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ABSTRACT 

Avian influenza, subtype H5N1, causes occasional but serious infections in humans and efforts to produce vaccines 
against this strain continue. Current influenza vaccines are prophylactic and utilize the two major antigens, hemaggluti- 
nin and neuraminidase. Nucleocapsid protein (NP) is an attractive alternative antigen because it is highly conserved 
across all influenza strains, has been shown to increase the rate of viral clearance, and potential therapeutic vaccines 
would elicit cytotoxic T lymphocyte responses in an infected person. The NP antigen from H5N1 was characterized 
using a variety of physico-chemical methods to gain insights into both the biological and physical properties of the an- 
tigen which are important from a regulatory viewpoint when considering therapeutic vaccines. Results obtained to date 
show that NP is relatively unstable and indicate that the conformation of the H5N1 NP antigen is highly dependent upon 
purification procedure, buffer conditions, pH and the presence or absence of RNA. These factors will need to be clearly 
defined and taken into consideration when manufacturing and regulating NP vaccine preparations. 
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1. Introduction 

Influenza is a highly contagious virus of the respiratory 
tract that, according to the World Health Organization 
(WHO), results in three to five million cases of severe 
illness and close to 250 - 500 thousand deaths annually 
[1]. Current vaccines against influenza are strain specific 
and prophylactic, utilizing the two major antigens of the 
influenza virus, Hemagglutinin (HA) and Neuraminidase 
(NA), in order to prevent infection. Variability in HA and 
NA proteins requires yearly identification of the three 
most common internationally circulating strains and pro- 
duction, distribution and testing of an annual vaccine. 
Several avenues of recent research have suggested that 
vaccines based on the viral nucleocapsid protein (NP) 
may provide additional, effective tools in the prevention 
and treatment of influenza. The nucleocapsid protein is a 
56 kDa protein that binds the negative sense RNA seg- 
mented genome of the influenza virus. It’s primary func- 
tion is to organize and act as an adapter between genome 
replication and transcription. A number of groups [2-5] 
have demonstrated that recombinant NP has the potential 
to promote cross-reactivity to various subtypes of influ- 
enza, and may be a valuable constituent to existing vac- 
cines. NP has also been shown to stimulate a cytotoxic T 

lymphocyte response in both human and mice, resulting 
in quicker viral clearance and faster recovery from in- 
fluenza infection [5]. Studies also demonstrate that NP 
can induce substantial titres of anti-NP antibodies which, 
while not neutralizing, were capable of increasing viral 
clearance and conferring hetero-subtypic immunity [6-8]. 
In addition, because NP is relatively conserved across all 
known influenza strains and has low sequence drift rate 
[9,10], vaccines based on NP might be effective against 
most influenza strains, thereby eliminating the necessity 
of annual production. 

According to Volkin [11], there are two major considera- 
tions in the development of any vaccine. The first is the 
discovery of the biologic which elicits the desired thera- 
peutic response. Several groups seem to believe that NP 
satisfies this criterion [6-8]. The second and equally im-
portant aspect in vaccine development is the transla- 
tion of that biologic into a formulation which, while ap- 
propriate for both safe injection and bio-distribution, also 
confers stability, giving the product an acceptable shelf 
life [11]. It is this formulated vaccine product that must 
be carefully tested and controlled to maintain lot-to-lot 
consistency for product safety and efficacy. Because the 
properties of a biologic can be influenced by both the 
chemical nature of the product itself and the process used 
to manufacture and formulate it, proper characterization *Corresponding author. 
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is essential. This paper describes the physico-chemical 
characterization of NP antigen derived from an avian in- 
fluenza subtype (H5N1) in order to gain insights into the 
properties of that protein that might influence the quality, 
safety and efficacy of a potential NP-based therapeutic 
vaccine. 

2. Materials and Methods 

2.1. Chemicals and Reagents 

LB broth and agar, phenylmethanesulfonylfluoride (PMSF), 
sodium phosphate monobasic monohydrate, sodium phos- 
phate dibasic heptahydrate, imidazole, BCA reagents, 10 
M NaOH, RNaseA, lysozyme, NaCl, KCl, adenosine, 
RNA (S. cerevisiae) and diethylpyrocarbonate (DEPC) 
were purchased from Sigma-Aldrich (Oakville, ON, Ca- 
nada). Isopropyl β-D-1-thiogalactopyranoside (IPTG) 
was purchased from Roche (Laval, QC, Canada). Carbe-
nicillin and Sypro® Ruby Red protein gel stain were pur- 
chased from Invitrogen (Burlington, ON, Canada). So- 
dium dodecyl sulfate (SDS) and ammonium persulfate 
(APS) were purchased from Bio-Rad (Mississauga ON, 
Canada). 10 M HCl was purchased from EMD Bio- 
sciences (Mississauga, ON, Canada). 18 M H2SO4 was 
purchased from BDH (Missisauga, ON, Canada). Va-
nadyl sulfate was purchased from Fischer (Ottawa, ON, 
Canada). Anti-His antibody for Western blot analysis 
was purchased from GE Healthcare (Baie d’Urfée, QC, 
Canada) as was the horseradish peroxidase-linked goat 
anti-Rabbit secondary antibody. Anti-NP antibody was a 
gift from Dr. Sean Li. All solutions were prepared us- 
ing distilled and deionised water. Buffers were filtered 
through 0.2 µm membrane filters prior to use in FPLC/ 
HPLC. 

2.2. Protein Expression and Purification 

Sequence for the nucleocapsid gene from A/duck/yoko- 
hama/aq10/2003(H5N1) sub-cloned into the expression 
vector pQE2 (QIAGEN, Toronto, ON, Canada) was a 
gift from the laboratory of Dr. Sean Li (Health Canada). 
The pQE2 vector provided the 6xHis tag located at the 
N-terminal of the protein necessary for affinity chroma- 
tography. This construct was used to transform BL21 
competent cells and each NP preparation was from a 1 L 
culture. The cells were harvested and lysed by lysozyme 
and sonication, following standard procedures. NP was 
recovered from the supernatant and isolated by FPLC 
using a HisTrap column, with a stepwise imidazole gra- 
dient (Buffer A: 50 mM Na3PO4, 200 mM KCl at pH 7.4 
and Buffer B: 50 mM Na3PO4, 200 mM KCl, 200 mM 
Imidazole at pH 7.4). An aliquot of each 10 mL fraction 
collected was run on SDS-PAGE to determine which 
fraction contained NP. The purity of NP was estimated 
using densitometry. NP containing solutions were ana- 

lyzed using SDS-PAGE and stained overnight using 
Sypro® stain. The NP band density was assessed as a 
percentage of the total lane density using a Gel-Doc 
XR™ with Quantity One 4.5.2 software (Bio-Rad). Frac- 
tions identified as containing NP were diluted 2X with 
Buffer B then combined for dialysis (MWCO 25KDa) 
against Buffer A in order to remove imidazole. Protein 
concentration was determined by BCA assay for each NP 
preparation prior to use in further experimentation. Con- 
centration was also determined for one NP preparation 
using quantitative amino acid analysis performed by Dr. 
Rey Interior at the Sick Children’s Hospital (Toronto, 
ON). 

