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ABSTRACT

The potato virus A (PVA) genome linked protein (VPg) is a multifunctional protein that takes 
part in vital infection cycle events such as replication and movement of the virus from cell to cell. 
VPg is attached to the 5´ end of the genome and is carried in the tip structure of the filamentous 
virus particle. VPg is also the last protein to be cleaved from the polyprotein. VPg interacts with 
several viral and host proteins and is phosphorylated at several positions. These features indicate 
a central role in virus epidemiology and a requirement for an efficient but flexible mechanism 
for switching between different functions.
 This study examines some of the key VPg functions in more detail. Mutations in the 
positively charged region from Ala38 to Lys44 affected the NTP binding, uridylylation, and 
in vitro translation inhibition activities of VPg, whereas in vivo translation inhibition was 
not affected. Some of the data generated in this study implicated the structural flexibility of 
the protein in functional activities. VPg lacks a rigid structure, which could allow it to adapt 
conformationally to different functions as needed. A major finding of this study is that PVA VPg 
belongs to the class of ´intrinsically disordered proteins´ (IDPs). IDPs are a novel protein class 
that has helped to explain the observed lack of structure. The existence of IDPs clearly shows 
that proteins can be functional and adapt a native fold without a rigid structure.

Evidence for the intrinsic disorder of VPg was provided by CD spectroscopy, NMR, 
fluorescence spectroscopy, bioinformatic analysis, and limited proteolytic digestion. The 
structure of VPg resembles that of a molten globule-type protein and has a hydrophobic core 
domain. Approximately 50% of the protein is disordered and an α-helical stabilization of these 
regions has been hypothesized. Surprisingly, VPg structure was stabilized in the presence of 
anionic lipid vesicles.

The stabilization was accompanied by a change in VPg structure and major morphological 
modifications of the vesicles, including a pronounced increase in the size and appearance of 
pore or plaque like formations on the vesicle surface. The most likely scenario seems to be an 
α-helical stabilization of VPg which induces formation of a pore or channel-like structure on the 
vesicle surface. The size increase is probably due to fusion or swelling of the vesicles. The latter 
hypothesis is supported by the evident disruption of the vesicles after prolonged incubation 
with VPg. A model describing the results is presented and discussed in relation to other known 
properties of the protein.
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1. Potyviruses
The genus Potyvirus is a group of positive–
sense RNA plant viruses belonging to the virus 
family Potyviridae. Potyvirus is a significant 
genus in the distributional, economic, and 
scientific sense. The type species of the genus is 
potato virus Y (PVY), a close relative of potato 
virus A (PVA). Evolutionarily, the birth of the 
genus is currently thought to have followed the 
emergence of agriculture approximately 6,600 
years ago [1]. This recent emergence together 
with rapid spread and speciation go hand in 
hand with the agricultural achievements of 
humans.

The major features of the potyvirus 
infection cycle have been outlined. Aphids 
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are the insect vector in which the virus 
occurs in a non-persistent manner [2]. An 
aphid injects the virus through its stylus into 
the host plant cell. After cell entry, the virus 
particle is disassembled and the polyprotein 
is translated. Translated proteins assemble the 
replication machinery which produces copies 
of the genetic material for viral progeny. As 
more viral proteins are translated, the viral 
RNA is packaged inside particles for cell-to-
cell transmission, long distance dissemination 
in the host plant, or plant-to-plant movement 
by aphid transmission [3]. This outline, 
however, is an oversimplification of the virus 
infection cycle events, and at the biochemical 

Protein Functions Reference

P1 Proteinase, RNA silencing suppression [192-194]

HcPro Aphid transmission, proteinase, cell-to-cell and long-
distance movement, gene silencing suppression

[74, 195-198]

P3 Movement, replication. [199, 200]

6K1 Cell-to-cell movement [201]

CI RNA helicase, ATPase, RNA binding, movement [71, 202]

6K2 Membrane anchor, long-distance movement [185,186,203]

VPg Replication, NTP binding, RNA binding, cell-to-cell 
and long distance movement, translation inhibition, 
gene silencing suppression 

[16, 18, 56, 59, 66, 75, 169, 
204]

NIa-Pro Protease, DNase [205, 206]

NIb RNA dependent RNA polymerase (RdRp), 
replication, uridylylation

[16, 207, 208]

CP Aphid transmission, cell-to-cell and long-distance 
movement, Encapsidation of viral RNA, Regulation 
of RNA amplification

[209-211]

PIPO Unknown [4]

Table 1. Known functions of potyvirus proteins. VPg is clearly among the most versatile potyviral proteins. 

Introduction
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level, we realize that there are a vast amount 
of different activities taking place. 

Potyviruses are encoded by a ~10,000 
nucleotide long (+)–stranded RNA genome. 
Potyviral genomes were thought to encode a 
polyprotein from a single open reading frame 
that is processed to ten mature proteins. 
Recently, however, a bioinformatic approach 
revealed that an 11th protein is translated from 
a +2 frame [4]. This protein, whose function 
is so far unknown, was named PIPO for 
Pretty Interesting Potyviridae ORF. Currently 
known functions of potyviral proteins are 
listed in Table 1. The virus coordinates the 

Figure 1.  Hypothetical infection cycle progress from the VPg point of view. Question marks indicate the 
most important phases in which the role of VPg is still poorly understood. Perhaps the most important 
open question is the formation of the replication complex. For example, it is unknown whether the initial 
round of translation, replication and subsequent rounds of translation occur within the same membrane 
environment. The membrane environment, however, is clearly required for both activities.

infection cycle events with this relatively low 
number of proteins. As we see from Table 1, 
many of the virus proteins are multifunctional 
and a prime example of such is the subject 
of this study – the viral genome linked 
protein (VPg). In Figure 1, VPg functions 
are presented in relation to the progression 
of the infection cycle inside the cell. Some of 
the roles presented are hypothetical and await 
a better understanding of the infection cycle 
details. To understand the functions of VPg, 
the key biochemical events and structural 
properties of VPg were examined in detail in 
this study. 
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The current understanding of the molecular 
level events in the life cycle of plant viruses 
has been built mostly during the last 20 
years. Technological advances have made it 
possible to study, for example, direct protein-
protein interactions and localizations of 
virus proteins inside host plant cells. These 
advances have also brought the current 
understanding of VPg proteins to a new level. 
It is not a single function that stands out from 
this knowledge, but the multifunctionality of 
the VPg protein. VPg takes part in replication, 
translation inhibition, and virus particle 
movements (see Table 1 for references). 
How then is the regulation between different 
functions enabled? This thesis presents the 
interesting and novel property of instrinsic 
protein disorder as a partial answer to this 
question. Several plant viral VPgs seem to 
be intrinsically disordered proteins (IDPs) 
and, in fact, examples from many different 
protein families from all kingdoms of life 
have recently been described [5-7]. This class 
of proteins is presented in more detail later in 
this study.  

An additional complexity in 
the multifunctional and unstructured 
VPg functions is introduced by the viral 
polyprotein processing intermediates. The 
intermediates can interact with host factors, 
but little is known regarding the functions 
of these interactions [8]. The polyprotein 
intermediate of VPg is associated with Tobacco 
etch virus virions in addition to the fully 
processed VPg, whereas in PVA only the fully 
processed VPg is detected [9, 10]. The NIa-
Pro – VPg intermediate is the last site to be 
cleaved in PVA polyprotein processing [11]. 
Fully processed VPg has a molecular size of 
22 kDa and can interact with host factors and 
other viral proteins [12-14] as well as forming 
dimers and, occasionally, higher oligomers. 
The functional purpose of multimer 
formation remains unknown [6, 10]. One 

study has suggested that dimerization could 
be an artifact originating from a recombinant 
protein purification protocol [6].

The study of protein-protein 
interactions and especially structural changes 
in proteins are difficult or impossible in planta. 
The closest in vivo technique has long been the 
yeast two-hybrid system, which has provided 
important background information and 
evidence of viral protein-protein interactions 
[12, 13]. Recently, bifluorescence based 
systems (e.g. BiFC and FRET) have started 
to yield valuable information on protein 
interactions, as well as the localization of 
the interaction [15]. However, most protein-
protein interaction studies rely on in vitro 
methods, and biophysical protein structure 
studies are almost exclusively performed in 
vitro.

2.1 Replication
Potyviral replication most probably 
starts with viral polymerase (NIb) driven 
uridylylation [16, 17]. Uridylylation results 
in initiation of new RNA synthesis, in which 
VPg acts in a non-enzymatic manner as the 
primer. Uridylylated VPg is thought to act as 
the primer for both (-) and (+) strands of the 
genome [2]. 

