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Abstract

Trichosanthin (TCS) is a toxic protein isolated from a Chinese herbal medicine, the root tuber of Trichosanthes kirilowii
Maximowicz of the Curcurbitaceae family. It is now used in China to terminate early and mid-trimester pregnancies. The
ribosome inactivating property is thought to be account for its toxicity; it can inactivate the eukaryotic ribosome through its
RNA N-glycosidase activity. The interactions of TCS with biological membrane 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 the
present work, the interaction of TCS with supported phospholipid monolayers is studied by surface plasmon resonance. The
results show that electrostatic forces dominate the interaction between TCS and negatively charged phospholipid containing
membranes under acid condition and that both the pH value and the ionic strength can influence its binding. It is proposed
that, besides electrostatic forces, hydrophobic interaction may also be involved in the binding process. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction pregnancies and to treat trophoblastic tumors be-

cause it can bind to the trophoblastic syncytial layer

Trichosanthin (TCS), a type-I ribosome-inactivat-
ing protein (RIP) isolated from the root tuber of
Trichosanthes kirilowii Maximowicz, has long been
used in China to terminate early and mid-trimester
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phatidylcholine; DPPG, dipalmitoylphosphatidylglycerol; NaAc-
HAc, sodium acetate-acetic acid; SPR, surface plasmon reso-
nance; TCS, trichosanthin
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and selectively kill syncytiotrophoblast cells [1]. TCS
consists of a single chain peptide with no carbohy-
drate and phosphate group, which shows sequence
homology with subunit A of ricin-D [2]. The three-
dimensional structure of TCS has been determined to
a resolution of 1.88 and 1.73 A, respectively, by two
groups [3,4]. TCS has been found to possess a variety
of biological activities including anti-cancer [5,6] and
anti-HIV-infection [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].

Surface plasmon resonance (SPR) has recently
emerged as a useful tool in obtaining thermodynam-
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ics and kinetics information on biomolecular inter-
actions for its label-free and real-time measurement.
It is particularly useful for processes occurring at or
near interface [14]. SPR biosensors can translate a
biospecific interaction between a ligand in solution
and a binding site on the sensor surface into a de-
tectable signal, and the supported planar lipid film is
a widely used one among the sensor family [14,15]. It
allows the evaluation of the structural properties of
such films and permits the measurement of the mass
of deposited material with a high degree of accuracy.
The first application of this method involved an anal-
ysis of arachidate monolayer assemblies on silver film
[16]. Since that time, SPR sensor based on solid sup-
ported planar lipid film has been extensively used to
characterize lipid layers [17,18], protein—protein in-
teractions [19,20], DNA-protein interactions [21,22],
and also membrane—protein interactions [23-26].
Both the binding constant and the stoichiometry of
the interaction can be obtained by SPR.

TCS belongs to the ribosome inactivating protein
(RIP) family, which can inactivate ribosome by re-
moving Ay3p4 of 28S rRNA via N-glycosidase activity
[27,28]. Though it was proposed that TCS can enter
cells via a LRP or megalin mediated endocytosis [29],
it is still a puzzle how TCS enters cytoplasm and
exerts its toxicity since TCS is packaged in endo-
somes by endocytosis. As RIP must enter cytoplasm
before it can show ribosome-inactivating activity,
TCS also needs to escape from the vesicle and enters
the cytoplasm after endocytosis. Therefore, It is im-
portant to study the TCS/phospholipid interaction in
order to investigate the mechanism involved. Our
previous work [30,31] has shown that TCS can insert
into lipid monolayer in a pH-dependent manner, and
the insertion is also phospholipid dependent. TCS
selectively inserts into negatively charged phospho-
lipids while not for neutral ones. To further investi-
gate these phenomena, in the present work we com-
bined SPR and supported planar membranes to
study the binding process and to characterize the
factors affecting the binding between TCS and mem-
branes. Our results show that TCS prefers to bind to
negatively charged phospholipid-containing mem-
branes and such binding is dependent on the pH
value and the ionic strength. Our results also indicate
that both electrostatic and hydrophobic forces may
be involved in the TCS binding.