2.3. Western Blot Analysis 

NP identity was further verified by Western blot analy- 
sis. Briefly, two SDS-PAGE gels were electrophoresed. 
The first gel was stained with Sypro® stain. The second 
gel, in which the same sample was loaded twice, was cut 
in two. Both halves were transferred onto a PVDF mem- 
brane. One membrane was incubated with an anti-His 
antibody, while the other was simultaneously incubated 
with an anti-NP antibody. Standard procedures for wash- 
es, secondary antibody incubation and detection were 
used. 

2.4. Circular Dichroism Spectropolarimetry 
(CD) 

Protein samples, in 10 mM Na3PO4 at pH 7.4 (physio- 
logical conditions), were transferred in a 1.0 cm quartz 
cuvette and analyzed by CD with constant stirring. Cir- 
cular dichroism spectral readings were taken using a 
JASCO J-815 Spectrometer with the following parame- 
ters: band width: 1 nm, response: 1 sec, sensitivity: stan- 
dard, measurement range: 290 - 195 nm, pitch: 0.1 nm 
and scanning speed: 50 nm/min. During thermal denatu- 
ration the same parameters were used, as well as wave- 
length monitoring at 222 nm with a temperature slope of 
1˚/min. The recorded data at 222 nm were deposited into 
Sigma Plot® graphing software for melting temperature 
determination. Full length CD spectra were recorded at 
5˚C intervals as temperature increased from 20˚C to 85˚C. 
Spectra represent the cumulative average of 5 spectral 
accumulations. Raw spectral data (in mdeg) were then 
converted to molar ellipticity and/or mean residue ellip- 
ticity. In order to compute the amount of secondary 
structural elements within NP, specialized online algo- 
rithms on Dichroweb were used: 
http://dichroweb.cryst.bbk.ac.uk/html/home.shtml 
or (http://www.ogic.ca/projects/k2d2/). 

2.5. Fluorescence Spectroscopy 

Fluorescence readings of NP samples were conducted 
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using a Varian Cary Eclipse Fluorescence Spectropho- 
tometer. Using a 1.0 cm quartz cuvette, the excitation 
wavelength was determined from an initial wavelength 
scan from 300 nm to 400 nm with an arbitrary excitation 
wavelength (280 nm) to obtain the emission maxima. 
This excitation wavelength was used for all fluorescence 
measurements pertaining to that particular sample. This 
method was used to determine the exact excitation wave- 
lengths for every NP sample. Fluorescence readings were 
also acquired during thermal denaturation as described in 
the previous section. Data accumulated were deposited 
into Excel™ and analyzed using the method of Pace et al. 
[12] to determine fraction unfolded as temperature increases. 
Thermal denaturation data were collected under a variety 
of pH and salt concentration conditions. 

2.6. pH Titrations 

Immediately after recording the CD spectrum as per pre- 
vious section, the optical density at both 280 nm and 214 
nm was recorded using a spectrophotometer and then 
fluorescence emission spectra were recorded using a 
Varian Cary Eclipse Fluorescence Spectrophotometer. 
After recording all measurements at the initial pH value, 
the pH was manually adjusted to the next desired value 
(in increments of 0.5 pH units) by adding small aliquots 
of acid. Once the desired pH had been reached, the sam- 
ple was allowed to sit for 5 minutes with constant stirring. 
The process of recording CD, OD280/214 and fluorescence 
was repeated. The process was repeated until the pH had 
been adjusted to pH 3.0. Once a pH of 3.0 had been 
reached, the entire protocol was repeated using base to 
bring the pH back to 7.5 in increments of 0.5 pH units. The 
resultant spectra obtained were corrected using blanks 
prepared to account for volume and effects of acid/base. 

2.7. Effects of Ionic Strength (NaCl Titration) 

The effects of salt on NP secondary structure was as- 
sessed using CD in a similar manner to that previously 
described in the pH titration methodology. NP was se- 
quentially titrated from 0.0 M to 1.0 M NaCl in 0.1 M 
intervals. 

2.8. Examination of the Effects of RNA on NP 
Structure-RNase A Digest after “Anomalous” 
Spectra Recorded on CD 

When an “anomalous” CD spectrum was obtained, the 
solution containing NP was divided into two equal vol- 
umes. One of these sub-fractions was incubated over- 
night at room temperature with gentle agitation, while the 
other sub-fraction was similarly incubated in the pres- 
ence of RNase A (at approximately 1/50 th of the NP 
concentration as determined by BCA). Approximately 18 
hours after RNase A addition, comparison CD spectra 

were obtained for the two sub-samples. The pH of each 
sub-sample was then adjusted to 3.0 using HCl and a new 
spectrum recorded. The pH was slowly changed back to 
7.0 using NaOH and a new spectrum at this pH was ob- 
tained. 

2.9. RNase-Free Work with and without Vanadyl 
Complex RNase Inhibitor 

In order to keep RNase contamination to a minimum, the 
following preventative measures were followed: DEPC 
treated water was used throughout; all working surfaces, 
containers, equipment or instruments that came in con- 
tact with the protein preparation were wiped with RNase 
Erase® (MP Biomedicals) and then rinsed with DEPC- 
treated water; plasticware was treated with 0.1 N NaOH/ 
1 mM EDTA overnight, then rinsed thoroughly with DEPC- 
treated water; all glassware was autoclaved; sterile, RNase 
free pipette tips were used. 

A small molecule RNase inhibitor was made as de- 
scribed previously [13]. In order to verify that the va- 
nadyl complex was formed and active, an RNase Alert® 

Lab test kit (Ambion) was used. This vanadyl complex 
was then added to the lysis buffer and the protein was 
purified as described above, with extra additions of va- 
nadyl complex during sonication. Alternately, the purify- 
cation protocol described above was repeated exactly 
except that, instead of adding vanadyl complex to the 
lysis buffer only, all buffers used in FPLC and dialysis 
were made with DEPC-treated water in an RNase-free 
manner, and all contained vanadyl complex. 

2.10. NP Titration with Eukaryotic RNA 

NP was purified and digested with RNase A as described 
above. The RNA nucleotide fragments and RNase A 
were then removed from the sample by dialysis against 
four 2 L changes of 10 mM Na3PO4 in DEPC treated 
RNase-free water using a 30 KDa molecular weight 
cut-off membrane. A stock solution of RNA (RNA from 
baker’s yeast, S. cerevisiae) was prepared at a working 
concentration of 1 mg/mL. NP was placed in a rectangu- 
lar CD cuvette and RNA was added in successive, small 
aliquots until the concentration of RNA was 10× more 
than the measured concentration of NP (based on the 
assumption that 24 nt of RNA bind to each NP monomer) 
in an attempt to drive binding. After each addition of 2.5 
uL of RNA, the sample was allowed to stir for 5 minutes 
then a CD spectrum was acquired. NP was titrated with 
RNA at both pH 7.0 and pH 5.5. 

