between mucleic acids and proteins involves an ionic component. Therefore, the
buffer's ionic strength and pH are important features that play a role in the complex
stability. Although this is a very important factor there hasn't been, to our Imowledge, any
thorough study on the subject. The choice of electrophoresis buffers is varied and generally
low iomic strength buffers are preferred and sometimes coincide with the buffer used in the
binding reaction. Buffers with a medium salt concentration help stabilize the complexes,
generate less heat during electrophoresis and also increase the speed of migration. High =alt
concentrations not only disrupt the complexes but also interfere with its movement into the
gel matrix and lead te significant heating during the electrophoresis. Too low =zalt
concentrations can also disrupt the stability of the preformed complexes as well as separate
a double stranded DINA template (Kerr, 1993). The most commeon buffers are TBE (90mM
Tris-Borate, 2mM EDTA, pH 8) and TAE (40mMJd Tris-Acetate, ImM EDTA, pH 8). However,
there are some complexes that cannot be detected with the classical buffers. For example the
complexes formed bebween phage Mu repressor and its operators have an electrophoresis
buffer-dependent stability and require Tris-glycine buffer at pH 9.4. (Alazard et al, 1992 as
cited in Lane et al., 1992).

Particularly, in agarose gels it is important to monitor the temperature during
electrophoresis to prevent the gel from heating up which could result in dissociation of the
nucleic acid-protein complexes. Some cases may require that pre-cooling of the gel or even
that the electrophoresis proceeds at lower than room temperatures, which can be achieved
with special refrigeration devices.

4.5 Detection

The detection of an EMSA result will naturally depend on the labels used if any has been
used. The results uncovered can involve the detection of the mobility shift between free
nucleic acid and the complexed form or the detection of the mobility shift of free protein and
the complexes.

Looking at the nucleic acid component without any label added the shift in mobility can be
detected by staining with molecules that bind mmcleic acids. Different products can be used
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ranging from the classic but hazardous ethidium bromide to other chromophores or
fluorophores such as RedSafe DMA Stain (ChemBio) or SYBR® Safe DNA gel stain
(Imvitrogen). When the mucleic acid has been previously labeled the detection methods
depend on the nature of the label. A P radicisotope is one of the easiest and most sensitive
methods to detect nucleic acids but it's a hazardous material to work with. Other very
common labels are biotin, digoxigenin or flucrophores. These labels are inmocuous but
usually give less sensitive results and the detecion procedure can involve extra steps such
as transfer to a membrane and incubation with primary and secondary antibodies as well as
intermediate washing steps. The results in these cases can be observed by
immunohistochemistry or chemiluminescence approaches.

The detection of protein mobility shift involves less direct methods, meaning, extra steps
such as a denaturing step and electrotransfer onto a membrane, may be necessary as they
are usually immunodetected. If the protein of interest is kmown, and a specific antibody is
available, it can be used in detection. If not, a method such as the one discussed abowve,
proposed by Adachi and colleagues that involves labeling the thiol group of cysteins and
using an antibody against the label. Stepwise, the easier way to detect protein in an EMSA is
by labeling it with radicisotope, a method designated by reverse EMSA that will be
discussed ahead. This procedure has the disadvantage of working with radicactive material
but the mobility shift can be visnalized by autoradiography.

5. EMSA applications

The gel retardation assay has been used under different conditions in order to achieve
specific results. The method is useful in studying not only the interaction between proteins
and nucleic acids but also in assessing nucleic acid conformational characteristics. It can be
used to characterize bends in the DNA double helix with polyacrylamide gels and
comparative measurements (for an example Crothers & Drak, 1992) or to detect complexes
formed with super coiled DNA being sometimes designated as topoisomer gel retardation
(for examples see Palecek, 1997; Nordheim & Meese, 1988). In this section we mention how
a gel retardation assay can help characterize protein-nucleic acid interactions.

5.1 Binding constants

Although EMSA is most commonly used as a qualitative assay it can, under certain conditions,
provide quantitative data for relatively stable complexes. One of its earliest applications was in
the measurement of kinetic and thermodynamic parameters. The association rates are
determined by mixing the complex components at kmown concentrations and loading them in
a rurming gel at precise intervals (for an example Spinmer et al., 2002). For dissodation rates, a
time course experiment is done by addition of competing mucleic acid to the preformed
complexes (Fried & Crothers, 1981). The binding constant can be determined by the amount of
complex formed as a fumcton of protein concentration at equilibrium or as a ratio of the
association and dissociation constants (for an example Demarse et al, 2009). An alternative
method to measure kinetic and thermodynamic constants is the nitrocellulose filter binding
assay that will be mentioned below.

As an example we show in figure 3 the titraion of a DINA with the small delta protein to
assess binding constants. The binding reaction was done by incubating the samples in a
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phosphate buffer during the same period of time (10 minutes) and then loading them onto
an agarose gel for electrophoresis. It is clear that when the protein is present at only 0.25pM
it does not interfere with the DNA mobility (Fig.3. well 2) as the band covered the same
distance as the first sample, in which the protein was not present (Fig.3. well 1). But when
1.5uM of the small delta antigen are present in the binding reaction there is almost no free
DM A present and the majority of the molecules are bound in a complex (Fig3. well 3). In the
intermediate concentrations it can be clearly observed the decreasing presence of free DINA
and increasing DN A-protein complexes as the protein concentration raises. We can consider
that the dissociation constant can be estimated by quantifying the disappearance of the free
DMNA band (Demarse et al, 2009). From figure 3 we can say that the apparent dissociation
constant is between 1 and 1.5pM.

1 2 3 4 5

Fig. 3. Titration of a 500bp DN A fragment with the small delta antigen to estimate binding
constants. An unlabeled 5300bp DN A complementary to part of the HDV RNA was
incubated, in a phosphate buffer (137mM NaCl, 2. 7mM KCl, 4 3mM Na;HPOj, 1.5mM
EH:POy, pH 7.4), with increasing concentrations of small delta antigen of 0; 0.25; 0.5; 1;
and 1.5pM and samples were loaded onto wells 1, 2, 3,4 and 3, respectively.
Electrophoresis was in a 1.5% agarose gel in TAE buffer and the DINA was stained with
ethidium bromide.

5.2 Cooperativity

Proteins can bind nucleic acids in a cooperative manner, that is, the complexes formed
involve the binding of more than one protein to a specific nucleic acid segment. These
multiprotein complexes may be a consequence of direct protein-protein interaction needed
for nucleic acid binding, or a protein-induced deformation of the mucleic acid is a
prerequisite to facilitate the binding of a second protein, or it may result from the bringing
together of molecules bound at distinct sites in the nucleic acid sequence. The cooperativity
can be inferred in a gel retardation assay from the underrepresentation of intermediate
complexes between the unbound and saturated states. Mulliprotein complexes can be
comprised of a single protein species forming a homomultimer or of different proteins. The
latter can be easily characterized by EMSA by the stability of the complexes formed with
one protein in the presence or absence of the other(s).
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5.3 Stoichiometry

Determining the important parameter that is stoichiometry is not as easy a task as it seems.
The apparent weight changes estimated from the complexes” gel mobility are not applicable
in determining the stoichiometry due to complications of charges and conformational
effects on gel migrabion. A different appreach is needed. The presence of truncated or
extended protein derived from the wild-type but with the same binding and
multimerization capacity will originate new bands that can reflect the monomers bound to
the nucleic acid (Hope & Struhl, 1987). A similar method that will be discussed in the next
segment is the supershift EMSA that uses an antibody specific for the binding protein
recognizing an epitope that is accessible while the protein is bound to the nucleic acid. The
addition of the antibody to the preformed complex can provide an estimate of the number of
proteins bound by the extent of increments in retardation (Michael N & Roizman B, 1991 as
cited in Lane & Prentki, 1992).