Uridylylation of PVA VPg was first 
described by Puustinen and Mäkinen [16]. 
A lysine rich nucleotide binding site of VPg 
was also described. This site most probably 
guides the approaching UTP nucleotide to 
the exact site of uridylylation. The potyviral 
uridylylation reaction itself is targeted to the 
conserved tyrosine residue corresponding to 
Tyr63 of the PVA VPg (starting from the 5’ 
of the VPg amino acid sequence) [18-20]. A 
more detailed mechanism for uridylylation 
has been presented by Schein et. al., based 
on the NMR structure of the poliovirus VPg 
[21,22]. Although there are major differences 
between potyviral and picornaviral VPgs, 

2. Functions and modifications of viral genome-linked proteins (VPgs)
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including a considerable difference in size, the 
lysines of the NTP binding site appear to be 
conserved and may participate in the reaction 
through a similar mechanism [16]. In the 
poliovirus model, the uridylylation reaction 
is coordinated by a magnesium ion and the 
charged lysine and arginine side chains. This 
arrangement allows the nucleotide to approach 
the tyrosine in the correct orientation and the 
viral polymerase to attach the nucleotide to 
the VPg. This reaction results in a covalent 
link between the α–phosphate of UTP and the 
tyrosine OH group of VPg and, consequently, 
the initiation of new RNA strand elongation 
according to the template strand nucleotide 
sequence. Other components are probably 
required for replication to proceed, such as 
the host poly(A) binding protein (PABP), 
which interacts directly with the potyviral 
polymerase [23, 24]. It seems, however, 
that the initiation of potyviral replication is 
template independent whereas the VPgs of 
many other families, such as picornaviruses, 
require the template [16, 25]. 
 What else is needed for virus genome 
replication to occur? Generally, the (+) sense 
RNA virus replication complex is composed 
of template, newly synthesized RNA, 
replicase, and host factors. The replicase 
can be composed of RdRp, a helicase, and a 
methyltransferase activity [2]. In potyviruses, 
the methyltransferase activity is not required 
since the RNA genome binds VPg at the 5’ 
end in place of a 5’ methyl cap. The number 
of replication associated viral proteins can 
vary. For potyviruses, at least RdRp, VPg, and 
CI are required, whereas replication factor 
protein A alone is sufficient to provide all 
activities needed for replication in the case of 
the Flock house virus (FHV) [26]. Replication 
of (+) strand RNA viruses requires a (-) 
strand RNA intermediate. However before 
the (-) strand can be transcribed, an initial 
round of translation must occur to produce 
the replication associated viral proteins, as 
presented in Fig. 1. Therefore, the replication 
complex assembly follows the unpacking 

of the entering virus particle and the 
translation of the first viral proteins. Before 
replication can start, the complex needs to 
acquire membranous components to create a 
suitable compartment, as well as appropriate 
conditions and support for the multiplication 
of the RNA [27, 28]. 

The membranous environment is 
an absolute requirement for the assembly 
of a functional replication complex in (+) 
sense RNA viruses (reviewed in [28-30]). 
In addition to the above mentioned FHV, 
examples include Poliovirus, Semliki forest 
virus, Hepatitis C virus, Tomato ringspot 
virus, and many others [26, 31-36]. At least 
six different plant organelles are associated 
with (+) stranded plant virus replication 
[2]. The membranous environment may be 
derived from organelles such as endoplasmic 
reticulum (ER), mitochondria, chloroplasts, 
vacuole, or peroxisomes [37]. The types 
of modifications made to these organelles 
ranges from sacks or miniorganelles to pore 
complexes and inclusion bodies. Replication 
associated proteins have been shown, for 
example, to form inclusions on the surface of 
Tobacco mosaic virus (TMV) infected plant cell 
ER membranes [38]. The exact mechanisms 
by which these modifications work vary. But, 
the common end result is that the RNA is 
replicated, and the newly produced strand 
and the VPg, if such is included in the virus 
proteome, are ready to move forward to the 
next stage of the infection cycle.

2.2 Translation and translation inhibition
Mature eukaryotic cell transcripts are 
5’ capped mRNAs that are transported 
out of the nucleus into the cytoplasm for 
protein translation. The cap structure acts 
as a translation machinery assembly signal. 
Eukaryotic translation initiation factor 4E 
(eIF4E) plays a central role in recognizing the 
cap structure, and initiating the assembly of 
the initiation complex [39]. eIF4E interacts 
directly with VPg. For potyviruses, the eIF4E 
– VPg interaction was first demonstrated in 
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the Turnip mosaic virus (TuMV) and has since 
been a major point of interest in potyvirus 
studies [15,  40-47]. 

Eventually, the translation machinery 
includes several other components, such as 
other translation initiation factors, poly(A) –
binding proteins, and ribosomal subunits, and 
starts to synthetisize the polypeptide chain 
[48, 49]. Viruses need to trick this machinery 
into producing the viral proteins and VPg 
could play a role in that process [50, 51]. Some 
viruses encode their own methyltransferase 
activity for capping their RNA or an 
internal ribosomal entry site (IRES), which 
is suggested to be a structural feature of the 
mRNA downstream of the 5´ end that is 
recognized by eukaryotic ribosomes. VPg may 
act as a protein substitute for a methyl-cap or 
IRES. However, there is no direct evidence 
for VPg participation in translation and cap 
independent translation is possible for viruses 
that carry VPg in their genome even if VPg is 
absent [52, 53]. In contrast, there is in vitro 
evidence for the translation inhibition activity 
of VPg [45, 54-56]. This activity may be part 
of the viral protein translation induction or 
it may be attributed to a different activity. 
One interesting possibility is that the nuclear 
localization of VPg leads to a disruption 
of host mRNA transport and eventually to 
a decrease in host protein translation. The 
decrease in host protein translation could also 
occur by inhibition of complex formation 
between cellular host mRNAs and eIF4E, as 
suggested by Miyoshi et al. [56]. 

As presented in Fig. 1, potyvirus 
protein translation occurs in two different 
stages. First, an initial round is needed 
to produce the viral components for the 
replication complex. In the second stage, 
the replicated viral genome is used as a 
template for translation and larger amounts 
of viral proteins needed for virus particle 
assembly are produced. As discussed above, 
the precise processes in which VPg takes 
part are currently unclear, but given the 
multiplicity of the activities taking place and 

the subsequent requirement for regulation, 
it is possible that VPg functions in several 
stages in different cellular compartments and 
it may even possess the activity to switch, e.g. 
from transcription to translation, and hence 
be the regulator itself. Recently, cap-bound 
eIF4E has been shown to bind VPg [47, 57], 
which would enable it to take part in both of 
the activities simultaneously.

2.3 Nuclear and nucleolar localization and 
inclusions
Potyviral VPg contains two nuclear 
localization signals (NLS) which were mapped 
to the positively charged N-terminus of TEV 
and PVA [58, 59]. In PVA, the first NLS spans 
from Lys4 to Lys6 and the second from Lys41 
to His55. The first NLS was also shown to 
target the NIa intermediate to the nucleolus 
and to Cajal bodies. The second NLS signal 
overlaps with the NTP binding site reported 
earlier to span from Ala38 to Lys44. Deletion 
of this region also disrupts uridylylation [16]. 
This positively charged region is undoubtedly 
important in at least these two functions and 
possibly contributes to other interactions 
and the conformation of the protein with its 
high net positive charge. The functions of 
potyvirus VPg inside the plant cell nucleus 
remain poorly understood, but there are 
some observations that suggest that VPg 
could take part to gene silencing suppression. 
For example, the 2b protein of the Cucumber 
mosaic virus, a member of the Bromoviridae 
family, suppresses post-transcriptional gene 
silencing [60] and deletion of NLS affects the 
gene silencing activity of PVA VPg [59]. The 
movement protein of a Barley yellow dwarf 
virus from the genus Luteovirus contains a 
NLS which was shown to target the protein to 
the nuclear envelope and to form amphiphilic 
α–helices on the surface of the nuclear 
envelope [61, 62]. The function of the protein 
at the envelope surface has been suggested 
to be RNA transport across the membrane 
bilayer. Several animal virus proteins have 
been shown to hamper the nuclear functions 
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of the host and to bind to viral RNA inside the 
nucleus and affect the replication of the viral 
RNA [63].  

Several viral proteins have been termed 
‘inclusion’ proteins, since they were initially 
discovered as inclusions [64]; for example, the 
nuclear inclusion protein A (NIa), which is a 
polyprotein intermediate containing VPg in 
the N–terminal region and a proteinase in the 
C–terminal region. Inclusions are sometimes 
considered to be waste depositories of excess 
virus proteins produced from the polyprotein. 
There is, however, a considerable amount of 
evidence suggesting that inclusions may have 
a function of their own. One example is the 
role of inclusions as sites of translation. TMV 
replicase protein inclusions have functional 
importance and were localized to the ER 
surface [65]. In the light of recent data, it 
would appear that for potyviruses there is 
distinct localization of VPg/Nla proteins to 
the nucleolus and Cajal bodies, which also 
puts into question the presence of nuclear 
inclusions as waste depositories [59].

2.4 Movement 
Movement of plant viruses from cell-to-cell 
or to more distant locations within the plant 
are usually mediated by a group of proteins 
called movement proteins (MPs). Potyviruses 
use multiple proteins, including VPg, instead 
of MPs [66]. The exact mechanisms of VPg 
in movement related functions are largely 
unknown. Interactions between host and 
viral factors seem to be more important than 
the intrinsic features of VPgs. The interaction 
with the descriptively named host factor, 
potyvirus VPg-interacting protein (PVIP), 
and the host factor eIF4E are thought to 
mediate VPg related cell-to-cell movement 
functions [67, 68]. The cylindrical inclusion 
protein (CI) has also been reported to 
take part in cell-to-cell movement via 
plasmodesmata [69-71]. An atomic force 
microscopy study revealed a tip structure at 
the end of the PVA particle which contained 
the CI, VPg, and the helper component–

proteinase (HcPro) [72, 73]. The function of 
this structure in virus movement could be 
in forming a structure for inserting the viral 
genome inside the host cell. This insertion 
could occur through plasmodesmata since 
both HcPro and the coat protein can mediate 
cell-to-cell movement by increasing the size 
exclusion limit of the plasmodesmata [74]. 
The role of the potyviral VPg in long-distance 
movements may be related to phloem loading 
and translocation to the infected leaves in the 
early stages of systemic infections [75, 76].  

2.5 Phosphorylation
Phosphorylation is a common mechanism 
to regulate protein function and structure. 
The PVA VPg is phosphorylated both in 
vitro and in vivo at multiple sites [77-79]. 
Phosphorylation supplies an important level 
of regulation, although the exact functions 
of the phosphorylations are unknown for 
potyvirus VPgs. Phosphorylation could 
trigger the disassembly of the virus particle 
upon entering the cell [78], having similar 
effect compared to phosphorylation of the 
potato virus X coat proteins (Potexvirus 
genus) and the TMV MPs (Tobamovirus 
genus) [80-82]. More specifically, TMV 
MP initial phosphorylation was shown 
to affect plasmodesmal permeability and 
further phosphorylation was hypothesized 
to inactivate movement function and trigger 
disassembly [83].

