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Napin from mustard (Brassica juncea L.) is a seed storage protein consisting of two subunits linked
through disulfide bonds and is predominantly helical in nature. Resistance to trypsin digestion and
allergenicity limit its food applications. The role of disulfide linkages, electrostatic as well as hydrophobic
interactions, in napin stability have been investigated through spectroscopic methods, employing
different fluorescent probes and additives. The subunits are hydrophilic in nature and possess extended
structure. With the addition of 0.5 M NaCl, the surface hydrophobicity of napin decreases, whereas
the helical content increases by 25%. In the presence of NaCl, emission maximum shifts toward
shorter wavelength and the Stern-Volmer constant decreases from 6.5 to 3.4 M-1, indicating
compaction of napin. Na2SO4 has no significant effect on the structure due to the lack of a hydrophobic
core. In the presence of monohydric alcohols and trifluoroethanol, there is an increase in ordered
structure. These studies indicate that the structure of napin, which is hydrophilic in nature, is stabilized
by electrostatic interactions, in addition to disulfide linkages.
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INTRODUCTION

Seed proteins can be classified into storage, structural, and
biologically active proteins (1). The important storage proteins
in mustard (Brassica junceaL.) seed are cruciferins and napins.
Napins (2S albumins)slow molecular weight basic proteinss
are rich in glutamine, lysine, and cysteine (2). Mustard has a
well-balanced amino acid profile, compared to grains and
legumes, which are deficient in sulfur-containing amino acids,
and a favorable protein efficiency ratio of 2.6 in comparison
with 2.2 for soybean (3). The functional potential of napins
needs to be explored (4).

Allergenicity as well as resistance to trypsin limits the
utilization of napins in food. One of the features of allergens is
that the protein must have properties that protect its structure
against degradation in the gastrointestinal tract. The 2S albumin
family is highly stable to proteolysis as well as thermal
denaturation. In the case of 2S albumin from Brazil nut, the
intrachain disulfide bond pattern of the large subunit plays an
important role in holding the core structure together against
proteolysis (5).

Mustard napin consists of two subunits (of 29 and 86 residues)
with two inter- and two intradisulfide bonds (6). There is a single
tryptophan in the small subunit, whereas the large subunit has
one tyrosine residue. Napin has potential as a flavor enhancer
due to the high glutamine content (24%) in the protein (7). The

secondary structure arrangement of napin reveals that these
proteins are tightly packed in the seed (8). Thus, probing napin
structure gains interest. Apart from disulfide linkages, hydro-
phobic and electrostatic interactions are the important parameters
affecting protein structure.

Hydrophobic interactions play a major role in protein
conformation (9). Hydrophobicity of proteins helps in under-
standing and predicting the effects of manipulation of protein
sequence. There are limited reports on the hydrophobicity of
mustard napin. We have calculated surface hydrophobicity of
napin using aliphatic and aromatic fluorescent probes. The
increase in the fluorescence emission intensity upon binding to
accessible hydrophobic surface regions of proteins is used as a
measure in the calculation of surface hydrophobicity. ANS,
TNS, and CPA are charged probes, whereas PRODAN is a
neutral probe used to eliminate the contribution of electrostatic
interactions during fluorescence measurements (10). Organic
solvents such as monohydric alcohols induce more ordered
helical conformation relative to the native state of the protein
(11). The addition of alcohols to the protein solution, apart from
inducing R-helix structures, favors clustering of hydrophobic
groups and better compactness in proteins (12, 13). We have
used NaCl, Na2SO4, monohydric alcohols, and TFE to explore
the underlying forces that stabilize the napin molecule.

MATERIALS AND METHODS

Sephadex G-50 and CM-Sephadex were from Pharmacia Fine
Chemicals, Uppsala, Sweden. 8-Anilino-1-naphthalene sulfonic acid
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(ANS) was from Aldrich Chemical Co., Milwaukee, WI. Dithiothreitol,
iodoacetamide, acrylamide, bisacrylamide, sodium dodecyl sulfate, tris
base, TNS, and urea were from Sigma Chemical Co., St. Louis, MO.
A standard low molecular weight electrophoresis marker kit was from
Genei, Bangalore, India.cis-Parinaric acid and PRODAN were from
Molecular Probes Inc., Eugene, OR. Ampholine PAGplate and iso-
electric focusing standards of broad pI (3.5-9.3) were from Amersham
Biosciences, Little Chalfont, U.K. All other chemicals were of analytical
grade. All protein purification experiments were carried out in 0.02 M
phosphate buffer, pH 7.0 (buffer A).

