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The membrane insertion of trichosanthin is membrane-surface-pH
dependent
Xiao-feng XIA and Sen-fang SUI1
State Key Laboratory of Biomembranes, Department of Biological Sciences and Biotechnology, Tsinghua University, Beijing 100084, People’s Republic of China

Trichosanthin (TCS) is the active component extracted from
Tianhuafen, a traditional herbal medicine that has been used for
abortion in China for centuries. It belongs to the type-I ribosomeinactivating protein (RIP) family and can inactivate the eukaryotic ribosome through its RNA N-glycosidase activity. Recent
studies have shown TCS to be multifunctional, its pharmacological properties including immunomodulatory, anti-tumour
and anti-HIV activities. The membrane-insertion property of
TCS is thought to be essential for its physiological effect, for it
must get across the membrane before it can enter the cytoplasm
and exert its RIP function. In this paper, the membrane-insertion
mechanism of TCS was studied. The monolayer experiment
revealed that TCS’s membrane-insertion ability was dependent
on low pH. Fluorescence spectroscopy using 1-anilinonaph-

thalene-8-sulphonic acid as a probe showed that low pH may
induce the conformational change of TCS that leads to the
hydrophobic-site exposure, and the CD result showed that this
conformational change did not alter its secondary structure.
Such conformational change leads to an intermediate state,
called the ‘ molten globular state ’ by previous investigators. The
pH-dependent membrane insertion and conformational change
were related by the fact that the optimal membrane-surface pH
needed was the same for the two events. From these and other
results, a membrane-insertion model was proposed.

INTRODUCTION

insertion was examined by measuring the CD and fluorescence
spectra. The results showed that a pH-dependent intermediate
exists in the protein-insertion process. A model illustrating the
insertion process was set up based on the results.

Trichosanthin (TCS) is a toxic protein isolated from a Chinese
herbal medicine, the root tuber of Trichosanthes kirilowii maxim,
Cucurbitaceae (Tianhuafen) [1,2]. It has been used clinically in
China to terminate early and mid-trimester pregnancies [3] and
to treat trophoblastic tumours [4]. Its abortifacient activity is
thought to be due to TCS binding to the trophoblastic syncytial
layer and selectively killing cells [5]. Besides, TCS has been found
to possess various pharmacological properties [6], the most
remarkable among these being anti-HIV-infection activity [7–9].
In the early 1990s, TCS was applied in the treatment of patients
with AIDS or AIDS-related complex in phase-I and -II studies
[10–13].
TCS belongs to the type-I ribosome-inactivating protein (RIP)
family [14], and consists of a single chain (27 kDa) that shows
sequence homology to the A chain of many type-II RIPs [15,16].
TCS can inactivate ribosome by removing adenine-4324, the
4324th base of 28 S rRNA, via N-glycosidase activity [17,18].
This RIP activity was thought to account for its toxicity, which
seriously restricted its clinical application for AIDS treatment.
Many studies have revealed the fact that membrane–protein
interaction plays an important role in RIP’s physiological effect
[19,20]. These heterogeneous proteins must be translocated across
the biological membrane before they can meet the ribosome and
then inactivate it. TCS has been proved to be able to insert into
the negatively charged phospholipid membrane in a pH-dependent manner [21]. But the mechanism of this membraneinsertion process remains unclear. In this paper, the conformational change of TCS accompanied with the membrane

Key words : conformational change, lipid–protein interaction,
membrane surface pressure, molten globular state, ribosomeinactivating protein.

MATERIALS AND METHODS
Materials
The following chemicals were purchased from Sigma (St.
Louis, MO, U.S.A.) : 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol
(DMPG), 1,2-dimyristoyl-sn-glycero-3-phosphoserine (DMPS),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG), 1,2-distearoyl-snglycero-3-phosphoglycerol (DSPG), 2-(p-toluidino)naphthalene6-sulphonic acid (TNS) and 1-anilinonaphthalene-8-sulphonic
acid (ANSA). The other chemicals used were of analytical grade
made in China.

