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The structural and functional contribution of N-terminal region
and His-47 on Taiwan cobra phospholipase A2
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Abstract: Modification of His-47 and removal of the N-terminal octapeptide caused a different effect on the structure of Naja
naja atra (Taiwan cobra) phospholipase A2 (PLA2). Unlike native enzyme, Ca2+ induced an alteration in the structural flexibility
of His-modified PLA2. Moreover, the spatial positions of Trp residues in His-modified PLA2 were not properly rearranged toward
lipid–water interface in the presence of Ca2+. CD spectra and fluorescence measurement showed that the dynamic properties
of Trp residues and the gross conformation of N-terminally truncated PLA2 were totally different from native enzyme. Although
a precipitous drop in the enzymatic activity was observed with modified PLA2, His-modified PLA2 and N-terminally truncated
PLA2 retained cytotoxicity on inducing necrotic death of human neuroblastoma SK-N-SH cells. Our data suggest that structural
perturbations elicited by the chemical modification cause a dissociation of enzymatic activity and cytotoxicity of PLA2. Copyright
 2007 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The phospholipase A2 (PLA2) enzymes from snake
venom and mammalian pancreas specifically catalyze
the hydrolysis of fatty-acid bond at the position 2
of 1,2-diacyl-sn-phosphoglycerides in the presence of
Ca2+ [1]. X-ray crystallographic analyses show that
snake venom PLA2 enzymes and pancreatic PLA2

enzymes share a remarkable degree of structural
homology [2–7], but differ in details such as the
extent of secondary structure and positioning invariant
side chains. The binding of PLA2 to the surface of
aggregated substrate such as membranes or micelles
substantially increases the enzyme activity, an effect
known as interfacial activation [8–10]. It is well-
known that the N-terminal region of PLA2 enzymes
act as a regulatory domain that mediates interfacial
activation of these enzymes [11]. Several lines of
evidence show that the N-terminal region functionally
contributes to facilitate a productive-mode orientation
of PLA2 at the membrane surface [11,12]. Moreover, an
allosteric coupling between membrane-binding site and
the catalytic center of PLA2 is suggestive to regulate
the interfacial activation of the enzyme [13]. Noticeably,
recent studies reveal that a nontoxic porcine pancreas
PLA2 induces apoptotic cell deaths of RAW 246.7 cells in
a PLA2-activity independent manner [14]. This indicates
that the interfacial activation should not involve heavily
in the cytotoxicity of PLA2 enzymes. In order to address

* Correspondence to: Long-Sen Chang, Institute of Biomedical Sci-
ences, National Sun Yat-Sen University, Kaohsiung 804, Taiwan;
e-mail: lschang@mail.nsysu.edu.tw

the contribution of structural dynamics which resides
with the N-terminal region and catalytic center to the
biological activities of PLA2, comparative studies on
native and chemically modified Naja naja atra PLA2 are
conducted in the present study.

MATERIALS AND METHODS

PLA2 was isolated from N. naja atra (Taiwan cobra) venom
according to the methods previously described [15]. His-
47 of PLA2 was modified with p-bromophenacyl bromide
(BPB) essentially according to the procedure described in
Yang et al. [16]. After CNBr cleavage at Met-8 of PLA2

[17], the large C-terminal fragment (CBII) was separated
from the N-terminal octapeptide by HPLC on a column
(4.6 mm × 25 cm) of SynChropak RP-P eluted with a linear
gradient of 25–50% acetonitrile for 60 min. Acrylamide, egg
yolk phosphatidylcholine (EYPC) and dimyristoyl phosphatidic
acid (DMPA) were purchased from Sigma-Aldrich Inc., and
SynChropak RP-P column (4.6 mm × 25 cm) was obtained
from SynChrom Inc. (Lafayette, IN, USA). Cell culture supplies
were purchased from GIBCO/Life Technologies Inc. Unless
otherwise specified, all other reagents were of analytical grade.