2. Materials and methods
2.1. Materials

Trichosanthin was purified from the root tuber of
Trichosanthes kirilowii [32], and the purity was exam-
ined as a single band by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis in terms of silver
stain. DPPC, DPPG, DMPS and DMPC were pur-
chased from Sigma Chemical Co. and used without
further purification. Other chemicals were purchased
locally.

2.2. Preparation of supported monolayers

Supported membranes constitute a widely used
model membrane system in studying lipid—protein
interactions [33]. In the present work, supported
monolayers on gold-coated cover slides were pre-
pared according to the methods described by Sui et
al. [26]. Briefly, the cover slides were cleaned in a
mixture of 20 ml water, 20g K,Cr,O7; and 180 ml
H,SO4 (98%) for 24 h, and extensively rinsed with
water (distilled and deionized), then dried in air. The
cleaned slides were hydrophobilized by soaking in a
mixture of dimethyldichlorosilane and chloroform
(1:9) for 30 min and rinsing with chloroform and
ethanol. Then, a 50-nm thick gold film was deposited
onto the slides under vacuum condition.

A computer-controlled LB trough was used to pre-
pare monolayers. The LB trough had a volume of
400 ml and a surface area of 370 cm”. A movable
barrier was used to change the area that was covered
by the lipid monolayer, and a Willhelmy system was
used to measure the surface tension. Phospholipids
dissolved in an organic solution (chloroform/metha-
nol, v/v=3:1) were carefully spread on the surface of
water in the trough. After 30 min, the monolayer was
compressed by the moveable barrier to a surface
pressure of 40 mN/m, and then horizontally trans-
ferred onto a gold-covered slide by hand. All ex-
periments were performed at room temperature

(25 1°C).
2.3. Instrument setup

A home-made SPR system [26,34] based on the
Kretschman configuration was used in the present
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work (Fig. 1). A semiconductor HL6711G laser
(wavelength of 670 nm) was used as the incident po-
larized light source, and a photodiode served as a
detector to collect the reflected light. The chip was
stuck to a prism with a refractive index of 1.8
through an index matching oil (cedar wood oil,
n=1.515). A 200 ul sample chamber was made out
of Teflon, which was rotated by a computer-con-
trolled step motor with a minimum step angle of
1/36 000°. The numerical evaluation of each reso-
nance angle has an error of less than 0.001°. Each
curve of response unit (the angle change of ¢, unit
0.001°) vs. time was measured by varying the inci-
dent angle around the resonance point.

2.4. Theory

The interaction between lipid and protein is a com-
plex process, and several theoretical models have
been developed to treat this problem [35-37]. For
analyzing the binding data of TCS to supported
monolayers, the time course of TCS binding to mem-
brane was fitted with a pseudo-first-order kinetics
model [38-40], as shown in Fig. 2. The simulated

V Detector

Fig. 1. Schematic illustration of the arrangement of the surface
plasmon resonance setup. The triangle prism (refractive index
1.8) is fitted onto a small rotating angle measuring apparatus.
In this system the angle ¢ is directly measured. Values of Ospr
are derived [34] from the formula 6spr =45°+arcsin[l/
noesin(45°—¢)], where ny is the refractive index of the prism.
The angular accuracy of the measuring apparatus is 0.001°. The
volume of the sample cell is 200 ul.
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Fig. 2. The real-time SPR curve of TCS binding onto DPPG
monolayer and the simulated curve. The binding curve (broken
line) is carried out in a buffer of 0.05 M Na*, pH 4.0. The
bulk concentration of TCS is 2.22X107® M. The simulated
curve (solid line) is fitted according to a pseudo-first-order ki-
netics model. Coefficient of curve fitness: R>=0.99.

curve fitted the binding curve well, with a coefficient
of curve fitness of R?=0.99. So the TCS binding
process can be analyzed as one-step association—dis-
sociation equilibrium:

ka
Af + L g Ab
kq

Ay By Co
A B C

where L represents a cluster of lipid molecules in the
lipid monolayer covered by one TCS molecule, which
can be regarded as a binding site; A4y, free TCS in the
buffer; A4, TCS associated with lipid molecules; k,,
the association rate constant; kg, the dissociation
rate constant. Ay, By, Cp are the initial concentra-
tions; A, B, C represent the concentrations of Ay,
L, Ay, respectively, at the time when the system
has reached equilibrium (all concentrations are ex-
pressed as standard molar concentration). Conse-
quently, an equation concerning the binding constant
K can be expressed as:

ka C C

K = = —
AT ke AB  A(By—C)