Purification of TCS
TCS was extracted from the root of T. kirilowii (Tianhuafen)
according to Zhang et al. [22] with slight modification. The dried
slice of Tianhuafen obtained from a local drugstore was homogenized with 50 mM Tris\HCl buffer at pH 6.8 (buffer A) using
a high-speed blender. The homogenate was centrifuged to remove
insoluble material. Ammonium sulphate was added to 40 %
saturation to the supernatant, and the mixture was left for 12 h
and centrifuged. The collected supernatant was adjusted to 75 %
saturation with ammonium sulphate, left for 6 h, and centrifuged

Abbreviations used : TCS, trichosanthin ; RIP, ribosome-inactivating protein ; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine ; DMPG, 1,2dimyristoyl-sn-glycero-3-phosphoglycerol ; DMPS, 1,2-dimyristoyl-sn-glycero-3-phosphoserine ; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine ;
DPPG, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol ; DSPG, 1,2-distearoyl-sn-glycero-3-phosphoglycerol ; TNS, 2-(p-toluidino)naphthalene-6sulphonic acid ; ANSA, 1-anilinonaphthalene-8-sulphonic acid.
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again. The precipitate was resuspended with buffer A, and
dialysed overnight against buffer A. The resulting solution was
applied to a CM-Sepharose C-50 column, washed with buffer A,
and eluted with buffer A containing 0.3 M NaCl. The elution
peak was collected, and put on to the second column of Sephadex
G-75, which was equilibrated with buffer A and eluted under the
same conditions. TCS appeared in the second elution peak.
Purity determination of TCS showed a single band of 27 kDa on
SDS\PAGE (silver stained).

Preparation of phospholipid vesicles
Small unilamellar vesicles were prepared as follows : lipids of the
desired composition were dissolved in chloroform\methanol
(3 : 1, v\v) and dried under a stream of nitrogen. Residual solvents
were removed under high vacuum for 2–3 h. The lipid films were
then resuspended and sonicated in the desired buffer at 30 mC, by
using a probe sonicator for approx. 2–3-min intervals to near
optical clarity. The concentration of phospholipid was determined by phosphate analysis [23]. When lipid mixtures were
used, appropriate aliquots of chloroform\methanol solution of
each component were mixed and then dried together. Afterwards
the homogeneous lipid mixture was dispersed in buffer and
sonicated as usual.

Monolayer study
Monolayer surface pressure was measured using the Wilhelmy
plate method [24] with a NIMA 9000 microbalance (Nima
Technology Ltd, Coventry, U.K.). Surface pressure is defined as
the surface-tension difference before and after the monolayer
was spread on the solution surface. All the data were collected
automatically and recorded by a personal computer.The homemade sample trough [25,26] had a volume of 4 ml and a surface
area of 10 cm#. The sub-phase was stirred continuously with a
magnetic bar. During the experiment, the phospholipid was
spread on the surface of the buffer to form a lipid monolayer. TCS
was then injected into the sub-phase through a side sample hole
after the surface pressure of the monolayer was steady. The
pressure change was followed until it had reached a maximal
value, which took about 1 h. All the experiments were carried out
in N to prevent the samples from being oxidized. The tem#
perature of the system was controlled at 25p0.5 mC.

were used for analysis and calculation because, in this wavelength
range, the liposome scattering had little effect on the CD spectra.
All spectra were smoothed and converted into the mean residue
ellipticity, [θ], in degrees:cm#:dmol−", by using a mean
residue molecular mass of 110 Da.

RESULTS
Effect of pH on TCS membrane insertion
Monolayer experiments were carried out to study the interactions
between TCS and phospholipid. The monolayer surface-pressure
increase (∆π) was followed after TCS was injected into the subphase. Since Demel et al. [27] established that agents known for
interacting only with the phospholipid headgroup did not induce
a surface-pressure increase in a monolayer, the surface-pressure
increases of lipid monolayers after injection of proteins into the
sub-phase are interpreted as the result of actual insertion of
the proteins into the phospholipid monolayer. The results showed
that for neutral phospholipids such as DPPC or DMPC, the
surface-pressure increase caused by TCS insertion was undectectable. However, for negatively charged phospholipids
(such as DMPS, DMPG or DPPG), TCS caused distinct surfacepressure increases. Further experiments in different pH environments revealed that TCS’s membrane-insertion ability was influenced drastically by pH. For negatively charged DMPG, when
the pH value was above 5.8, TCS did not cause an obvious
membrane-surface-pressure increase. With decreasing bulk pH,
TCS’s interaction with negatively charged phospholipid increased
until pH 4.6. In the pH range 4.6–5.8, TCS’s membrane-insertion
ability for negatively charged phospholipids exhibited an obvious
pH-dependent characteristic (Figure 1). The monolayer experiment was described in detail in our previous work about TCS
[21].