Purification of Low Molecular Weight Napin (Protein) from B.
juncea.Napin was purified according to a method reported earlier with
modifications (14). Briefly, defatted mustard seeds were ground before
being extracted with 1 M NaCl (1:10 w/v). The suspension was
centrifuged, and ammonium sulfate was added (15-40%) to the
supernatant. The pellet, after centrifugation, was dialyzed and loaded
onto a Sephadex G-50 (1.5× 200 cm, 350 mL) pre-equilibrated with
buffer A containing 0.1 M NaCl. Protein peaks corresponding to napin
were pooled (170-185 mL). Pooled samples were fractionated on a
CM-Sephadex column (2.1× 7 cm, 25 mL); bound protein was eluted
with buffer (using a linear gradient of 0-0.5 M NaCl in buffer A) at
a flow rate of 10 mL/h.

Homogeneity was ascertained by nonreducing 15% SDS-PAGE (15).
Protein concentration was determined by using anE1cm

1% value of 4.8.
Gel filtration was carried out on a Waters HPLC system equipped with
binary pump and photodiode array detector using a TSK-2000 gel
filtration column pre-equilibrated with buffer A. The elution of the
sample was carried out isocratically with flow rate maintained at 0.2
mL/min at 25°C.

Amino-Terminal Sequencing.The peak fraction of purified napin
was analyzed for amino-terminal sequencing on an Applied Biosystems
Procise 4.0 instrument. The reduced subunits were blotted onto
polyvinyl difluoride membrane after SDS-PAGE. Electrophoretic
transfer (mini Trans-Blot) was carried out in 0.01 M CAPS buffer (pH
10.5) with 10% methanol (v/v) (100 V, 4 h at 25°C). The membranes
were stained with Ponceau stain to identify the subunits. The excised
band was subjected to N-terminal sequencing by automated Edman
degradation.

Isoelectric Focusing.Isoelectric focusing of the napin was performed
at 10 °C on an Amersham Biosciences Multiphor-II apparatus.
Ampholine PAGplate, a polyacrylamide gel, with a pH range of 3.5-
9.5, was used. A broad pI kit (3.5-9.3) was used as standard. Protein
(3 mg/mL) and markers were loaded directly onto the gel with sample
application pieces (16).

Intrinsic Fluorescence Measurements.Fluorescence measurements
were performed using a Shimadzu RF-5000 spectrofluorometer. The
protein was excited at 280 nm, and the emission spectra were recorded
in the region of 300-400 nm with excitation and emission slit widths
set at 5 and 10 nm, respectively. The temperature of the cell was
maintained at 27°C by a circulating water bath (Huber, Offenburg,
Germany). Fluorescence measurements were carried out using a 10 mm
path length cell. The intrinsic fluorescence, in the presence of NaCl,
KCl, and Na2SO4, was measured after the incubation of napin with the
respective salt for 30 min.

Conformational Studies Using Proteolytic Enzymes.Conforma-
tional studies were carried out using TPCK-treatedR-trypsin. Napin
was digested with trypsin using an enzyme to substrate ratio of 2:100.
The digestion was performed in 0.05 M ammonium bicarbonate buffer
(pH 8.1) at 37°C. Samples were drawn at regular intervals of 15 min,
and the degree of hydrolysis was estimated by using the TNBS method
(17). The hydrolytic behavior of trypsin on napin was also monitored
by SDS-PAGE and RP-HPLC. The amino-terminal sequence of the
purified peptide was carried out on an Applied Biosystems Procise 4.0
instrument. The molecular weight of the peptide was analyzed by
MALDI-TOF.

Separation of Subunits.The large and small subunits were separated
according to reported procedures (8) with a little modification. Napin
was denatured with 8.0 M urea for 30 min and reduced by 0.1 M
dithiothreitol at 27°C for 2 h. Free cysteines were blocked using 0.2
M iodoacetamide in the dark for an hour. Subunits were separated on
a G-50 Sephadex gel filtration column (140× 0.5 cm, 110 mL). The

purity of the two separated peaks (elution volumes of 40-48 and 60-
66 mL) was ascertained by 17% SDS-PAGE and gel filtration on HPLC.
Further structural characterization of separated subunits was carried
out by absorption, fluorescence, and CD spectroscopy.

