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Abstract
The assembly of hepatitis C virus (HCV) is not well understood. We investigated HCV nucleocapsid
assembly in vitro and the role of electrostatic/hydrophobic interactions in this process. A simple and
rapid in vitro assay was developed in which the progress of assembly is monitored by measuring an
increase in turbidity, thus allowing the kinetics of assembly to be determined. Assembly is performed
using a truncated HCV core (C1-82), containing the minimal assembly domain, purified from E.
coli. The increase in turbidity is linked to the formation of nucleocapsid-like particles (NLPs) in
solution, and nucleic acids are essential to initiate nucleocapsid assembly under the experimental
conditions used. The sensitivity of NLP formation to salt strongly suggests that electrostatic forces
govern in vitro assembly. Mutational analysis of C1-82 demonstrated that it is the global positive
charge of C1-82 rather than any specific basic residue that is important for the assembly process.
Our in vitro assembly assay provides an easy and efficient means of screening for assembly inhibitors;
we have identified several inhibitory peptides that could represent a starting point for drug design.
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Introduction
Hepatitis C virus (HCV) is a major public health concern worldwide since more than 3% of
the world’s population is infected with this virus [1]. HCV is a plus-strand RNA virus that
causes acute and chronic liver disease and is associated with 95% of cases of post-transfusion
hepatitis [2] and over 50% of non-A, non-B hepatitis. Current therapy is the use of pegylated
interferon and ribavirin but outcomes are unsatisfactory since only 42% of patients infected
with HCV genotype 1 (the most common genotype in North America) respond positively to
treatment [3]. Therefore, there is an urgent need to identify new targets for the development
of drugs to both cure, and prevent the spread of, the disease.

HCV core protein—a 191-amino-acid protein located at the N terminus of the HCV polyprotein
—is the largest core protein in the family of Flaviviridae. The C-terminal region of HCV core
is highly hydrophobic and targets the protein to the ER membranes. This hydrophobic region
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is further cleaved by a host protease, the signal peptide peptidase, to generate the mature protein
of 177 or 179 amino acids [4,5]. The core protein is also submitted to post-translational
modifications such as ubiquitinylation [6] and phosphorylation [7,8], which can potentially
regulate its degradation in the infected cell. Little is known about HCV nucleocapsid assembly;
however, based on what is known in other RNA viruses, assembly is expected to be initiated
by the interaction between core protein and viral RNA. Electrostatic forces appear to be
important in this phenomenon [9].

The core protein has been shown to package the viral RNA [10], possibly through specific
interactions with the 5′ untranslated region (5′UTR) of the RNA genome [11,12]. The region
around the 5′ UTR is characterised by both secondary and tertiary structure [13-16],
contributing to the internal ribosome entry site (IRES) required for initiation of cap-
independent translation [17]. The N-terminal half (N-terminal 82 amino acids) of the protein
is rich in positively charged residues (K, R). This domain is sufficient to trigger the formation
of nucleocapsid-like particles (NLPs) in vitro when structured RNA is added to the purified
protein [18].

A more effective assay for the detection of nucleocapsid formation is required to improve our
understanding of the biochemistry of this process and to allow screening for inhibitors of
assembly. Here we describe the development of a method that allows the kinetics of assembly
to be followed in vitro by measurement of solution turbidity using a spectrophotometer. This
system has revealed the critical role of electrostatic interactions in particle formation and has
identified a domain within the core that could be sensitive to assembly inhibitors. This novel
method can be used to perform high-throughput screening of potential assembly inhibitors such
as inhibiting compounds or peptides.