Fluorescence measurements
Fluorescence was measured with a Hitachi M850 fluorescence
spectrophotometer using a 1-cm# quartz fluorescence cuvette.
The emission and excitation slit widths were set at 5 nm. The
excitation wavelength was set at 387 nm for ANSA and 321 nm
for TNS. The 400–600-nm emission spectrum was scanned for
ANSA, while for TNS we only detected the emission intensity at
446 nm. The background spectra of the buffers were subtracted,
and the data of the emission peaks and fluorescence intensities
were determined from the corrected spectra.

CD spectroscopy
CD measurements were carried out on a Jasco J-715 spectropolarimeter. Samples containing TCS at a concentration of
0.5 µM with or without liposomes (200 µM) were scanned at
least four times at the rate of 100 nm\min and averaged. The
temperature of the sample compartment was maintained at
25p0.2 mC with a circulating-water bath. The path length of the
quartz cell was 0.2 mm. In the experiments, a blank run made
with the liposome or buffer alone was subtracted carefully from
the experimental spectra for correction. The 200–250-nm spectra
# 2000 Biochemical Society

Figure 1

Influence of pH on TCS’s insertion into DMPG monolayer

The initial monolayer pressures were kept at 20p0.2 mN/m. The final concentration of TCS
in the sub-phase was 200 nM. Tris/HCl (50 mM) buffer was used for pH 7.6, and 50 mM
sodium acetate/acetic acid buffer was used for other pHs. The results were very similar for other
phosphoglycerol lipids with different hydrophobic chains, such as DPPG and DSPG.

Membrane insertion of trichosanthin

Figure 2

CD spectra of TCS at various pHs

Figure 3

Solid line, pH 5.8 ; dotted line, pH 4.6 ; dashed/dotted line, pH 3.0. Sodium acetate/acetic acid
buffers (50 mM) were used for the three pHs. Samples containing TCS at a concentration of
0.5 µM were treated with the three pH buffers for 1 h before the experiment. The path length
of the quartz cell was 0.2 mm. The experiment was carried out at 25p0.2 mC.
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CD spectra of TCS with or without DMPG

Samples contained 0.5 µM TCS with (dotted line) or without (solid line) 200 µM DMPG
liposomes. pH was kept at 4.6 for optimal membrane insertion. The path length of the quartz
cell was 0.2 mm. The experiment was carried out at 25p0.2 mC.

Table 1 The percentages of various secondary structures in TCS at
different pHs with or without DMPG
The 200–240-nm spectrum was used for fitting. The fitting software used was J-700 for
Windows Secondary Structure Estimate, version 1.10.00, provided by the JASCO Corporation,
Hachioji City, Tokyo, Japan.
Secondary structure (%)
pH

α-Helix

β-Sheet

β-Turn

Random coil

Root mean square (%)

5.8
4.6
3.0
4.6, jDMPG

16.8
17.7
17.1
18.4

38.6
37.6
38.4
36.6

14.9
14.9
14.8
14.9

29.7
29.8
29.7
30.0

4.119
4.077
4.261
4.219

Effect of pH and membrane on TCS secondary structure
Membrane insertion of proteins is frequently accompanied by
conformational change. If the secondary structure of TCS
changes in the membrane-insertion process, it should be revealed
by CD spectrosopy. So we used CD here to detect the secondary
structure change of TCS in the membrane-insertion process. The
CD (200–250 nm) of TCS in different-pH buffers is shown in
Figure 2, and the contents of α-helices, β-sheets and β-coils were
estimated by using the method programmed by Chang et al. [28].
The results indicated that TCS’s secondary structure remained
stable under various pH environments (Table 1).
The CD spectrum of TCS was also measured in the presence
of DMPG liposomes. The experimental pH was set to 4.6
because this was proved to be the optimal pH for TCS insertion
into DMPG membrane. Since quickly adding high concentrations
of TCS may lead to the aggregation of the DMPG vesicles, TCS
was added slowly to the liposomes (200 µM) to a final con-