Hydropathy Plot. A hydropathy plot was constructed according to
the method of Kyte and Doolittle (18). The plot was constructed using
the available amino acid sequence (B. junceaCAA46785). Scores
assigned for the most hydrophobic and for most hydrophilic amino
acid were+4.5 and-4.5, respectively.

Surface Hydrophobicity Measurements.Napin surface hydropho-
bicity was measured using ANS, TNS, CPA, and PRODAN. Hydro-
phobicity was calculated according to the method of Cardamone and
Puri (19). The binding constants were determined using a Scatchard
plot. A stock solution of ANS (ε350 ) 4.95× 103 M-1 cm-1) (19) and
TNS (ε366 ) 4.3 × 103 M-1 cm-1) (20) was prepared in buffer A,
whereas CPA (ε303 ) 7.6× 104 M-1 cm-1) and PRODAN (ε360 ) 1.8
× 104 M-1 cm-1) were prepared in ethanol and methanol (analytical
grade), respectively. For CPA, 10µg of butylated hydroxyanisole
(BHA) was added per milliliter of ethanol, to prevent oxidation. The
stock solution was transferred into a brown bottle and stored at 4°C
(10). All reagents were prepared fresh.

Excitation wavelengths were 375, 366, 325, and 365 nm for ANS,
TNS, CPA, and PRODAN, respectively. The emission spectra were
collected from 400 to 500 nm using a 1 cmpath length cell. The
excitation and emission slit widths were 5 and 5 nm, respectively.
Appropriate blanks in the corresponding solvents were subtracted to
obtain the fluorescence enhancement caused by the fluorescent probe.
Binding constants for the above ligands with napin were also determined

Figure 1. Establishing the homogeneity of Brassica juncea napin. (A)
SDS-PAGE pattern under nonreducing condition (lane 1). The gel (15%)
was stained with Coomassie brilliant blue R-250. Molecular weight markers
in the range of 36000−3500 were run along with the protein (lane 2).
The concentration of protein loaded was 1 mg/mL. (B) Isoelectric focused
gel of napin. A concentration of 50 µg of napin was used for the
experiment. The samples are loaded along with the standard pI markers.
(C) Amino terminal sequence of large and small subunits of napin.
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in the presence of NaCl and Na2SO4. The association constant was
calculated using a Scatchard plot.

Fluorescence Quenching Measurements.To determine the expo-
sure of tryptophan to solvent, fluorescence quenching measurements
were done with the progressive addition of dynamic quencher (acry-
lamide) in the absence or presence of 0.5 M NaCl and 0.2 M Na2SO4.
Protein solutions were centrifuged at 10000 rpm for 30 min before the
scans. Titrations were carried out with excitation and emission slit
widths of 5 and 10 nm, respectively. Napin concentration was fixed at
0.12 mg/mL.

The absorption of acrylamide at 280 nm was corrected using the
Lehrer and Leavis equation. From the recorded titration spectra, the
accessibility of tryptophan was calculated using the Stern-Volmer
equation (21), namely

whereF0 and F are the fluorescence intensities in the absence and
presence of quencher, respectively, andKSV is the Stern-Volmer
constant.

Circular Dichroism (CD) Measurements.CD measurements were
performed with a Jasco-810 automatic recording spectropolarimeter
calibrated withd-(+)-10-camphor sulfonic acid. Dry nitrogen was
purged continuously into the instrument before and during the experi-
ment. The light path length of the cell used was 1 mm in the far-UV
region (260-190 nm) and 10 mm in the near-UV region (320-240
nm). All measurements were made at 27°C, and the mean residue
ellipticity was calculated using a value of 110. The average of three
scans at a speed of 10 nm/min, with a bandwidth of 1 nm and a response
time of 1 s, was recorded. Protein concentrations of 0.4 and 2.5 mg/
mL were used for far- and near-UV measurements, respectively. The
effect of sodium chloride (0-1 M) or sodium sulfate (0-0.2 M) on
the secondary and tertiary structure of napin was determined after
incubation of the protein in salt for a period of 30 min. Changes in the
secondary structure of napin, upon interaction with different concentra-
tions of monohydric alcohols (methanol, ethanol, propanol, and butanol),
were followed in the range of 2-18 M (alcohol concentration), at 222
nm. The studies were also made in the presence of 3-12 M
trifluoroethanol (TFE).

