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ABSTRACT: The secondary structure of the loop IIId domain in the RNA of hepatitis C virus (HCV) is well-
conserved among different genotypes of HCV, which suggests that the nucleocapsid proteins may interact
with the genome RNA through this loop structure. Using infrared spectroscopy, we monitored structural
changes occurring in HCV core protein and loop I11d upon formation of nucleocapsid-like particles (NLPs).
The protein secondary structure of these particles involves f-sheet enrichment in relation to its protein
monomer. The phosphodiester backbone vibrations of loop IIId reflect the predominant C3’-endo
conformation of the riboses involved in the RNA A-form and reveal the packaging-imposed transition of
the said RNA segments toward single-stranded structure within the NLPs. Intermolecular protein—nucleic
acid contacts in these particles involve RNA phosphate groups and positively charged amino acid residues
such as arginine and lysine. Two-dimensional correlation spectroscopic analysis of the spectra measured in the
course of deuteration shows synchronous cross-peaks correlating two bands assigned to guanine and arginine
side chain, which is consistent with the presence of guanine—arginine interactions in these NLPs. This is also
supported by the kinetically favored formation of NLPs having HCV core protein and guanine-enriched

synthetic oligonucleotides. We also found that these NPLs are fully permeable to water molecules.

Hepatitis C virus (HCV)' is a major public health concern
worldwide. Approximately 2% of the world’s population is
infected with the virus, which is the major cause of non-A,
non-B hepatitis and which often leads to cirrhosis of the liver or
hepatocellular carcinoma (/). Various approaches have been used
to characterize the biological features of HCV structural proteins.
These include attempts to purify and identify HCV-like
(nucleocapsid-like) particles via expression of core protein alone
or together with the other structural proteins, E1 and E2, in
Escherichia coli, yeast, and animal cells (2—4), as well as using in
vitro systems (5—7). Nucleocapsid-like particles (NLPs) that are
formed by the structural elements of viruses have received
considerable attention over the past two decades because they
serve as good model systems for the study of the assembly of
macromolecular complexes related to HCV. The pathway of
NLP assembly can differ depending on the nature of the stabi-
lizing interactions such as protein—protein, protein—nucleic acid,
and metal ion- or disulfide bond-mediated interactions (7).
Protein—protein interactions in NLPs are relatively strong and
can result in the formation of stable structures. Purified recom-
binant core protein and defined structured oligonucleotides have
been found to be sufficient for self-assembly of nucleocapsid-like
particles in vitro (5). These particles have a regular, spherical
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morphology with a modal distribution of diameters of ~60 nm.
Moreover, NLP formation depends on the 124 highly basic
N-terminal residues of the core protein and on oligonucleotides
corresponding to the 5-untranslated region that harbors pre-
dicted secondary structural elements (5, 8). These in vitro
assembled NLPs were essentially identical in morphology and
size and thus offer a means of systematically investigating the
structure and function of the HCV core protein and self-assembled
nucleocapsids (3, 8, 9).

However, the specific interactions between the core protein
and the viral genomic RNA and the process of assembly into
nucleocapsid particles still remain to be demonstrated. Although
the availability of natural HCV nucleocapsids for investigation,
usually isolated from infected human liver, is severely limited,
recombinantly produced HCV proteins and RNA offer abun-
dant systems in which to study the in vitro assembly of the HCV
nucleocapsid. Along these lines, a simple, robust, and efficient
method for performing extensive studies of the HCV nucleocap-
sid in vitro has recently been developed (9). This method involves
a simple and rapid in vitro assay in which the progress of
assembly is monitored by measuring an increase in turbidity.

Fourier transform infrared (FTIR) spectroscopy offers ad-
vantages for structural studies of viral components and precursor
systems. Recent advances in two-dimensional correlation spec-
troscopy (2DCOS) permit us to probe the structure and dynamics
of viral nucleic acid and protein components and their interac-
tions. For spectral analysis, two-dimensional correlation of
intensity changes has proven to be useful in enhancing spectral
resolution and determining the order of events during a
perturbation (/0—12). In this regard, the infrared measurement
of H=D exchange in proteins and nucleic acids for subsequent
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2DCOS analysis has become increasingly important as a means
of characterizing the structure of these biomolecules and their
intermolecular complexes (10, 13—15). From this point of view,
we apply here infrared spectroscopy to characterize changes in
protein and nucleic acid structure as well as protein—nucleic acid
interactions from the unassembled state to the nucleocapsid
assembled state. With this aim, we have studied NLPs consisting
of the HCV core protein and the loop IIId domain of the HCV
RNA 5-untranslated region which are well conserved among
different HCV isolates (16, 17).