A more complex approach has been proposed in 1933 to determine a complex's
stolchiometry (Granger-Schnarr et al, 1988). After the separation of the free and the
complexed nucleic acid on a non-denaturing gel, the proteins are transferred to a membrane
after sodium dedecyl sulfate (SDS) denaturation. This then allows the detection of proteins
directly or indirectly using a specific antibody. The protein bands as well as the nucleic acids
autoradiograph are then quantified by densiometry and the relative stoichiometry can be
determined. The need for a specific antibody limits this method to complexes formed by
well kmown proteins with available antibodies.

6. EMSA variants

COrver the years variations or coupling of the EMSA protocol with other methods has been
proposed to enhance its results or obtain more information from one experiment. Some
examples of these EMSA-based approaches will be presented.

6.1 Reverse EMSA (rEMSA)

A reverse EMSA consists in labeling the protein sample rather than the nucleic acid
(Filiom et al., 2006). This method shows the difference in mobility between the free
protein and nucleic acid-bound protein. It is an approach that can facilitate the
determination of the protein binding affinity nusing different nucleic acids. Becanse the label
used is S instead of 32P it is less sensitive than the conventional EMSA due to the isotope’s
ETIETEY.

6.2 Supershift EMSA

The supershift EMSA uses the same protocol as a regular EMSA except in that an antibody
against the binding protein is added. As a result there is a more marked mobility shift
during electrophoresis because the antibody will increase the overall complex molecular
weight, hence the term supershift. This method can help identify if the proteins present in
the complex have a specific epitope and is also used to wvalidate previously identified
proteins. It can also improve resolution when the difference between free nucleic acid and
the complex is very small.
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6.3 Multiplexed competitor EMSA (MC-EMSA)

The multiplexed EMSA was developed in 2008 by Smith and Humphries to characterize
nuclear protein and DN A interactions, namely with transcription factors. In this method the
muclear extract is incubated with a pool of unlabeled DNA consensus competitors prior to
adding the labeled DNA probe. An initial EMSA run will determine which cocktail
competes with the probe binding to nuclear proteins which will then run individually in
another EMSA to determine the precise competitor (Smith & Humphries, 2008). It is a
competition-based method to identify uncertain DNA binding proteins requiring only a
prior knowledge of transcription factor consensus sequences.

6.4 Two-dimensional EMSA (2D-EMSA)

The two-dimensional EMSA is a process that combines EMSA with proteomic or sequencing
technmiques to identify the proteins or the nucleic acid sequences that are present in the
formed complexes. Two slightly different protocols have been developed to identify the
interacting proteins and another method aims at the target nucleic acid sequence.

An initial approach was proposed by Woo and colleagues as they tried to idenfify and
characterize transcription factors (Woo et al, 2002). A crude nuclear extract is partially
purified by gel filtration and the resulting fractions are then bound to the nucleic acid probe
and analyzed by EMSA. Meanwhile, in parallel, the pl and molecular weight of the putative
interacting protein(s) is estimated as the fractons are analyzed by iscelectric focusing or
5DS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) in order to characterize possible
candidates. Next, spots with the predetermined pl and molecular weight of the candidates
are excised from a two-dimensional array of nuclear proteins and the proteins are eluted,
renatured and tested for their binding ability through EMSA and the spots are afterwards
analyzed by mass spectrometry for protein identification. This method is limited to proteins
that can re-form into functional nucleic acid-binding conformations after the denaturing
SDS-PAGE step, although EMSA can still show results even if renaturation efficiency is low.
Because the final EMSA step that confirms the binding is performed with protein eluted
from single spots it is only possible to identify proteins that interact with the nucleic acids as
monemers or homommultimers. Proteins that only interact when complexed with other
proteins will give a negative result on the validation EMSA.

A similar 2D-EMSA technique has since then been developed that incorporates EMSA into a
two-dimensional proteomics approach by replacing the isoelectric focusing with EMSA as
the first dimension of the 2D method (Stead et al., 2006). The protein sample, in the presence
or absence of the nucleic acid, is separated by native PAGE as in a conventional EMSA. The
protein bands from both conditions are then separated in a second dimension by denaturing
SDS-PAGE. The proteins showing the nucleic acid dependent shift in mobility can be
extracted from the gel for mass spectrometry identification. This approach does not require
any previous kmowledge of the chemical or physical properties of the binding protein and
does not require protein renaturation after gel excision. It is also not limited to identify
proteins that bind by themselves or as homomultimers and allows the characterization of
complexes composed of different proteins.

These 2D approaches were developed by the two groups to study transcription factors,
therefore, double stranded DMNA is nsed as a nucleic acid probe but they can also adapted to
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other nucleic acid probes making them quite versatile methods to identify nucleic acid-
interacting proteins.

Chemov and collaborators have developed a similar protocol with two dimensions but
instead of aiming to identify the interacting protein(s) it characterizes and maps the specific
protein target sites in regions of the human genome (Chemov et al., 2006). This approach is
also based on first separating the complexes from the free nucleic acid in a non-denaturing
gel and afterwards separating it under denaturing conditions (Vetchinova et al., 2005). The
group used a pool of radicisotope-labeled short DNA sequences covering the genome
region of interest and mixed it with a nuclear extract from a specific cell line. The formed
complexes were separated in a non-denaturing one-dimensional standard EMSA. The
complexes were localized by antoradiography and the gel strip containing them was excised
and treated with a denaturing agent, SDS, to distupt the preformed complexes. The strip is
then loaded onto the second-dimension denaturing gel and another electrophoresis is
performed. The gel is antoradiographed to determine the location of the freed DINAs, which
are afterwards cut from the gel to be amalyzed. By pairing this method with high-
throughput sequencing the authors were able to identify a multitude of specific protein
binding sites within a given genomic region.

6.5 EMSA-three-dimensional-electrophoresis (EMSA-3IDE)

A three dimensiomal approach has very recently emerged to purify nucleic acid binding
proteins from complexes separated by EMSA ([lang et al, 2011). This method focuses on
recovering the protein in high yield for subsequent analysis and has been developed to
study low abundant tramscription factors. In this EMSA-based purification procedure the
complexes formed are extracted after a native PAGE retardation assay and applied to two-
dimensional electrophoresis, isoelectric focusing and SDS-PAGE. The EMSA conditions are
systematically optimized to reduce non-specific binding and increase protein yield. After
the three electrophoreses the sample can then be electrotransfered onto a nitrocellulose or
polyvinylidene diflnoride membrane for southwesterm and western blotting analysis to
further characterize the complexes. Spots of imterest can be cut from the gel or the
membrane for protein identification by mass spectrometry.