Materials and methods
Cloning and expression of HCV core proteins in E. coli

The nucleotide sequence of HCV core protein was optimized with most abundant codons for
translation in bacteria [19]. This optimized sequence was used to generate the construct C1-82
as well as the other mutant forms (Fig. 5A). All forms of C1-82 were cloned into the pET3d
expression vector (New England Biolabs), which harbours a 6-histidine-tag at the C-terminal
end to ease the purification process on a nickel affinity column (Qiagen). The mutated forms
RR39,40AA, RR43,47AA, RK50,51AA, RR55,59AA, E54A, RR61,62AA, Δ8-23, Δ39-62
and C1-71 were amplified from the C1-82 clone with the following primers: K23A (forward):
5′- and K23A (reverse): 5′-; RR39,40AA (forward): 5′-
GCGGGTCCGCGTCTGGGTGTTCG-3′ and RR39,40AA (reverse): 5′-
CGCCGGCAGCAGGTAAACACCACC-3′; RR43,47AA (forward): 5′-
GGTGTTGCGGCGACCCGTAAAACCTCTGAAC-3′ and RR43,47AA (reverse): 5′-
CAGCGCCGGACCACGACGCGGCAGCAGG-3′; RK50,51AA (forward): 5′-
GCGACCTCTGAACGTTCTCAGCCG-3′ and RK50,51AA (reverse): 5′-
CGCGGTCGCACGAACACCCAGACG-3′; E54A (forward): 5′-
CGTTCTCAGCCGCGTGGTCGTC-3′ and E54A (reverse): 5′-
CGCAGAGGTTTTACGGGTCGCAC-3′; RR55,59AA (forward ): 5′-
CAGCCGGCGGGTCGTCGTCAGCCGATCCCG-3′ and RR55,59AA (reverse): 5′-
AGACGCTTCAGAGGTTTTACGGGTCGC-3′; RR61,62AA (forward ): 5′-
GCGCAGCCGATCCCGAAAGCGCG-3′ and RR61,62AA (reverse): 5′-
CGCACCACGCGGCTGAGAACGTTC-3′; Δ8-23 (forward:) 5′-
TTCCCGGGTGGCGGTCAG-3′ and Δ8-23 (reverse): 5′-CTGCGGTTTCGGGTTGG-3′;
Δ39-62 (forward): 5′-CAGCCGATCCCGAAAGCG-3′ and Δ39-62 (reverse): 5′-
CGGCAGCAGGTAAACACC-3′; C1-71 8H (forward): 5′-
CACCACCATCACCACCATCACCACTAA-3′ and C1-71 (reverse): 5′-
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CGGACGACGCGCTTTCGGGATCGGCTG-3′. Clones were circularized by ligation of the
PCR products. The sequences of the clones were confirmed by DNA sequencing.

Purification of HCV-C proteins in E. coli
The expression and purification of the recombinant proteins were performed using a Ni NTA
resin (Qiagen) as previously described [18]. HCV-C proteins were eluted in assembly buffer
(1.7 mM magnesium acetate, 100 mM potassium acetate, 25 mM Hepes (pH 7.4), and 500 mM
imidazol). In order to eliminate NLPs pre-assembled in E. coli, purified HCV-C proteins were
ultracentrifuged for 3 hours at 100,000g at 4°C (Optima L-90K ultracentrifuge Beckman
Coulter). The purity of the protein was estimated by 10 % SDS-PAGE and confirmed by
western blot. Core proteins were quantified using a BCA protein assay kit (Pierce).

RNA transcripts
The plasmid used for the transcription of the IRES, corresponding to the full-length 5′UTR of
HCV H77c (nt 1-374) (genotype 1a generously provided by J. Bukh, NIH) [20], was amplified
by PCR with primers 5′ end IRES (5′-
ACTGAACTAGTGCCAGCCCCCTGATGGGGGCG-3′) and 3′ end IRES and cloned
downstream of a T7 promoter of pBlueScript II KS (+/-) vector (Stratagene). PCR product with
primers 5′ end T7 promoter (5′-AGTGAGCGCGCGTAATACGACTCA-3′) and 3′ end IRES
5′-
CGATGGATCCGGTTTTTCTTTGAGGTTTAGGTATCGTGCTCATGGTGCACGGTGT
ACGAGACC-3′ was used as a template for in vitro transcription (T7 RiboMAX™ Express
Large Scale RNA Production System of Promega) of IRES. Ribosomal NTP (Promega), yeast
tRNA (Sigma) and polynucleotides (polyU, polyA, polyC) (Amersham) were commercial
preparations. All nucleic acids were dissolved in assembly buffer.