MATERIALS AND METHODS

Sample Preparation. The following reverse-phase HPLC-
purified oligonucleotide was obtained from Biomedal (Sevilla,
Spain): 5¥-UAGCCGAGUAGUGUUGGGUCGCGAAAGG-
CUU-3" which constitutes so-called loop IIId of the viral
genome (18, 19). The size and integrity of this 31mer RNA were
checked by polyacrylamide gel electrophoresis, and its concen-
tration was determined via measurement of the absorbance at
260 nm and using an extinction coefficient of 25 g~ ' cm™' L.

Recombinant truncated protein covering the first 120 amino
acids of the HCV core protein (HCVc-120) was acquired from
Milan Analytica AG. It was prepared via expression in Pichia
pastoris and isolated in a 1.0 mg/mL stock solution in 50 mM
phosphate buffer [150 mM NaCl (pH 7.0)]. The protein purity
was found to be greater than 95% as determined by PAGE and
the Ag0/Azg0 (0.77) absorbance ratio.

In Vitro Assembly Reactions. Fifty microliters of assembly
buffer [1.7 mM magnesium acetate, 100 mM potassium acetate,
and 25 mM Hepes (pH 7.4)] containing 8 ug of HCVc-120 core
protein was placed in a microcuvette (Eppendorf) to which an
equal volume of an assembly buffer solution of RNA was added,
and the contents were mixed vigorously to give a 2:1 protein:
RNA mole ratio. Another assembly reaction was conducted at a
2:1 protein:RNA ratio using HCV RNA loop I1Id and 200 mM
NaCl to assess the influence of this salt on NLP formation.
Absorbance was monitored with a Perkin-Elmer Lambda 50
spectrophotometer and recorded every 2 s for 10 min. Approxi-
mately 8 s elapsed before the first time point was measured.

Electron Microscopy. Samples (~10 uL) collected after in
vitro assembly were adsorbed to 400-mesh carbon-Formvar grids
(Leica Microsystems) for 5 min. Grids were washed with
deionized water and stained for ~2 min with 2.0% phospho-
tungsticacid (PTA). Grids were then blotted with filter paper, air-
dried for at least 5 min, and examined on a Zeiss 910 electron
microscope with an acceleration voltage of 80 kV at a magnifica-
tion of 100000x.

FTIR Experiments. The protein stock solution was brought
to a concentration of 30.0 mg/mL in 50 mM phosphate buffer
[150 mM NaCl (pH 7.0)] using Microcon centrifugal filter devices
(Millipore). This solution was then allowed to dialyze against
50 mM phosphate D,O buffer [150 mM NaCl (pD 7.1)] for
infrared spectroscopic measurements of pure deuterated protein
in this buffer. With this aim, the dialysis membrane used had a
molecular cutoff of 3500. Infrared spectra were recorded with a
Perkin-Elmer 1725X interferometer at 2 cm™ ' resolution and
obtained as averages of 200 scans. Samples of the protein solution
were placed in a cell fitted with ZnSe windows and a 12 ym
spacer. To compensate for aqueous absorptions, the spectra of
the protein-free sample were also measured under the same
experimental conditions described above in the same kind of
cells. The spectral contributions from residual water vapor in the

Biochemistry, Vol. 49, No. 23, 2010 4725

sample chamber were eliminated using a set of water vapor
spectra measured under identical conditions. The subtraction
factor was varied until the nonabsorbing region above 1700 cm ™"
was featureless. The resulting difference spectra were subse-
quently smoothed with a nine-point Savitsky—Golay function
to reduce the noise. Spectral data were treated with GRAMS/AI
(Thermogalactic) which includes baseline correction, smoothing,
and solvent subtraction.

D,0 for H-D isotopic exchange was acquired from Aldrich,
and its minimum isotopic purity was 99.9 at. % D.