7. Alternatives to EMSA

There are several altermatives to EMSA used in the analysis of nucleic acid-protein
interactions with its own advantages and disadvantages when compared to EMSA.

7.1 Footprinting

Foofprinting is essenfially a protection assay used to characterize the binding site
recognized by a given protein. It relies on the fact that a protein bound to the nucleic acid
will protect it and interfere with the modificaion of the sequence it is bound to. The
modification can be chemical or enzymatic and it is usually the endonuclease cleavage of
radioisotope-labeled nucleic acid previously mixed with the protein(s) of interest After
cleavage the resulting ladder is analyzed on denaturing polyacrylamide gel and visnalized
by autoradiography. The gaps in the ladder are indicative of sites protected by the protein
or proteins in the mixture (reviewed by Hampshire et al., 2007). This method was originally
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developed to characterize sequence selectivity but it is also helpful in estimating the binding
strength through a footprinting reaction over a range of protein concentrations. For slow
binding reactions footprinting can also be applied to assess the reaction kinetics estimating
the association and dissociation rates. Although it is a widely used method, there are other
approaches that provide higher throughput as the ones described ahead.

A variant on DNA footprinting is the in vive approach, a techmique that emables the
detection of DINA-protein interachons as they occur in the cell In vivo footprinting also
relies on the fact that the bound protein protects the nucleic acid, at its binding site, from
cleavage by endonucleases or modification by a chemical agent. The difference is that the
cleavage of DNA is carried out within the nucleus following the in vivo binding of the
proteins to chromatin. Footprints and endonuclease hypersensitive sites that are due to
deformations of DNA in chromatin can be detected by this in vivo method. This method has
been coupled with deep sequencing to identify DINasel hypersensitive sites in the genome of
different cell lines. It enabled the precise identification of a large number of specific cis-
regulatory protein binding events with a single experiment (Boyle et al, 2011). Accordingly,
the data obtained by this procedure may be more significant and representative of true
events when compared with data obtained by the previously described in vitro footprinting,

7.2 Nitrocellulose filter binding

Nitrocellulose filter binding assavs were developed in the 70s as a rapid enough method to
allow kinetic as well as equilibrium studies of DNA-protein interactions (Riges et al, 1968
and Riggs et al, 1970 as cited in Helwa & Hoheisel, 2010). The manipulation required is
rapid enough to allow such measurements. The assay is based on the premise that proteins
can bind to nitrocellulose without losing the ability to bind DINA. After the binding reaction
the mixture is separated by electrophoresis and then blotted onto a nifrocellulose
membrane. Only protein bound DN A remains on the membrane as the free double-stranded
DMNA will not be retained on nitrocellulose. The amount of DINA on the membrane can be
quantified by measuring the label on the nucleic acid. However, this method has its
limitations such as the fact that the proteins involved are not identified or the proportion in
which they bind DIMA. It also provides no information on the DNA sequence the protein
interacts with unless well defined nucleic acid fragments are nsed and is limited to double
stranded DMNA as single stranded DINA can bind to nitrocellulose under certain conditions
resulting in undesirable background.

7.3 Microfluidic mobility shift assay (MMSA)

The capillary microfluidic mobility shift assay (MMSA) is a method that uses fluorescence-
based multi-well capillary electrophoresis to characterize protein-nucleic acid interactions. For
example, it has been used effectively in characterizing RINA-protein binding in a study of the
interaction between human immunodeficiency vims 1 fransactivator of transcription and the
transactivabion-responsive FNA (Fourtounis et al, 2011). This technique requires only
nanoliter amounts of sample that are introduced into microscopic channels and separated by
pressure-driven flow and application of a potential difference. The free molecules or
complexes are visnalized by LED-induced fluorescence, discarding the need for hazardous
radiolabeling. With the ability to perform 384-well screening this method has an increased

capacity over regular EMSA to be compatible with high-throughput screenings.
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7.4 Yeast hybrid systems

The yeast one-hybrid is an approach used to identify proteins that bind a given nucleic acid
sequence as opposed to the methods that are suited to identify the nucleic acid sequences
preferably recognized by a kmown protein. The protocol is based on a hybrid prey protein
fused to a tranmscription activation domain that allows the expression of a reporter gene
when the prey protein interacts with the DINA bait (reviewed by Deplancke et al., 2004).
This method allows for a proteome-scale analysis depending on the prey protein library but
only detects monomers that bind the target nucleic acid. Although it is an in vivo approach it
is performed in yeast (Saccharomyces cerevisiac), which may not be the endogenous context,
and is limited to DINA-protein interactions.

RN A-protein interactions can be studied with a yeast three-hybrid system that involves the
expression in yeast cells of not one but three chimerical molecules, which assemble in order
to activate two reporter genes (Kraemer et al., 2000). It represents a modification of the yeast
two-hybrid system, widely used to identify protein-protein interactions, that was designed
to allow high sensitivity in vive detection of RNA-protein interactions. The yeast three-
hybrid system includes: a fusion protein consisting of a DINA binding protein and a BINA-
binding protein; a hybrid protein consisting of a transcription activating domain and a
peptide thought to interact with a particular RINA; a RENA intermediate that promotes the
interaction of the two hybrid proteins, this RWNA includes the RNA that interacts with the
system’s RNA-binding protein and the RMNA molecule to be investigated. The successful
interaction of these 3 components allows the reconstitution of a transcription factor and
subsequent activation of reporter genes (Hook et al., 2005 and Wurster & Maher, 2010)

7.5 ChiP assays

Chromatin immuneoprecipitation (ChiP) is a commonly used metheod to study DINA-binding
proteins in vivo and a standard method for the identification of transcription binding sites
and histone modification locations (reviewed by Massie & NMills, 2008). In this method a
cross-linking agent (e.g. formaldehyde) is added to cells to covalently bind proteins and
chromatin that are in direct contact. Afterwards, the cells are lysed and chromosomal DINA
is isolated and fragmented. Specific antibodies are used to immunoprecipitate the targeted
proteins with the cross-linked DNA. The bound mucleic acid is released by reverting the
cross-linking and then analyzed. Classically, the DMNA was characterized by polymerase
chain reacion (PCER) which required some previous knowledge of the candidate DNA
regions. Nowadays, the DNA bound to protein is more commonly characterized through
more powerful tools either coupled with microarrays that represent the genome (ChIP-chip)
or state-of-the-art high-throughput sequencing (ChIP-seq). The improvements in DMNA
sequencing technology allow tens of millions of sequence reads, therefore ChIP-seq has a
major advantage of increased semsitivity and resolution to add to the fact that it is not
limited to predetermined probe sets as ChIP-chip. The major strength of the ChIP-based
approaches is that they capture complexes in wivo and the binding reactions can be studied
under different cellular conditions and at different time points. However it also has
important limitations. The method requires high-quality antibodies that are available only
for a limited number of proteins. To circumvent this, epitope-tagged proteins could be used
although it nsually implies the introduction of modified genes into the endogenous locus in
order to obtain expression at physiclogical levels. This method does not distinguish between
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proteins that bind directly to the genomic DINA and those that only interact with other
proteins that do bind.