Kinetic analysis of in vitro assembly reactions
For kinetic analysis, 8 μg (760 pmol) of C1-82 was diluted in 50 μL of assembly buffer in a
microcuvette (Eppendorf). Optical density was monitored at 350 nm in a spectrometer
(Biochrom Ultrospec 2100pro UV/Vis) at 25°C. Different amounts of nucleic acids in a volume
of 50μL were added to the solution, and mixed vigorously in the microcuvette. Assembly was
monitored with the spectrophotometer. Approximately 6 s elapsed before the first time point
was measured. Optical density was recorded by SWIFT II 2.0 software every 2 s for 10 min.
The maximum value represent the maximum OD obtained in this 10 min of analysis. The initial
speed constant was deduced from the slope of the kinetic curve for the first 10s of the reaction.
Each slope is drawn based on 5 points measured at 2 second intervals.

When potassium chloride 1M, potassium nitrate 1M, potassium acetate 1M, sodium chloride
1M (Sigma), 4,4′-dianilino-1,1′-binaphtyl-5,5′-disulfonic acid dipotassium salt (Bis-ANS)
(Sigma), ethanol, methanol or glycerol were added for kinetic analysis, each compound was
mixed with C1-82 (760 pmol) in the microcuvette (maximum volume of 70 μL) prior to RNA
addition. The optimal amount of IRES (38 pmol) in a final reaction volume of 100 μL was then
added as previously described.

Electron microscopy
Samples collected after in vitro assembly were directly absorbed on 400 mesh carbo-Formvar
grids (Canemco) for 5 min. The grids were washed once with filtered PBS and stained for 10
min with filtered 2 % (w/v) uranyl acetate. Grids were then dried on filter paper before being
examined under an electron microscope with an acceleration voltage of 60 kV at a
magnification of 150 000X. Images were captured and treated with Digital Micrograph™
(Gatan version 3.8.2).
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Northwestern dot blot
The recombinant protein C1-82 was deposited on a nitrocellulose membrane (BioRad) using
a vacuum to insure homogeneity of the dots. The membrane was blocked with 5% milk in
assembly buffer at room temperature for 1 hour. The membrane was washed 3 times with
assembly buffer followed by addition of 2.5 μg of radiolabelled IRES. The blots were incubated
overnight at room temperature. After 3 washes, data acquisition was preformed on a
phosphoimager (ImageQuant).

Electrophoresis mobility shift assay
The RNA (IRES) was incubated with recombinant proteins at room temperature for 10 min.
We used 16 pmol of RNA and 16 nmol of peptides for each reaction in in vitro assembly buffer.
The final volume of the reaction was 20 μL; 4 μL loading dye were added to the sample before
loading onto a 0.8% agarose gel. Electrophoresis was performed in Tris / acetic /EDTA buffer
for 30 min at 90V. The gel was stained with ethidium bromide and photographed with a digital
camera (Bio-Rad).

Peptide library
The 11 peptides of the tested library were 18 amino acids in length. They were synthetic
peptides corresponding to the first 88 amino acids of HCV strain H77 (NIH AIDS Research
and Reference Reagent Program). Each peptide was added to IRES solution at a ratio of 1000
peptides for one molecule of IRES. This solution was then vigorously mixed with C1-82
solution in the microcuvette to initiate assembly. The ratio of C1-82:IRES was 20:1.