For infrared spectroscopic measurements of the pure 31mer
RNA, this oligonucleotide was prepared at a concentration of
2% (w/w) and dialyzed against a 50 mM NaCl aqueous solution
by using a membrane with a molecular cutoff of 3500. The
resulting oligonucleotide solution was then allowed to dialyze
against a 50 mM NaCl D,O solution to deuterate the 31mer
RNA. The H,O and D,O solvents and NaCl were free from
RNAases and DNAases and purchased from Fluka. Approxi-
mately 0.5 mg of oligonucleotide in this solution was deposited on
a ZnSe window, dried, and placed in an hermetic cell through
which a stream of nitrogen, bubbling in a saturated solution of
KBr in D,O, was passed continuously to provide a relative
humidity of 82%. The spectrum of the deuterated oligonucleotide
film was recorded on said infrared spectrometer at 2 cm ™" resolu-
tion and obtained as an average of 200 scans. The spectral con-
tribution from residual D,O vapor in the sample spectrum was
eliminated using a set of D,O vapor spectra measured under
identical conditions. The resulting spectra were normalized
by using the symmetric PO, stretching band appearing in the
1100—1070 cm ™" range. This band is often used as an internal
standard for spectral normalization because it is rather insen-
sitive to transitions between the single- and double-stranded
forms (20).

The in vitro assembly reaction was conducted via addition of
0.1 mL of assembly buffer [1.7 mM magnesium acetate, 100 mM
potassium acetate, and 25 mM Hepes (pH 7.4)] containing 80 ug
of protein to an equal volume of RNA solution in the same
buffer, resulting in a mixed solution with a 2:1 protein:RNA mole
ratio. This solution was then deposited on a ZnSe window and
allowed to settle overnight at 4 °C, and the supernatant was
removed. This assembly reaction was then conducted again on
the same ZnSe window, whereby a film of NLPs was formed for
subsequent spectral measurements. With this aim, the ZnSe
window was placed in a hermetic cell through which a stream
of nitrogen, bubbling in a saturated solution of KBr in D,0, was
passed continuously. Spectra were measured every 2 min for the
first 90 min while the hydrogen exchange progressed, and they
resulted from accumulation of eight scans at 2 cm™" resolution
over a range of 4000—700 cm ™. Thirty-two scans were collected
for the next spectra measured at time intervals of 5 and 10 min,
and the spectrum collected after exchange for 150 min was used as
the fully deuterated spectrum. The effects of residual D,O vapor
in the sample spectra were eliminated as described above.

The incorporation of deuterium into the protein backbone was
readily followed by monitoring the disappearance of the amide IT
band. The fraction of the unexchanged amide groups was
calculated on the basis of the ®,(f) ratio of the amide II band
absorbance at time ¢ and #,. The amide II band area at any time
point was measured after subtraction of the fully deuterated
spectrum to eliminate the influence of the guanine 1580 cm ™
band. With regard to the H—D exchange of the aqueous solvent
within NLPs, it was measured through the area of the /OD, band
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near 1208 cm ™! calculated by subtraction of the spectrum at time
to from the spectrum at every time ¢. The exchanged fraction of
solvent [64(7)] is given by the ratio O4(¢) = Ap(f)/Ap.., where Ap..
corresponds to the dOD, band area of the fully deuterated
spectrum.