PREPARATION OF LIPOSOMES

EYPC/DMPA was dissolved in chloroform/methanol
(v/v, 2 : 1) at a molar ratio of 9 : 1 and dried by
evaporation. Buffer (10 mM Tris-HCl-100 mM NaCl,
pH 7.5) was added to the film of lipids, and the
suspension was shaken vigorously after hydration.
The multilamellar vesicles obtained in this way were
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extruded 10 times, above the transition temperature
through a 100 nm polycarbonate filter.

TIME-RESOLVED FLUORESCENCE MEASUREMENT

Time-resolved fluorescence spectroscopy was per-
formed using the technique of time-correlated single
photon counting. The samples were measured in an
Edinburgh Instruments OB920 spectrometer equipped
with TCC900 photon counting electronics. The exci-
tation pulses were at 295 nm, and the emission was
collected at 350 nm. Discrete component analysis was
performed with F900 software (Edinburgh Instruments)
employing a nonlinear least-squares procedure. The
decays were fitted by a two- or three-exponential decay
function. The quality of the fit was determined by the
value of the reduced chi-squared statistical parameter
and by visual inspection of residues. In all cases, the
χ2 values were close to 1.0, and the weighted residues
as well as the autocorrelation of the residues were ran-
domly distributed around zero, indicating an optimal
fit. Each reported lifetime (τ ) was obtained from the
average of three measurements, with the scatter being
<10%. The fraction intensities (f i) were calculated from
the values of lifetimes (τ i) and pre-exponential factors
(αi) as follows: f i = αiτ i/

∑
αiτ i.

CELL VIABILITY ASSAYS

Human neuroblastoma SK-N-SH cells were cultured
with Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum, 2 mM glutamine and peni-
cillin/streptomycin (100 µg/ml) in a humidified 95%
air, 5% CO2 incubator. Exponentially growing cells
(1 × 105) were plated in 96-well plates and after 24 h of
growth treated with a series of concentrations of native
and modified PLA2 in serum free medium. At suitable
time intervals, MTT solution was added to each well at
a final concentration of 0.5 mg/ml and incubated for
4 h. Formazan crystals resulting from MTT reduction
were dissolved by addition of 100 µl DMSO per well.
The absorbance was detected at 595 nm using a plate
reader.

DETECTION OF APOPTOTIC CELLS

Annexin V/propidium iodide staining was carried out
according to the manufacturer’s protocol (annexin V-
FITC kit from Molecular Probes). After PLA2 treatment
at indicated time, the SK-N-SH cells were washed with
cold PBS and resuspended with binding buffer (10 mM

HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) before
transferring 1 × 105 cells to a 5 ml tube. Then 5 µl each
of annexin V-FITC and propidium iodide were added,
and the cells were incubated for 15 min in the dark.

Binding buffer (400 µl) was then added to each tube
and analyzed by a Beckman Coulter Epics XL flow
cytometer.

OTHER TESTS

Determination of PLA2 activity, fluorescence measure-
ment, fluorescence quenching studies and CD mea-
surement were performed in essentially the same man-
ner as previously described [18–20]. Statistical anal-
yses were determined using the unpaired Student’s
t-test. A value of P < 0.05 was accepted as an indication
of statistical significance.

RESULTS

N. naja atra PLA2 contains three Trp residues at
positions 18, 19 and 61. Mutagenesis studies show
that the three Trp residues are located at lipid–water
interface for catalytic action [21]. Thus, the Trp
fluorescence can trace an alteration in the structural
dynamics of PLA2 for performing enzymatic activity. As
shown in Figure 1, the intrinsic fluorescence of PLA2

markedly decreased after removal of the N-terminal
octapeptide (CBII) or modification of His-47 (BPB-PLA2).
These suggest an alteration in the microenvironment of
Trp residues of the modified PLA2 compared with native
enzyme.