Results and Discussion
In vitro assembly of HCV NLPs as monitored by an increase in solution turbidity

The region of the core protein corresponding to amino acids 1-82 has been shown to be the
minimal domain required for assembly [18]; we have previously shown that C1-82 protein
forms NLPs when tRNA is added to the protein [18]. Recombinant C1-82 protein was purified
by affinity chromatography (Fig. 1A) using a 6xH tag located at the C-terminus of the protein.
The RNA used in the assembly assay was derived from the full-length 5′ UTR (nt 1-374) of
HCV genome H77c [20], hereafter referred to as IRES. Purified C1-82 and the IRES RNA
were mixed at a molar ratio of 20:1 (protein: RNA) with 760 pmol of protein (8 μg) and 38
pmol of RNA (4.4 μg RNA) in 100 μl of low salt buffer. The absorbance of the two constituents
and newly formed NLPs were measured using a spectrophotometer at different wavelengths
after 10 min of reaction. Unlike the unassembled constituents (RNA and protein), the turbid
assembly solution absorbs light at 350 nm (Fig. 1B). The assembly process was thus monitored
at 350 nm for 10 minutes. As RNA was added to the solution, we observed a rapid increase in
absorbance associated with the turbidity of the sample. One-half of the final absorbance value
was reached in less then 30 sec, indicating that assembly of C1-82 is very rapid and efficient.
The in vitro assembly assay was repeated 5 times with different preparations of proteins and
RNA. The average value of the plateau was 0.926 OD with a standard deviation of 0.070 OD,
showing that the assay is reliable and reproducible (Fig. 1C). As expected, neither the IRES
nor the C1-82 protein alone exhibited any increase in turbidity under the experimental
conditions used.

To measure the speed at which the assembly reaction occurs, we determined the slope of the
curve in the first 10 seconds of the reaction. The mean value for this constant (referred to as
initial speed constant) for 5 repetitions using separate batches of purified C1-82 protein was
estimated at 2.16 OD/min with a standard deviation of only 0.09 OD/min. The standard
deviation between experiments was acceptable, confirmed that this is a robust and reliable
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method for measurement of NLP formation. The initial speed is a good indicator of the
efficiency of in vitro assembly. The in vitro assembly of alphavirus core protein, a virus
structurally similar to HCV, was also shown to be a rapid process [21].

NLP formation is responsible for the increase in turbidity during assembly
To confirm that the increase in turbidity is linked to the formation of NLPs, we observed the
assembly product after 20 minutes of reaction by electron microscopy (EM). Particles 25 nm
± 7 nm in diameter and uniform in appearance were produced (Fig. 1D) as expected and as
previously reported [18]. No particles were seen under EM in grids with core protein only (data
not shown), consistent with the previously published observation that recombinant C1-82 is a
soluble and monodispersed protein [22].

Effect of salt on in vitro assembly of HCV NLPs
To assess the role of electrostatic forces in NLP assembly, we measured the influence of
increasing the concentration of potassium chloride in our assay on the initial speed constant
(Fig. 2A). We observed that the increase in absorbance induced by the formation of NLPs
decreases proportionally with the increase in potassium chloride concentration, reaching
complete inhibition with 250 mM KCl. Other salts, such as potassium nitrate, potassium acetate
and sodium chloride, also affected in vitro assembly in a concentration-dependent manner (data
not shown). The inhibition of in vitro assembly of NLPs by all these monovalent salts illustrates
the fundamental role played by electrostatic forces in the assembly of HCV NLPs.

It is likely that this inhibition is caused by neutralization of positively charged residues found
in C1-82 that are involved in the interaction with nucleic acids. To test this hypothesis, we
performed a northwestern dot blot assay using different concentrations of C1-82 proteins
incubated with radiolabelled IRES in different salt concentrations. As expected, we observed
that increasing the salt concentration efficiently reduced the interaction between the C1-82
protein and the IRES (Fig. 2B). As proposed by van der Schoot and Bruinsma [9], electrostatic
and nonspecific attractions between RNA (negatively charged) and protein (positively
charged) provide the dynamic driving force for viral assembly.

Influence of nucleic acid concentration and species on in vitro assembly of HCV NLPs
The optimal ratio of C1-82 to IRES for in vitro assembly was evaluated. As shown in Fig. 3A,
the kinetics of assembly were optimal when a protein:RNA molar ratio of 20:1 was maintained.
With higher amounts of proteins (ratios 40:1, 80:1 and 160:1) or RNA (ratios 1:1, 5:1 and 10:1)
assembly was less efficient. These results are in accordance with a previous report [10] in which
a similar optimized ratio for in vitro formation of NLPs with truncated core protein (1-124)
was observed.