Two-Dimensional (2D) Correlation Analysis. The infra-
red spectra measured for H—D exchange were used for 2D
correlation analysis. We employed 2D-Pocha, written by Dr.
Adachi and Dr. Y. Ozaki (Kwansei-Gakuin University, Tokyo,
Japan), which was programmed on the basis of the developed
algorithm of generalized 2D correlation spectroscopy (/2). This
two-dimensional (2D) correlation analysis allows the correlation
of the dynamic fluctuations of infrared bands in a series of spectra
measured at different times. Cross-correlation analysis provides
2D spectra that are defined by two independent frequencies, v,
(abscissa) and v, (ordinate). The synchronous 2D correlation
spectra of dynamic spectral intensity variations represent the
simultaneous occurrence of coincidental changes in spectral
intensities measured at v, and v,. Correlation peaks appear at
both diagonal (autopeaks) and off-diagonal peaks (cross-
peaks). Cross-peaks, which can be positive or negative, reflect
correlated changes in functional groups within the biomole-
cular system that occur simultaneously in the same direction
(+) or in the opposite direction (—). By contrast, the asyn-
chronous 2D correlation representation is characterized by
missing autopeaks and asymmetric cross-peaks which reveal
uncorrelated (i.e., out-of-phase) behavior of two bands. The
time-dependent changes in the spectral intensities are shown
as two-dimensional contours, called synchronous and asyn-
chronous maps (S- and A-maps, respectively), which correlate
in-phase (synchronized) and out-of-phase (unsynchronised)
intensity changes at two frequencies, respectively. Cross-peaks,
which occur in both the S- and A-maps, provide information
about the temporal order of the spectral changes. Cross-peaks with
the same sign in the S- and A-maps indicate that a spectral change
in the v, band (abscissa) occurs predominantly before that of the v,
(ordinate) band in the sequential order of time. The temporal
order is reversed for opposite signs of the S- and A-map cross-
peaks.

RESULTS

Infrared Spectra of Nucleocapsid Components and
Structural Integrity of the NLPs. Figure 1A shows the
infrared normalized spectra of deuterated NLPs and their protein
and RNA constituents. The spectrum of NLPs is complex,
consisting of contributions from both viral RNA and protein
components. To resolve these components in the 1720—1590
em™! region, second-derivative spectra have been calculated
(Figure 1B). The spectral profiles of HCVc-120 and NLPs in
the 1700—1600 cm ™' range (Figure 1A) have absorption maxima
near 1645 cm™', what indicates that a major fraction of the
protein molecule remains in an unordered structure upon nu-
cleocapsid formation. However, binding of this protein to the
31mer RNA through nucleocapsid formation led to significant
changes in the protein second-derivative spectra, namely, inten-
sity increases for the band components near 1635 and 1690 cm ™!
that can be attributed to f-sheets (2/—24). The fact that this
secondary structure is formed to some extent is also supported by
the characteristic YNH protein band which is visible during the
H-D isotopic exchange process, as described later. The second-
derivative band component of NLPs near 1650 cm ™" could be
ascribed to o-helices, but the unambiguous assignment of this
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FIGURE 1: (A) Infrared spectra of HCVc-120 in deuterated buffer
[30 mg/mL protein in 50 mM phosphate and 150 mM NaCl (pD 7.0)]
(top), of a film of deuterated 31mer RNA at 82% relative humidity
(middle), and of a deuterated NLP film at 82% relative humidiy
(bottom). (B) Second-derivative spectra. The ordinate represents
the absorbance/wavenumber? (scale divisions of 0.0001 absorbance
unit/cm ).

band is difficult because of the potential contribution from
deuterated cytosine bases (20) of the 3lmer RNA (Figure 1B).
The 1800—1500 cm ™' region of the 31mer RNA consists
of absorption bands originating from the in-plane double-
bond vibrations of the bases (Figure 1A). The strong band at
1682 cm ™ in the spectrum of this oligonucleotide stems from the
overlapping contribution of the vC4=0¢ and vC4=0y vibrations
of base-paired guanosines and uracils, respectively (20, 25—28).
This spectral region also exhibits two bands located at 1657 and
1620 cm ™' that are masked by the HCVc-120 core protein in the
spectrum of NLPs. The former can be ascribed to overlapping
bands generated by free and base-paired cytosine bases as well as
by free uracils, and the latter can be attributed to in-plane
ring vibrations of adenine and cytosine bases (20, 25—28). The
1606 cm ™' band in the spectrum of NLPs is unambiguously
attributable to arginine residues, particularly to the v,(CN3;Ds")
vibrational mode (/1, 24), because the undeuterated adenine and
cytosine bands near 1600 cm ™" shift toward the 1635—1620 cm ™
range upon deuteration (20, 25—28). The strongest band in the
1600—1500 cm™" range arises mainly from the guanine C=N
stretching vibrations near 1580 cm”! (20, 25, 28) and is not masked
by the spectrum of HCVc-120. The intensity of this band is slightly
lower (<10%) in the unpackaged RNA than in NLPs and,
accordingly, represents a rather small structural perturbation. This
spectral feature can be interpreted in terms of infrared hyperchro-
mism; i.e., this feature represents greater hyperchromic effects in
the packaged RNA molecule and signifies an electronically weaker
interaction between stacked bases of packaged RNA (20, 28).
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FIGURE 2: Infrared spectrum of a film of deuterated 31mer RNA at
82% relative humidity (top) and of a deuterated NLP film at 82%
relative humidity (bottom).