Gel Filtration Chromatography. Gel filtration was carried out on
a Bio-Gel P-30 column (0.6× 35 cm) with a flow rate of 4.0 mL/h.
The column was calibrated with marker proteins having known Stokes
radii (RS). Blue dextran (1 mg/mL) was used for determining the void
volume (void volume,V0 ) 12 mL). The protein sample (4.0 mg/mL)
was centrifuged at 10°C and 10000 rpm for 20 min before it was
loaded onto the column pre-equilibrated with buffer A. The experiment
was repeated in the presence of 0.5 M NaCl and 0.2 M Na2SO4. The
column was equilibrated with the required salt concentration in buffer
A for the above.

Thermal Stability. The thermal stability of napin, in the presence
or absence of 0.5 M NaCl, was followed by CD. The change in
secondary structure, as a function of temperature, was monitored at
222 nm. Protein was heated in the temperature range of 27-75 °C at
1 °C/min using a peltier attachment (PMH 356WI). Protein concentra-
tion used for the study was 0.4 mg/mL in buffer A.

All results reported are the average of at least three determinations,
unless otherwise mentioned.

RESULTS

Purification of Napin from B. juncea.Mustard napin was
purified as reported earlier (14). Napin was precipitated with
ammonium sulfate followed by gel filtration on Sephadex G-50
superfine. The peak corresponding to napin was pooled and
loaded onto a CM-Sephadex ion exchange column and eluted
with a 0-0.5 M NaCl gradient in buffer A. Napin eluted at
0.32 M NaCl. Homogeneity of the protein was ascertained by
nonreducing 15% SDS-PAGE (Figure 1A) and gel filtration
on HPLC (data not shown). The pI (isoelectric point) of napin
was determined at pH>10.5 (shown inFigure 1B). The
N-terminal sequence of reduced napin (Figure 1C) was similar
to the deduced amino acid sequence fromB. junceanapin (6).

Limited Proteolysis. Limited proteolysis of napin was carried
out, using trypsin as a tool, to study the exposure of basic amino
acid residues. The release of peptides as a function of time is
shown in the inset ofFigure 2. Digestion of napin by trypsin
was feeble after 3-4 h of digestion. The protein digest, after

Figure 2. Trypsin digestion of napin; purification of tryptic digests on RP-HPLC. RP-HPLC was carried out using a symmetry shield C18 (5.0 µm, 4.6
mm × 250 mm) Waters column. Solvent A (0.1% TFA in water) and solvent B (100% acetonitrile containing 0.1% TFA) were used for gradient elution.
The column was washed with solvent A for 10 min. Protein sample (20 µL) containing 20 µg was injected at a flow rate of 1 mL/min. The bound protein
was eluted by a shallow gradient of acetonitrile from 0 to 50% over 70.0 min. The eluted protein was monitored at 230 and 280 nm. (Inset) Napin (4.0
mg/mL) was digested with R-TPCK-treated trypsin at 2:100 enzyme to protein ratio in 0.1 M ammonium hydrogen carbonate buffer (pH 8.2) at 37 °C.
At different time intervals (0−120 min), aliquots were drawn, and digestion was terminated by adding 10 µM TLCK. The samples were analyzed by 15%
nonreducing SDS-PAGE. The extent of hydrolysis was measured by using the TNBS method (17).

(F0/F) - 1 ) KSV[Q]
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RP-HPLC, showed a major peptide peak at a retention time of
42 min (Figure 2). The molecular mass of the peptide was
determined as∼6589 Da by MALDI-TOF. The peptide was
found to be rich in cysteines and glutamines as determined by
amino acid composition.

Hydrophobicity of Napin. The hydrophilic/hydrophobic
nature of napin was determined using a Kyte and Doolittle
hydropathy plot (data not shown). The sequence of napin used
for the plot was from the GenBank database (Brassica juncea
CAA46785). The plot confirmed the hydrophilic nature of napin.

Conformational Analysis of Napin. Napin contains a single
tryptophan and tyrosine in its small and large subunits,
respectively. The emission maximum is at 343 nm, suggesting
the exposed nature of tryptophan in napin. The far-UV CD of
napin has revealed two minima at 208 and 222 nm. The intact
protein is rich inR-helix (∼40%).