Phosphorylation and other 
posttranslational modifications are important 
for structural regulation of intrinsically 
disordered proteins. A bioinformatic study 
with DISPHOS, a prediction software that 
can predict phosphorylated amino acids in 
disordered regions with 76 – 83% accuracy, 
depending on the phosphorylated amino 
acid, supports the hypothesis that protein 
phosphorylation occurs predominantly 
within the intrinsically disordered regions 
[84]. The best known example of an IDP in 
which phosphorylation serves as a structure 
regulator is the myelin basic protein (MBP) 
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of central nervous systems [85, 86]. MBP is 
a multifunctional protein interacting with 
negatively charged lipid layers, actin, and 
tubulin, as well as with itself when forming 
dimers, and contains a nuclear localization 
signal. It has a net positive charge which is 
decreased by phosphorylation. This decrease 
affects the binding activities of the protein 

(PDB) cover the sequence of the whole protein 
[90]. In these cases, the missing amino acids 
could be part of an intrinsically disordered 
region. 

Although these observations have not 
yet reached textbooks in biochemistry, they 
have generated a number of excellent reviews 
[91-99]. The authors of these reviews have 
had a major influence on the development of 
this fascinating branch of structural biology. 
Perhaps because of its novelty, there are still 
discrepancies in the nomenclature and IDPs 
are sometimes called ´natively unfolded´ 
or ´intrinsically unstructured´. The term 
´intrinsically disordered´ is, however, 
suggested to be appropriate as a more general 
term describing all types of incompletely 
folded proteins and regions [97]. At the 
same time, the terms natively unfolded or 
intrinsically unstructured may be used to 
refer to subsets of IDPs that have little or no 
ordered structure and behave as random coils 
or pre-molten globules. 
 Relatively few plant virus proteins 
have been shown to be intrinsically 
disordered. The measles virus nucleoprotein 
has an N-terminal domain that folds into a 
α-helical conformation upon interaction with 
the viral polymerase cofactor phosphoprotein 
(P) [100]. Other examples include the 
Hepatitis C virus core protein and the Bovine 
viral diarrhea virus core protein [101, 102]. 

by weakening the electrostatic interactions 
and, thus, reveals a precise mechanism for 
functional regulation [87]. MBP appears to 
have similar biochemical properties compared 
to PVA VPg but whether a similar type of 
regulation mechanism by phosphorylation 
holds true for VPgs, remains to be shown.
 

The concept of intrinsically disordered 
proteins challenges one of the basic principles 
of protein structure – function relationships. 
With IDPs, we can no longer consider protein 
function to rely on a rigid structure. Intrinsic 
disorder can be seen as the epigenetics of 
proteins; the function of the protein is not 
simply dictated by its sequence but also by 
its immediate surroundings, just as gene 
expression is regulated by epigenetic factors 
that lie outside the DNA sequence. The 
adaptive and flexible regions of an IDP can be 
also compared to the regulatory parts of genes 
such as promotors and other non-coding 
regions of genomes.

An increasing number of proteins have 
been identified to be intrinsically disordered, 
many of which were discovered when their 
structures could not be resolved after several 
trials. Most of the proteins that have been 
verified to be at least partly disordered are 
recorded in the DisProt database, which 
currently holds over 500 proteins [88]. It 
seems that the fading number of proteins 
proven to have rigid structures has exploded 
to yield a flood of intrinsically disordered 
proteins. Sequence analysis predicts that 
more than 15,000 of the proteins deposited 
in the Swiss Protein Database could contain 
a disordered region of at least 40 amino acids 
[89]. Furthermore, only 7% of the protein 
structures deposited in the Protein Data bank 

3. Intrinsically disordered proteins
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Intrinsically disordered proteins have been 
suggested to play a role in the virulence 
of influenza virus strains [103]. Increased 
virulence was correlated with increased 
disorder in the hemagglutinin (HA) protein, 
which is an influenza virus surface protein that 
mediates viral cell entry. Recent reports have 
shown that plant viral VPgs also belong to 
this class of proteins [5-7]. Intrinsic disorder 
offers a way to understand multifunctionality 
and gives a starting point for structural 
studies of the protein. The following sections 
present the IDP class in more detail. Because 
the identification of intrinsic protein disorder 
usually requires a combination of several 
biochemical and biophysical methods, a 
methodological approach is included.
 
3.1 Biochemical and structural properties 
of intrinsically disordered proteins
IDPs lack a rigid structure under physiological 
conditions and in their native fold. Instead, 
they have an ensemble of folds rapidly 
changing from one to another. IDPs can, 
however, have a bias towards a certain fold 
which is dictated by the prevailing conditions 
and structure regulating factors such as 
posttranslational modifications. Because 
IDPs are in constant flux between different 
structures, IDPs can be considered transiently 
structured. In this sense, the differences 
between IDPs and stably structured proteins 
are plainly biophysical. The positions of atoms 
and the amino acid chain backbone angles of 
stable proteins have equilibrium positions 
whereas, in disordered proteins, these values 
vary considerably. However, as the difference 
in the degree of variability in these values 
between a structured and disordered protein 
is not defined, intrinsic disorder remains a 
qualitative description [91,104]. The structure 
of an IDP has also been suggested to resemble 
the denatured state of structured or stable 
proteins [98, 99]. Therefore, an important 
question is what is the difference between 
an intrinsically disordered protein and the 
denatured state of a structured protein? It is 

not the degree of folding, since denatured 
proteins can still have some structured 
elements as do IDPs. The most significant 
difference is the biological activity, which is 
present in intrinsically disordered proteins, 
but not in denatured proteins.

Compared to structured proteins 
there is also a clear difference in amino acid 
composition. Disordered proteins have a 
significant enrichment of Ala, Arg, Gly, Gln, 
Ser, Pro, Glu and Lys residues, and reduced 
levels of Trp, Cys, Phe, Ile, Tyr, Val, Leu and 
Asn residues [105, 106]. The length of the 
disordered region can be from a few amino 
acids to long stretches or even cover the whole 
protein. The enrichment of certain amino 
acids can lead to distinct secondary properties 
such as a high isoelectric point (pI). 

IDPs can be divided into two 
subclasses by their secondary structure 
content. The members of the coil-like (or 
intrinsic coils) group are less compact and 
behave as random coils. The molten globule-
like group, also called natively unfolded 
proteins, consists of proteins which are more 
compact and typically exhibit some degree of 
ordered structure [99]. The most convinient 
way to determine which class the protein of 
interest belongs to is to determine the circular 
dichroism (CD) spectrum of the protein in the 
far UV region. Coil-like proteins have closer 
to zero ellipticity (~ -2,000 deg/cm2/dmol-

1) at 222 nm and lower ellipticity at 200 nm 
(~ -20,000 deg/cm2/dmol-1) compared to 
molten globule-like IDPs. A common feature 
of both groups is the loose packing that 
evidently leads to a larger hydrodynamic 
radius and larger interaction surface. This is 
an advantage when the protein has multiple 
interaction partners as it increases the 
interaction area and structural adaptation 
capability. Some disordered regions don’t 
function by adapting a specific structure 
themselves but serve to increase the mobility 
of other parts of the protein. Such regions 
are usually called loops, linkers, or hinges. A 
single protein can have several unstructured 
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and structured regions that can interact with 
each other and affect the overall folding. 
This type of protein, such as the extensively 
studied tumor suppressor p53 [107], presents 
a difficult challenge for the structural 
biologists but also offers a way to understand 
the interplay between protein structure and 
fundamental biochemical functions. 

3.2 Functions of intrinsically disordered 
proteins
Structural flexibility and functional diversity 
seem to go hand in hand for intrinsically 
disordered proteins [108]. An interesting 
concept presented to clarify the reasoning for 
this phenomenon is the theory of flexible nets 
and hub proteins [108, 109]. This hypothesis 
suggests that the intrinsically disordered 
protein is the hub controlling a flexible 
network of interactions and functions. When 
the hub protein interacts with its binding 
partner it leads to structural adaptation of 
the IDP. This adaptation does not necessarily 
lead to stabilization of the whole protein 
since the region gaining more structure may 
be a separate domain or a small interaction 
surface region. As mentioned, MBP is 
an example of an IDP whose structure is 
regulated by phosphorylation. It is also a 
protein that has been suggested to act as a hub 
for structural and signaling networks [110]. 
Another well studied example of a protein 
that could be considered a hub protein is 
the tumor suppressor p53. Oldfield et al. has 
carefully reviewed the solved structures and 
binding partners of p53 and pointed out that 
this protein has multiple disordered regions 
which enable it to interact it with multiple 
partners and to adopt several different 
structures. This example also emphasizes the 
central role of disordered hub proteins. If p53 
fails to do its work, e.g. because of a mutation, 
the well studied consequences include the 
development of several cancer types due to 
failure to maintain the appropriate signaling 
network [111].

What, then, are the functions that 

are activated by the interactions with or 
modifications to an IDP? There seems to 
be no single obvious functional category 
where IDPs would fall. Rather, the structural 
flexibility appears to be related to many 
different types of functions from all kingdoms 
of life [97, 104, 112-115]. There are, however, 
some functional categories where intrinsic 
disorder is typically found, the most common 
being related to DNA or RNA binding, signal 
transduction, ribosomes, and membrane 
binding. More specifically, the DNA and 
RNA binding functions seem to be related to 
transcriptional and translational regulation. 
Several transcription factors such as 
Arabidopsis HY5 are partly disordered [116]. 
In fact, a bioinformatic study suggested that 
~90% of transcription factors may possess 
extended regions of intrinsic disorder [117]. 
In contrast, the names of ordered proteins 
often seem to end with “ase” [97]. Therefore, 
enzymatic activity is probably associated with 
a more stable protein structure.   