The bands of backbone—sugar vibrations are located at 1500
cm . They appear at the expected frequencies for the C3'-endo
conformation of riboses characteristic of A-form geome-
try (29, 30). Thus, the antisymmetric stretching vibration of the
PO, group appears near 1235 cm ™' (Figure 2) which is indica-
tive of the A-type form having the said C3'-endo sugar puckering.
The band at 1086 cm ™" has been assigned to the vPO,” mode
coupled with the C5'—03 vibrations (3/) and shifts to 1079 cm ™
upon nucleocapsid formation. Among the salient different fea-
tures of protein-free and protein-bound RNA is the said vPO, ™
frequency downshifting generated by interactions of HCVc-120
with phosphate groups in the ribose—phosphate backbone of
31mer RNA, which means that these phosphate groups are major
binding sites preferred by this protein. This is also supported by
the fact that NLP formation is inhibited by the presence of
sodium chloride, as described later. The said significant shift to a
lower frequency observed for the phosphodioxy marker of this
oligonucleotide probably reflects direct interaction between
positively charged side chains (positively charged arginine and
lysine residues) and PO, ", resulting in the withdrawal of electrons
from the PO bonds with attendant reduction in the bond
stretching force constant. Thus, these amino acid residues, which
constitute ~23.5% of the HCVc-120 protein sequence (5), can be
a distinctive feature of HCVc-120 related to binding of the 31mer
RNA. The 1086 cm ™' band is relatively broad because of the
heterogeneity of the local environments of phosphate groups,
which may reflect structural variety along the ribose—phosphate
backbone of the viral RNA. The phosphodiester backbone vibra-
tions coupled to the sugar motions generate the bands at 814 and
862 cm ™" in the spectrum of this oligonucleotide which reflect the
predominant C3'-endo conformation of the riboses involved in the
RNA A-form (31, 37). The intensity of the 814 cm ™' band which is
indicative of double-strand or base-paired segments is significantly
weaker in the spectrum of NLPs, and this spectral change can be
interpreted as evidence of the packaging-imposed transition of
the said RNA segments toward single-stranded structure within
the NLPs.

To assess the integrity or presence of NLPs in the samples
containing the HCVc-120 protein and the 31mer RNA, Figure 3
shows a micrograph obtained for NLPs from an assembly
reaction liquid sample prepared for infrared spectroscopy. The
presence of spherical particles with an average diameter of ~40
nm was observed, which supports the possibility that the protein
and RNA spectral changes described above are generated by
formation of NLPs.
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F1GURE 3: Electron micrograph of negatively stained samples of NLPs
containing HCVc-120 protein and 31mer RNA at a 2:1 protein:RNA
ratio. The bar is 100 nm.
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FiGURE 4: (A) Infrared spectra of a film of undeuterated (top) and
fully deuterated (bottom) NLPs in the 1800—1300 cm ™' region, at
deuteration time points of 0 and 150 min. (B) From top to bottom:
spectral profile of NLPs in the 3600—3000 cm ™' region, at deutera-
tion time points of 50, 80, 100, and 130 min.

Isotopic Exchange Characteristics of the NLPs. A series
of spectra were recorded for NLPs as a function of the deutera-
tion time, and the spectra corresponding to 0 and 150 min (fully
deuterated NLPs) appear in Figure 4A. While the initial spectrum
exhibited a characteristic amide II band at 1542 cm™', H-D
exchange led to a time-dependent isotopic shift of this band from
1542 to 1454 cm™". Interestingly, the spectral profile in the
3600—3200 cm ™' region over the last 90 min of the deuteration
process (Figure 4B) reveals the presence of a relatively narrow
vNH band component at 3292 cm ™' which can be ascribed to an
ordered protein backbone. In fact, this absorption maximum falls
in the range that can be attributed to the so-called amide A band
(3310—3270 cm™ ") (32, 33), and the approximately 90 cm ™" half-
bandwidth that is visible after the 100 min time point suggests the
presence of an ordered hydrogen-bonded polypeptide back-
bone (34). This structural assignment is consistent with the pro-
tein secondary structure analysis described above through the
amide I band indicating the presence of 5-sheets in the HCVc-120
protein component of NLPs.