The contribution of subunits to the conformation of napin
was studied by the reduction of disulfides and blocking the free
thiol with iodoacetamide. The elution profile revealed two peaks,
and the purity of the subunits was ascertained by 15% SDS-
PAGE. Intrinsic fluorescence showed emission maxima of 353
and 305 nm, for small and large subunits, respectively (Figure
3A). This indicated the presence of tryptophan and tyrosine in
small and large subunits, respectively. The two separated

subunits were also hydrophilic in nature and devoid of buried
hydrophobic patches. The absorption spectra of napin and
separated subunits are shown as the inset ofFigure 3B.
Secondary structures of the subunits revealed only aperiodic
structure (Figure 3B).

To understand the interactions responsible for the stability
of napin, the effect of additives on the conformation of the
protein was studied. The changes in surface hydrophobicity of
napin were followed by fluorescent probes ANS, TNS, PRODAN,
and CPA. To understand the effect of electrostatic and hydro-
phobic interactions, sodium chloride and sodium sulfate (0-1
M) were used. The effects of TFE, the helix promoter, and
monohydric alcohols on the conformation of napin were
followed.

Surface Hydrophobicity Measurements through Fluores-
cent Probes.Surface hydrophobicity can be classified into
aliphatic and aromatic hydrophobicity. CPA is useful for
determining the aliphatic hydrophobicity, because it is composed
of aliphatic hydrocarbons and is a plant-derived 18-carbon fatty
acid. ANS, due to its aromatic structure, is used for determining
aromatic hydrophobicity (22). TNS, a derivative of ANS,
although nonfluorescent, fluoresces when bound to hydrophobic
regions of protein and can be used as a surface hydrophobic
probe (20). On the other hand, PRODAN is a neutral probe,
which eliminates electrostatic contribution in the measurement
of hydrophobicity.

Plots of fluorescence quenching, upon progressive addition
of ANS, TNS, PRODAN, and CPA, are shown inFigure 4.
The Scatchard plots are given as insets. Binding constants and
number of binding sites for the protein in the presence or
absence of 0.5 M NaCl and 0.2 M Na2SO4 have been calculated
and are shown inTable 1; 0.5 mol of fluorescent probe bound
per mole of protein, indicating the hydrophilicity of napin. There
is a reduction in binding constant and number of binding sites
in the presence of NaCl as compared to control. The binding
constant of CPA to napin is lower compared to the aromatic
hydrophobic probes.

Effect of Salts on Napin Structure.Fluorescence Measure-
ments.The effect of salts on the tertiary structure has been
studied by fluorescence emission spectra. Napin, in buffer A,
was incubated with different concentrations of KCl, NaCl, and
Na2SO4 for 30 min. The relative fluorescence intensity increases
with increasing salt concentration, and the emission maxima
shifts toward blue (-4 nm for NaCl and-1 nm for Na2SO4).
The effect of KCl on napin is found to be similar to that of
NaCl. Beyond 0.5 M NaCl, the fluorescence intensity remains
constant, whereas above 0.7 M, a decrease in intensity is
observed. In the case of 0.2 M Na2SO4, the maximum increase
in the fluorescence intensity has been observed at 0.2 M (Figure
5A, inset). Salt concentrations of 0.5 M NaCl and 0.2 M Na2-
SO4 were used for further measurements. A blue shift in the
emission maximum, in the presence of salt, may be due to the
environment around the tryptophan residue being more hydro-
phobic compared to native (Figure 5A).

Circular Dichroism Measurements.Changes in the secondary
structure of napin, upon salt addition, were followed by far-
and near-UV CD spectra. The ellipticity value increased up to
∼25% in the presence of 0.5 M NaCl and 3% in the presence
of Na2SO4. Beyond 1 M NaCl and 0.5 M Na2SO4, the ellipticity
value (at 222 nm) decreased. In the presence of 0.5 M NaCl,
the ellipticity ratio,R ([θ]222/[θ]208) increased from 1.05 to 1.25
( 0.05, indicating a stronger interhelical association (Figure
5B) (23). In the presence of Na2SO4, the ratio was 1.07,
indicating little or no change. The tertiary structure changes of

Figure 3. Characterization of separated subunits of Brassica juncea
napin: (s) napin; (‚‚‚) small subunit; (−‚−) large subunit in buffer A. (A)
Fluorescence emission spectra. The emission spectra were recorded from
300 to 400 nm, when excited at 280 nm. The excitation and emission slit
widths were at 5 nm. (B) Far-UV CD of napin and separated subunits.
(Inset) Absorption spectra of napin and separated subunits recorded with
1 cm path length cell.
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napin, in the presence of salts, were followed by near-UV CD,
which showed no significant change in the ellipticity values at
0.5 M NaCl and 0.2 M Na2SO4 (Figure 5C).