3. Results 

3.1. Isolation and Verification of Nucleocapsid 
Protein 

NP recombinantly produced in IPTG induced BL21 cells  
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was isolated using metal affinity chromatography (IMAC) 
and FPLC fractions from this isolation were analysed 
using SDS-PAGE (Figure 1(a)). A band with an elec- 
trophoretic mobility consistent with protein of a molecu- 
lar size of 60 kDa (which accurately compared with the 
molecular weight of 56 kDa for the expected (His)6-tagged 
NP) was routinely observed in all preparations. Identity 
of the band was confirmed by Western blot analysis us- 
ing anti-NP antibody (Figure 1(b)). Some product deg- 
radation was occasionally observed in the more concen- 
trated samples. Occasionally, such analysis of an NP pre- 
paration revealed a second, faster migrating band on SDS- 
PAGE which was rich in histidines as shown by the pre- 
sence of bands in Western blots probed with the anti-His 
antibody which was absent when the same blots were 
probed with anti-NP antibodies (data not shown). Densi- 
tometric analysis showed this isolation procedure pro-
duced NP at greater than 95% purity. 

3.2. Verification of Proper Folding of NP 
(Circular Dichroism) 

Every NP preparation (after dialysis into 10 mM Na3PO4) 
was analyzed by CD spectropolarimetry to ensure proper 
protein folding. In total, 15 preparations produced in the 
absence of RNase inhibitors were analyzed. Twelve of 
these 15 gave similar CD spectra at neutral pH, as indi- 
cated in blue in Figure 2 and herein referred to as the 
“predominant” spectrum. However, with 3 of the 15 pre- 
parations, a CD spectrum that looked quite different  
 

 

Figure 1. (a) Sypro®-stained SDS-PAGE analysis of puri- 
fied NP (elution fractions from Ni-NTA column, Fractions 
A9-A12) of a representative protein preparation. A band at 
expected molecular size (60kDa: 56KDa NP + His Tag) and 
of purity > 90% is evident; (b) Western blot analysis of a 
replicate SDS-PAGE electrophoresed simultaneously with 
the gel shown in (a). A band at the expected molecular size 
(60 kDa) is evident in all fractions when the anti-NP anti- 
body is used as a probe. Fractions 10 and 11 show some 
faster migrating material (potentially a degradation prod- 
uct). 

 

Figure 2. Representative CD spectra obtained for “pre- 
dominant” (▬) and “anomalous” (▬) NP preparations at 
room temperature in 10mM Na3PO4, pH 7.4. 
 
than the “predominant” spectrum was obtained. This spe- 
ctrum, termed the “anomalous” spectrum, is depicted by 
the red trace in Figure 2. Interestingly, there were no 
obvious deviations or errors in the production process (in 
terms of growth conditions, isolation methods etc.) that 
could account for the “anomalous” result. The spectrum 
for the “predominant” preparations appears to have two 
distinct minima at roughly 222 nm and 208 nm, remini- 
scent of spectra from proteins with largely helical struc- 
tures [14], while the “anomalous” spectrum appear to 
have only one minimum at 222 nm. 

3.3. Response of “Predominant” Preparations of 
NP to Altered Solvent Conditions 

Decreasing the solvent pH from near-physiological (7.4) 
to acidic conditions (3.0) using HCl, caused NP in “pre- 
dominant” preparations to adopt an altered conforma- 
tion(s) (Figure 3(a)). The increase in negative ellipticity 
around 222 nm observed in the CD spectrum at acid pH 
values suggests that the altered conformation may con- 
tain more helical or helix-like secondary structural ele- 
ments than the conformation assumed at neutral pH. This 
conformational change was reversible: a spectrum similar to 
the original was obtained when the pH was returned to 
neutral by the gradual addition of base (Figure 3(b)). 
Similar, yet less dramatic increases in negative ellipticity 
were obtained when freshly prepared NP was titrated 
with 1 M H2SO4 (Figure 3(c) (with back titration in Fig- 
ure 3(d))). Gradual addition of NaCl to predominant 
preparations at neutral pH (Figure 3(e)) also resulted in 
an increase in negative ellipticity at 222 nm (and pre- 
sumably helical secondary structural content). However, 
the magnitude of the effect was considerably less than 
that observed during the acidification with HCl. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3. Representative CD spectra obtained for “pre- 
dominant” NP preparations when titrated with 1M HCl (a) 
and back-titrated with 1M NaOH (b) or with 1M H2SO4 (c) 
and back-titrated with 1M NaOH (d); (e) NP from a “pre- 
dominant” preparation titrated with 5M NaCl at pH 7.4. ((a) 
to (d)) pH: (▬) 7.4 (▬) 7.0 (▬) 6.5 (▬) 6.0 (▬) 5.5 (▬) 5.0 
(▬) 4.6 (▬) 4.0 (▬) 3.5 (▬) 3.0. (E) Final NaCl concentra- 
tions were as follows: (▬) 0.0 M (▬) 0.1 M (▬) 0.2 M (▬) 
0.3 M (▬) 0.4 M (▬) 0.5 M (▬) 0.6 M (▬) 0.7 M (▬) 0.9 M 
(▬) 1.0 M. Samples were allowed to equilibrate for five 
minutes prior to taking CD measurements. 
 

Fluorescent emission spectra were recorded through- 
out the titration to acid pH in order to assess tertiary 
structure (Figure 4(a)). Acidification of “predomi- 
nant” preparations of NP resulted in a slight red shift 
of the intrinsic tryptophan at the emission maximum 
(from 336 nm at pH 7.4 to 338 nm at pH 3.0). Upon back 
titration, a compensatory blue shift was observed (Figure 
4(b)). Titration with sulphuric rather than hydrochloric 
acid yielded similar results (Figures 4(c) to (e)). 

3.4. Response of “Anomalous” Preparations of 
NP to Altered Solvent Conditions 

As noted above, routine preparation of NP occasionally 
yielded protein that gave rise to “anomalous” spectra at 
neutral pH. When “anomalous” NP preparations were 
titrated with HCl, an “anomalous”-shaped spectrum per- 
sisted until pH of 5.5, although the intensity of the signal 
(degree of negative ellipticity) decreased with increasing 
solution acidity. However, at pH values below 5.5, the 
shape of the CD spectra reverted to a profile more closely 
resembling that of the “predominant” preparations. At 
these lower pH values, ellipticity at 222 nm steadily in-
creased with each further addition of acid (Figure 5(a)). 
The original “anomalous” spectrum is not seen upon re-
verse titration with NaOH. Rather, spectra appear similar 
to those obtained for a “predominant” preparation (Fig-
ure 5(b)). 