Because H—D exchange is a first-order reaction, the fraction of
residual amide protons ®y(f) is expected to display a multi-
exponential decay corresponding to various groups, i, of amides
characterized by a common period 7;

(1) = Zal- exp(—1/T;) (1)
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FIGURE 5: (A) Fraction of unexchanged protein amide groups in
NLPs vs H—D exchange time. (B) Fraction of deuterated aqueous
molecules in NLPs vs H—D exchange time.

where ¢ is the proportion of group i. A three-exponential decay
model was used for the fitting of the curve in Figure SA. The
Ty, T», and T; values were computed and found to be 5.1 £ 0.3,
36.6 + 4, and 108.0 + 8 min, respectively, and their fitted
proportions (a;) were 0.69 £ 0.031 (ay), 0.21 £ 0.015 (a,), and
0.10 £ 0.022 (a3). The statistical criterion used to ensure the
goodness of the three-exponential fit was the > minimization;
i.e., the sum of the squares of the deviations of the theoreti-
cal curve from the experimental points is minimized. In addition,
the number of three periods is consistent with the fact that, in
general, all amide protons in proteins can be divided into three
classes (35—37): (1) fast exchange protons, which are most likely
located on the protein surface, on non-hydrogen-bonded amide
groups or in regions that are easily solvent accessible, (2) amide
protons with intermediate rates located in flexible buried regions,
and (3) the slow exchange fraction located in the protein core
region or in hydrogen-bonded structures such as j-sheets and
helices.

The data depicted in Figure 5B show that ~50 min is sufficient
to exchange practically 100% of the solvent molecules, and the
intensity of the 1208 cm ™' band can be expressed by the following
first-order equation

64(t) =1—exp(—1¢/T) (2)

where 64(7) is the exchanged fraction of solvent and the 7 value is
12.4 £ 0.26 min. Unlike eq 1 which reflects the exponential decay
of amide protons, eq 2 results from the exponential growth
character of amide group deuteration measured through the 1208
em™ ! band of heavy water. Minimization of % with the mono-
exponential eq 2 shows that these NLPs are fully permeable to
water molecules of the aqueous solvent. In fact, another more
slowly exchanging fraction of solvent molecules cannot be
detected experimentally. If the penetration of solvent through
the NLPs was retarded by the protein shell, another more slowly
exchanging class of solvent molecules would be expected and the
fitting of the exchange data would require at least two exponen-
tial terms in eq 2, one for water molecules outside these particles
and another for the interior water. On the other hand, the
ribose—phosphate backbone exchanged as rapidly as the solvent.
Thus, the rate of intensity decay at 967 cm ™' could be fitted to a
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monoexponential expression (eq 1) with a period 7 of 12.9 £ 0.4
min. However, deuteration of some nucleobases such as guanine
occurs more slowly, as described later in relation to two-dimen-
sional correlation spectroscopy.

DISCUSSION

In this study, we have looked into what structural effect the
formation of NLPs may have on the HCVc-120 protein and viral
RNA. In addition, we have studied the protein—nucleic acid
interactions involved in these NLPs.