As shown in Figure 2(A), the fluorescence decay of
PLA2 was dominated by short- (0.14 ns), intermediate-
(1.94 ns) and long-lived (3.81 ns) components that con-
tributed 21.1, 36.8 and 42.1% of the total fluorescence
intensity, respectively. The Trp fluorescence lifetime of
bromophenacylated PLA2 (BPB-PLA2) comprised three
components at 0.07 (short-lived), 1.76 (intermediate-
lived) and 3.39 (long-lived), respectively (Figure 2(B)).

Figure 1 Fluorescence spectra of native and modified PLA2

at an excitating wavelength of 295 nm.
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The contribution of the short-, intermediate- and long-
lived component to the total fluorescence was 38.3,
52.6 and 9.1%, respectively. Alternatively, the Trp
fluorescence emission decay of CBII was dominated
by short- (0.17 ns), intermediate- (1.75 ns) and long-
lived (4.68 ns) components that contributed 30.6, 38.4
and 31.0% of the total fluorescence intensity, respec-
tively (Figure 2(C)). These observations again emphasize
that the microenvironment of Trp residues in PLA2 is
perturbed by removal of N-terminal region and modifi-
cation of His-47.

Acrylamide quenching has been used to assess
the degree of exposure of Trp residues in proteins
[22]. Quenching of Trp residues is analyzed by the
Stern–Volmer equation: Fo/F = 1 + Kq[Q], where Fo
and F are the fluorescence intensities at an appropriate
emission wavelength in the absence and presence of
acrylamide, Kq is the collisional quenching constant,

and [Q] is the concentration of acrylamide. As shown
in Figure 3, the linearity of Stern–Volmer plots for
PLA2 indicated an equal accessibility of Trp-18, Trp-
19 and Trp-61 for acrylamide. However, the difference
in the degree of exposure of Trp residues was observed
between Ca2+-bound PLA2 and metal-free PLA2. This
reflects that Ca2+ induces a conformational change
of PLA2 accompanied by the altering of the spatial
positions of Trp residues. Removal of N-terminal region
and modification of His-47 caused a marked decrease
in the accessibility of Trp residues for acrylamide.
Moreover, the degree of exposure of Trp residues in
the modified PLA2 was insignificantly changed by the
binding of Ca2+.

As shown in Figure 4(C), CD spectra revealed that
the secondary structure of PLA2 was dominated with
α-helix, and the gross conformation of PLA2 changed
upon binding with Ca2+. The conformation of PLA2,

A B

C

Figure 2 Trp fluorescence decay curve of native and modified PLA2. (A) Trp fluorescence decay curve of PLA2. The excitation
and emission wavelength are 295 and 350 nm, respectively. The sample cuvette contained 3.6 µM PLA2. Curve 1, Instrumental
response function; Curve 2, Superposition of the observed decay and fitted curve. Distribution of the residues shown below
the plot is the difference between the observed data and the best-fit curve. (B) Trp fluorescence decay curve of BPB-PLA2. The
excitation and emission wavelength are 295 and 350 nm, respectively. The sample cuvette contained 3.6 µM BPB-PLA2. Curve
1, Instrumental response function; Curve 2, Superposition of the observed decay and fitted curve. Distribution of the residues
shown below the plot is the difference between the observed data and the best-fit curve. (C) Trp fluorescence decay curve of CBII.
The excitation and emission wavelength are 295 and 350 nm, respectively. The sample cuvette contained 3.6 µM CBII. Curve
1, Instrumental response function; Curve 2, Superposition of the observed decay and fitted curve. Distribution of the residues
shown below the plot is the difference between the observed data and the best-fit curve.
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Figure 3 Stern–Volmer plots for acrylamide quenching of Trp fluorescence of native and modified PLA2. Native and modified
PLA2 (0.05 mg/ml) in 10 mM Tris-100 mM NaCl (pH 8.0) were quenched by acrylamide in the presence of (A) 1 mM EDTA or
(B) 1 mM Ca2+.