Fluorescent emission spectra were recorded through- 
out the acid titration and the back-titration to neutral pH 
in order to assess the effects on tertiary structure of the  
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Figure 4. Characteristic fluorescence profiles of NP during titration with HCl (a) and back titration with NaOH (b) and of NP 
during titration with H2SO4 (c) and back titration with NaOH (D). (a) Titration performed on a predominant NP preparation 
from pH 7.0 to pH 3.0 followed by fluorescence spectroscopy; (b) Titration of a predominant NP preparation from pH 3.0 to 
pH 7.0 followed by fluorescence spectroscopy. pH: (▬) 7.4 (▬) 3.0; (c) Titration of a predominant NP preparation from pH 
7.0 to pH 3.0 with H2SO4 followed by fluorescence spectroscopy; (d) Back-titration of a predominant NP preparation from 
pH 3.0. 
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Figure 5. Representative CD spectra obtained for anomalous NP preparations when titrated with 1M HCl (a) and 1M NaOH 
(b). pH: (▬) 7.5 (▬) 7.0 (▬) 6.5 (▬) 6.0 (▬) 5.5 (▬) 5.0 (▬) 4.5 (▬) 4.0 (▬) 3.5 (▬) 3.0. 
 
“anomalous” NP preparations (Figures 6(a) and (b)). As 
was the case for the “predominant” preparation, a small 
but consistent red shift is observed upon decreasing the 
pH, with the wavelength shifting from 336 nm to 339 nm. 
However, upon addition of base the maximum did not 
shift, but remained at 339 nm throughout the titration. 
The changes in emission intensity at 340 nm relative to 
pH are shown in Figure 6(c). 

 

3.5. RNA Interaction with NP: RNase A Digest 

Comparison of the “predominant” to the “anomalous” 
spectrum indicate approximately the same degree of el- 
lipticity at 208 nm (Figure 2); however, the “anomalous” 
form has much deeper signal at approximately 220 nm. 
An increase in helical content in a protein would be ex- 
pected to increase negative ellipticity at 220 nm with the 
concomitant increase at 208 nm and increase in sheet or 
random coil content would be expected to increase nega- 
tive ellipticity at lower wavelengths (202 - 210 nm) and 
decrease the depth of signal at 220 nm [15]. Thus, the 
“anomalous” shape can not entirely be attributed simply 
to change in the relative proportions of typical protein 
secondary structural elements and alternate explanations 

(b) 

 

 

Wavelength  

(c) 

Figure 6. Characteristic fluorescence profiles of NP from an 
“anomalous” preparation during titration with sulphuric 
acid (a) and back titration with NaOH (b). (a) Titration of 
an anomalous NP preparation from pH 7.0 to pH 3.0 with 
H2SO4 followed by fluorescence spectroscopy; (b) Back- 
titration of an “anomalous” NP preparation from pH 3.0 to 
pH 7.0 following acidification with H2SO4. pH: (▬) 7.4 (▬) 
7.0 (▬) 6.5 (▬) 6.0 (▬) 5.5 (▬) 5.0 (▬) 4.5 (▬) 4.0 (▬) 3.5 
(▬) 3.0; (c) Change in emission intensity at 340 nm during 
acid (▬) and base titration (▬). (a) 



Characterization of Influenza H5N1 Nucleocapsid Protein for Potential Vaccine Design 133

for the anomalous spectrum need to be considered. NP 
binds RNA, and it has been shown that some conforma- 
tions of nucleic acids can give CD spectra with negative 
ellipticity in the region observed in spectrum of ano- 
malous NP preparations [16]. Therefore, it was hypothe- 
sized that the “anomalous” preparations result from cel- 
lular RNA binding to NP during recombinant protein 
production or isolation process. 

This hypothesis was tested when another preparation 
gave an “anomalous” CD spectrum at neutral pH: RNase 
A was added to determine if the binding of the protein to 
RNA could be responsible for the altered conforma- 
tion/spectrum observed. Comparison of the CD spectra 
obtained for an “anomalous” preparation with and with- 
out RNase A treatment (Figures 7(a) and (b)) suggest 
that the atypical CD spectrum results from binding of NP 
protein to RNA. 
 

 
(a) 

 
(b) 

Figure 7. Effects of RNase on secondary structure. An 
anomalous preparation at physiological pH as indicated by 
initial CD room temperature scan, was divided into two 
samples: one untreated sample (a) and one treated with 
RNase A to remove any residual RNA (b). After 18 hours, 
the spectra were recorded (▬). The pH was then decreased 
and a scan was taken at pH 3.0 using concentrated HCl (▬). 
The pH was then increased back to physiological pH before 
reading the final CD spectrum (▬). 

3.6. RNase Free Preparations 

To further test the hypothesis that RNA binding to NP is 
responsible for the anomalous spectra observed at neutral 
pH for some preparations of NP, a small molecule RNase 
inhibitor was used during the purification of recombinant 
NP in an effort to prevent degradation (and thus binding) 
of endogenous RNA. RNA-vanadyl complex was added 
either to all buffers used during the preparation or to only 
the lysis buffer used in the initial step of cell disruption. 
In both cases, the expected band for NP was obtained 
(Figures 8(a) and (b)). Addition of vanadyl complex at 
any stage during preparation appeared to result in higher 
yields of NP than without the vanadyl complex. However, 
this effect was less noticeable when the complex was 
added only to the lysis buffer, resulting in less NP (Fig- 
ure 8(a)) than when the inhibitor was added into all the 
buffers during isolation (Figure 8(b)). Moreover, when 
the vanadyl complex was added at any point during the 
preparation, the “anomalous” spectrum (with a deep ellip- 
ticity valley at 222 nm) was obtained on CD analysis  
 

 
 

(c) 

Figure 8. Sypro®-stained SDS-PAGE analysis of purified 
NP (elution fractions from Ni-NTA column, Fractions 
A10-B12) prepared with a vanadyl complex (RNase inhibit- 
tor) in the lysis buffer (a) and in all buffers (b) during isola- 
tion; (c) Representative CD spectrum of undigested NP af- 
ter isolation in the presence of vanadyl complex (▬) and 
post RNase A digest (▬). 
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(Figure 8(c)). This result is consistent with the hypothe- 
sis that the “anomalous” spectrum was the result of RNA 
binding NP. A sample of the “anomalous” preparation 
obtained was then digested overnight with RNase A, and 
the CD after digestion recorded. This spectrum resem- 
bled those obtained from “predominant” preparations 
(Figure 8(c)), again consistent with the hypothesis that 
the “anomalous” preparations contained bound RNA. 

3.7. Deliberate Addition of RNase A to NP 
Preparations 

To further investigate the interaction between NP and 
RNA, RNaseA was added to the lysis solution to a final 
concentration of 4 μg/mL and allowed to incubate for two 
hours after cell lysis by sonication. In each of the four 
replica of this experiment, no intact NP was recovered 
(data not shown). 

3.8. RNA Titration 

RNA-free preparations giving a “predominant” CD spec- 
trum were titrated with yeast RNA to determine whether 
NP would bind the nucleic acid and an “anomalous” CD 
spectrum would be obtained. NP was titrated with in- 
creasing concentrations of RNA at both pH 7.0 and 5.5 
(neutral pH and the point at which the anomalous spec- 
trum began to behave as a predominant preparation, re- 
spectively). No change in the shape of the CD spectrum 
was observed in either case, even at concentrations of 
RNA that were calculated to result in 10-fold excess of 

nucleic acid binding units. Thus, NP folded in the ab- 
sence of RNA did not appear to be able to bind any RNA 
(data not shown). 