Negative-stain electron microscopy analysis of the in vitro
assembly of HCVc-120 protein and the 31mer RNA (loop I1Id of
the viral genome) revealed that rounded particles ranging from
30 to 70 nm in diameter were produced. This is consistent with
previous investigations in which NLP formation depended on
highly basic N-terminal amino acids 120—124 of the core protein
and on the secondary structures within the RNA molecule that
was co-incubated with this protein (3, 5). Although it is well-
known that the HCVc-120 protein, at low concentrations (<5
mg/mL), shares the characteristics of native unfolded pro-
teins (38), no structural details have been reported in earlier
works for this viral protein when bound to the 31mer RNA in the
NLPs. From our infrared spectroscopic results, it is apparent that
there is 5-sheet formation upon assembly of these NLPs. Curve
fitting of the amide I band in the spectrum of NLPs after
subtraction of the 3Imer RNA reveals the presence of two
fB-sheet band components at 1635 and 1622 cm™' which can be
interpreted in terms of intramolecular (12%) and intermolecular
(10%) p-sheet formation, respectively, at the expense of unor-
dered structure (71, 2/—24). The behavior of this protein
resembles that of the nucleocapsid proteins of a number of
viruses that are reasonably flexible in solution and are subse-
quently switched to the conformation required for their parti-
cular position in the nucleocapsid during assembly. Among the
best characterized examples of such a conformational flexibility
are the SV40 pentamer (39), the coat protein of tomato bushy
stunt virus (40), the nucleocapsid protein of cauliflower mosaic
virus (41), and the coat protein of bacteriophage P22 (42). The
p-sheet formation in the NLPs studied here may suggest nucleo-
capsid stabilization through three-way junctions of f-sheet-
forming protein segments (43, 44).

The antisymmetric PO, stretching mode in the 1250—
1210 cm ™" region is a sensitive marker band for conformational
changes in the ribose—phosphate backbone. It acts as a reporter
independent of the bases, allowing one to view only the changes
in the ribose—phosphate backbone. The position of this band
generated by the 31mer RNA either in the pure state or within
the NLPs shows that this single-stranded RNA comprises the
A-type form having C3'-endo sugar puckering, and the same can
be said for the ribose—phosphate backbone vibration appearing
near 814 cm™". However, despite these similarities, the infrared
spectra of packaged and unpackaged RNA are not identical.
Thus, a significant difference is reflected in the intensity at
814 cm™" which is lower in the spectrum of NLPs, what can be
interpreted as evidence of partial disordering of the 31mer RNA
with packaging. This is consistent with the infrared hyperchro-
mism noticed for the 1580 cm™' guanine band on the spectrum
of NLPs. With regard to intermolecular protein—nucleic acid
contacts in this particle, the downshift in frequency of the ¥,PO, ™
band upon nucleocapsid formation reflects interactions between
RNA phosphate groups and positively charged amino acid resi-
dues such as arginine and lysine. Although these protein—nucleic
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FIGURE 6: Synchronous spectra of NLPs obtained from the 0—10 min time interval of H-D exchange: (left) 1750—1350 cm ™! region and (right)

1150—750 cm™ " region.

acid contacts are in general nonspecific and ionic, there may be
other interactions of the nucleocapsid proteins with the packa-
ging site of the RNA that involve specific interactions and
perhaps high-affinity binding. In this regard, it is to be noted
that the packaging site in all the known single-stranded RNA
viruses is a stem—loop structure (45). This fact prompted us to
explore other intermolecular interactions using two-dimensional
correlation spectroscopy. The synchronous spectra of the
1750—1350 and 1150—750 cm ™" regions for the 0—10 min time
interval (Figure 6) reveal that the bands near 1598 and 1620 cm ™
are positively and negatively correlated (white and dark cross-
peaks), respectively, with the band near 1678 cm ™, which can be
attributed to deuteration of adenine and cytosine bases during
this time interval. At the same time interval, ribose—phosphate
backbone deuteration is clearly visible through the diagonal
peaks at 1087, 1056, 967, and 915 cm™'. Interestingly, during
the 10—90 min time interval (Figure 7), strong positive cross-
peaks correlate two bands assigned to guanine (1580 cm™ ') and
arginine (1603 cm ™). This suggests the presence of guanine—
arginine side chain contacts for two reasons: (1) because arginine
residues are expected to be visible here because they constitute
18.3% of the amino acid sequence of the HCVc-120 protein (8)
and (2) because of the kinetically favored formation of NLPs
having HCV core protein and guanine-enriched synthetic oligo-
nucleotides. Thus, Table 1 shows the ultraviolet absorbance mea-
sured at 350 nm during in vitro assembly of NLPs consistent of
HCVe-120 core protein and RNA oligonucleotides, according to
the reported in vitro assay in which the progress of nucleocapsid
assembly is monitored by ultraviolet spectroscopy (9). These
results and the electron microscopy analyses of these NLPs show
that single-stranded oligonucleotides [5-(G)ys-3', 5-(C)y5-3/,
5'-(A)»s-3', and 5'-(U),5-3'] can be substrates for formation of
NLPs, but double-stranded or structured oligonucleotides [5'-
(©)15-(G)19-3 and 5'-(A);5-(U)o-3'] seem to be more efficient in
triggering the assembly process. Moreover, 5-(C);5-(G)1o-3' is
one of the most efficient oligonucleotides, what can be attributed
to the presence of interactions between arginine side chains and
the guanine O(6) and N(7) atoms because arginine residues are
frequently found to make hydrogen bonds to these guanine
positions (46, 47). Interactions involving guanine base have also
been detected by infrared spectroscopy in other protein—nucleic
acid biomolecular systems (48, 49). In this regard, a question