7.6 SELEX

The Systematic Evolution of Ligands by Exponential Enrichment (SELEX) is a well
established method that enables the selection of enriched sequences from a random library
that bind recombinant proteins. This procedure starts with the synthesis of the
oligonuclectide library and then imcubating the generated sequences with the putative
interacting protein(s). The sequences that bind are eluted, amplified by PCR and subjected
to more rounds of selechon with increasing stringency condifions. This allows the
identification of the tightest-binding sequences. It is a widely used approach to obtain
transcription factors binding motifs as it requires low amounts of purified proteins (Matys et
al., 2006). This approach becomes wery complicated to use when large numbers of nucleic
acid-binding proteins are analyzed as it then requires multiple rounds of selection. Another
limitation is the fact that it is aimed at the identification of the best binding DINA targets in
pitro and does not allow the characterization of the exact in vivo selectivity.

7.7 Protein microarray

A protein microarray is a method that allows high-throughput analysis in which labeled
nucleic acids are queried against proteins immobilized on a chip (reviewed by Hu et al,
2011). In a functional protein microarray, thousands of purified recombinant proteins can be
immeobilized in a glass slide in discrete locations forming a high-density protein matrix,
providing a flexible platform to characterize different protein activities. It is a very versatile
method as it can perform a semi-quantitative analysis of protein binding to a wide range of
molecules (nucleic acids, other proteins, antibodies, lipids, glycans.. ). In theory, it is feasible
to print arrays of all the anmotated proteins of a given organism originating a whole
protecme microarray. However, it implies the expression and purificaion of each
individual protein and several conditions need to be optimized to render the proteins apt
for this method. Since the protein is immobilized it is crucial to guarantee that its structural
integrity remains intact especially the binding domains that are to be stundied.

7.8 Nucleic acid microarrays

Mucleic acid microarrays can also be used for a direct analysis of protein-nucleic acid
interactions. In this case it is the nucleic acid that is immebilized and not the protein.
Mucleic acid chips are a powerful and versatile tool in biological research. They consist of
high-density arrays of oligonucleotides or complementary DINA that can cover a whole
genome (reviewed by Stoughton, 2005). For protein-interaction studies, the protein(s) of
interest is expressed usually with an epitope tag, and purified. The tag serves two purposes;
it helps to isolate the protein through affinity purification, and allows detection by an
epitope-specific reporter antibody. After incubation of the protein with the nucleic acid chip
the signal intensities at the several array spots can be measured.

7.9 Ribonucleoprotein Immunoprecipitation — Microarray (RIP-chip)

EMNA immunoprecipitation and chip hybridization (RIF) is a protocel very similar to ChIP-
chip except that it targets RN A-protein interactions rather than DINA-protein (Keene et al,,
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2006). RIP-chip is an approach that consists on a microarray profiling of ENAs obtained
from immunoprecipitated RENA-protein complexes. Genome-wide arrays are used to
identify messenger RNAs [(mENAs) that are present in endogenous messenger
ribonucleoprotein complexes making it a great tool to identify the physiological subsirates
of mENAs. The endogenous complexes are immunoprecipitated from cell lysates which
limits this study to kinetically stable interactions. Even though it can identify RNA-protein
complexes with heteromultimers, at least one of the proteins has to be previously known to
be the basis of immunoprecipitation and “fish out” the whole complex.

7.10 Crosslinking and Immunoprecicipation (CLIP) and Photoactivable-
Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation (PAR-CLIP)

The RIP-chip method that has just been described is limited to studies of very stable RMNA-
protein complexes; to remediate this problem another method is available to study BIMNA-
binding proteins. The crosslinking and immunoprecipitation (CLIF) approach uses in vivo
UV crosslinking prior to the complexes immunoprecipitabon to identify less stable
interactions (Ule et al., 2003). After immunoprecipitation ENA molecules are separated and
cDINA sequencing is carried on. However, this method is not perfect as the commonly used
UV 254nm EMNA-protein crosslinking has low effidency and it is difficult to distinguish
between crosslinked RNAs from background non-crosslinked fragments that can be
detected in the sample due to the presence of abundant cellular ETNAs.

A more recent approach tries to further improve the CLIP method using photoreactive
ribonucleoside analogs such as 4-thiouridine or 6-thiognanosine (Hafner et al., 2010). In this
photoactivatable-ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-
CLIF) protocol the photoreactive muclecsides are incorporated into nascent transcripts
within living cells. The irradiation is performed with UV light of 365nm, which induces an
efficient crosslink of the labeled cellular EINA to its interacting proteins. The labeled FMNAs
are isolated after co-immunoprecipitation, and converted into cDINA for deep sequencing.
The precise crosslinking position can be identified by mutations in the sequenced cDINA
making it possible to distinguish the crosslinked fragments from background.

7.11 High-Throughput Sequencing — Fluorescent Ligand Interaction Profiling
{HisT-FLIP)

Very recently a new method was developed to characterize DN A-protein interactions using
second-generation sequencing instruments (Mutin et al, 2011). This method allows high
throughput and quantitative measurement of DMNA-protein binding affinity. This High-
Throughput Sequencing - Fluorescent Ligand Interaction Profiling (HiTS-FLIF) uses the
optics of a high-throughput sequencer to visualize in witro binding of a protein to the
sequenced DNA in a flow cell. The new method was initially used on a Saccharomyces
cerevisiae transcripton factor. The fluorescently tagged protein was added at different
concentrations to a flow cell containing around 38 million DNA clisters, the equivalent of
over 160 yeast genomes. The traditional EMSA was used as an independent validation of the
dissociation constants obtained and found a high correlation with values obtained with the
new method and those from EMSA as reported in literature. This high-throughput method
has an obvious advantage in the fact that it can provide hundreds of millions of
measurements but is limited to DNA-protein interactions and requires expensive
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equipment. Another advantage iz that the sequencing instrument can measure multiple
fluorescent wavelengths allowing hetero and homodimeric forms to be measured in the
same rum, using distinct tags on individual proteins.

8. Conclusion

Since the first report, 30 years ago, EMSA became one of the most popular methods for
detection and characterization of protein-nucleic acid interactions. Hundreds of protocols
hawe been published accommodating modifications in virtually every parameter influencing
the experimental outcome. Improvements were made in all EMSA steps including the
methods for preparation of protein samples and purification, synthesis and labeling of
mucleic acids, and detecion. This allowed enlarging and diversifying the applications of
EMSA and resulting in a number of variants of the method.

However, despite the large amount of available literature and protocols frial and error will
ultimately be the way to optimize the EMSA conditions for the nucleic acid-protein complex
to be analyzed. The guidelines discussed above help to provide an initial protocol adjusted
to each study but slight changes may be needed to improve binding and detection of the
complexes.

In recent years, the use of highthrouhput approaches to detect biclogically relevant
interactions, including those between proteins and nucleic acids, was reported.
Development of these approaches was made possible, at least in part, by the availability of
more sensitive and specific equipment and tools. Although EMSA canmot achieve a high
throughput level it remains a valuable tool to confirm the detected interactions.
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The conventional dogma stating that proteins must fold Into a well-defined
structure in order to display blological function is being challenged everyday as
new data emerges on the relevance of disordered regions and intrinsically
disordered proteins. Viral proteins In particular can benefit greatly from the
conformational flexibility granted by partially folded or unfolded protein segments.
It enables them to adapt to hostile and changing environmental conditions,
Interact with the required host machinery while evading host defence
mechanisms, and tolerate the high mutation rates viral genomes are prone to.
In this review, we will summarize and discuss the Importance of the recent research
fleld of protein disorder that is proving vital to gain better understanding of the

roles and functions of viral proteins.