Figure 4

Effect of TCS on ANSA fluorescence under various pH conditions

ANSA was added to 2 µM TCS solutions at various pHs, and after 5 min the 420–650-nm
spectrum was scanned while excited at 387 nm. The results are shown by solid lines. The pH
decreased in the sequence of 5.8, 5.2, 4.8, 4.4, 4.0, 3.6 and 3.0 from bottom to top. The ANSA
fluorescences at various pHs without TCS changed relatively little, as shown by the dashed
lines. The experiment was carried out at 25p0.2 mC.

centration of 0.5 µM and the sample solution maintained optical
clarity during TCS addition. The CD (200–250 nm) results are
shown in Figure 3 and the calculated results shown in Table 1.
# 2000 Biochemical Society
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intensity was measured, the result showed that the fluorescence intensity increased instantly upon the lowering of pH,
and the intensity retained stable for at least several hours.

pH difference between the membrane surface and the bulk

Figure 5

pH influence on TCS insertion and hydrophobic exposure

DMPG monolayer surface-pressure increase (j) and ANSA-fluorescence increase (>) caused
by TCS were plotted together against pH. The dashed curve was obtained by left-shifting the
surface-pressure increase curve by 1.5 pH units, which is the pH gap between the membrane surface and the bulk in our experimental system. After the left shift, the x co-ordinate
represents the pH at the membrane surface instead of the bulk pH. The three curves were
adjusted arbitrarily to the same height for convenience.

pH-induced tertiary-structure change of TCS
The experiments described above have proved that TCS can
insert into phospholipid membrane under appropriate conditions, but that its secondary structure remains stable. As we
know, when a protein inserts into the lipid membrane, the
hydrophobicity environment around it changes greatly, so it is
very hard for a protein to insert into the membrane without
conformational adjustment. Therefore it is possible that the
protein undergoes tertiary-structure change in the membraneinsertion course. Since monolayer studies have proved TCS’s
membrane-insertion ability to be pH dependent, so this possible
tertiary-structure change might also be pH dependent.
To test this, a fluorescence experiment was carried out using
ANSA as probe. When excited at 387 nm, ANSA’s fluorescence
intensity is known to increase when binding to the hydrophobic
sites of proteins [29]. So if it is added to the protein solution, the
protein conformational change causing hydrophobic-site exposure should be reflected by the ANSA fluorescence. Experimental results showed that ANSA’s fluorescence changed
little in various pH buffers. But when ANSA was added into TCS
solutions at various pHs, the fluorescence showed marked
differences. Figure 4 shows that the fluorescence was much
stronger when ANSA was added to the low-pH TCS solution,
which suggested that more hydrophobic sites were exposed under
these conditions. The fluorescence intensity against the pH of the
solution is plotted in Figure 5. The shape of the resulting curve
was very similar to the curve obtained in the monolayer experiment (Figure 1). When the two curves were plotted on one
co-ordinate (Figure 5), we found that the fluorescence curve had
a left-shift of about 1.6 pH units compared with the curve from
the monolayer experiment.
Additionally, we found that low-pH-induced conformational
change of TCS was a rather rapid process. When the pH-5.8
solution was adjusted to pH 3.0, and the ANSA fluorescence
# 2000 Biochemical Society