FIiGURE 7: Synchronous spectra of NLPs obtained from the 10—90
min time interval of H—D exchange.

about the low efficiency of the 5-(G),s-3' sequence studied here
arises in spite of the fact that guanine is the only base component
in this RNA oligonucleotide. This can be explained by consider-
ing that this oligonucleotide forms a quadruplex structure (50) at
room temperature and pH ~7, whereby the O(6) and N(7)
guanine positions are prevented from contacting hydrogen bond
donors such as the arginine side chain. On the other hand, HCV
loop I1Id, whose guanine content is lower than that of the 5'-
(C)15-(G)19-3 sequence, is the most efficient. From these ob-
servations, it appears that in HCV loop IIId there can be in
addition to guanine bases some secondary or tertiary structure(s)
contributing to the physically efficient interaction with HCVc-120.
However, no significant time-dependent absorbance increase was
observed in the presence of 200 mM NaCl (Table 1), which reveals
the important role played by electrostatic forces in the assembly of
NLPs. As proposed in other work (57), electrostatic attractions
between RNA phosphate groups and protein positively charged
side chains provide a driving force for viral assembly. This corre-
lates well with the frequency shifting of the PO,  mode of RNA
phosphate groups upon formation of these NLPs mentioned
above. On the other hand, NLP formation is triggered by the
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Table 1: Influence of RNA Oligonucleotides on in Vitro Assembly of NLPs
Consisting of HCVc-120 Core Protein and RNA at a 2:1 Protein:RNA
Mole Ratio

absorbance (350 nm)

5 min 10 min
5-(C)15-(G)19-3' 0.441 0.508
5'-(A)5-(U)-3 0.387 0.425
5-(G)as-3' 0.336 0.390
5'+(C),5-3 0.216 0.272
5'-(A),5-3 0.362 0.403
5'-(U)ys-3' 0.335 0.391
HCV loop IIId 0.468 0.544
HCV loop IT1d with 200 mM NaCl 0.002 0.003
without RNA 0.000 0.000

presence of a nucleic acid, because when this is absent no
significant increase in absorbance is detected during the absor-
bance measurement time period (Table 1).

To summarize, our findings show that electrostatic and
guanine—arginine side chain interactions are involved in NLP
formation in vitro. The HCVc-120 protein not only has a
preference for binding guanine-enriched oligoribonucleotides
over other oligoribonucleotides but also has a specific interaction
with HCV loop IIId. This protein-free oligonucleotide contains
ribosyl phosphate groups with conventional A-type backbone
geometry, indicative of hairpin formation and base pairing. As a
component of the NLPs, the interactions could restrict base
stacking of HCV loop IIId and disfavor base pairing within these
particles. When compared with the HCVc-120 monomer which is
completely unordered, the protein secondary structure of the
NLPs is enriched with 5-sheets. This structural feature may act as
a linker of protein monomers in the formation of these particles,
which occurs in other viruses that have been studied (52, 53).
Finally, our H—D exchange results show that, despite the
absence of visible holes as revealed by electron microscopy, these
NLPs are fully penetrated by water molecules, the aqueous
penetrability of these particles occurring with H—D exchange
in the protein component. This permeability result is consistent
with other studies of the permeability of P22 viral capsids to
aqueous solvent and permeability of bacteriophage T4 capsids to
DNA-specific and protein-specific probes (54, 55).
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