3.3 Structural stabilization of intrinsically 
disordered proteins
Interactions and functional activation 
associated structural stabilization of IDPs can 
occur through several different mechanisms. 
A single IPD region can be stabilized 
or a single binding event can stabilize 
several regions. Another possibility is that 
the unstructured domains are stabilized 
sequentially, one region being dependent on 
the other. Post-translational modifications 
bring yet another level of regulation to the 
structural stabilization cascade. As a reversible 
reaction, a post-translational modification 
can turn the activity of the protein on or off 
by inducing a disorder to order, or an order 
to disorder, transition [118]. Wright and 
Dyson proposed a division of structural 
stabilization into two extreme classes 
[94]. The first class is the induced folding 
mechanism where the disordered protein 
adapts its structure to a binding partner. The 
second class is the conformational selection 
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method, where the binding partner selects 
the best conformational counterpart from 
the ensemble of disordered conformational 
intermediates [94]. Examples of the first 
mechanism, induced folding, are the acidic 
transcriptional activators Gal4 and VP16 
which are recruited through electrostatic 
interactions to the target proteins leading to 
formation of a target induced and stabilized 
complex [119]. PEP-19, a small calmodulin–
binding protein, is an IDP which is suggested 
to bind to either the apo- or Ca2+- form of 
calmodulin with different structural modes 
and, therefore, represents the conformational 
selection method of structural stabilization 
[120]. A more precise mechanism for the 
induced folding is described by the concept 
of α–helical molecular recognition elements 
(α–MOREs) [121]. α–MOREs are short 
regions within longer disordered regions 
which undergo coupled folding and binding 
upon interaction with a binding partner. 
The induced folding of the measles virus 
nucleoprotein C-terminal domain for example 
uses this type of recognition mechanism when 
binding to the viral phosphoprotein [100].

Biological reactions happen 
within the laws of thermodynamics and, 
therefore, disorder in a protein must be 
thermodynamically favorable. From this 
perspective, the rationale for intrinsic protein 
disorder can be based on stereochemical 
and thermodynamic aspects of the folding 
mechanisms. These are covered in the “fly-
casting” theory [122], which is partly parallel 
to the induced folding concept and provides a 
kinetic description of how the loosely packed 
interaction surface of an IDP folds through a 
funnel-like channel towards the interaction, 
binding and stabilization. A critical assessment 
of the fly-casting mechanism recently added 
that, in addition to a greater capture radius of 
the IDP, there is also a significant reduction 
in the binding free-energy barrier [123]. This 
theory was applied successfully, for example, 
for deciphering the kinetics of the binding 
of the disordered CREB transcription factor 

pKID domain to the KIX domain of the co-
activator CBP [124].

The question of coupled folding and 
binding, induced folding and conformational 
selection of IDPs is clearly open and under 
debate. The above mentioned critical 
assessment of the fly-casting mechanism is 
part of this debate. Additionally, another 
recent review of the induced folding and the 
conformational selection mechanisms argued 
that the two mechanisms are actually the same 
and a synergistic model was proposed based 
on the view that coupled folding and binding 
follow conformational selection [125].

3.3.1 Membrane interactions associated 
with structural stabilization
According to a bioinformatic study, 
intrinsically unstructured segments appeared 
to be significantly enriched in transmembrane 
proteins and, in approximately 70% of these, 
the unstructured segments were close to the 
transmembrane segments [126]. Since we 
know that positive–sense plant viruses need 
membranes for crucial steps in the infection 
cycle and that they induce modifications in 
membrane morphology [26-30, 127], it is 
essential to review some of the key aspects 
of membrane-IDP interactions. These 
interactions are presented here with a few 
well known examples. 

α-synuclein is an important and 
well characterized IDP. It is also known to 
interact with acidic membrane lipids and 
cause a leakage of the vesicular contents 
through pore-like structures [128, 129]. The 
stabilization was shown to be accompanied 
by a 3% to 80% increase in α–helical content. 
More recently, the binding was shown to be 
dependent on the vesicle size, lipid/protein 
ratio, temperature, ionic strength, and lipid 
charge [130]. Endosulfine-α (ENSA) is a 
cAMP regulated phosphoprotein and a 
binding partner of α-synuclein. ENSA is 
also an IDP whose structure is stabilized 
upon membrane binding. The interaction 
between ENSA and α-synuclein may be 
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involved in regulating neuronal excitability 
and synaptic vesicle release in a membrane-
dependent fashion [131]. Across the different 
kingdoms of life, α–helical stabilization is 
clearly a common way to modify structure 
upon interaction with a membrane. Maize 
dehydrins (DHNs) use a similar type of 
membrane stabilization mechanism. They 
have a positively charged “K segment”, 
which interacts with anionic phospholipid 
vesicles and stabilizes into α–helices. DHNs 
accumulate in seeds and vegetative tissues of 
maize in response to abiotic stress conditions 
and during the late stages of embryogenesis. 
Structural adaptation of DHN proteins are 
presumed to be associated with the protection 
of the cellular components from stress 
damage [132,133]. These examples show that 
the membrane binding associated structural 
adaptation of an IDP can be a fine tuned and 
precise mechanism, and can lead to dramatic 
consequences.  

3.4 How to study the lack of structure? –
A methodological point of view. 
X-ray crystallography and NMR are powerful 
methods to resolve the structure of a stable 
protein. Solved structures are usually thought 
to cover the entire protein, but a significant 
amount of solved structures contain 
“ambiguous” regions of unknown structure 
[90]. Therefore, there must be something 
that can not be seen with these methods 
and is in constant dynamic fluctuation. In 
order to understand the function of an IDP, 
it is essential to find ways to characterize its 
structure. 

How then can we study the absence 
of something? There is no single best way to 
identify and characterize the structure of an 
IDP but, on the contrary, the best way is to 
combine several methods. It may be possible 
to stabilize the structure and use conventional 
structure resolving methods, but it may 
also be possible to observe the ensemble of 
structures and try to study the properties of the 
moving (disordered) parts by using different 

approaches. Several thorough reviews are 
available regarding the methodology used to 
identify an IDP [91,134-137]. The following 
chapters present more details on the nature 
of IDPs, as well as some model IDPs from a 
methodological point of view. The emphasis 
is on the methods that were employed in the 
original publications related to this study (I 
and III), where more detailed descriptions 
of these methodological setups can be found. 
The methods described here are not the only 
possible approaches, but are perhaps among 
the most commonly used. CD–spectroscopy 
is frequently the first wet lab step and a very 
versatile one.

3.4.1 Circular dichroism spectroscopy
Perhaps the most widely used method for 
identifying and characterizing an intrinsically 
disordered protein is circular dichroism (CD) 
spectroscopy. It is based on the refraction of 
circularly polarized light from asymmetrical 
molecules [138, 139]. All proteins are 
asymmetrical because of the chirality of 
the peptide bond. The refraction of light 
is measured and usually collected as milli-
degrees of light angle rotation. If the subject 
of the study is a protein, after background 
subtraction, the data is normalized on the 
basis of the number of amino acid residues, 
the protein mass, cuvette path length and 
protein concentration. After normalization, 
the data is in the form of deg/cm2/dmol-1 
and is usually plotted against the wavelength 
spectrum. A spectrum in the 250 to 350 nm 
range is called the “near-UV” region. Signals 
in this region describe certain aspects of 
tertiary structure such as the environment 
of the aromatic amino acids and disulfide 
bonds [140]. The signals of this region may 
be overlapping and difficult to interpret but 
can give a useful fingerprint of the tertiary 
structure, or show the absence of it. Therefore, 
the overall use of CD spectra from the near-
UV region in characterizing intrinsic disorder 
is rather limited. However, a spectrum in 
the range of 180 to 250 nm, referred as “far–
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UV”, may be very helpful. Spectra in this 
range are commonly used to characterize the 
secondary structure of proteins [140, 141]. 
The spectral properties of certain types of 
secondary structure elements are defined in 
the literature [138]. For example the α–helix 
gives rise to a characteristic positive peak 
at 192 nm and double minima at 208 and 
222 nm. The typical far-UV CD spectrum 
characteristics of an intrinsically disordered 
protein are a large negative ellipticity near 
200 nm, a negligible ellipticity near 222 nm, 
and an ellipticity near zero at 185 nm [135]. 
CD spectroscopy also enables the separation 
of disordered proteins into two classes, as 
described earlier. When the CD spectroscopy 
data is used for estimating the proportions of 
different secondary structure elements, it is 
fed into software developed for the purpose. 
These are typically neural network based 
algorithms which are trained with datasets 
of known structures and deconvolute the 
data to percentages of different secondary 
structure elements. Two examples of this type 
of software are K2d developed by Andrade et. 
al. [142] and CDPro by Sreerama and Woody 
[143], consisting of three parallel algorithms 
SELCON3, CDSSTR, and CONTIN.

The use of CD spectroscopy in 
studying intrinsic disorder can be extended 
by observing changes in the protein structure. 
The change can be induced, for example, by 
addition of a denaturant or an interacting 
partner. It is also possible to observe the 
effect of heating on protein stability and 
conformational changes by adding a precise 
heat control element to the CD spectroscope 
setup. Intrinsically disordered proteins have 
known behaviors under certain conditions 
which can be studied with these extensions. 
For example, they are not drastically affected 
by heat denaturation. Changes occur at 
relatively low temperature and are many 
times reversible [135]. 

These features make CD spectroscopy 
an excellent tool for characterizing 
intrinsically disordered proteins. There is, 

however, a major drawback. CD spectroscopy 
describes only the content of structural 
elements, not the location of them. For this 
purpose, other parallel methods have to be 
used and nuclear magnetic resonance (NMR) 
is the most powerful of them.