Intrinsically disordered proteins: a
paradigm shift

The notion that a rigid 3D structure is a
prerequisite for a protein to be functional has
been accepted for a long time. The origin of
this structure~function paradigm can be dated
back to the lock-and-key hypothesis, proposed
in 1894 by Emil Fischer, to explain enzymatic
specificity (1. This concept was later validated as
the crystal structure of proteins was beginning
to be solved by X-ray diffraction (2). Thus, for
a long time, the conventional view was that a
functional protein folds into a unique and stable
3D structure, perfectly marching the substrawe
to which it should bind.

Until a couple of decades ago, the idea
that disordered proteins could have specific
functions was almose ouclandish; Nevertheless,
occasionally, flexible but functional proteins
were discovered or rediscovered (reviewed in
12). Information on these flexible proteins
was scarce and shallow, since they did not
fit the structure~function paradigm; they
were considered mere exceptions to the rule.
However, throughout the years, different terms
appeared to designate these nonconventional
proteins, such as partially folded, flexible,
pliable, chameleon, vulnerable and narively
unfolded, among others [2).

Only in the late 1990s did rescarchers start
to realize that these unstructured proteins
were representative of a broad class of rather
important proteins (3-7). In recent years, the
term ‘intrinsically disordered proteins’ (1DPs)
has become the most widely accepted, along
with ‘intrinsically disordered regions’ (IDRs),

to define proteins or protein segments that are
biologically functional, although they exist as
collapsed or extended mobile conformational
ensembles (2). However, the eoined terms have
attracted some controversy, as criticism arises
from the fact that for many proteins disorder
does not last, as chey become ordered when
bound to partners and even crystallize ().
Ciritics say the concept should be discarded,
which is not realistic as the collection of highly
disordered protcins grows and it has been shown
that proteins can remain disordered even when
bound to their partners (9],

The increasing number of experimentally
characterized 1DPs led to the creation of DisProt
in 2007, a databasc of disordered proteins (10].

Characterization of IDPs: disorder
prediction & experimental methods
Like ordered proteins, the structures of which
can be inferred from their amino acid sequence,
IDPs and IDRs have signature characreristics
that allow the prediction of disorder based
on sequence data alone. A mark of probable
intrinsic disorder is a low hydrophobic amino
acid content, which usually form the core
in folded proteins, and high levels of polar
amino acids, conferring high net charge to the
disordered protein [4.11]. Low hydrophobicity
is thought to lead to a low driving force for
protein compaction, and high net charge may
result in strong clectrostatic repulsion. Hence,
these features contribute to structural disorder.
In 1978, it had already been suggested that IDPs
have amino acid compositions that differ from
ordered proteins and therefore disorder could

Keywords

conformational flexibility

« Intrinsic disorder prediction

« intrinsically disordered
protein = intrinsically disorderod

region = viral proteins

Future %3
Medicine o

10.2217/FVL.12.114 © 2012 Future Medicine Ltd

Future Virol. (2012) 7(12), 1-9

ISSN 1746-0794



Review Alves & Cunha

be predicted by the abnormally high ratio of
charged residues to hydrophobic residues (12].
However, this carly mode of intrinsic disorder
prediction was based on a very small set of
proteins and never tested for other sets. Later, it
was shown that IDPs are deficient in what has
been called ‘order-promoting’ amino acids such
as lle, Leu, Val, Trp, Tyr, Phe, Cys and Asn; and
are enriched in ‘disorder-promoting’ amino acids
like Ala, Arg, Gly, Gln, Ser, Glu, Lys and Pro 7).
IDP and IDR sequence characteristics were
used to design algorithms to predict intrinsic
disorder. In 1997 and 2000 the first well-tested
predictors of intrinsic disorder were published
[4.13]. Since then, more than 50 predictors have
been developed to evaluate disordered regions
based on amino acid sequences on a per-residue
analysis (14]. Many predictors can be assessed via
public servers such as the PONDR® predictors
i13.45], FoldIndex 1], Dis-EMBL [17], GlobPlot
18] and PrDOS 119), to name a few. There are
also meta-predictors, such as PONDR-FIT (20}
which combines the output of six individual
disorder predictors, and metaPrDOS 21), which
is claimed to have an improved prediction
accuracy. There is also a web mascrver.'Kk_Dor.
which permits a rapid simultancous analysis
by multiple predictors of @ given sequence,
retrieving a integrated view.of the outputs 22].
Disorder predictors have been apphcd o
entire genomes to as“ the extent of intrinsic
disorder, with lﬂﬁcﬂdb spanning the three
kingdoms; prokaryota; archea and cukaryota.
Studics have t’bﬂn that IDPs and IDRs are
not rare exceptions, but are highly abundant

in aﬂﬁxﬁ fact, almost 70% of proteins
in the in DataBase by 2003 had IDRs

[zﬂwm are more common in cukaryota than

rokaryota and archea, with up to 30% of

v"%ryouc proteins being mostly disordered

(24). However, in a recent study comparing
194 cukaryotic and 87 prokaryoric protcomes,
rescarchers found an overlap in the frequency of
predicted disorder, which spans a wide range in
both kingdoms (25). Although prokaryotes were
found to have a lower average disorder than
cukaryotes, both groups have a very broad range
of predicted disorder, with scores of 0.12-0.35
for prokaryotes and 0.1-0.41 in eukaryotes
(2. The same study also found the highest
levels of predicted intrinsic disorder in single-
celled protists, which were often higher than
complex cukaryotic organisms. Hence, a new
theory was proposed by the authors correlating
intrinsic disorder with lifestyle and not only
with the complexity of the organism (251, They

suggest that a decreased level of disorder
reflects an adaptation to the environment, as
low values were found in intracellular parasites
and endosymbionts, while organisms such as
host-changing parasites, which lead a varied
lifestyle in changing habitats have higher levels
of disorder [25).

The amount of predicted intrinsic disorder in
viral proteins has been compared with that of
cukaryotes, even though eukaryotic protcomes
contain more proteins with long disordered
sequences and viral protcomes have more short
disordered segments (26). Nevertheless, viruses
have also been shown to have the widest spread
of protcome disorder, ranging from 7.3% of
disordered residues in human coronavirus to
up to 77. SMﬂun carcinoma virus [27]. Viral
proteins display ahlgh propensity for intrinsic
disorder, m&m to have reduced amounts
of hydr(ﬂpblc residues and a high proportion

~of polar amino acid residues (26). In particular,
* RNAviruses, which display the highest mutation
rates, also have a high incidence of disordered

regions and significantly lower van der Waals
contact densities, reflecting the intensity of the
3D interaction network of a protein (28], As
will be examined later, viral proteins profit at
different levels from the flexibility that results
from intrinsic disorder.