3.9. Stability of Secondary and Tertiary 
Structure Analyzed through CD and 
Fluorescence 

The effect of salt concentration on the secondary and 
tertiary structure on both the “predominant” and “ano- 
malous” forms of NP was examined using thermal de- 
naturation assays followed by CD and fluorescence, 
respectively. Far UV CD studies showed that the melting 
temperature (TM) of the “predominant” preparation at 
pH 7.0 decreased when salt (NaCl) was added to a con- 
centration of 150 mM (Figure 9(a)). 

Normalized tryptophan fluorescence emission inten- 
sity at this same pH decreased with increasing tempera- 
ture. However, it is well known that the quantum yield of 
tryptophan fluorescence is temperature dependent even 
for tryptophan free in solution [17]. Therefore, the effect 
of salt on quantum yield with increasing temperature 
must be viewed relative to the loss seen with free trypto- 
phan in solution. With tryptophan free in solution, a con- 
sistent but non-linear loss of quantum yield with increas- 
ing temperature is observed (Figure 9(b), black train- 
gles). On the other hand, the plot of quantum yield as a 
function of increasing temperature of the intrinsic tryp- 
tophan fluorescence from NP of the “predominant form” 
produces a biphasic curve at neutral pH (Figure 9(b)). At 
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(̊ C)  
(b) 

(̊ C)  
(c) 

Figure 9. Secondary and tertiary structural analysis of “predominant” NP preparations analyzed through CD (a) and fluo- 
rescence spectroscopy (b and c). (a) Thermal denaturation was performed on “predominant” NP preparations under varying 
salt conditions (() 0 mM NaCl and () 150 mM NaCl)). Normalized tryptophan fluorescence emission intensity as a function 
of heat (25˚C to 95˚C) for “predominant” NP preparations at pH 7.0 (b) and pH 3.0 (c) at varying salt concentrations (() 0M 
NaCl, () 0.5 M NaCl, () 1.0 M NaCl). NP samples at both pH levels were compared to free tryptophan at varying salt con- 
centrations ((►) 0 M NaCl, (►) 0.5 M NaCl, (►) 1.0 M NaCl). 

Copyright © 2012 SciRes.                                                                                 WJV 



Characterization of Influenza H5N1 Nucleocapsid Protein for Potential Vaccine Design 

Copyright © 2012 SciRes.                                                                                 WJV 

136 

 
lower temperatures, where the protein is expected to be 
folded, the loss in quantum yield is retarded relative to 
that seen in tryptophan free in solution. However, at 
higher temperatures the loss of quantum yields for NP in 
the “predominant form” is accelerated relative to that 
seen with free tryptophan in solution (Figure 9(b), green 
squares). 

For tryptophan free in solution, increasing the salt 
concentration from 0 M to 0.5 M NaCl produces a slight 
delay in loss of quantum yield with temperature (Figure 
9(b), triangles). A further increase in salt concentration 
from 0.5 M to 1.0 M NaCl had little additional effect 
(Figure 9(b), pink triangles to light blue triangles). The 
addition of salt had little effect on the quantum yield of 
the intrinsic tryptophan fluorescence for NP in the 
“predominant” form at low temperatures. However, at 
intermediate and higher temperatures, increasing salt 
appears to increasingly shield the intrinsic tryptophan 
fluorescence from a loss in quantum yield (Figure 9(b), 
red and yellow squares). At 0.5 M and 1.0 M NaCl, the 
point of inflection in the quantum yield curve for NP in 
the “predominant” form occurs at lower temperatures 
than in the absence of salt. 

At low temperatures, the fluorescence results at pH 3.0 
are very similar to those seen for the “predominant” form 
at pH 7.0: the loss of quantum yield with increasing 
temperature is less dramatic than that seen for tryptophan 
free in solution (Figures 9(b) and (c)). However, at 
higher temperatures there is much more loss of quantum 
yield at pH 3.0 than at pH 7.0 and the loss in observed 
fluorescence or exceeds (0 M NaCl, Figure 9(c), green 
squares) that of tryptophan free in solution (black  
triangles). As was the case for the “predominant” form at 
pH 7.0, salt appears to have little effect at lower tem- 
peratures. However, at higher temperatures, addition of 
0.5 M NaCl delayed the temperature-induced onset of 
loss of tryptophan emission intensity relative to that seen 
in the absence of salt (Figure 9(c), pink vs. green sq- 
uares). However, further of addition of salt (1.0 M NaCl 
final, Figure 9(c), yellow squares) seemed to reverse this 
effect to some extent. 

The effect of salt on the temperature dependence of 
tryptophan fluorescence emission intensity in “anoma- 
lous” preparations was quite different than that observed 
for “predominant” preparations. At neutral pH, addition 
of 0.5 M NaCl hastened the onset of loss of emission 
intensity relative to preparations in which there was no 
salt (Figure 10(a)). An intermediate effect was observed 
at 1.0 M NaCl. At pH 3.0, the intensity versus tempera- 
ture curve (Figure 10(b)) of “anomalous” preparations in 
the presence of 0.5 M NaCl was very similar to that con- 
taining no salt, whereas the addition of 1.0 M NaCl 
shifted the curve to the left (and the onset of loss of 
emission intensity occurring at lower temperatures). At 

neural pH (0.5 M NaCl, pH 7.0, for example), the plots 
of quantum yield versus temperature for the “anomalous” 
preparation actually appeared to be triphasic rather than 
biphasic. The same effect is not seen when the pH is de- 
creased to 3.0. 

4. Discussion 

The main objective of this study was to characterize the 
nucleocapsid protein (NP) antigen of the avian H5N1 
influenza strain using physico-chemical methods in order 
to gain insights into the properties of the antigen that 
might influence the quality, safety and efficacy of a 
therapeutic vaccine. In order to fully characterize NP, the 
recombinant protein was first produced in E. coli. Twelve 
of the fifteen (80%) initial NP preparations (produced 
without RNase inhibition) resulted in CD spectra (the “pre- 
dominant” spectrum) with two distinct minima at ap- 
proximately 222 nm and 208 nm, reminiscent of spectra 
from proteins with high α-helical content [14]. Despite 
the fact that secondary structure deconvolution programs 
failed to give an estimate of secondary structure content 
that produced a satisfactory fit to the experimental data, 
these CD data do indicate that the purified protein was 
successfully refolded. In contrast to the two peaks of nega- 
tive ellipticity observed in the spectra of NP samples, CD 
spectra of random coil/extended protein chains exhibit 
little or slightly positive ellipticity between 210 nm and 
240 nm and either a single, sharp minimum at approxi- 
mately 198 nm or a single, more shallow minimum cen- 
tered between 195 nm and 205 nm [14]. Spectra resem- 
bling those expected for random coil conformation could 
be obtained from NP protein through thermal denature- 
tion (see below) indicating that the spectrum in Figure 2 
was the result of a folded structure that was lost upon 
heating. The available X-ray crystal structure of NP [18] 
also indicates that the protein is rich in α-helix (48.6% 
α-helix, 4.8% β-strand and 46.6% loop). The remaining 
three preparations (20%) of NP (“anomalous” prepara- 
tions) produced without deliberate RNase inhibition re- 
sulted in CD spectra with one distinct minimum at 222 
nm. The negative ellipticity at 222 nm suggests that, 
similar to the “predominant” preparations, the protein is 
largely helical; however, the absence of an equally pre- 
dominant minimum at 208 nm suggests that the confor- 
mation of these “anomalous” preparations differ from 
that of the “predominant” preparation. 