3.4.2 Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) depends 
on the magnetic properties of the nuclei of 
atoms which can be measured in a controlled 
magnetic field. The NMR spectra consist 
of peaks or resonance signals caused by the 
relaxation of the nuclei. If the quality of the 
spectrum is adequate, it can be used to assign 
the amino acids of the protein and eventually 
to resolve the exact three dimensional folding 
of the protein. The fact that NMR studies 
can be conducted using proteins in solution 
separates it from the other powerful structural 
biology method, x-ray crystallography, 
which requires that the protein be in the 
form of a symmetrical crystal. Thus, NMR 
enables one to use proteins with fluctuating 
structures rather than a single rigid structure, 
which is a perquisite for decent crystal 
formation. Commonly, the first indication 
of an intrinsically disordered protein in an 
NMR spectrum is the poor dispersion of the 
resonance signals.       

Several variations in NMR 
methodology have been developed and when 
carefully selected and used can give valuable 
information on disordered proteins [134, 144]. 
Perhaps the most promising new application 
is in-cell NMR spectroscopy which is one 
of the few methodologies for conducting 
protein structural studies in vivo [145, 
146]. This application has already provided 
evidence that α-synuclein – a well known 
IDP – retains its intrinsic disorder inside 
the cell in molecularly crowded conditions 
[147]. Molecular crowding prevents the 
conformational change in α-synuclein that is 
detected in the more dilute conditions used in 
in vitro assays. NMR applications designed for 
deciphering the folding pathways of proteins 
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have also been successfully used for IDPs, 
as in the case of calpastatin folding studies. 
Calpastatin peptides were shown to fold 
into α–helices in a Ca2+ dependent manner 
[148, 149]. Another important example of a 
successful NMR study of protein folding is 
the folding of the pKID domain of the CREB 
transcription factor upon its interaction with 
the KIX domain of the co-activator CBP. Two 
NMR techniques were used:  titration NMR 
and 15N relaxation NMR. These approaches 
revealed that the interaction is mediated by an 
ensemble of transient encounter complexes 
stabilized by non-specific hydrophobic 
contacts [150]. This study is a prime example 
of the detail NMR is capable of resolving in 
dynamic structural environments. NMR 
techniques are probably the most powerful 
individual method for characterizing IDPs 
and their folding, but are also, perhaps, the 
most difficult to conduct and require the most 
sophisticated instrumentation. 

3.4.3 Fluorescence spectroscopy
Fluorescence spectroscopy offers a variety of 
methods for studying intrinsically disordered 
proteins. The basic principle is to excite the 
sample with a certain wavelength of light 
and to follow the emission intensity in a 
particular area of the spectrum. In protein 
fluorescence, the emission spectrum is 
dependent on the aromatic amino acids in a 
coordinated environment. Certain molecules, 
such as iodide or O2 can be used to “quench” 
the emitted fluorescence [151]. The rate and 
efficiency of the quenching depends on the 
conformation and exposure status of the amino 
acids. A neutral quencher, acrylamide, can 
interact with exposed and buried tryptophan 
residues. If the quenching of a folded protein 
is compared to one with denaturants added, 
the level of stable structure, or the lack of 
it, can be estimated. The quenching effect 
is visualized as a Stern-Volmer plot which 
shows the change in quenching efficiency 
relative to quencher concentration [152]. This 
approach was used for example to examine 

fesselin, which was shown to be a natively 
unfolded protein by fluorescence quenching, 
among other methods [153].
 Another fluorescence spectroscopy 
based method especially useful for studying 
the presence of hydrophobic cores in an 
IDP, is the measurement of the excitation 
spectra after binding of 1-anilino-8-
naphthalenesulfonic acid (ANS). When ANS 
binds to a hydrophobic pocket of a loosely 
folded protein or a partly denatured protein it 
causes a blue shift in the emission maximum 
and an increase in the intensity. The strength 
of this method is that it enables the separation 
of a fully extended random-coil like IDP from 
a molten globule type IDP since the molten 
globule will have residual hydrophobic core-
like structures that will be exposed upon 
denaturation [135, 154-156]. 

3.4.4 Sodium dodecyl sulfate 
polyacrylamide gel electrophoresis, size 
exclusion chromatography, and limited 
proteolysis 
Intrinsically disordered proteins have an 
unusual mobility on sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-
PAGE) [92, 157]. The mobility is retarded so 
that IDPs usually appear to be at least 10% 
larger than expected based on their amino 
acid sequence. This phenomenon is thought 
to occur because of the unusual amino acid 
composition which reduces the SDS binding 
to the protein surface and, therefore, the 
mobility in the gel. A similar type of behavior 
is observed in size exclusion chromatography 
experiments, but for a different reason. In this 
case, the less compact, disordered, flexible 
protein has a larger hydrodynamic radius 
which results in the protein appearing larger 
than expected [135]. 
 Limited proteolytic digestion is based 
on SDS-PAGE separation of a proteolytically 
fragmented protein [158, 159]. Proteinases 
with broad substrate specificity such as 
trypsin, proteinase K, and pepsin are 
commonly used [159]. The protein of interest 
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is first digested under limited conditions 
which can be achieved by restricting the time 
of the digestion, the amount of proteinase or 
by lowering the reaction temperature. After 
fragment separation the N-terminus or the 
masses of the fragments can be determined. 
Localization of the fragments enables the 
estimation of flexible or exposed regions and 
protruding loops. The use of this method 
can be extended to study conformational 
changes and different structural states of 
the protein by varying the conditions or by 
adding interaction partners. For example, the 
formation of a certain structural intermediate 
can be induced by changing the pH conditions 
as in the case of apomyoglobin [160]. It has 
an acidic molten-globule state at pH 4.2 and 
a native state at pH 8.0. Adjustment of the pH 
enabled the determination of which helices 
were disordered and which were stable [161].

3.4.5 Bioinformatics
Bioinformatics is perhaps the most convenient 
way to test whether a protein of interest could 
have intrinsically disordered features. Basic 
computer skills are enough to use most of the 
prediction softwares and only the amino acid 
sequence is required for input. Several types 
of software are available and many of those 
generate high levels of reliability (~85%) 
[97, 137]. PONDR® (Predictor of Natural 
Disordered Regions) is among the most 
widely used [106, 162, 163]. It is a collection 
of disorder predictors based on neural 
networks trained on specific sets of ordered 
and disordered proteins. The length of the 
disordered region can affect the prediction 
accuracy, and, because of this, the PONDR 
predictor package was recently updated with 
novel length dependent predictor algorithms 
[164, 165]. Initially, predictors use the amino 
acid sequence to calculate certain values such 
as hydropathy and charge for each residue 
in windows of, for example, 21 amino acids. 
These values are fed to the neural network 
which returns a value for each residue. If the 
value exceeds a certain threshold, the amino 

acid is considered disordered. The neural 
networks are trained with data from solved 
x-ray structures. However, instead of using 
the stable regions of these structures, disorder 
predictors, such as DISOPRED and Disembl 
[166] use the coordinates missing from 
electron density maps of x-ray structures. 
Some of the most commonly used predictors 
are briefly described and compared in Fig. 4. 

To back up the prediction of the 
disordered regions, other bioinformatic tools 
can be used. Disordered proteins usually 
have typical charge profiles and this has 
been utilized by Uversky et. al. to provide 
a charge-hydropathy plot where proteins 
are positioned according to their mean net 
charge and hydropathy [95]. This approach 
does not give a per residue estimation of the 
disorder, but can be used as a more general 
classification method for IDPs. Another 
simpler approach is to count each amino 
acid and divide them into groups of disorder 
and order promoting residues. This can be 
automated using a composition profiler tool 
[167]. Certain amino acids, such as lysine, 
arginine, serine, proline, and glutamic 
acid, are potent generators of disorder, 
and enrichment of these in the amino acid 
sequence can be considered as an indication 
of intrinsic disorder [105, 106]. Although 
bioinformatics is an easy and quite reliable 
tool to identify and even localize intrinsic 
disorder in proteins, it can not replace wet 
lab experimentation which should always be 
used to verify initial in silico results [136].  

Eventually, the combination of, 
preferably, several wet lab methods and 
different types of prediction software could 
lead for example to the localization of the 
disordered region, revealing an interaction 
surface or hinge between two domains. One 
may also find that a domain or an entire 
protein has an ensemble of several transient 
structures providing a landscape of structural 
intermediates. All this is indispensible 
information when deciphering the functional 
network of a protein.
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AIMS OF THE STUDY

The aim of this study was to assess the key biochemical properties of PVA VPg. These properties 
were put into a structural context and the with a goal to evaluate the structure – function 
relationships. Since VPg turned out to be an intrinsically disordered protein, the aim for further 
structural studies was to identify structure stabilizing interactions and to characterize the nature 
of the stabilization. 

Aims of the study
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MATERIALS AND METHODS

A detailed descriptions of the methods are in the original publications, as listed below.

Materials and Methods in Original Publications
 
Method       Original publication
Agroinfiltration       II
Bioinformatic analysis              I and II
CD spectroscopy       I and III
Electron microscopy       III
Fluorescence spectroscopy           I
Limited trypsin proteolysis       I and III
Luciferase assay        II
NMR         I
NTP binding assay       II
PIP strip binding assay      III
Plant expression vector cloning     II
Polyacrylamide gel electrophoresis (PAGE)    I
Recombinant protein production     I
RNase assay        II
Translation inhibition assay      II
Uridylylation assay       II
Vesicle preparation       III

Materials and methods



-     24     -

This study used His–tagged recombinant 
VPg in most experiments. The VPg protein 
was produced in the E. coli M15 strain and 
purified under denaturing conditions. The 
folding of re-natured protein was compared to 
that of VPg purified under native conditions 
to verify the integrity of the structure (Fig. 1D 
in I). Since the folding seemed to be similar 
and independent of the purification method, 
and the denaturing purification led to higher 
recovery of purified protein, the denaturing 
purification protocol was used throughout 
these studies. The reversibility of the folding 
of many IDPs is, in fact, an advantage for 
recombinant protein purification since 
impurities may be irreversibly aggregated 
and removed. Typically, two major bands 
corresponding to the sizes of the VPg monomer 
and dimer were detected in all purifications 
under denaturing or native conditions (Fig. 
1A, B and C in I). Purified samples lacked any 
major impurities but higher oligomers were 
occasionally detected (Fig. 1B in I). Dimers 
were also detected from plant samples where 
VPg was expressed using the 35S promotor 
(Fig. 5A in II). Dimerization complicated 
some analyses as did the high isoelectric point 
(~8.9) of the protein, as well as the pronounced 
aggregation near physiological pH. The 
high pI was a consequence of enrichment of 
positively charged Lys and Arg residues in the 
N-terminus. These properties are indicative 
of a need to certain biochemical environment 
and to regulation of the structural properties 
of the protein in a biological environment. In 
this sense, it could be argued that the in vitro 
setup of the study was highly artificial, but, in 
fact, this approach gave an easily manageable 
starting point for structural and biochemical 
studies of a dynamic protein. Purity or yield 
was not an issue and recombinant VPg 
behaved well in almost any buffer solution 

RESULTS AND DISCUSSION

with a pH below 6.5. The fact that most of the 
biophysical methodology would have been 
impossible to conduct in vivo also made the in 
vitro approach an unavoidable compromise.    