(1)
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Rearrangement of the equation shows that:

1 1 1
e 2
C BOKAA+BO @)

Since By and K, are both constants, there is a linear
relationship between 1/C and 1/4. The numerical
value of C can be calculated from the SPR angle
(6spr) change. According to Stenberg et al. [41], we
can calculate the surface concentration of TCS using
the following equation:

o=104 QSPR (3)

where o is the surface concentration (ng/mm?), Afspr
is the SPR angle change (degrees). Then, we can
obtain TCS surface molar concentration C (mol/
m?) by

C=0ox10/M (4)

M is the molar mass of TCS.

The numerical value of 4 can be obtained by the
relationship 4 = Ay—C*S/V, where S is the surface
area (m?) covered by buffer and V is the volume
(liters) of buffer solution.

Thus, we can obtain the dissociation constant Kp
from the following equation:

Kp = 1/K4 = Slope/Intercept (5)

where both the values of Slope and Intercept can be
measured by Eq. 2.

The experimental procedure to measure Kp can be
described briefly as the following: At first, 200 ul
buffer was added into the chamber. After a 20-min
equilibration period, a certain amount of TCS was
added into the chamber and mixed homogeneously.
The SPR curve was recorded once each minute.
Every 20 min another aliquot of protein was added
to increase the total protein concentration. The data
were collected and then analyzed according to the
equations above.

3. Results

3.1. Low pH can induce TCS to bind to the anionic
monolayers

It is supposed that the interaction of TCS with
phospholipid membranes may refer to a complex
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Fig. 3. The surface concentrations of TCS on DPPG monolayer
under different pH values. The buffer is 0.2 M NaAc-HAc with
pH varying from 3 to 7. The bulk concentration of TCS is
2.22X107°M. All experiments were performed at room temper-
ature (25 1°C).

process, in which the pH effect may be involved
[30,31]. As shown in Fig. 3, the maximum surface
concentration of TCS on DPPG monolayer by add-
ing excessive TCS is strongly dependent on the pH of
the buffer. At pH 7 the surface concentration of the
membrane-bound TCS is around 2.06 *0.148nmol/
m?. With decreasing pH, the surface concentration
of the bound TCS increased and reached its maxi-
mum value (about 50.9 +0.741nmol/m?) around the
pH value of 4. Comparing with the surface concen-
tration at pH 7, this value is about 25-fold increased.
As the pH value of the buffer decreased further;
however, the surface concentration of membrane-
bound TCS became small, reaching a value of
24.4+4.07nmol/m?> at pH 3, about half of the
amount bound at pH 4. In the case of TCS binding
to a DMPS monolayer, the pH effect on surface
concentration of membrane-bound TCS follows a
similar manner as that observed on the DPPG mono-
layer (results not shown). When TCS binds to a
DPPC monolayer, however, the surface concentra-
tion of membrane-bound TCS is not sensitive to a
change in pH value in the region from 7 to 3, and it
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Fig. 4. (a) The time-dependent SPR response curves of TCS on
DPPG monolayers under different concentration of Na*. RU is
the unit used to express the SPR signal; one RU equals a
0.001° angular change in ¢. (b) The relationship between the
surface concentration of membrane-bound TCS and the Na*
concentration in the eluting buffer. The bars represent the TCS
surface concentration after detachment. The bulk concentration
of TCS is 2.22X107°M. All experiments were performed at
room temperature (25 1°C).

has a nearly constant value of about 1.48+0.148
nmol/m?, which is not obvious.