The observed spectral differences between the “anoma- 
lous” and “predominant” preparations cannot be ex- 
plained by changing the relative proportion of other 
common protein secondary structural elements (a-helix, 
β-sheet, turn or random coil), all of which give signify- 
cant negative ellipticity at lower wavelengths [15]. The 
fact that NP”s primary biological function is to bind viral 
RNA and research indicating that nucleotides (RNA/DNA)  



Characterization of Influenza H5N1 Nucleocapsid Protein for Potential Vaccine Design 137

 

  (̊C) 

(a) 

(̊C)  
(b) 

Figure 10. Tertiary structural analysis of “anomalous” NP preparations analyzed through fluorescence spectroscopy at pH 
7.0 (a) and pH 3.0 (b). Normalized tryptophan fluorescence emission intensity as a function of heat (25˚C to 95˚C) for 
“anomalous” NP preparations at pH 7.0 (a) and pH 3.0 (b) at varying salt concentrations (() 0 M NaCl, () 0.5 M NaCl, () 
1.0 M NaCl). NP samples at both pH levels were compared to free tryptophan in solution at varying salt concentrations ((►) 
0 M NaCl, (►) 0.5 M NaCl, (►) 1.0 M NaCl). 
 
in certain conformations produce a characteristic nega- 
tive ellipticity between 230 nm and 250 nm [16] sug- 
gested that the “anomalous” spectrum resulted from RNA 
binding to NP during purification. Therefore, the next NP 
preparation that gave an “anomalous” CD spectrum after 
purification was subject to RNaseA digestion. Overnight 
incubation of “anomalous” NP samples with RNaseA 

resulted in a CD spectrum that was reminiscent of the 
predominant preparation with a minima at both 222 nm 
and 208 nm. These data indicate that NP has the propen- 
sity to bind RNA during the purification process, and that 
RNA binding impacts the CD spectrum and possibly the 
secondary structure of NP. 

Data from two other lines of experimental probing 

Copyright © 2012 SciRes.                                                                                 WJV 



Characterization of Influenza H5N1 Nucleocapsid Protein for Potential Vaccine Design 138 

support this conclusion. Firstly, RNaseA was deliberately 
added into the lysis buffer prior to disruption of the re- 
combinant E. coli cells expressing NP with the expecta- 
tion that a preparation giving the “predominant” CD 
spectrum would result. Interestingly, in all three prepara- 
tions where RNaseA was added to the lysis buffer, 
RNaseA addition precluded the isolation of any NP, 
suggesting that at least small amounts of RNA maybe 
required for successful isolation of NP. Secondly, four 
preparations were executed in an RNase-free environment 
(utilizing DEPC treated water, sterile pipette tips, an estab-
lished RNase-free working area and the addition of a small 
molecule RNase inhibitor (vanadyl ribonucleoside com-
plex) [13] to the lysis solution) with the expectation that 
the inhibition of RNase enzymes would result in an 
“anomalous” preparation and CD spectrum. This was in-
deed the case: each of the preparations where the inhibi-
tor was included gave “anomalous” spectra, again indi-
cating that it is the binding of RNA to NP that results in 
the alteration in NP and/or RNA conformation and the 
“anomalous” CD spectra observed. 

Unfortunately, attempts to reproduce the “anomalous” 
form of NP by adding total yeast RNA to RNA-free NP 
were unsuccessful. While it has been suggested that in- 
fluenza NP binds RNA in a non-sequence-specific fash- 
ion [19], demonstrations of RNA binding to influenza NP 
by this group [20] and others [9] have been accomplished 
only when using a virus-specific oligonucleotide sequence. 
Further experiments using influenza-specific RNA as a 
titrant may resolve this issue. The conclusion from the 
RNase A and RNase-free experiments that the “anoma- 
lous” spectrum results from the presence of RNA is bol- 
stered by literature indicating that recombinant NP from 
other negative stranded RNA viruses (e.g., Ebola, Vesicu- 
lar Stomatitis Virus, Rabies) also have the propensity to 
bind RNA of their expression system [20-23]. The data 
we present here indicate that association of NP and RNA 
may well result in observable changes in influenza NP 
structure and such association must be tightly monitored 
by both vaccine manufacturers and regulators of NP- 
based vaccines for human use. 

Regulatory guidance advises the full characterization 
of the quality (physico-chemical) attributes of therapeutic 
proteins, including the protein”s response to stress condi- 
tions like exposure to extremes of temperature and pH 
[24] where proteins are likely to unfold. Acid-induced 
unfolding of a protein is driven by the protonation of 
ionizable side chains of amino acids comprising the 
polypeptide which leads to intramolecular charge repul- 
sion and subsequent loss of secondary and tertiary struc- 
ture [25]. The CD spectrum of the “predominant” form of 
NP in its RNA-free state at pH 7.0 (Figure 2 blue trace) 
contains two distinct negative peaks at 222 nm and 208 
nm suggesting high α-helical content, content one would 

expect to lose on acid-induced unfolding of the protein. 
However, rather than seeing the intensity of these peaks 
decrease upon solution acidification, a dramatic increase 
in negative ellipticity was unexpectedly observed. Thus 
“predominant” NP preparations, when titrated with acid, 
can be driven into an acid-induced state which exhibits 
increased negative ellipticity at both minima, suggesting 
an increased helical structure compared to the neutral 
state (Figure 3(a)). Although these results are surprising, 
there are reports in the literature in which proteins do not 
unfold when exposed to acidic conditions but rather as- 
sume higher ordered acid-induced conformations [25,26]. 
The acid-induced conformational change in the “pre- 
dominant” form of NP is globally reversible. 