We next examined the capacity of different templates to induce in vitro assembly. The
following templates were tested: ribonucleotides (rNTP), structured yeast tRNA, unstructured
polynucleotides [200-260mer of polyuridylic acids (polyU), 405-660mer of polyadenylic acid
(polyA), 290-434mer of polycytidylic (polyC)], and single-stranded DNA of various sizes
(ssDNA: 117 nts, and 37nts) (Fig. 3B). In all cases, we maintained the same protein:RNA ratio
(20:1) that had previously shown to be optimal with the IRES. All the RNA types tested, and
even ssDNA could initiate NLP assembly. Neither monovalent cations (potassium, sodium) in
any concentration (data not shown) nor ribonucleotides can act as nucleation agents, as
previously described for viruses of the Bromoviridae family [23]. Electron microscopy analysis
of tRNA NLPs and polynucleotide NLPs revealed that they were similar in size and shape to
IRES NLPs (data not shown). Kunkel et al. [10] proposed that structured RNA is required for
NLP formation. We showed that ssRNA can be a substrate for formation of NLP but structured
RNA appeared to be more efficient to trigger the assembly process.
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Although tRNA has previously been shown to be efficient in triggering in vitro assembly of
HCV core [10,18], we found it to be less efficient than the IRES in triggering the assembly
process in vitro at a ratio of 20:1 (Fig. 3C); we found a ratio of 1:1 to be optimal for this RNA.
Therefore, if only 5 IRES (373 nucleotides) molecules are necessary for 100 C1-82 molecules,
100 tRNAs of 75 nucleotides are necessary for optimal assembly for the same amount of C1-82
protein. This result suggests that the size of the RNA is critical in the initiation of assembly.
In summary, for a given number of C1-82 subunits, the optimal number of RNA molecules
necessary to complete assembly decreases with the length of the RNA. A similar observation
was made with alphavirus nucleocapsid protein [21], where the optimal molar ratio of protein/
RNA varies with length of RNA used for assembly. The initial speed constant of the optimal
protein/tRNA assay was lower than that observed for the IRES RNA. It is possible that the
protein has a lower affinity for tRNA than for IRES. Addition of structured or unstructured
RNA, but not salt or ribonucleotides, permits electrostatic repulsion between core subunits to
be overcome, allowing NLP assembly.

Identification of basic residues critical for in vitro assembly of HCV NLPs
We showed that salt can have a detrimental effect on in vitro assembly, which suggests that
charged residues of the protein are important in the recognition of the RNA to trigger the
assembly process. To further investigate the importance of charged residues in NLP formation
in vitro, we introduced mutations in the two positively charged regions (8-23, 39-62) of C1-82,
which are separated by a glycine-rich domain (Fig. 4A). We deleted each of these regions
individually and determined the impact on assembly. The recombinant proteins were expressed
and purified from E. coli as before (Fig. 4B). As shown in figure 4C, deletion of the 8-23
fragment had little effect on NLP formation if we consider only the maximum value obtained
for this mutant. However, the initial speed was affected, showing a decrease of 26% as
compared to C1-82. This suggests that deletion in the first charged amino acid cluster can
impair the initial rate of particle formation but not the multimerisation process itself. In contrast,
deletion of residues 39-62 drastically affected the kinetics of assembly, reducing the maximum
value by half and the initial speed by a factor of four (Fig. 4C). This result is consistent with
the previously reported observation that particle formation is decreased with a Δ39-64 mutant
in a cell-free in vitro assembly system [24]. To investigate if specific regions in the 39-62
fragment are more important for assembly, we mutated several clusters of charged residues.
The concentration and purity of the mutant proteins produced were roughly the same for all
proteins (Fig. 4B). Most of the mutants were as capable of in vitro assembly as C1-82 (Fig.
4C). However, the mutated proteins RR43-47AA and RR61-62AA showed an 11% decrease
in efficiency of NLP formation and decreases of 27% and 11 %, respectively, in the initial
speed of assembly (Fig. 4C). None of these specific mutations were as drastic as the Δ39-64
deletion mutant. As no specific region playing a key role in NLP assembly could be identified,
it is probably the global charge of the protein that is the driving force for multimerization and
the assembly process.