To explain the 1.6-pH-unit gap between the two curves mentioned
above, we noticed that it has been pointed out that for negatively
charged lipid membrane the surface pH differs from the bulk
pH [30,31]. To test whether this pH difference caused the gap
between our two curves, the surface pH of the DMPG membrane
was measured in the following experiment.
According to Winiski et al. [32], binding of TNS is dependent
on the surface potential of the lipid membrane, and the net
fluorescence is proportional to the number of TNS molecules
adsorbed to the membrane. The ratio of the probe molecules adsorbed to a charged surface to those adsorbed to a neutral
surface is related to the membrane-surface electrostatic potential,
ψ , by :
!
ψ l (RT\F ) ln ( f\f )
!
!
where f and f are the net fluorescence intensities of TNS
!
adsorbed to the charged and uncharged vesicles, respectively.
The ψ value can be used to calculate the ∆pH between the
!
membrane surface and the bulk by the formula
∆pH l pHsurfacekpHbulk l Fψ \(2.303 RT ).
!
Although Winiski et al. [32] have obtained ∆pH values for
various DMPG\DMPC vesicles, these values were evidently
dependent on the buffers used in their experiments, so their
experiments were repeated using buffers identical to those used in
our monolayer and fluorescence experiments. The result showed
that for the various pH buffers used in our experiments, the ∆pH
between the DMPG surface and the bulk was almost the same,
with a value of about 1.5. When this ∆pH is considered, the
ANSA fluorescence-experiment curve should be left-shifted by
about 1.5 pH units, and the resulting curve superimposed over
the monolayer-experiment curve quite well (shown in Figure 5).
This suggested that the tertiary-structure change of TCS may be
induced by the lower pH at the membrane surface, and this
caused the hydrophobic-site exposure that might be important
for the membrane insertion of TCS.

The optimal surface pH for TCS membrane insertion
As pointed out by Winiski et al. [32], the ∆pH between the membrane surface and the bulk is dependent on the charged-lipid
portion of the membrane. For a DMPG\DMPC mixedlipid membrane, the ∆pH value changes with the change of the
percentage of DMPG (DMPG%). For membranes with lower
DMPG%, to keep the membrane-surface pH equal, the bulk pH
should be lower than for membranes with higher DMPG%
values. So, if it is true that the membrane-surface pH and not
the bulk pH directly influences the protein conformation, then
for various DMPG\DMPC membranes the optimal bulk pH for
TCS insertion into membranes with low DMPG% should be
lower than that for membranes with relatively higher DMPG%
values.
To test the above theory, the monolayer experiment was
repeated using mixed DMPG\DMPC lipid with various
DMPG% values. The resulting curves are plotted on one coordinate in Figure 6. The conclusion was drawn that with
decreasing DMPG% in the mixed lipid, the optimal bulk pH for
membrane insertion became lower. The optimal surface pHs
for TCS insertion in various DMPG\DMPC membrane systems

Membrane insertion of trichosanthin

Figure 6

TCS membrane insertion in various DMPG/DMPC systems

The proportions of DMPG/DMPC were 1 : 0 (=), 2 : 1 ( ), 1 : 1 (j), 1 : 2 (5), 1 : 4 (>) and
0 : 1 (4). Experiments were carried out as described in Figure 1. The optimal pH for TCS
insertion is defined as the pH at which TCS caused membrane surface pressure to reach its
maximum.

Table 2

The pH decreasing at various DMPG/DMPC membrane surfaces

DMPG/DMPC ratio

pH decreasing at surface

Optimal bulk pH

Optimal surface pH

1:0
2:1
1:1
1:2
1:4

k1.5
k1.1
k0.9
k0.8
k0.5

4.6
4.3
4.0
3.8
3.6

3.1
3.2
3.1
3.0
3.1

were measured by the TNS method mentioned above. The result
showed that for the various mixed lipids used, the optimal bulk
pH for membrane insertion decreased with the decreasing of
DMPG%, whereas the optimal surface pHs remained almost the
same (Table 2). This optimal surface pH for membrane insertion
had a value of about 3.0. This confirmed further that the
membrane insertion of TCS was correlated with the low-pHinduced conformational change, and that the lower pH at the
membrane surface may favour this conformational change.