Acrylamide Quenching of Intrinsic Fluorescence.Quench-
ing of napin fluorescence by acrylamide, a nonionic quencher,
is shown inFigure 6A. The Stern-Volmer plot has been used
to obtain the constant,KSV (Figure 6B). The fractional acces-
sibility of the lone tryptophan, indicative of its exposure to
solvent, is 0.63 (Table 2). In the presence of 0.5 M NaCl, the
fractional accessibility is found to decrease to 0.5 and in the

presence of sulfate remains at 0.6. The decrease in theKSV, in
the presence of NaCl, may be due to compaction of the
molecule.

Gel Filtration. Native napin eluted at 17 mL in buffer A. In
the presence of 0.5 M NaCl, the elution volume shifted to 18.2
mL, indicating a reduction in the Stokes radius. There was no
significant change in the elution volume in the presence of 0.2
M Na2SO4 (data not shown).

TM. The effect of 0.5 M NaCl and 0.2 M Na2SO4 on the
secondary structure loss was studied at 222 nm, in the
temperature range of 27-75 °C (Figure 6A, inset). In the
presence of 0.5 M NaCl, theTM (transition temperature) shifted
from 74 to 88°C, indicating increased protein stability.

Effect of Monohydric Alcohols on Napin Structure.
Solvents play an important role in maintaining the native
structure of a protein. Structural studies of proteins in the
presence of different solvent systems can provide information
on their unique folded structure in solution. The propensity to

Figure 4. Surface hydrophobicity measurement of Brassica juncea napin; plot of increase in the (A) ANS−protein-bound fluorescence (emission followed
at 480 nm when excited at 375 nm), (B) TNS−protein complex (emission at 460 nm when excited at 366 nm), (C) CPA−protein complex (emission at
420 nm when excited at 325 nm), and (D) PRODAN−protein complex (emission at 465 nm when excited at 365 nm). (Inset) Scatchard plots for
determining the binding constants. The excitation and emission slit widths were 5 and 5 nm. Protein concentration used was 0.75 mg/mL.

Table 1. Binding Constants of Napin with Different Fluoroscent
Probesa

control ANSb PRODANc TNSd CPAe

no. of binding sites 0.48 ± 0.1 0.6 0.1 0.53 ± 0.1 0.6 ± 0.1
binding constant (M-1) 4.1 × 104 9.5 × 104 2.0 × 104 0.91 × 104

0.5 M NaCl
no. of binding sites 0.21 ± 0.1 0.26 ± 0.1 0.3 ± 0.12 0.24 ± 0.1
binding constant (M-1) 2.1 × 104 4.3 × 104 1.19 × 104 0.46 × 104

0.2 M Na2SO4

no. of binding sites 0.5 ± 0.1 0.45 ± 0.1 0.62 ± 0.1 0.52 ± 0.1
binding constant (M-1) 3.55 × 104 8.5 × 104 1.9 × 104 0.89 × 104

a A protein concentration of 0.75 mg/mL was used for all measurements. The
results are average of three individual experiments. b Emission maximum of napin
in presence of ANS was 480 nm when excited at 375 nm. c Emission maximum
of napin in presence of PRODON was 465 nm when excited at 365 nm. d Emission
maximum of napin in presence of TNS was 460 nm when excited at 366 nm.
e Emission maximum of napin in presence of CPA was 420 nm when excited at
325 nm.

Table 2. Intrinsic Fluorescence Quenching by Acrylamidea

Stern−Volmer constant
KSV (M-1)

fractional
accessibility

control 6.5 ± 1.1 0.63 ± 0.14
0.5 M NaCl 3.4 ± 0.55 0.50 ± 0.1
0.2 M Na2SO4 6.2 ± 0.96 0.59 ± 0.11

a A protein concentration of 0.12 mg/mL was used for all measurements. The
results are average of three individual experiments.
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form R-helix (38%) reached a maximum at 17 M methanol
concentration, beyond which the protein precipitated. Napin,
in the presence of 8.25 M ethanol, showed a 28% increase in
R-helix. Above a 15 M ethanol concentration, protein precipi-
tated. Similar studies, in the presence of propanol and butanol,
revealed an increase inR-helix (20% increase in propanol and
10% increase with butanol) at 6.7 and 3.5 M concentrations,
respectively.