Figure 4 CD spectra of native and modified PLA2. The CD spectra were measured at a protein concentration of 1 mg/ml in
10 mM Tris-100 mM NaCl (pH 8.0) containing (A) 1 mM Ca2+ or (B) 1 mM EDTA. (C) The CD-spectra of Ca2+-bound and metal-free
PLA2. CD spectra were obtained on a Jasco J-810 spectropolarimeter with a cell path-length of 0.5 mm. The CD spectra were
measured from 260 to 190 nm, and CD spectra were obtained by averaging the signals of five scans.

Figure 5 Effect of phospholipid vesicles on acrylamide quenching of native and modified PLA2. Protein (0.05 mg/ml) was
dissolved in 10 mM Tris-100 mM NaCl (pH 8.0) containing 1 mM Ca2+ (ž, °) or 1 mM EDTA (�, ∆). Quenching of Trp fluorescence
of (A) PLA2, (B) BPB-PLA2 and (C) CBII were carried out in the absence (ž, �) or presence (°, ∆) of 160 µM EYPC/DMPA liposome,
respectively. The excitating wavelength was 295 nm, and the fluorescence intensity was monitored at 350 nm.

CBII and BPB-PLA2 differed either in the absence or

presence of Ca2+ (Figure 4(A) and (B)). The ellipticity

ratio [θ ]223/[θ ]209 is known to increase with increasing

flexibility of the helices [23,24]. Thus, the structural

flexibility of BPB-PLA2 was higher than CBII and PLA2

in a metal-free buffer (Figure 4(B)), while the structural

flexibility of BPB-PLA2 decreased upon binding with

Ca2+. Moreover, the finding that Ca2+-binding altered
the CD spectra of BPB-PLA2 and CBII implicated that
the Ca2+-binding ability of BPB-PLA2 and CBII was not
impaired.

As shown in Figure 5(A), compared with metal-
free PLA2, the degree of exposure of Trp residues in
Ca2+-bound PLA2 was notably decreased by binding
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with phospholipids. This reflects that Ca2+-bound
PLA2 adopts an active conformation in which Trp
residues shift to the lipid-water interface and thus
become less accessible for acrylamide. Upon binding
with phospholipids, the change in the accessibility
of Trp residues for acrylamide insignificantly differed
between Ca2+-bound BPB-PLA2 and metal-free BPB-
PLA2. Unlike that noted with PLA2 and BPB-PLA2,
quenching of CBII was not significantly affected by the
addition of phospholipid vesicles. These results indicate
that the fine structure neighboring Trp residues of
Ca2+-bound PLA2 is distinct from that of Ca2+-bound
BPB-PLA2 and Ca2+-bound CBII.

As shown in Figure 6(A), the cytotoxic effect of PLA2,
BPB-PLA2 and CBII was evaluated on SK-N-SH cells.
The cell viability was decreased by approximately 40%
(P < 0.05 vs. untreated control cells) after treatment
with 10 µM PLA2 for 24 h. Alternatively, compared with
untreated control cells, approximately 80 and 92%
viability (P < 0.05 vs. untreated control cells) were
observed with the cells treated with 10 µM BPB-PLA2

and CBII, respectively. To evaluate whether PLA2

cytotoxicity was primarily necrotic or apoptotic, cells
were stained with propidium iodide and annexin V. In
the absence of PLA2, SK-N-SH cells were viable with low
PI and annexin V staining (lower left quadrants of the
dot plots, Figure 6(B)). PLA2 treatment resulted in an
increase in propidium iodide staining. No evidence of
annexin V staining (lower right quadrants) was detected
in PLA2-treated SK-N-SH cells, thus the cytotoxic
activity of PLA2 was necrotic and not apoptotic. Similar
results were observed when SK-N-SH cells were treated
with BPB-PLA2 or CBII.