3.2. The binding of TCS to the monolayer is
influenced by ionic strength

The results mentioned above indicate that the elec-
trostatic interaction is an important factor in the
binding process of TCS to phospholipid monolayers.
Since the ionic strength of the environment can in-
fluence the electrostatic interaction, it can be as-
sumed that changing ionic strength may change the
binding property of TCS. So we examined the effect
of ionic strength on TCS binding in the following
experiments. Since a maximum surface concentration
of TCS was obtained at pH 4, buffers with pH 4 were
used in the measurements. Fig. 4a shows the dynamic
process of TCS binding to the monolayers under
different Na™ concentration. It can clearly be seen
that with increasing Na™ concentration, both the
binding rate of TCS to the membrane and the max-
imum surface concentration of membrane-bound
TCS decrease. According to Bondeson et al. [42],
we calculated the numerical values of the binding
rate constants. The constants and the maximum sur-
face concentrations of TCS under different Na* con-
centrations are shown in Table 1. The detachment
effect of membrane-bound TCS by varying Na* con-
centration was also measured. After the surface con-
centration of membrane-bound TCS reached its
maximum value in 0.05 M Na™ buffer, the mem-
brane-bound protein was eluted by using buffer
with higher ionic concentration increased step by
step. As shown in Fig. 4b, with increasing ionic

Table 1

The association rate constant k, and maximum surface concen-
tration of TCS on DPPG monolayers in different Nat concen-
tration buffers

Na™ concentration k. Maximum TCS surface

a
M) M~1s7h concentration (nmol/m?)
0.05 3.68x10° 61.1+£5.56
0.1 244103 53.0+4.73
0.2 2.39x10° 50.9+0.741
1 0.92x10° 24.4+4.07

The buffer’s pH is 4.0 and the bulk concentration of TCS is
2.22x107% M. All experiments were performed at room tem-
perature (25 £ 1°C).
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strength more membrane-bound TCS was detached
at beginning and then it reached to equilibrium as
the concentration of Na't increased to 1 M. With
increasing Na' concentration further, about half
of surface bound TCS still remains on the mem-
brane.

3.3. Binding of TCS depends on the charges of the
monolayers

The main difference between DPPC, DPPG and
DMPS lies in the charge of the head-group: while
the head-group of DPPC is neutral, those of DPPG
and DMPS are negatively charged. It can be imag-
ined that the binding of TCS to phospholipid mono-
layers is depending on the surface charges of the
latter. In order to examine this supposition, we in-
vestigated the effect of membrane surface charge den-
sity on the affinity of TCS for the membranes. Fig. 5
exhibits the relationship between the surface concen-
tration of membrane-bound TCS and the molar frac-
tion of DPPG in DPPG/DPPC mixtures (Fig. 5a)
and the relationship in DMPS/DMPC mixtures
(Fig. 5b). In both cases, the surface concentration
of membrane-bound TCS clearly shows a linear cor-
relation to the mole fraction of DPPG and DMPS,
respectively. The surface concentration of mem-
brane-bound TCS increases with the increasing mo-
lar fraction of negatively charged phospholipid. A
maximum surface concentration 50.9 nmol/m? of
TCS is observed as it binds to the pure DPPG mono-
layer, so we can calculate the average surface area
occupied by a TCS molecule to be about 3260 A2,
Since each DPPG molecule occupies an area of 48 A2
[43] at a surface pressure of 40 mN/m, the molecular
ratio between membrane-bound TCS and DPPG at
the monolayer surface is about 1:68. While for an-
other anionic phospholipid DMPS, the maximum
surface concentration of TCS is 57.0 nmol/m? (see
Fig. 5b), a little higher than that on pure DPPG.
Since DMPS molecule occupies an area of 40 A2,
the molecular ratio of TCS and DMPS is 1:73, which
is close to the ratio on DPPG containing monolayer.
So it can be concluded that the binding amount
of TCS to the monolayer is unspecific to the species
of anionic phospholipid, but critically depends on
the surface density of negatively charged phospholip-
id.
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Fig. 5. The surface concentration of TCS on mixed monolayer
with varying percentage of negatively charged phospholipids.
The bars represent the surface concentration of TCS, and the
dashed lines represent the tendency of the change in surface
concentration of TCS. The buffer is 0.2 M NaAc-HAc (pH
4.0), and the bulk concentration of TCS is 2.22X107¢ M. (a)
DPPG/DPPC monolayer mixtures with DPPG’s molar percent-
age 10%, 30%, 50%, 80%, 90%, and 100%, respectively. (b)
DMPS/DMPC monolayer mixtures with DMPS’s molar per-
centage 50%, 80%, 90%, and 100%, respectively. All experi-
ments were performed at room temperature (25 1°C).
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The dissociation constants between TCS and
monolayers with different content of negatively
charged phospholipid were also determined by
SPR. Data obtained from measurements were ana-
lyzed according to Eq. 5, and the numerical values of
the dissociation constants are shown in Table 2.
Since the membrane-bound TCS may exist in differ-
ent states, for example, salt-dependent and salt-inde-
pendent, what we obtain from Eq. 5 is an apparent
dissociation constant which contains a composite ef-
fect of the different states.