IDPs exist in an ensemble of conformational
states, so the determination of one unique
structure is not possible and a multiparametric
approach is required. The dynamic structural
characterization of an IDP relies on different
parameters from a varicty of physiochemical
methods to obtain information on different
aspects of the protein, such as overall
compactness, conformational stability, presence
of residual secondary structure, transient long-
range contacts and regions of more or less
mobility [29]. Most of the techniques used were
initially developed to analyze ordered proteins,
s0 data analysis needs to be performed carcfully
as results for intrinsic disorder are usually due
to lack of signals characteristic for ordered
sequences. That is also why several methods
should be used and results compared with one
another in order to minimize ambiguity (29).
Thorough reviews and books on this topic can be
found in the literature (29-31). Some techniques
will be briefly summarized below, of which the
most commonly used to obtain data describing
IDPs’ structures are nuclear magnetic resonance
(NMR) and small angle X-ray scattering (32].

X-ray crystallography is the ‘classic’ technique
for determining a protcin’s crystal structure.

Future Virol. (2012) 7(12)
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With this method the higher flexibility of
the atoms in disordered regions results in
noncoherent X-ray scattering, making them
invisible. The outcome is a region with missing
clectron density corresponding to the disordered
segment (7], This method depends on the ability
of proteins to form crystals, and highly disordered
proteins, in general, are not able to crystallize.
As an example, there is the hepatitis 8 antigen, a
viral IDP which at least three different research
groups have tried to crystallize, bue failed (331
Only a small peptide including the less disordered
region of the antigen was crystallized (33.34). An
NMR spectroscopy approach is commonly used;
it provides information on a residue-by-residue
basis, supplying little information on the overall
shape of the protein. 1D NMR is limited
to small molccules, therefore, heteronuclear
multidimensional NMR is preferable for
larger proteins. The latter method can be used
to obtain precise data on 3D structures and
also provides dircct measurements of IDRs’
mobility (35). Circular dichroism (CD) in the
far-UV region provides estimates of secondary
structure and near-UV CD displays sharp
peaks for aromatic groups when the protein is
ordered. CD lacks residue-specific information
and the data obtained is not very clear when
the proteins contain ordered and disordered
segments (7). The level of protein compaction
or hydrodynamic dimension can be assessed
by different techniques, such as gel ﬂ(rm

in their host's environment as well as inside
the host, while evading defense mechanisms.,
In order to adapr, viral genomes are subject to
very high mutation rates, ranging from 10° to
10 nucleotide exchanges per gencration for
RNA viruses and 10* to 107 for DNA viruses
(39]. The higher mutation rate found in RNA
viruses probably reflects the lack of RNA repair
mechanisms. In comparison, bacteria and
cukaryotes have a mutation rate of 10 on average
(39]. Since viruses have highly compact genomes,
often with overlapping reading frames, a single
mutation can have an impact on more than one
viral protein (40). Finally, viral proteins usually
need to perform numerous interactions with
host cell components during the different steps
of the virus lifecycle, from entry, to replication,
to the formation and exit of new infectious
particles. Viral proteins must interact with, host
membranes, host proteins and in some cases
host nucleic acids, even though vu'al proteins
are often phylogcncncal}scpauﬁfrom their
host proteins (1041}, :

Al these features make it aﬂtmcly interesting
to assess whether they are associated with the
unique biophysical characteristics of viral
proteins, As will be discussed later, intrinsic
disorder may be a way for viral proteins to
cope. with these distinctive circumstances,
as th resulting plasticity can confer a
mmbg of exceptional functional advantages.
'DPs are more flexible, and without a rigid

viscometry, small angle X-ray scaueh or - gompact structure viral proteins can be hnghly

sedimentation (29]. Small angle X-¢ i
can also be used to determine a pmﬁﬁ?gdcgﬂt
of globularity, providing mforMon"h“fhc
presence or absence of a tightly packed core
129). Proteolytic deggadation .uga@mhod to
identify disordered. aptoncm. since
flexibility is a ma;or%m ne for digestion
of possible cut sites ﬁ A structured protein
needs a segment of more than ten residues to be
unfolded so that typical proteases can cut the
protein (7).

Note that many IDPs and IDRs adopt a well-
defined structure when bound to their partners
(37). In these cases, the structure of the bound
protein can be readily solved using methods to
characterize ordered proteins.

Infrinsically disordered viral proteins

Viral proteins may be considered to be a very
peculiar group of proteins. They rarely have
homologs amongst modern cells, which suggests
that viruses are very antique [38). Viruses must
adapr to fast-changing surroundings, survive

promiscuous and take part in several interactions
with multiple partners. IDRs in particular
can act as flexible linkers between functional
domains, enabling mechanisms that facilitate
binding and promiscuity. These flexible linkers
can also help viral proteins to clude the host cell’s
immune system by making it difficult for the
epitopes to be properly recognized. Disorder can
also be'a way to cope with the high mutation
rates mentioned above, which are characteristic
of viruses. High flexibility, resulting from low
interactions between amino acids, can be linked
to high adaptability and rep a strategy to
buffer the deleterious effects of mutations. An
already-unstructured protein has less to lose
from a substitution than a highly structured one,
as it is already unfolded.

Although viral proteins can clearly benefit
from the conformational flexibility granted by
intrinsic disorder, not all viral proteins are IDPs
or even have IDRs. Intrinsic disorder predictors
have been used in a comparative analysis of viral
proteins, which has shown a relationship between

'M\nmm
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the level of predicted disorder and the location of
a protein within the virion (42]. The study began
with the construction of a database including
viral proteins from influenza A and HIV-related
viruses followed by the comparison of protein
sequence, predicted structure, function and
location within the virion. The results showed,
particularly for influenza virus, a correlation
between protein disorder and proximity to the
RNA core of the virion. The closer a protein was
located to the core, the higher the percentage of
disorder. This finding can be related to the fact
that proteins at the core are more likely to interact
with the viral RNA. Nucleic acid-binding
proteins arc commonly disordered proteins or at
least have an IDR at the nucleic acid binding site
143]. The association between intrinsic disorder
and protein location in the virion is not observed
in HIV, mostly due to the presence of enzymes
close to the core, which are usually predominandly
structured proteins (44-46). The matrix proteins
of both influenza A and HIV viruses appear to.

was predicted to be highly disordesed, whereas
influenza virus matrix protein was predicted
to be somewhar ordered or less disordered 42).
Regarding the surface proteing, although they
found that the surface protéin of HIV, gpl120,
had a low predicted disorder value across all the
analyzed strains, the transmembranc protein
gp41 had high levels of disordered residues (42).
Influenza A surface rﬁhs. hemagglutinin
(HA) and neurami , were predicted to be
mostly ordered protcins ‘142). However, the study
found that the | of predicted disorder vary
amoi‘ithc subtypes, which may be linked with
ﬁcrcnﬁhcls of virulence as will be discussed

e .
| Promisculty of flexible viral proteins

Intrinsic disorder or conformational flexibility
enable the disordered proteifis to adapt to and
interact with several distinct partners. One
IDR can bind multiple partners by gaining
very different structures (48). IDPs can perform
different interactions: they can be involved
in highly stable complexes or in signaling
interactions in which they transit between
the bound and unbound state as a dynamic
and sensitive on—off switch (49). IDPs’ ability
to have different conformations depending
on environmental conditions allows them to
exercise different functions in different contexts,

Binding promiscuity is a key characteristic
for viral proteins; even though some viruses
have a genome that encodes several proteins, it

is not sufficient on it's own, and they require
host cell machinery to complete their life cycles.
As mentioned before, viruses have very compact
genomes and by having viral proteins with IDRs
or even the entire protein disordered, a single
protein can be involved in different tasks by
interacting with different partners. We will
describe three viral proteins that exemplify how
intrinsic disorder relates to binding promiscuiry.