The effect of TFE (helix promoter) on the secondary structure
is shown inFigure 7. The change in molar ellipticity as a
function of TFE is shown in the inset ofFigure 7. An increase

Figure 5. Salt-induced conformational changes in napin structure. (A)
Changes in fluorescence emission intensity of (s) napin in buffer A, (‚
‚‚‚) napin in 0.2 M NaCl, (- - -) napin in 0.5 M NaCl, and (−‚−) napin in
0.75 M NaCl. (Inset) Plot of change in the relative fluorescence intensity
as a function of (b) NaCl and (O) Na2SO4. (B) Far-UV CD spectra: (---)
napin in buffer A; (‚‚‚‚) napin in 0.2 M Na2SO4; (s) napin in 0.5 M NaCl;
(−‚−) napin in 0.75 M NaCl; (−‚‚−) napin in 1.0 NaCl. (C) Near-UV CD
spectra: (s) napin in buffer; (‚‚‚) napin in 0.5 M NaCl; (- - -) napin in 0.2
M Na2SO4. Both near- and far-UV CD measurements were performed on
a Jasco-J 810 automatic recording spectropolarimeter. The spectra were
recorded at a scan speed of 20 nm/min. An average of at least three
accumulations is shown. Mean residue weight of 110 was used to calculate
the molar ellipticity. For far-UV scans (200−260 nm), protein (0.4 mg/mL)
in buffer A was used. Protein concentration of 2.5 mg/mL was used in
the near-UV region (320−240 nm). Path lengths of the cells were 1 and
10 mm for the far-UV and near-UV scans, respectively.

Figure 6. Intrinsic fluorescence quench of Brassica juncea napin by
acrylamide. (A) Primary plot of fluorescence quench as a function of
acrylamide concentration: (b) napin in buffer A; (O) napin in the presence
of 0.5 M NaCl; (4) napin in 0.2 M Na2SO4. The accessibility of tryptophan
was calculated using a modified Stern−Volmer equation. Protein concen-
tration of 0.12 mg/mL was used for all measurements. Napin was excited
at 280 nm, and the emission spectra were recorded in the region of 300−
400 nm. Excitation and emission slit widths were set at 5 and 10 nm,
respectively. (Inset) Temperature-induced unfolding of napin in the
presence and absence of 0.5 M NaCl, monitored at 222 nm. The protein
in buffer A was heated in the temperature range 27−75 °C, at a heating
rate of 1 °C/min: (s) napin in buffer A; (‚‚‚) napin in 0.5 M NaCl. Mean
residue weight of 110 was used to calculate the molar ellipticity. Protein
(0.4 mg/mL) in buffer A was used for the measurements. (B) Stern−
Volmer plot for acrylamide-quenched fluorescence of napin: (b) napin in
buffer A; (O) napin in the presence of 0.5 M NaCl; (4) napin in 0.2 M
Na2SO4.
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in R-helix (50%) at 10 M TFE concentration was seen. Beyond
10 M TFE, protein precipitation was observed.

DISCUSSION

Napin from mustard (B. juncea L) is synthesized as a
precursor protein and translocated into endoplasmic reticulum,
where the intrachain disulfide bonds are formed. The proprotein
is transported via a secretory pathway to the vacuole, where
the negatively charged prosequences are proteolytically cleaved
(24) to yield the mature napin. Napin is found to be antifungal
and antimicrobial (25). Although mustard protein has a well-
balanced amino acid profile and a favorable protein efficiency
ratio, its utility as a food source of protein is limited by its
allergenicity. We have investigated the contributions of the
different interactions to the stability of napin.

In the present study, napin is purified and identified by
comparing the amino-terminal sequence of two separated
subunits to the available deduced amino acid sequence ofB.
juncea(6). The protein has∼40% helix and is highly hydro-
philic, as shown by the Kyte and Doolittle hydropathy plot.
Napin is resistant to trypsin digestion. A peptide, rich in
glutamine and cysteine, has been obtained at the end of 2 h,
with most of the protein remaining intact (Figure 2). Napins
from Brassicaspecies are resistant to proteolysis by gastric
enzymes (26).