4. Discussion

The pH value plays an important role in the inter-
action of toxins with cell membranes. Low pH can
induce membrane insertion for many toxins [44]. In
the present work, we found that the binding of TCS
to anionic phospholipid membranes also preferen-
tially occurs in an acidic environment. As shown in
Fig. 3, when the pH value of the buffer is 7, the
binding of TCS is negligible to the phospholipid
monolayer. While as the pH value is lower than 7,
the surface concentration of TCS will increase signif-
icantly. This phenomenon is interpretable according
to the electrostatic properties of both lipid membrane
and TCS. On the side of lipid monolayer, an average
value of pK, as 2.5 for DPPG was taken [45]. If the
phospholipid is considered as a mono-acid, we can
obtain that more than 96% of DPPG molecules carry
one negative charge in the pH range from 7 to 4.
This result indicates that the surface charge density
of DPPG monolayer does not change much in this
pH range. On the other side, TCS itself will carry
more positive charges as the pH value varies from

Table 2
The dissociation constants (Kp) measured on different ratio of
negatively charged phospholipids

Mol% of DPPG Kp (M)
30 7.85+0.437x10°8
50 9.63+1.41x10°8
80 8.90+2.07x1078
90 11.6+1.19%x107%

Running buffer is 0.2 M NaAc-HAc, pH 4.0. All experiments
were carried out at room temperature (25 1°C).

7 to 4 since TCS has a pl of 9.4. As a result more
TCS molecules bind to the monolayer when pH de-
creased. When the pH is decreased to 3, however, the
amount of the negatively charged DPPG will de-
crease to 75% of the total phospholipid. This change
in the amount of negative charge at the monolayer
surface may cause the binding amount of TCS to
drop down.

Further direct evidence to interpret the role of the
electrostatic force in the TCS binding process comes
from the experimental results shown in Fig. 5. The
surface concentration of membrane-bound TCS has
a nearly linear correlation with the molar fraction of
negatively charged lipid in the mixtures. This finding
indicates that the electrostatic force indeed domi-
nates the interaction between TCS and phospholipid
monolayer.

Although electrostatic force plays essential role in
the TCS binding process, hydrophobic interaction
may also be involved in the binding process. The
results of the detachment effect of high ionic strength
buffer on the TCS binding have an inspiration to us.
On one side, the results from Fig. 4b indicate that
the electrostatic interactions occur in the TCS bind-
ing process due to the clear detachment effect of ion.
On the other side, from the same measurements we
can see that increasing the ionic concentration can-
not detach all the membrane-bound TCS. About half
of the membrane-bound TCS still remains on the
membrane even the Na't concentration reaching to
1.5 M. This result indicates that besides electrostatic
interaction, another factor, most probably hydro-
phobic force, takes part in the binding process of
the protein. There is another evidence to support
this opinion. As shown in Table 2 the data of the
dissociation constants of TCS are not sensitive to the
molar fraction of negatively charged phospholipid in
the mixtures. This phenomenon cannot be explained
in terms of electrostatic interactions. In our previous
work we have reported that low pH will induce TCS
to undergo a tertiary conformational change and
more hydrophobic sites will be exposed [31]. There-
fore, it makes it possible for TCS to interact with the
negatively charged phospholipid-containing mono-
layers under acid conditions by hydrophobic interac-
tions.

It has been reported [46] that membrane—protein
interaction plays important role in RIP’s physiolog-
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ical effect, so the interaction between TCS and mem-
brane can be important also for TCS to play its role.
Although there is only less than 20% negatively
charged phospholipids in biological membranes, a
phase separation in liquid crystalline mixtures of
zwitterionic lipid and acidic lipid can also be induced
by changes in pH. The acidic phospholipid-rich do-
mains can presumably be formed [47]. So an enrich-
ment of TCS can occur at the interface of membrane
at low pH, and this may help TCS to have a further
interaction with membranes.
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