A clear example of the importance of intrinsic
disorder is the hepatitis 8 virus (HDV), which
has the smallest RNA genome of any animal
virus, encoding only one protein, the 8 antigen
(HDAg) 1s0). HDAg is a small, 195 amino
acid-long protein essential for viral replication
although it has no known enzymatic activity
(s1). It has. blrdwwu to be an IDP both by
using a meta- prc&!or of intrinsic disorder as
well uby @,&summcna (33). The lack of
vifal proteins with enzymatic activity implics
rlﬂ:hc HDV replication cycle relies entircly on

its oﬁlitviml protein and host cell components.
be relatively disordered. The HIV matsix protein

“Therefore, HDAg is a highly promiscuous
protein with multiple partners identified in the
host protcome through different approaches,
although the role of these interactions is mostly
unclear and still being studied (s2.53). HDAg also
seems to lack nucleic acid-binding specificity, as
the full-length HDAg binds HDV RNA as well
as other RNAs and even dsDNA i vitro [33).

Another example is HCV NS5A, which has a
key role in viral replication and is also involved
in particle assembly (48.54) NS5A is not fully
disordered, it is a membranc-associated protein
with an anchor on its N-terminal, but its
cytoplasmic portion, which is divided into three
domains, has a disordered region. Domain 1 of
NS5A is a highly conserved and ordered sequence
(s5], whereas domains 2 and 3 are less conserved
and have highly disordered regions (56,57). NS5A
is a well-studied promiscuous protein and some
of the interactions involving its disordered
domains have been identified (s8). Specifically,
distinct interaction modes have been described
for the binding motifs present in domain 2,
which seem to disturb host regulation processes
like signaling pathways and apoptosis (s9].

Our third example comes from the measles
virus and its nucleoprotein (N) that forms the
viral nucleocapsid. The N protein has an IDR
in the C-terminal (60, which performs functions
essential for transcription and replication by
interacting with the phosphoprotein of the viral
polymerase complex (611, Beyond this crucial
interaction, the C-terminal tail of the N protein
has been shown to interact with several host

* Future Virol. (2012) 7(12)
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components, including a cellular receptor, and
even components of the cellular cytoskeleton
62). The above-mentioned phosphoprotein of the
measles virus is an important polymerase cofactor
and also contains long disordered regions. The
phosphoprotcin IDR is thought to be involved
in recruiting the transcriptional machinery 62).
It has been shown that when the IDRs of both N
protein and phosphoprotein bind, some flexibility
persists, with most of the N protein IDR
remaining disordered within the complex (631
Based on this finding, it has been suggested that
the disordered nature of the N protein IDR serves
as a platform for interaction with other partners
63]. Structural disorder was successively shown to
be a common feature present in the nucleoproteins
of paramyxoviruses (64). Unstructured
segments were also found in abundance in the
nucleoproteins and phosphoproteins of the Nipah
and Hendra virus (63].

Intrinsic disorder to cope with high
mutation rates

The abundance of intrinsically disordered
residues in viral proteins can also be related to
the high mutation rates characteristic of viral
genomes, as a strategy to buffer the possible
deleterious cffects of mutations. In addtion, the
effects of murations on viral genomes should
have a particularly high impact, due to the
overlapping reading frames common in compact
viral genomes [40]. Two hypotheses have been'.

compact, seems to losc more stability with
individual mutations and therefore have higher
AAG values (28]. The robustness of thermophilic
proteins is related to the well-packed and very
compact and stable hydrophobic core. The high
thermodynamic stability scems to be related to
a high mutational tolerance. On the other hand,
viral proteins appear to benefit from being in
the other end of the spectrum, in other words
possessing high levels of intrinsic disorder. In
this case, the low contact densities and high
disorder was proposed to be the reason behind
the low destabilizing effects of mutations.
However, it should be noted that other
parameters may be relevant to buffering

mutation effects. These can include gcnet}fc;;
redundancy (7], host chapcroncs (63] or the

existence of coevolving quaslspcc:cs, as is tﬁ;
case with poliovirus and HCV Lmq

W - -
|Eluding defence mechanisms
Intrinsically dlsordcrcdmdu:s*h&ﬂhl surface
proteins may be involved in mechanisms to
evade host immune response and even drugs.
Conformational flexibility could present a
strategy to evade drug binding with litcle loss
of function (71).

As an cxample, conformational diversity,
smunt. plasticity and rearrangements
ave hn suggested to play a central role in
HlV's;’?!mmunc evasion (72]. Although, as
mentioned before, HIV surface protein gpl20 is

proposed to explain why overlapping gelﬁi:nd * substantially ordered, it has been observed that

to encode disordered proteins (65). Hins theﬂw
protein of each overlap is dxsordcrcdw icis’
less likely to generate a novel ﬁxm structure
at birth (6s). Second, proteins wﬂﬁ,&ntrmsnc
disorder are subyccgqn]css sttwonstralm
(66), therefore, disor
to alleviate evolutionaty ce
the overlap (63). "
A study by Tokuriki and colleagues has
analyzed 26 proteins from RNA viruses and
19 DNA viral proteins and compared them
with 26 thermophilic proteins, 26 mesophilic
cukaryotic, and 26 mesophilic prokaryotic
proteins to assess the cffects of mutations on
protein conformational stability by comparing
AAG values (28], The average AAG values for
all possible mutations are a measure of how
the protein reacts to destabilizing mutations.
Viral proteins, particularly from RNA viruses,
displayed the lowest AAG values, being on
average 0.20 kcal/mol lower than other proteins
of the same size and 0.26 kcal/mol lower than
thermophilic protcins, which, being more

it has some outstanding structural plasticity
due to the presence of small IDRs (73). The
gp120 protrudes out of the virus lipid bilayer
and is implicated in important roles such as
attachment and penctration of host cells (73).
Morcover, a structural study on the resistance of
influenza virus neuraminidase to an inhibitor,
oseltamivir, has shown that the formation of a
compaft hydrophobic pocket is a prerequisite
for the tight binding of the inhibitor with the
hydrophobic side chain. When the compact
formation is not obtained, the inhibitor is unable
to engage the active site and consequently binds
less tightly 71,

The antigenicity of a protein usually resides in
a restricted number of antigenic determinants,
cpitopes, exposed on its surface. These have
been shown, long ago, to correspond to surface
segments with high mobility, probably to help
the determinant to adjust to the antibody 741
On the other hand, it has also been discovered
that an cffective epitope, despite being mobile,
should have a predisposition to become ordered
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and form a defined structure (75). In fact, it has
been reported in some cases that long disordered
regions promote weak immune response or can
even be nonimmunogenic (42].