Inhibition of in vitro assembly of HCV NLPs
The core protein is one of the most conserved proteins of all HCV viral genotypes sequenced
so far. For this reason, it is an excellent target for the development of viral inhibitors. Recently,
based on the same rationale, peptides inhibiting the in vitro assembly of the human
immunodeficiency virus (HIV-1) have been developed [25]. Although the efficacy of such
peptides has not yet been validated in vivo, they were shown to be a good template for the
development of assembly inhibitors.

We selected 11 peptides of 18 amino acids in length, corresponding to fragments of the HCV
core protein, and tested each independently for the ability to inhibit NLP assembly in vitro.
The peptide was added to the IRES prior to the addition of the protein, to give a final molar
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ratio of C1-82/peptide/IRES of 20:1000:1. The influence of the different peptides on assembly
varied (Fig. 5A). In fact, 4 of the 11 peptides tested, 15-32, 43-60, 64-81, and 71-88, had no
affect on in vitro assembly. Five peptides, 1-18, 8-25, 22-39, 29-46, 36-53, partially inhibited
assembly by less than 50 %, and two peptides, 50-67 and 57-74, reduced assembly by a factor
of 4.5- and 3.3-fold, respectively. Interestingly, the two most efficient inhibitory peptides
include amino acids R61-R62 and are rich in basic residues, again highlighting the important
role of electrostatic forces in HCV NLP assembly. The peptides most likely inhibit assembly
by interacting with the IRES, thus interfering with C1-82 binding to RNA. To test this
hypothesis, we performed a gel retardation assay with IRES RNA and the peptides used in the
assembly assay (Fig. 5B). As expected, peptides 50-67 and 57-74 bound the IRES very
efficiently. This result suggests that the positively charged residues of these peptides play an
important role in inhibition of assembly. However, the number of basic residues in peptides
50-67 and 57-74 are not the sole determinant for the inhibition since other basic peptides such
as 1-18, 8-25 and 36-53 failed to inhibit the assembly process despite the fact that they could
interact efficiently with the IRES and induce a shift of the RNA in the gel retardation assay
(Fig. 5B).

Peptide 22-39 was the most efficient in affecting the initial speed of assembly. This peptide
was derived from the hydrophobic glycine-rich cluster (25-38) located between the two basic
clusters. This peptide does not interact with nucleic acids (Fig. 5C), but can efficiently inhibit
in vitro assembly by a factor of 2. Peptides 15-32 and 29-46, each comprising only one-half
of the hydrophobic domain, did not affect in vitro NLP assembly. A β-sheet structure was
predicted in the region 29 to 38, which overlaps with the sequence of the inhibitory peptide
(22-39) [22]. Also, β-sheet in the HCV core 1-120 were recently showed to be important for
the interaction between the subunits [26]. Therefore, the peptide (22-39) probably interferes
with the subunit interactions by binding on the predicted β-sheet structure.

Since the hydrophobic region of core appears to be the most promising target for inhibition of
assembly, we next tested chemicals known to interact with hydrophobic clusters. Bis-ANS, a
fluorescent probe that binds hydrophobic residues on protein, has been shown to inhibit in
vitro HBV capsid assembly [27]. We showed that this compound also inhibits C1-82 assembly
in vitro in a dose-dependent manner (Fig. 6A). As little as 20 μM of Bis-ANS reduced both
the initial speed and global in vitro assembly by more than 3 fold. Bis-ANS clearly interfered
with assembly and led to formation of non-specific aggregates that could be observed under
the EM (Fig. 6B).

It is not clear if inhibitors (Bis-ANS or peptides) will efficiently inhibit assembly using in
vivo systems. Bis-ANS was shown to trigger detrimental secondary effects in cells and is
therefore not suitable for therapy in its present form [27]. However, the inhibitory effects of
this compound confirm that targeting hydrophobic clusters of the core is relevant to the
development of assembly inhibitors for HCV NLPs. Peptide inhibitors are small peptides that
usually have a short half-life and poor cell permeability. However, peptides could be a valuable
starting point for drug design of assembly inhibitors.