Acid titrations of the “anomalous” preparations were 
also performed. Addition of either HCl or H2SO4 resulted 
in the retention of the overall anomalous spectral profile 
(single minimum at 222 nm) until pH of 5.5 although the 
intensity of the signal decreased as the solution became 
more acidic. This loss of ellipticity as the pH decreased is 
consistent with a loss in regular secondary structure ele- 
ments. However, once the pH was decreased to below 
5.5, the trend was interrupted and NP displayed instead 
the profile seen with the “predominant” form at lower pH 
values: one marked by the increased negative ellipticity 
and defined minima at both 222 nm and 208 nm. This 
change in “anomalous” to “predominant” profile suggests 
that, during acidification, NP releases its bound RNA and 
takes on a conformation (with increased helical content) 
similar to that of the predominant preparation at pH 3.0. 
In addition, the “anomalous” spectrum initially observed 
at pH 7.0 is not seen upon reverse titration with NaOH; 
rather, the spectrum achieved on back titration appears to 
be similar to that observed for a “predominant” preparation. 
Indeed, the spectrum at pH 7.0 after acidification of an 
“anomalous” preparation overlays closely with the spec- 
trum of a “predominant” NP sample prior to acidification, 
indicating that, upon acidification, the “anomalous” pre- 
paration releases its RNA but fails to reincorporate that 
RNA when the pH is returned to neutral values. 

During the course of this work, the lab group of Pang- 
Chui Shaw and collaborators published an extensive analy- 
sis of the link between NP oligomerization and its ability 
to form ribonucleoprotein (RNP) particles. Their origin- 
al paper [18] described the first X-ray structure of H5N1 
NP and showed that recombinant NP (at 2.5 mg/mL), in the 
absence of RNA, existed as a mixture of trimer and te- 
tramer. These authors propose that homo-oligomerization is 
facilitated through the insertion of the tail loop domain of 
one NP protomer into the body domain of a neighbor- 
ing NP protomer at the “insertion groove”. This hypothe- 
sis is supported by their more recent work [20] demon- 
strating that mutations which disrupt the tail loop struc- 
ture or abrogate the ability to form a salt bridge between 
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R416 in the tail loop of one protomer and E339 in the 
insertion groove of another protomer were both deficient in 
ribonucleoprotein (RNP) activity (transcription-replication 
activity) and had lost the ability to oligomerize. Size ex- 
clusion chromatography experiments also indicate that, 
in the presence of RNA, the amount of wild type NP in 
the trimeric/tetrameric forms is greatly diminished, and 
largely replaced by higher oligomeric forms of NP com- 
plexed with RNA [20]. 

The ability to form a salt bridge depends upon the 
positive charge on R416 and a negative charge on E339, 
a condition which presumably existed in both “predomi- 
nant” and “anomalous” preparations at pH 7.4. Acid titra- 
tion of either form should result in the protonation and 
concomitant loss of charge on E339. Analogous to the 
E339A mutant [20], deprotonated E339 can no longer 
engage in a salt bridge and NP at pH 3.0 should be 
monomeric thus explaining the observed change in CD 
spectrum for the “predominant” form of NP on acid titra- 
tion. The results presented in this paper in conjunction 
with Chan and coworkers” published work indicate that 
the monomeric form of NP is more helical than the 
trimeric/tetrameric form of NP in the absence of RNA 
(i.e., the RNA-free “predominant” form of NP we iso- 
lated). The “anomalous” spectrum at pH 7.4 represents 
higher oligomeric forms of NP complexed with RNA 
also isolated by Chan and coworkers. Acidification of 
this RNA-complexed (“anomalous”) form of NP results 
in protonation of E339, which in turn disrupts the salt 
bridge maintaining the interaction of NP protomers in 
this higher oligiomeric state and results in the loss of 
RNA from the complex and formation of the same 
monomeric NP seen on acid titration of the “predomi- 
nant”, RNA-free form. Because experimental conditions 
used in our present study did not preclude the activity of 
advantageous RNases, the RNA once released from the 
NP-RNA complex is presumably digested and no longer 
available for reincorporation when the pH is returned to 
neutral. Thus back-titration of the “anomalous” prepa- 
ration results in a CD spectrum reminiscent of the “pre- 
dominant” form at pH 7.4 rather than the original “ano- 
malous” spectrum. 

During the course of the acid titrations described 
above, changes in tertiary structure of each type of NP 
preparation (“predominant” and “anomalous”) was moni- 
tored using the molecule’s tryptophan residues as probes. 
Titration of the “predominant” preparations with either 
HCl or H2SO4 resulted in a red shift (shifting of the 
emission maximum to higher wavelengths), indicating 
that the aromatics that were buried inside the hydropho- 
bic pocket of the protein are becoming more exposed to 
the hydrophilic (aqueous solvent) environment as the pH 
is decreased. Bringing the pH back to 7.0 with NaOH 
results in a blue shift which indicated that, as the pH was 

raised, NP adopted a global fold that results in the burial 
of the aromatics into the hydrophobic core of NP. 

Fluorescence profiles of the “anomalous” preparations 
displayed different fluorescent profiles throughout the 
titrations. When the “anomalous” preparations were aci- 
dified, a red shift was indeed observed. However, the 
“anomalous” preparation also gave a peak around 420 
nm that appeared to increase in intensity as the pH was 
decreased. In contrast to the observations for the “pre- 
dominant” form, no shift in emission maxima was ob- 
served on back-titration of the “anomalous” form. The 
additional peak at 420 nm did not decrease in intensity, 
and can not be attributed to the presence of RNA in the 
sample. While the source of the fluorescence emission at 
420 nm is not clear, the results of the fluorescence data 
from the acid titration of the “anomalous” preparations 
confirms the conclusions of the CD data for this moiety: 
the conformation of the “anomalous” preparation before 
and after acid titration is not the same and neutralizing 
the pH does not restore the original “anomalous” confor- 
mation and/or RNA binding. These data, viewed in con- 
junction with acidification experiments performed using 
“anomalous” preparations that had been RNase A-di- 
gested, lend further credence to the postulation that 
acidification of “anomalous” preparations leads to the ir- 
reversible loss of bound RNA and a concomitant con- 
formational change. 

Both CD data (an indicator of secondary structure) and 
normalized tryptophan fluorescence emission intensity 
(one indicator of tertiary structure) suggested that the 
addition of salt may decrease the stability of the local 
environment of the “predominant”, RNA-free form of NP 
at neutral pH. The CD data clearly indicate that addition 
of salt shifts the melting curve to the left, indicating pro- 
tein destabilization. Fluorescence data at neutral pH in- 
dicate that tertiary structure is lost concomitantly with 
secondary structure both in the presence and absence of 
salt. At lower temperatures (where the protein is ex- 
pected to be folded) in the absence of salt the loss in 
quantum yield is actually retarded relative to that seen in 
tryptophan free in solution indicating that the protein 
structure is shielding the tryptophan from solvent quench- 
ing. At higher temperatures, the loss of quantum yield 
actually occurs more rapidly than for tryptophan which is 
free in solution, indicating that in the unfolded protein, 
side chains from other residues are also contributing to 
quenching. The fact that the discontinuity in the rate of 
loss of quantum yield (break in the curve) occurs at ap- 
proximately the same temperature as the TM observed for 
NP in the “predominant” form upon thermal denaturation 
followed by CD reinforces the conclusion that the dis- 
continuity in the quantum yield curve is due to concerted 
protein unfolding upon increasing temperature. For tryp- 
tophan in NP in the “predominant” form, the addition of 
salt has very little effect on the quantum yield at low 
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temperatures, where the protein is expected to be folded. 
However, at intermediate temperatures, where the protein 
is beginning to unfold, and at higher temperatures, where 
the protein is likely to be completely unfolded, increasing 
salt appears to increasingly shield the tryptophan fluo- 
rescence from quenching. At 0.5 M and 1.0 M NaCl, the 
break in the quantum yield curve for NP in the “pre-
dominant” form occurs at lower temperatures than in the 
absence of salt, indicating that salt is destabilizing the 
protein. While technical limitations precluded the use of 
higher concentrations of salt, the CD data at 0.15 M 
NaCl also indicate that salt destabilizes NP in the “pre- 
dominant” form. The fact that the effects of salt on the 
“predominant” form of NP were different at pH 3.0 com- 
pared to those observed at pH 7.0 reinforces the conclu- 
sion that the folded structure of NP is very different in 
the presence of acid. 