Anti-HIV neutralizing antibodies are likely
to represent a key clement in future vaccine
development, and the potential rargets are
located in viral external envelope proteins.
For HIV-1 the main determinant targeted
is the third variable loop region of gpl120
(76). It has a highly variable sequence and
is conformationally heterogeneous, which
contributes to the virus' ability to escape
the host immune system (77). Consequently,
the chird variable loop is likely to escape
detection by antibodies designed to recognize
only specific conformations. It has been thus
proposed that this elusion mechanism relies on
the fact that the small disordered region, with
high flexibility, ‘confuses’ the immune system,
weakening its response [42].

| Predicting disorder, predicting virulence
In 2009, a research group applied a disorder
predictor to try to understand the different
levels of virulence between subtypes of
influenza A viruses (47). They gave particular
attention to the mysterious disappearance of
the deadly 1918 HIN1 virus and the decrease
in virulence in the ensuing HIN1 strains.
The protein of i mlerelnn this study was HA,
a surface glycoprotein with an important role
in viral entry. Usﬁlg) an intrinsic disorder
predictoty PONDR®VLXT, to compare several
subtypes and strains, they found a number of
differences between HA proteins of virulent and
nonvirulent strains of pamcular interest. The
authors reported a specific region, comprising
“amino acids 68-79 of HA2, which is in contact

* with the receptor chain HA1 and is likely to

influence the motion of the exposed portion of
HA. Predicted disorder of this small region was
observed for the virulent strains (1918 HINI
and H5N1), but is absent from less virulent
strains (1930 HIN1 and H3N2). In this case,
this IDR is a linker between ordered regions
and it is likely that the motions caused by the
disordered region can impair recognition by
the host immune system, therefore increasing
the virulence of 1918 HIN1 and H5N1. This
reinforces the idea that IDRs can be used as
predictors of influenza A virulence, even though
other factors may contribute as well.

Another example, which links intrinsic
disorder with a more severe disease course
relates to the E6 and E7 proteins of HPV.

There are over 100 different types of HPVs
that cause benign papillomas and are risk
factors for the development of carcinomas
i78). HPVs can be grouped into low- and high-
risk types with respect to cancer, and two of
its seven nonstructural proteins, E6 and E7,
arc known to function as oncoproteins in the
high-risk HPVs. Their role in the oncogenic
process is due to their ability to interact with
tumor suppressors retinoblastoma and p53 (78).
In high-risk HPVs these two proteins have an
increased amount of intrinsic disorder when
compared with the ones expressed by low-risk
HPVs (79). Regatding E7, it has been shown that
high-risk HPV16 E7 and low-risk HPV6 E7
share only 50% of their amino acid sequence
and there is also a divergence in functionality
(79]. HPV16 E7 isalso highly promiscuous, with
extreme functional plasticity demonstrated by
muactln; with a great number of host cell

proteins (#0). The E6 protein from low-risk

HPVs also lacks functions that the high-risk

'HPV EG can perform, mostly correlating with

oncogenic activity (79). EG is a 150 amino acid-
long protein and, although it is less disordered
than in E7, in high-risk HPVs an alternative
transcript encoding only the first 50 amino
acids of E6 appears, which is highly disordered
and incredibly promiscuous (81). This fragment,
which only occurs in high-risk HPVs, forms
low-molecular-weight species with only residual
structure that can oligomerize into different
conformations and hence interact with a wide
range of partners (81). It can play a role, directly
or indirectly, in several cellular processes
deregulating the metabolism of the host cell
and causing tumorigenesis (81).

|Future perspective
In the past couple of decades the old dogma in
structural biology, claiming that a functional
protein must have a well-defined 3D structure,
has been challenged as researchers are realizing
the importance of intrinsic disorder in
proteins. This lack of conformation in proteins
is particularly relevant for virus rescarch, as
viral proteins have been found to contain
an abundance of disordered domains. The
flexibility granted by intrinsic disorder may
represent a ‘strategy’ for viral proteins ro cope
with their peculiarities and their many roles
played during replication.

More viral proteins need to be characterized,
regarding their (lack of) structure to better
understand the possible significance of intrinsic
disorder and its importance in viral biology.

* Future Virol. (2012) 7(12)
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As an initial approach, predictors of intrinsic
disorder can be used to screen viral genomes,
but eventually, predicted viral IDPs need
to be physiochemically analyzed. A set of
complementary methods should be used so thac
the conformational ensembles can be properly
characterized.

Intrinsically disordered binding sites and
the resulting binding promiscuity and weak
interactions led researchers to believe that
targeting IDPs for drug treatments was unviable,
However, darta is starting to emerge, which
shows that sclective blocking of interactions
between 1DPs and their partners is possible
82). Two mechanisms can be used to block
protein—protein interactions involving an
IDP; either using a small molecule that binds
the IDP or a small molecule that binds the
partner. The advantage is that an IDP or IDR,
being promiscuous, can probably bind several
chemically different molecules and also have
several different binding sites. Progress in this
area can be crucial to develop drugs rargeting
viral IDPs, mainly viral surface proteins, as these
are crucial in the first step of the virus lifecycle,

cell attachment, and are involved in recognition
by host cell defenses.

In conclusion, this emerging ficld of
rescarch will probably be crucial to improving
our knowledge of viruses, their replication
strategies, evolution, and interaction with
host cells and organisms. Hopefully, the
increasing knowledge and data concerning
IDP characterization and function may enable
us to develop new treatment approaches and
solutions leading to an improved control of viral
diseases in the near future.
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\Intrinsically disordered proteins: a paradigm shift

« The past and future of structural biology: intrinsically disordered proteins challenge the old *structure to function’ paradigm.

Characterization of IDPs: disorder prediction & experimental methods
« IDP sequence characteristics allow intrinsic disorder prediction.

| = Comparison of IDP prevalence in the three kingdoms.
=« Physiochemical methods to characterize IDPs and IDRs.

Intrinsically disordered viral proteins

= Characteristics that make viral proteins so peculiar.

= How viral proteins can profit from intrinsic disorder.

« Different levels of intrinsic disorder amongst viral proteins through two examples: HIV and influenza A.

' Promiscuity of flexible viral proteins

‘ = Relating intrinsic disorder and binding promiscuity.
|« Examples of promiscuous viral proteins: hepatitis & antigep; hepatitis C NSSA; measles virus nucleoprotein.

| Intrinsic disorder to cope with high mutation rates

prokaryotic proteins.
Eluding host defence mechanisms

= Example; HIV gp120 surface protein.
Predicting disorder, predicting virulence

Future perspective

= IDRs as targets for future drug development.

« Intrinsic disorder as a strategy to buffer proteins from the effects of mutations.
« Effects of mutations in proteins with different disorder levels: comparing sets of viral proteins with thermophilic, eukaryotic and

« Intrinsic disorder in viral proteins as a strategy to avoid the host immune system.

« IDR present in hemagglutinin is linked with increased virulence in influenza A
« HPV nonstructural proteins E6 and E7: increased intrinsic disorder leads them to function as oncoproteins in high-risk HPVs.

« Thorough characterization of viral proteins: predicting disorder and experimental characterization.
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