DISCUSSION

The results of the present study show that modification
of His-47 and truncation at N-terminus differently
alter the gross conformation of PLA2 and the spatial
orientation of Trp residues in response to Ca2+-binding.
Additionally, a complete loss of enzymatic activity is
observed with the modified PLA2 (data not shown).
X-ray crystallographic analyses show that, in addition
to Trp-18, the residues Leu-2, Tyr-3, Lys-6, Ile-9, Arg-
30 and Tyr-68 constitute the hydrophobic channel
involves in the interaction of enzyme molecule with a
phospholipids/substrate [2]. Together with the findings
that the intact Trp residues are essential for the
enzymatic activity of N. naja atra PLA2 [21,25], Ca2+-
induced change in the spatial positions of Trp residues
and gross conformation of PLA2 should be associated
with the event for rearrangement of functional residues
toward the interaction with phospholipids/substrate.
Previous studies showed that modification of bovine
pancreas PLA2 and Agkistrodon halys PLA2 by BPB
led to conformational changes outside of the catalytic
site [26,27]. Moreover, an engineered human pancreas
PLA2 lacked the N-terminal ten residues was found
to bind to membrane with weaker affinity and at
random orientation [12]. Taken together, our data
suggest that modification of His-47 and removal
of N-terminal octapeptide disable PLA2 to have an
appropriately conformational change in response to
Ca2+-binding. In consequence, distorted effects on
productively interacting with phospholipids/substrate
and catalytic activity are observed.

Figure 6 Native and modified PLA2 induced necrotic death of SK-N-SH cells. (A) The cells were treated with varying
concentrations of native and modified PLA2 for 24 h, and then the cell viability was determined by MTT assay. The percentage
of viable cells was calculated as a ratio of absorbance at 595 nm of treated to control cells. Data are represented mean ± SD of
three independent experiments. (B) SK-N-SH cells were incubated with 10 µM native and modified PLA2 for 24 h. Cell deaths were
analyzed by dual-parameter flow cytometry utilizing FITC-conjugated annexin V and propidium iodide. On the flow cytometric
scatter graphs, the left lower quadrant represents remaining live cells. The left upper quadrant represents the accumulation of
necrotic cells.
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In contrast to a complete loss of the enzymatic
activity (P < 0.05 vs. PLA2), BPB-PLA2 and CBII still
retain cytotoxic effect. This indicates that the enzymatic
activity is not critical for the cytotoxicity of PLA2. It is
in line with the observation that porcine pancreas PLA2

induces apoptotic cell death without the involvement
of its enzymatic activity [14]. Recently, β-bungarotoxin
(a presynaptic PLA2 neurotoxin) was found to induce
apoptotic death of cultured neurons in a PLA2

activity-independent manner, and the cytotoxicity of
β-bungarotoxin was mediated by potassium channel
[28]. Whether N. naja atra PLA2-induced necrotic cell
death is a receptor-mediated pathway still remains to be
resolved. The fact that several membrane receptors for
PLA2 enzymes have been reported previously [29–32]
supports this possibility. Taking into account that the
conformation of BPB-PLA2 and CBII is different from
that of native PLA2, alterations in the capability for
binding with cellular targets is plausible to determine
the potency of their cytotoxicity. It is worth noting
that the present study does not unambiguously
elucidate the structural element of N. naja atra PLA2

closely relates to the cytotoxicity. Ponce-Soto et al. [33]
proposed that a cluster of basic residues in the C-
terminal region of PLA2 enzymes was associated with
myonecrotic effect. However, the C-terminus of N. naja
atra PLA2 lacks the cluster of the basic residues.
Alternatively, studies on PLA2 chimeras revealed that
the intact N-terminal region of Oxyuranus scutellatus
scutellatus PLA2 was crucial for both enzymatic activity
and pharmacological activities [34]. Taken together, the
N-terminal region of N. naja atra PLA2 is likely involved
in the binding with its cellular targets. Moreover,
the distorted conformation with CBII might further
abrogate the cytotoxic activity of N. naja atra PLA2.
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