Fluorescence data indicate that the effects of salt in 
combination with temperature for the “anomalous” (RNA- 
bound) preparation of NP at neutral pH are quite com- 
plex. Not only is the effect of salt different than for the 
“predominant” preparation at this same pH, the curves 
resulting from plotting normalized fluorescence intensity 
against temperature appear to be triphasic for the “ano- 
malous” preparation rather than biphasic. These data are 
consistent with the conclusion (from the RNase A diges- 
tion experiments) that the “anomalous” form of NP re- 
sults from binding of RNA to the protein. As the tem- 
perature increases, in the absence of salt, one might ex- 
pect that dissociation of the RNA from the protein (with 
a concomitant conformational change) occurs before (at 
lower temperatures) the complete unfolding of the pro- 
tein. The presence of salt would be expected to influence 
the binding of the negatively charged RNA to the posi- 
tively charged arginine residues in binding groove be- 
tween the head and body domain of NP. Theory [27] 
suggests that lower salt concentrations might be expected 
to be stabilizing, whereas higher salt concentrations would 
be expected to interrupt the charge-charge interactions 
and thus destabilize the binding. While the data indicate 
differences between the fluorescence intensity vs tem- 
perature plots for “anomalous” preparation at pH 7.0 in 
the presence of various amounts of salt, it is difficult to 
draw conclusions as one does not know a priori what the 
effect of RNA binding to NP will be on the quantum 
yield of tryptophan fluorescence. Further experiments 
with smaller graduations in concentration covering a 
wider range of salt concentrations would need to be per- 
formed to elucidate this effect. The data here, however, 
do help support the presence of RNA in the “anomalous” 
form at pH 7.0 but not pH 3.0. 

5. Conclusions 

The research presented here is, to the best of our knowl- 

edge, the first attempt to characterize the influenza H5N1 
NP antigen using physico-chemical methodology that 
includes CD and fluorescence. Overall, the data pre- 
sented here demonstrate that NP is a dynamic protein that 
can adopt several different conformations. Even when 
the expression and purification protocol remain ostensi- 
bly unchanged, the NP product can give at least two dif- 
ferent CD spectra (“predominant” and “anomalous”), 
suggesting it can adopt at least two different conforma- 
tions. Acidification of NP solutions (“predominant” or 
“anomalous”) results in yet a third, structured conforma- 
tion. The data also show that the “anomalous” spec- 
trum/conformation is most likely the result of RNA 
binding to NP. Since the “anomalous” spectrum cannot 
be reproduced by mathematically summing the CD spec- 
trum of RNA and that of NP in the “predominant” form, 
these findings refute the notion [19] that the nucleocapsid 
protein does not change conformation when binding 
RNA. Taken in conjunction with the published literature, 
the data also suggest that the monomeric form of NP 
(achieved here by acidification rather than mutation to 
interrupt an essential salt bridge) is conformationally 
distinct and, indeed, more highly helical than the tri- 
meric/tetrameric (“predominant”) form in the absence of 
RNA of NP. Previous researchers have suggested that, 
despite structural differences among individual NP mole- 
cules in the unit cell, the structure of one NP protomer in 
the trimeric crystal is representative of NP structure in 
both its monomeric and trimeric/tetrameric/higher oligo- 
meric forms [18]. The results presented here suggest that 
this is not the case: self-association of NP may well be 
accompanied by a fairly major structural change. These 
data, therefore, form the basis of a different and perhaps 
more complete understanding of how the influenza virus 
achieves nucleocapsid particle formation and binds RNA 
for packaging or exposes it to replication during the viral 
life cycle. 

In addition to adding to our understanding of the boil- 
ogy of the influenza virus, the data in this paper also 
have ramifications for the production, regulation and 
quality assurance of potential therapeutic vaccines that 
use NP protein as the antigen. Vaccines, and indeed all 
biologics, are subjected to strict regulatory scrutiny. 
Manufacturers must demonstrate that the material in a lot 
released for sale today is identical to the lot that was 
demonstrated to be safe and effective in clinical trials 
performed to achieve licensure. For vaccines, even those 
that are therapeutic rather than prophylactic, the confor- 
mation of the antigen or protein component is extremely 
important. NP, when used in trial vaccines, has been 
shown to induce effective antibodies [7,8]. Conforma- 
tional changes in proteins can expose different epitopes 
and result in changes in the immune response to the pro- 
tein. NP is an internal protein and not exposed on the 
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surface of the virus and the antibodies elicited by NP 
appear to be non-neutralizing (i.e., they do not result in 
capture and death of the whole virus). Therefore, one 
might argue that a conformational change, even one that 
results in the induction of a different antibody, may not 
alter the therapeutic effect of eliciting CTL response. 
Even if this argument proves to be true, efficacy is only 
one part of the regulatory consideration. Safety is an 
equally, if not more, important consideration. When an 
NP-based vaccine is eventually licensed, the manufac- 
turers will have had to demonstrate, through clinical tri- 
als, that the non-neutralizing antibody response raised by 
the NP antigen does not result in untoward effects and 
that the vaccine is safe. Subsequent lots of vaccine that 
present a different conformation of NP (because of dif- 
ferent isolation procedures, differences in oligomeric 
state or the amount of RNA bound or differences in the 
pH or salt concentration of the buffer) run the risk of 
eliciting a different antibody response-one that has not 
been demonstrated to be safe through clinical trials. 

In a recent expert review, Volkin and Middaugh have 
suggested that the application of physico-chemical methods 
could provide a basis for “[treating] vaccines as well-de- 
fined physico-chemical substances in which particular 
structural changes can be detected and used to reduce or 
eliminate deleterious events” [11]. While these authors 
envision such characterization as a means of enhancing 
the rational design of stable formulation, the approach is 
equally applicable in a regulatory or quality assurance 
context. The use of physico-chemical characterization is 
the norm for other biologics using recombinant proteins, 
but these newer techniques are only beginning to see ap- 
plication in vaccine evaluation. The results presented 
here demonstrate the utility of physico-chemical methods 
in the complete characterization of potential vaccines. 
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