Extrinsic fluorescence probes such as ANS, TNS, CPA, and
PRODAN have been used for determining the aromatic and
aliphatic (CPA) hydrophobicity of napin. The binding constants
for all of the above probes are low (Table 1), with only ∼0.5
mol binding to 1 mol of protein. The binding constant decreases
in the presence of 0.5 M NaCl concentration. These values
confirm the hydrophilic nature of the molecule. No significant
change in the surface hydrophobicity is observed in the presence
of Na2SO4.

Addition of 0.5 M NaCl and 0.2 M Na2SO4 results in shifts
of the emission maximum of 5 and 1 nm, respectively, toward
shorter wavelength. The fractional accessibility of the single
tryptophan in napin has been evaluated by following the
quenching of intrinsic fluorescence by acrylamide in the absence

and presence of 0.5 M NaCl. The Stern-Volmer constant
decreases from 6.5 to 3.4 M-1, indicating compactness in the
presence of NaCl. The compaction of the molecule in the
presence of 0.5 M NaCl is further confirmed by gel filtration.

Na2SO4 does not affect the secondary structure of napin.
Addition of NaCl results in an increase of 25% helical structure
as monitored by far-UV CD spectra. The changes in the thermal
transition (TM) and elution volume could be due to compaction
of protein. On the basis of its sequence (GenBank CAA46785),
napin has a net positive charge of+9 at neutral pH. Hence, it
is likely that the anions play a key role in the salt effect on
napin. The high net positive charge coupled with low hydro-
phobicity suggests that napin is a rather weakly folded protein
driven largely by disulfide linkages. Charge neutralization or
preferential exclusion (of the salt) from the vicinity of the protein
results in compactness in the presence of high salt concentrations
(27, 28).

The propensity for napin to form structure, in the presence
of intramolecular interaction enhancing organic solvents such
as alcohols and TFE, has been studied. Monohydric alcohols
and TFE induce structure as evidenced by increased helical
content of napin. TFE is known to be an intramolecular
hydrogen bond enhancer and protects solvent-exposed hydro-
phobic residues from aggregating. Low concentrations of
monohydric alcohols on napin show the propensity to form
R-helix in the presence of alcohols in the order TFE> methanol
> ethanol> propanol> butanol.

The structural changes induced by alcohols are reversible.
Higher concentrations of propanol (>6.7 M) and butanol (>3.5
M) result in protein precipitation. Recent studies have shown
that at low concentrations, TFE and monohydric alcohols act
by a cosmotropic mechanism to promote desolvation of the
polypeptide backbone and not directly through stabilization of
helical structures or strengthening hydrogen bonds (29).

Our results can be summarized as follows:

(1) Na2SO4 does not affect napin structure or stability due to
the absence of a hydrophobic core. Addition of NaCl results in
compaction of mustard napin, thereby stabilizing it.

Figure 7. TFE-induced structural changes in napin. Far-UV CD specta: (s) napin in buffer A; napin in (‚‚‚) 3.0 M, (++) 6.0 M, (‚‚‚|‚‚‚) 10.0 M; or
(−‚−‚−) 12.0 M TFE. Scans were recorded in the region of 200−260 nm using a 1 mm path length cell. Protein concentration was 0.4 mg/mL. The
samples were centrifuged before the spectra were recorded. (Inset) Plot of the changes in the ellipticity at 222 nm as a function of TFE concentration.

Conformational Studies with Napin J. Agric. Food Chem., Vol. 55, No. 10, 2007 4235



(2) Electrostatic interactions play a major role in stabilizing
the protein structure in addition to the presence of disulfide
linkages.

The compaction of napin in the presence of salts may increase
our understanding of the digestibility and allergenicity of the
molecule.

ABBREVIATIONS USED

TM, transition temperature; CD, circular dichroism; PVDF,
polyvinyl difluoride; TNBS, trinitrobenzene sulfonic acid; ANS,
8-aniline naphthalene sulfonic acid; PRODAN, 6-propionyl-2-
(N,N-dimethylamino)naphthalene; CPA,cis-parinaric acid; TNS,
2-p-toluidinylnaphthalene-6-sulfonate; TFE, trifluoroethanol.
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