In conclusion, we have developed a simple, robust and efficient method with which to perform
extensive studies of HCV nucleocapsid assembly in vitro. We showed that electrostatic
interactions with the RNA template govern NLP formation in vitro and we have identified a
region of the protein (22-39) that could be important for capsid assembly. This method could
be expanded and used to perform large-scale screening of assembly inhibitors such as inhibiting
peptides or banks of chemicals.
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Figure 1.
(A) HCV C1-82 expression and purification. SDS-PAGE (10%) of lysed bacterial cell pellets
before induction (1), after 3h induction with 1 mM IPTG (2), and C1-82 purified on a Ni2+

affinity column (3). Molecular markers in kDa (Sigma) are shown on the left. (B) Absorbance
spectra of C1-82 (760 pmol), IRES (38 pmol) and a mixed solution of C1-82:IRES (ratio 20:1).
The arrow indicates the wavelength selected for the kinetic assay. (C) Kinetics of in vitro
assembly. Data points are the means (± SD) of 5 independent experiments performed with 760
pmol of C1-82 mixed with 38 pmol IRES. The kinetics of the first 10s of the reaction and the
initial speed estimation are shown in the inset. (D) Electron micrograph of negatively stained
NLPs produced in the in vitro assembly assay. Bar =100 nm.
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Figure 2.
Effect of salt on in vitro assembly of C1-82. (A) Kinetics of in vitro assembly of C1-82 (760
pmol) mixed with IRES RNA (38 pmol) in the presence of increasing concentrations of KCl.
(B) Different quantities of C1-82 were blotted on a nitrocellulose membrane and incubated
with 2.5 μg of radiolabelled IRES in the presence of increasing concentrations of KCl.
Radioactivity associated with each dot was analyzed using a Phosphoimager (Typhoon 9200).
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Figure 3.
Influence of nucleic acid species on in vitro assembly of C1-82. (A), (B), (C) Kinetics of in
vitro assembly of C1-82 (760 pmol) mixed with different concentrations of IRES RNA (A),
different RNAs (38 pmol) to maintain a protein:RNA ratio of 20:1 (B), or different
concentrations of tRNA (C). * indicates the optimum ratio for each RNA.
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Figure 4.
Role of positively charged residues on in vitro assembly of C1-82. (A) Schematic
representation of C1-82 and mutated derivatives. The boxed regions represent the two
positively charged regions (8-23, 39-62), which are separated by a glycine-rich domain. The
deleted regions in Δ8-23 and Δ39-62 are shaded, and the position of amino acid substitutions
in the 39-62 stretch in the other constructs is indicated. (B) SDS-PAGE of purified C1-82 and
mutated derivatives. (C) Kinetics of in vitro assembly of the mutants (760 pmol) mixed with
IRES RNA (38 pmol) (20:1 ratio).
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Figure 5.
Peptide-based inhibition of in vitro assembly of C1-82. (A) Kinetics of in vitro assembly with
C1-82 (760 pmol) initiated with 38 pmol of IRES alone or together with 3.8 nmol of various
peptides. (B) EMSA (electrophoresis mobility shift assay) (0.8% agarose) of 16 nmol of each
peptide mixed with 16 pmol of IRES. Mixing was performed 10 minutes prior to loading the
gel. The gel was stained with ethidium bromide and photographed using a digital camera under
UV254nm.
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Figure 6.
Inhibition by Bis-ANS of in vitro assembly of C1-82. (A) Kinetics of in vitro assembly of
C1-82 (760 pmol) mixed with IRES RNA (38 pmol) in the presence of increasing amounts of
Bis-ANS. (B) Electron micrograph of negatively stained NLPs harvested following in vitro
assembly. Left panel, control NLPs; Right panel: In vitro assembly in the presence of 60 μM
of Bis-ANS. Bar =50 nm.
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