1.1 PVA VPg in NTP–binding and 
uridylylation
The amino acids 38-44 (AYTKKGK) 
are important for NTP–binding and 
uridylylation of VPg [16]. In this study, we 
inspected this region further and mutated 
the three lysines to alanines. The goal was 
to study the biochemical and structural 
properties of the binding and uridylylation 
processes in detail. Chemical cross-linking 
with sodium cyanoborohydrate was used to 
study the binding, as described in II and in 
the references therein [16,168]. The binding 
of UTP and the uridylylation efficiency was 
measured after SDS-PAGE separation as 
radioactivity from [α–32P]UTP incorporated 
into VPg. The fact that the binding assay 
was based on lysine specific chemical cross-
linking of the nucleotide means that it was 
not possible to determine whether VPg has 
an actual affinity for UTP or to calculate 
the Kd of the reaction. By definition, the 
nucleotide binding activity of a protein is 
a selective and non-covalent interaction 
(gene ontology definition GO:0000166 for 
nucleotide binding). Therefore, the term 
binding assay does not describe this setup 
very well. However, by this approach we can 
see whether the mutated lysines are available 
for chemical crosslinking, and, perhaps, form 
conclusions regarding the effect of the surface 
charge or local conformation of this lysine 
rich region of VPg to the approaching UTP. 

PVA VPg is known to bind RNA non-
specifically [169]. The mutated N-terminal 
region of the protein has a high positive 
charge which makes it a likely candidate for 

1. Biochemical properties of PVA VPg
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RNA or nucleotide binding. We found that 
the cumulative alanine mutations gradually 
decreased the in vitro NTP–binding and 
uridylylation (Fig. 3 in II). This result supports 
the hypothesis that the lysines take part in 
these two activities; however, this did not 
enable us to determine whether VPg or NIb 
possesses an affinity for UTP. The uridylylated 
tyrosine is most probably Tyr63, as shown 
for the corresponding tyrosines in two other 
potyviruses, the Tobacco vein mottling virus 
and the Pepper vein banding virus [17, 19]. 
The structures of these VPgs are not known, 
but the poliovirus VPg structure and the 
model for uridylylation based on it suggests 
a coordinating effect for the lysine rich region 
rather than binding [21, 22]. Based on the 
results presented in Fig. 2 of II and the model 
of poliovirus uridylylation it appears that the 
flexibility of the disordered and charged NTP-
binding region directs the approaching UTP 
to the proximity of the Tyr63 together with 
the coordination aid from manganese. In fact, 
the corresponding lysines in poliovirus VPg 
were recently shown to affect uridylylation in 
a similar way and are also suggested to be in 
direct contact with the poliovirus polymerase 
[170]. Therefore, in light of current knowledge, 
the NTP–binding activity associated with the 
uridylylation reaction may be a feature of  the 
polymerase and not that of VPg, whose lysine 
rich region would serve in  NTP-coordination. 
The structural assessment of such a small 
region is difficult, but a bioinformatic analysis 
suggests that this loss of activity could be 
related to a reduction in the flexibility of the 
region (Fig. 6 in II). Such a change would 
explain the lowered availability of the region 
for UTP cross-linking as well as the weakened 
uridylylation reaction as the coordination 
provided by the region would be disturbed. 
These changes could prevent the formation of 
the replication complex and explain the loss 
of infectivity (Fig. 2 in II). 

1.2 PVA VPg in translation inhibition
The interaction of VPg with eukaryotic 
initiation factors is strong evidence for its 
participation in translation related processes 
[42, 55]. The in vitro translation inhibition 
activity of potyviral VPg has been shown 
in several studies [45, 54, 56], clearly 
demonstrating a role for VPg in translation. 
We examined this role in more detail and 
compared it to other activities by setting 
up luciferase activity based systems for the 
WT and the above mentioned lysine mutant 
VPgs. These systems were used for studying 
infectivity, as well as in vitro and in vivo 
translation inhibition. The constructs used 
are described in the Materials and Methods 
section of II in detail.

The in vitro translation inhibition 
activity of PVA VPg on capped mRNAs was 
gradually weakened when lysines in the NTP–
binding region were mutated (Fig. 4B in II). 
In contrast, no clear dependence on lysines 
was detected when non-capped mRNA was 
used, suggesting that there could be a cap–
dependent mechanism for the translation 
inhibition activity. The in vivo translation 
inhibition activity was tested using two 
luciferase reporter genes. VPg was expressed 
in N. benthamiana 24 h prior to infiltration of 
the Fluc and Rluc constructs. VPg expression 
resulted in the translation inhibition of both 
reporters (Fig. 5B and C in II). Interestingly, 
the lysine mutations did not affect the 
translation inhibition in vivo. This result may 
indicate that the translation inhibition activity 
of VPg is not controlled by the NTP–binding 
region in vivo or that this activity is specific 
to non–capped mRNAs. Although the in 
vivo assay showed inhibition of translation, 
it is difficult to draw conclusions regarding 
the exact mechanism based on this assay. For 
example, the role of the eIF4E interaction or 
the silencing suppression activity could be 
related to translation inhibition, but these 
connections remain to be studied.
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A far–UV CD spectrum was the first evidence 
of intrinsic disorder in the PVA VPg (Fig. 
1D in I). The spectrum exhibited the typical 
features of IDPs introduced earlier. Based on 
the ellipticity of approximately -4000 deg/
cm2/dmol-1 at 222 nm and approximately 
-6000 deg/cm2/dmol-1 at 200 nm (Fig. 1D 
in I and Fig. 2), VPg behaves like a molten 
globule–like IDP based on the classification 
presented by Uversky [99]. However, the 
more general term ´intrinsically disordered´ 
is used throughout this work, as in the title 
of the original publication of the structural 
properties of PVA VPg (I). The structural 
environment was further examined using CD 
spectroscopic analysis of the denaturation 
profiles. Heat denaturation revealed a 
relatively low melting temperature of ~42 
°C and a reversibility of the folding (Fig. 2B 
and C in I). The deepening of the minima 

Figure 2. Comparison of CD spectra of folded, heat 
denatured, and vesicle interacting VPg, originally 
published in I and III. The comparison shows the 
three different folds of VPg where the denatured 
form has the lowest amount of secondary structure, 
as indicated by the strong minimum close to 200 
nm, and the vesicle stabilized form shows an 
increase in α–helical content, as indicated by the 
minimum shift to 222 nm. 

and the blueshift from 205 nm to 200 nm 
indicates a collapse of residual secondary 
structure to random coil upon heating (Fig. 
2 and Fig. 2B in I). When the secondary 
structure proportions of these two forms were 
calculated, the collapsed structures appear to 
contain both sheets and helices (Table 1 in 
I). However, in the folded form of VPg the 
α-helix content was expected to be ~20% 
higher on the basis of the secondary structure 
predictions presented in Fig. 6 in I. Together 
with the trifluoroacetic acid (TFE) induced 
increase in α–helix content presented by 
Grzela et al. [6], these results suggest that 
stabilization of the disorder in potyviral VPgs 
could lead to an increase in α–helix content. 

Studies using chemical denaturation 
and near-UV spectral analysis revealed that 
the tertiary structure, possibly including 
dimers, was disrupted at relatively low 
GdmHCl concentrations. This result indicates 
that a loosely folded structural intermediate 
state, devoid of tertiary structure but with 
pronounced secondary structure, may 
accumulate in these conditions (Figs. 2 and 3 
in I). Evidence for disruption of a hydrophobic 
core domain was provided by NMR and 
fluorescence spectroscopy studies (Figs 4 and 
5 in I). Binding of ANS was affected at low 
GdmHCl concentrations as was the tertiary 
structure observed in the near–UV region 
by CD spectroscopy. The hydrophobic core 
domain could therefore be part of a dimer or 
higher oligomer containing tertiary structure. 
Still, the expectation of structural, and more 
precisely α-helical, stabilization was evident 
throughout the studies of the disordered state 
of VPg. 

2.1 The proportion of disorder in VPgs 
Several prediction and sequence analysis 
tools were used in this work. The PONDR® 
predictor of disordered regions was used 
in I and II to estimate the positioning 

2. Structural properties of PVA VPg
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and content of disordered regions. The 
bioinformatic analysis was extended to a few 
other programs to compare the localization 
and amount of predicted disorder and to get 
an update on this rapidly evolving branch of 
bioinformatics (Fig. 3A-E). Some differences 
in the localization of predicted disorder 
between different programs was noted, but 
all predicted some degree of disorder. The 
N-terminus was predicted to be disordered 
by all the programs, with the exception 
of IUPred, and most software predicted 
a few other disordered stretches in VPg 
(summarised in Fig. 3F). In conclusion it 
can be said that in addition to loosely folded 
regions, VPg probably has a significant 
amount of structured parts.