DISCUSSION
The heterogeneous toxins from bacteria or plants usually act
strongly on biological membranes. The well-studied toxins include colicin A, diphtheria toxin and ricin [33–35]. In most cases,
the toxins can insert into the membrane and these membraneinsertion properties are thought to be important for their
physiological effects. The results of the current work are very
similar to those obtained for diphtheria toxin [36], which is also
pH dependent. This pH-dependent character was thought to be
essential for diphtheria toxin’s toxicity, since it was supposed
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that diphtheria toxin enters the target cell by receptor-mediated
endocytosis, followed by penetration through the membrane of
an acidic organelle [37,38]. Defective acidification of the endosomes of the target cell may prevent the cells from being killed by
the toxin [39]. For TCS, there is still no rigorous evidence
demonstrating that it is endocytosed by the target cell. But since
the membrane-insertion characteristic shown in this paper also
represents a pH-dependent way, this may provide us with some
indirect proof on its cell-entry path.
In the previous work on diphtheria toxin [36], Blewitt et al.
pointed out that the toxins may aggregate under low-pH conditions, and this aggregation may give rise to various artifacts.
But in our experiment, the gel-filtration result showed that the
low-pH-treated and -untreated TCS appeared in the same elution
volume, which indicated that no aggregation of the protein
happened when treated with low pH (results not shown). So, no
protein aggregation was considered when our experimental
results were interpreted.
The monolayer experiment proved that the membrane-insertion ability of TCS was pH dependent, so the membraneinsertion-related conformational change of the protein might
also be pH dependent. This was confirmed by the fluorescence
experiment using ANSA as a probe. The major finding in this
work is that the conformational change can be favoured by the
membrane-surface pH, which is lower than the pH of the bulk.
This is easy to understand because when a protein initiates its
membrane-insertion course, it enters a special membrane-surface
microenvironment. So the conformation of the protein is influenced directly by the membrane-surface pH instead of the
bulk pH. Another piece of information from the fluorescence
experiment is that the pH-induced conformational change will
greatly enhance the ANSA fluorescence, which proves that there
is hydrophobic-site exposure during the conformational change.
The conformational change happens only if the environment
pH is low enough (the optimal pH value is 3.0), regardless of the
other environmental factors. And this conformational change is
a rather rapid process. So it can happen instantly after the
protein enters the special membrane-surface microenvironment
if the pH condition is met. Therefore, it is quite possible that the
conformational change happens preceding the membrane-insertion course, and it is likely that the hydrophobic-site exposure
caused by the conformational change initiates the membraneinsertion course.
One might ask why pH 3.0 is the optimal membrane-surface
pH. We should point out that, in this paper, we focused on the
optimal pH only because under this pH the experimental
phenomena are their most distinct. In fact, the transition pH
(under which the membrane-insertion ability of TCS reaches half
of its maximum) may be more significant than the optimal pH.
If the transition pH is considered, we find that for DMPG
membrane, the transition membrane-surface pH is about 3.6,
whereas the corresponding bulk pH is about 5.1, which is close
to the pH found in endosomes [40,41].
In spite of the pH-induced conformational change, the electrostatic force between membrane and protein may also work in
the insertion course. The following evidence supports this
opinion : (i) for neutral phospholipid, such as DMPC, the
membrane insertion was not observed even when the bulk pH
was reduced to 3.0, which is sufficient for TCS conformational
change ; (ii) from Figure 6, when the surface-pressure increases
under optimal pH (for convenience, we will call it maximal
membrane-insertion ability, or Imax) was considered, we found
that with the decrease of DMPG%, Imax remained unaltered at
first, but it decreased obviously when DMPG% was decreased to
25 %, so there might exist a saturant electric density needed for
# 2000 Biochemical Society
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the membrane insertion of TCS. Below this density, TCS
membrane insertion will be restricted.
With all these results considered, a membrane-insertion model
of TCS was proposed as the following. As a basic protein (pI
9.4), TCS carries positive charge when the pH is below its pI, so
it can be adsorbed to negatively charged phospholipid membranes by electrostatic force and become enriched at the surface.
The lower pH at the surface favours its conformational change
and exposes its hydrophobic site, and this hydrophobic site may
finally insert into the membrane due to hydrophobic force.
The importance of membrane-surface pH for protein insertion
was reported by Van der Goot et al. in 1991 [42], and the proteinstructure change with the secondary structure retained was
described as a ‘ molten globular state ’ [43–45] in their work on
colicin A. It may be a common rule that for proteins like colicin
A and TCS, the secondary-structure units in their structures
[46–48] are relatively stable and cannot be unfolded easily. In
order to expose the hydrophobic sites, the ‘ molten globular
state ’ is formed as a membrane-insertion precursor. Low pH
may change the charges on some residues, which breaks the salt
bridges and creates charge repulsions among the charged groups.
These effects loosen the protein tertiary structure and cause the
formation of the intermediate, and finally lead to membrane
insertion.
This work was supported by the National Natural Science Foundation of China.
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