When the secondary structure 
content was calculated from the CD spectra 
data in I, approximately 48% of VPg was 
estimated to be random coil or unstructured. 
In comparison, the proportion of residues 
predicted to be disordered by PONDR was 
40%. Taken together, a rough estimate is that 
half of the protein is disordered. This amount 
seems to be close to the average for disordered 
proteins, in general, when the proportion of 
disorder in potyvirus VPgs was compared 
to that of structured proteins, disordered 
proteins, and sobemovirus VPgs. (Table 2 
and Fig. 4). The distribution of the predicted 
disorder proportion was high in the DisProt 
and PDB datasets as can be expected from 
randomly selected and heterologous sets of 
proteins. Both VPg datasets showed a higher 
proportion of disorder compared to the PDB 
dataset of proteins with solved structures. 
Sobemovirus VPgs seemed to possess an even 
higher amount of disorder than potyviral 
VPgs. From this analysis, together with the 
amino acid composition analysis conducted 
earlier (Fig. 7 in I), intrinsic disorder appears 
to be a common property for VPg proteins. 
The same conclusion was recently drawn in 
a similarly extended study with two other 
VPgs [7]. In addition to verifying the intrinsic 
disorder in Rice yellow mosaic virus (genus 

Sobemovirus) and Lettuce mosaic virus (genus 
Potyvirus) with wet lab experimentation, the 
bioinformatic part of that study was extended 
to 14 VPgs from other viruses, which were all 
predicted to contain disordered regions.

2.2 Localization of the disordered regions
The bioinformatic analysis provided some 
clues as to the localization of the disorder in 
VPg (Fig. 6 in I and Fig. 3). The N–terminal 
region seemed to be the strongest candidate. 
It has an unusually high number of positively 
charged residues. Limited trypsin digestion 
was used to examine the flexible and exposed 
regions of VPg. The N-terminus of VPg 
was readily cleaved which confirmed that 
this region is easily accessible and probably 
disordered. Two other trypsin cleavage sites 
also corresponded well with the short regions 
predicted to be unstructured by PONDR® 

(Fig. 6 A and B in I). Some interesting 
features of these regions have been noted in 
the literature. The first region (fragment 4 in 
Fig. 6. in I) is cleaved at Thr45 which is right 
next to the proposed NTP–binding site [16] 
and in the middle of the recently identified 
nuclear localization signal (NLS II) [59]. The 
second accessible cleavage site was Asn115, 
next to Met116, a residue which was shown 
to be essential for virulence probably through 
a movement related function [171]. This 
site is also within the proposed amphiphilic 
central helix which was suggested to take 
part in HcPro and eIF4E interactions [46]. 
This is a clear indication that accessible and 
loosely folded regions are important for VPg 
function.
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Figure 3. Comparison of amounts of predicted disorder in PVA VPg and localization of the disordered 
regions. A) PONDR® [106, 163]. B) Disopred2 [212]. C) Disembl [213]. The Disembl predictor combines 
three separate definitions of disorder. The threshold line for each definition is given as a dotted line with 
corresponding symbol. D) FoldIndex [214]. E) Iupred [215]. F) Summary of the prediction results for PVA 
VPg and the basis of the predictor. 
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Table 2. Viral VPgs included in
the datasets in Fig. 4.

Figure 4. Intrinsic disorder in potyviral and 
sobemoviral datasets compared to randomly 
collected PDB and DisProt datasets. Both random 
datasets included 30 proteins with chain length 
of 170 to 210 amino acids. The PONDR® software 
was used to estimate the total content of intrinsic 
disorder in potyvirus VPg, DisProt, and PDB 
datasets. In addition, a dataset of manually collected 
9 sobemovirus VPgs was analyzed. Sequences of all 
proteins from all datasets were analyzed separately 
with VLXT and VSL1 algorithms using the 
PONDR® server. The number of residues predicted 
to be disordered was calculated and averaged to get 
an approximation of the proportion of disorder in 
a given dataset.

Potato virus Y
Bean yellow mosaic virus
Blackberry virus Y
Chilli veinal mottle virus
Onion yellow dwarf virus
Wisteria vein mosaic virus
Daphne virus Y
Shallot yellow stripe virus
Thunberg fritillary virus
Narcissus degeneration virus
Lily mottle virus
Watermelon mosaic virus
Telosma mosaic virus
Peace lily mosaic virus
Banana bract mosaic virus
Turnip mosaic virus
Potato virus A
Plum pox virus
Pepper mottle virus
Zucchini yellow mosaic virus
Papaya ringspot virus
Sorghum mosaic virus
Peru tomato mosaic virus
Soybean mosaic virus
Lettuce mosaic virus
Tuberose mild mottle virus
Sweet potato feathery mottle virus
Leek yellow stripe virus
Cocksfoot streak virus
Papaya leaf-distortion mosaic potyvirus

Cocksfoot mottle virus
Turnip rosette virus
Sesbania mosaic virus
Ryegrass mottle virus
Rice yellow mottle virus
Lucerne transient streak virus
Southern bean mosaic virus
Subterranean clover mottle virus
Southern cowpea mosaic virus

PotyVPg

SobemoVPg
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2.3 Stabilization of intrinsic disorder
Commercial phosphatidylinositol strips or 
“PIP strips” (Echelon Biosciences) were used 
to test whether VPg interacts with membrane 
lipids. Despite the non-specific binding of 
antibody to several of the lipids on the strips, 
VPg showed specific binding to certain lipids 
and further experiments were based on these 
results (Fig 1. in III). CD spectroscopy was 
used to characterize the structure of VPg in 
the presence of synthetic lipid vesicles (Fig. 2 
in III), and a change in structure was detected 
following interactions with the anionic 
phospholipids phosphatidylserine (DOPS) 
and phosphatidylglycerol (DOPG). The 
changes resembled those observed in PVY, 
Rice yellow mosaic virus, and Lettuce mosaic 
virus VPgs upon addition of TFE [6,7], which 
is known to promote α–helix formation 
[172]. Although the high lipid background 
prevented observations at 185 nm or 208 nm, 
which are wavelengths indicative of α–helices, 
the appearance of a pronounced minimum at 
222 nm was evidence of α–helical stabilization 
(Fig. 2 in III). Three different conformational 
states of PVA VPg are presented in Fig. 
2, where clear differences between the 
folded but partly disordered state, the heat 
denatured state, and the vesicle interaction 
stabilized state can be seen. Because CD 
spectroscopy can not determine the location 
of the elements undergoing stabilization, 
and because the change in structure needed 
to be independently verified, limited trypsin 
digestion was used to study the vesicle 
interacting form of VPg. The trypsin digestion 
patter of  VPg in the presence of non-
interacting phosphatidylcholine (DOPC) 
vesicles was identical to the pattern in the 
absence of vesicles, whereas, in the presence 
of DOPG and DOPS vesicles, an obvious 
change in the pattern was observed (Fig. 3 in 
III). The N-terminus of the VPg was predicted 
to be disordered, and so can it be, but since 
there is actually an increase in N-terminal 
fragmentation after vesicle association, the 

~25 N-terminal amino acids do not appear 
to be protected in this interaction. The most 
notable change was the disappearance of the 
two most stable fragments cleaved at positions 
Thr45 and Asn115 in the control reactions. 
As mentioned above, these residues are in 
functionally intriguing positions and the 
disappearance of these in the lipid interacting 
samples suggests that they may be involved in 
an interaction that stabilizes α-helices. Based 
on the CD spectra and limited trypsination 
results, a change in VPg structure upon 
interaction with anionic vesicles was evident, 
but was there any changes in the vesicles? This 
was next examined by electron microscopy 
(EM).
 
2.4 Vesicle modifications caused by VPg – 
Evidence for a pore forming activity
EM was used to visualize the changes in 
vesicle appearance. No difference was seen in 
DOPC vesicles after VPg addition (Fig. 4B in 
III), whereas electron dense spots appeared 
on the vesicle surface in the DOPS and DOPG 
samples (Fig. 4D in III and Fig. 5). The spots 
in the images gave a strong impression of 
holes which seemed to lead to the disruption 
of the vesicle surface (Fig. 4E in III and fig. 5C 
and D). In addition to the samples described 
in the original publications, an alternative 
sample preparation method was tested to 
confirm that the observed changes were not 
sample preparation artifacts. These samples 
were prepared by cutting ultrathin sections of 
samples cast in resin and although the sample 
quality was poorer, similar observations were 
made (data not shown).
 The appearance of the vesicles and the 
nature of the structural stabilization led to 
the hypothesis that VPg possesses a hole or 
a pore forming activity, as proposed in Fig. 6. 
The model partially follows the mechanisms 
proposed for the charged HIV-1 TAT peptide 
[173] and the carpet mechanism proposed 
by Shai for antimicrobial peptides [174-176]. 
In the carpet mechanism, the membrane 
lytic peptides form a localized carpet of 
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concentrated protein which penetrates into 
the membrane bilayer and, eventually, leads 
to membrane lysis. There are several lines of 
evidence favoring this mechanism for PVA 
VPg. First, in the carpet mechanism, the 
initial interaction between the lipid and the 
α–helical peptide is driven by an electrostatic 
interaction, which is most probably the case 

between the negatively charged surface of 
the DOPS vesicles and positively charged 
patches in VPg. This mechanism does not 
require the amino acid chain to penetrate 
into the hydrophobic core of the membrane 
and would explain the strong binding of 
VPg to the vesicles in the absence of obvious 
transmembrane helices in the VPg sequence. 

Figure 5. Electron microscopic images of VPg and DOPS vesicles. A) DOPS vesicles in the absence of VPg 
were symmetrical spheres with average size of ~100 nm (I) B) Addition of VPg and a 1 h incubation at 
room temperature led to formation of electron dense spots, an approximately five fold increase in size, and 
a disruption of the vesicle surface. C and D) With closer inspection the electron dense spots seemed to 
have pore–like properties. Additionally, micelle–like smaller vesicle structures appeared outside the swollen 
vesicles after VPg addition.
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The carpet mechanism would also lead to 
dissociation of micelle–like particles from the 
membrane, as seen across the background 
in Fig. 5B and indicated with an ´m´ in Fig. 
4D in III. Prolonged incubation of vesicles 
with VPg eventually led to disruption of 

the vesicle surface as seen in Fig. 5C and D. 
This outcome would also be expected for 
membrane lytic antimicrobial peptides in the 
carpet mechanism. 

The model presented for VPg in Fig. 
6 is also supported by the limited trypsin 

Figure 6. Hypothetical model of membrane channel or pore formation by VPg. 1) VPg is attracted by opposite 
charges and binds to the surface of the anionic vesicle through electrostatic interactions. 2-4) The protein-
vesicle interactions lead to α–helical stabilization of VPg secondary structure. Structural stabilization and 
the positive charges of the GxxxG motifs cause the VPg to penetrate the vesicle surface. This stage could 
resemble the carpet mechanism described for antimicrobial membrane lytic peptides [174]. 5-7) Structure 
stabilization and membrane penetration leads to formation of channel or pore–like structures with multiple 
VPg copies surrounding the pore. Amphipathicity of the stabilized helices would align the positive charges 
of the lysine and arginine side chains towards the center of the pore and the proposed hydrophobic core (I 
and Fig. 7) would cover the hydrophobic central region of the membrane bilayer. The result would be a pore 
with positive charges capable of transporting negatively charges molecules such as RNA across the bilayer.
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digestion results and the sequence properties 
of VPg. There are two positively charged 
patches in the N–terminal region of VPg 
and a large region with hydrophobic clusters 
approximately ranging from amino acids 60 to 
150 (Fig. 7). Asn115, the trypsin cleavage site 
which was protected in the vesicle associated 
VPg, is in the middle of this region (Fig. 2 in 
III). This Asn residue is also in the middle of 
the predicted central helix which is involved 
in eIF4E and viral HcPro interactions (Fig. 
6 in I and [46]). Additionally, this region is 
the most plausible choice for the hydrophobic 
core domain suggested in I. For all these 
suggestions to be valid and credible there 
should not be any conflicts or discrepancies. 
For example, is it possible that this region 
contains the hydrophobic core and the 
disordered but stabilized α–helix, and is 
involved in eIF4E and HcPro interactions? The 
scenario is made realistic by the disordered 
and flexible nature of VPg. It could allow, 
for example, the disordered central helix 
to be stabilized by the interaction with the 
membrane surface and associate with eIF4E 
or HcPro to start translation in complex with 
the other required components. This scenario 
is, of course, hypothetical, but theoretically 
plausible.

Another very interesting sequence 
feature favoring a pore forming activity via 

helical stabilization is the GxxxG motif in 
VPg. In fact, there is a conserved tandem 
repeat of this motif from Gly43 to Gly51. 
Substantial evidence shows that GxxxG motifs 
are tightly involved in membrane associated 
dimerization and pore formation by helix-
helix interactions [177-179]. This type of 
domain is found in the hepatitis C virus 
where it plays a role in heterodimerization 
of the envelope proteins E1 and E2 [33] 
and in the SARS coronavirus spike protein 
where it enhances trimer formation. A 
bioinformatic study revealed that, based on 
13 non-homologous membrane channel 
and transporter protein structures, glycine 
positioned at every fourth residue is the most 
preferred amino acid contributing to helix-
helix contacts [180]. Another bioinformatic 
survey concluded that GxxxG and GxxxxxxG 
motifs are among the most prevalent 
contributors to transmembrane helices. A 
GxxxxxxG motif is located upstream from 
the first Gly of tandem GxxxG motif in the 
PVA VPg, forming a GxxxxxxGxxxGxxxG 
motif, in which the glycines are conserved 
among all potyviruses (data not shown). This 
motif is therefore the strongest candidate for 
a membrane helix forming region.

GxxxG mediated dimerization of 
the hepatitis C virus envelope proteins and 
trimerization of the SARS spike proteins 

Figure 7. Hydrophobic cluster analysis of PVA VPg showing the clustering of hydrophobic amino acids. 
Analysis method is based on a two-dimensional representation of helically mapped amino acid sequences. 
A detailed description of the method is presented in the original publication [216]. Predicted α–helices and 
disordered regions are indicated at the top of the figure. Secondary structure element and disorder positions 
are based on predictions made in I. The hydrophobic core domain proposed in I is suggested to be located in 
the central region. 
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suggest that that PVA VPg multimerization 
could be associated with membrane 
interactions. Although VPg dimerization 
is well documented (e.g. Fig. 1 A to C in I) 
and higher oligomers are occasionally seen 
on SDS-PAGE gels, the functions of these 
multimers are unknown. The presence 
of VPg dimers was also verified in planta 
with antibody detection as shown in Fig. 
5A in II. SDS-PAGE usually denaturates 
proteins and dissociates multimers but 
many membrane proteins are resistant to 
dissociation and maintain their multimer 
status [181]. For a pore or channel to form, 
several complexed proteins are required. A 
common mechanism of membrane insertion 
associated multimerization is through helix-
helix bundles [182] which would fit well with 
the known biochemical properties of VPg.

2.5 Implications of membrane 
modifications for virus biology
Virus induced membrane modifications are 
most often vesicles with sizes that vary from 
40 nm to a few micrometers. The origin of 
the lipids is usually the host ER, but other 
organelles, such as lysosomes or mitochondria, 
can also be used [29]. In some cases, these 
vesicles have been shown to have bottlenecks, 
channels or pores open to the cytoplasm 
[26,173]. A protein group designated 
viroporins consists of virus encoded proteins 
that are capable of expanding lipid bilayers 
and forming hydrophilic pores [183]. The 
purposes of these formations are diverse. 
Ions, RNA, nucleotides and proteins can 
be transported through these openings and 
provide trafficking of the vesicle contents.

When the vesicle interaction and 
membrane modifications of PVA VPg 
presented here are considered in relation to 
uridylylation and replication, the well known 
requirement for a membranous environment 
for the replication complex formation 
is inevitably considered [28, 29, 184]. 
This requirement is best known from the 
Togaviridae, Coronaviridae, Picornaviridae, 

and Flaviviridae viruses, but examples from 
Potyviridae also exist. TEV 6K2 protein was 
shown to be involved in replication complex 
formation from plant cell ER membranes 
[185, 186]. Subsequently, this process was 
pinpointed to ER exit sites (ERES) and 
shown to involve COPI and COPII coating 
machineries [187]. ER associated vesicle 
budding was induced during TuMV infection 
by the polyprotein intermediate 6K-VPg-
Pro. In addition, this intermediate was 
shown to interact with eIF(iso)4E inside the 
vesicles [15]. In the same study, the VPg-Pro 
intermediate (which corresponds to NIa in 
PVA) was shown to localize predominantly 
in the nucleus. In that study, the polyprotein 
intermediate cleavage sites were mutated to 
prevent full processing. Furthermore, a study 
of TuMV revealed that its polymerase interacts 
with the host heat shock protein 70 as well as 
eukaryotic initiation factor 1A inside virus-
induced vesicles [188,189]. Fully processed 
PVA VPg can be purified from virus infected 
plant membrane fractions showing that it 
also has a role in vivo in the membranous 
environment similar to the examples above 
[79]. Replication and translation are most 
certainly activities that require the support 
and organization provided by membrane 
association. Membrane bilayers also provide a 
mechanism by which to sort and concentrate 
molecules through selective pores, as 
suggested for VPg in Fig. 6.

The VPg – membrane interaction 
described in this study is probably closely 
related to the transmembrane anchoring 
properties of 6K2, which precedes VPg in the 
polyprotein [186]. Based on the amino acid 
sequence, it seems unlikely that VPg itself 
has hydrophobic stretches capable of forming 
transmembrane helices. A more plausible 
mechanism of VPg membrane interactions 
and modification would be  penetration of the 
bilayer by the amphipathic helix as proposed in 
the mechanism shown in Fig 6. A similar type 
of amphipathic helix binding may occur with 
nsp1 from the Semliki forest virus [190]. Nsp1 
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is devoid of any obvious hydrophobic patches, 
but is tightly associated with membranes 
through an amphipathic helix. Similar to VPg, 
nsp1 function is associated with replication. 
Additionally, nsp1 has a virus RNA capping 
activity and requires anionic phospholipids 
for its activity [30,191]. Another viral protein 
forming amphipathic helices on membrane 
surfaces is the tomato ringspot virus NTB-
VPg protein, which has both a transmembrane 
anchor and an amphipathic helix in the same 
protein [36]. By analogy, it is possible that the 
PVA polyprotein intermediate is anchored 
tightly through 6K2 to the membrane until 
the proteolytic digestion of the polyprotein 
is complete. The role of the PVA polyprotein 
intermediates remains poorly understood, 
but is most probably an important part of the 
membrane associated functions of VPg. 

Results and discussion



-     36     -

Some of the key VPg related virus infection cycle events are not well understood (Fig. 1). It 
is not clear, for example, whether replication occurs in the same environment as translation. 
Could it be that all these events take place in the same virus induced compartment? The 
membranous environment formed in the early stage of virus entry could provide support for 
several downstream activities. For example, before replication, an initial round of translation to 
produce the viral components for associated activities must take place. The initial translation has 
to occur on the ER associated translation machinery. Transcription, replication, and translation 
all produce molecules that have to be transported to the required locations. This includes 
transport through the membrane bilayer using pores or disruption of the membrane structures 
and the subsequent leakage of the contents. Based on the results presented here, it seems that in 
the midst of these activities there is a multifunctional and structurally flexible VPg which could 
be called the hub of PVA proteins.

CONCLUDING REMARKS
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