
Trichosanthin (TCS) is a toxin isolated from the root

tuber of Trichosanthes kirilowi maxim [1, 2]. It belongs to

the type I ribosome�inactivating proteins (RIP), and con�

sists of a single polypeptide chain. TCS can remove ade�

nine 4324 of 28S rRNA, owing to its N�glycosidase activ�

ity [3, 4], thus preventing binding of EF�2 and GTP by

ribosome and causing arrest of protein synthesis [5]. TCS

is capable of killing some types of cells, such as syncy�

tiotrophoblast cells, JAR cells, K562 cells, etc. [6�8] at

low concentrations (0.1�1 nM).

As ribosomes, the target substrates of RIPs, are

located in the cytosol of mammalian cells, the transloca�

tion of an internalized toxin into the cytosol is necessary

to exert its RIP function. The mechanism of type II RIP

translocation has only recently been clarified to some

extent [9]. The type II RIP consists of two polypeptide

chains: the A�chain has enzymatic activity and the B�

chain is a lectin�like protein. Two pathways have been

identified for the type II RIPs. First, at low pH in the

endosome, the B�chain of internalized toxin penetrates

into the membrane and forms a cation�selective channel;

then the A�chain travels through the channel into the

cytosol, similarly to diphtheria toxin [9�14]. Second,

after endocytosis, the holotoxin is transported from the

endosome to the ER through the Golgi apparatus. Then

the A�chain enters the cytosol by a mechanism involving

the Sec61 complex, in the same way as ricin and shiga

toxins do [15�23]. For all the type II RIPs, the lectin

activity of the B�chain is necessary for transmembrane

translocation. In fact the cytotoxicity is lost in the case of

free A�chain or the holotoxin with mutant B�chain.

However, they still could be internalized into cells by

fluid phase endocytosis instead of receptor mediated

endocytosis [23, 24]. Recent investigation indicated that

the ricin B�chain can promote the translocation of holo�
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Abstract—Trichosanthin (TCS) is a type I ribosome�inactivating protein (RIP) that can selectively kill some types of cells at

low concentration (0.1�1 nM). The pH�dependent membrane insertion ability of TCS makes it possible that the internalized

toxin avoids degradation in lysosomes and further undergoes transportation into the cytosol by some still unidentified mech�

anism. Here, we show that deletion of C�terminal residues affects interactions of modified TCS (C7�TCS) with lipids and

reduces its pH�dependent membrane insertion ability. Fluorescence measurements indicate that at low pH C7�TCS under�

goes profound conformational changes that causes exposure of a hydrophobic region and leads to oligomerization of the C7�

TCS molecules. The results suggest that the membrane insertion of TCS at low pH might be important for translocation of

TCS into the cytosol, which is important for exertion of the RIP activity of TCS. Deletion of the last seven C�terminal

residues of TCS would reduce both its RIP activity in vitro and cytotoxicity in vivo, with the degree of decrease being more

significant for the cytotoxicity in vivo.
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toxin from Golgi to ER by interaction with some

Golgi/ER glycoproteins.

The type I RIPs consist of a single polypeptide chain

which has similar amino acid sequence and structure with

the A�chain of the type II RIPs. The type I RIPs are

unable to bind to receptors with carbohydrate groups due

to the lack of lectin fraction. They enter the cell only by

nonspecific fluid phase endocytosis [25]. Strong cytotox�

icity of the type I RIPs (such as TCS, saporin�S6, etc.) on

their sensitive cells suggests that the internalized toxin is

able to inactive ribosomes by entering the cytosol from

membrane limited organelles (such as endosome, lyso�

some, or endoplasmic reticulum (ER)). However, the

translocation mechanism of the type I RIPs not involving

B�chain is still unclear. Some other unidentified factors

may take part in the complex process. In previous works

[26�28], the membrane insertion ability of TCS was

found to be pH�dependent, with the membrane insertion

of TCS being induced at low pH (e.g., pH 4.6). This find�

ing suggests that membrane insertion of internalized TCS

at low pH causes a number of TCS molecules to avoid

degradation in lysosomes, and then they might further be

translocated into the cytosol by mediation of a channel

on the endosome membrane (similar with diphtheria

toxin), or by involvement of Sec61 complex on the ER

membrane (similar with ricin toxin), or in a still unclear

manner. Based on this point of view, change in pH�

dependent membrane insertion ability of TCS will change

the number of translocated TCS molecules, thus affect its

cytotoxicity.

C7�TCS, a mini�TCS, was prepared by deleting the

last seven amino acid residues in the flexible C�terminal

tail of TCS. The in vivo assay indicates that cytotoxicity of

C7�TCS is 12 times less than that of TCS, though it is still

a potent cytotoxin (IC50 = 2.01 nM) [29]. To reveal

whether the decrease in cytotoxicity of C7�TCS was

affected by the change in pH�dependent membrane

insertion ability, in the present work the interaction of

C7�TCS with lipid membrane was investigated. The

results showed that the deletion of the C�terminal amino

acid residues resulted in reduced pH�dependent mem�

brane insertion ability of TCS. Moreover, fluorescence

measurements showed that the deletion also induces

instability of the tertiary structure of C7�TCS and results

in the oligomerization of C7�TCS. These results suggest

that deleting the last seven amino acid residues of the

TCS C�terminal might affect its translocation into the

cytosol and cause a decrease in its cytotoxicity.

MATERIALS AND METHODS

Materials. The following chemicals were purchased

from Sigma (USA): 1,2�dimyristoyl�sn�glycerol�3�phos�

phatidylserine (DMPS), 1,2�dipalmitoyl�sn�glycerol�3�

phosphatidylcholine (DPPC), 1,2�dipalmitoyl�sn�glyc�

erol�3�phosphatidylglycerol (DPPG). Other chemicals

(analytical grade) were made in China.

Preparation of trichosanthin mutants. Vector for

expression of C4�TCS and C7�TCS in E. coli were con�

structed as described in Chan et al. [29]. PCR mutagene�

sis of trichosanthin using high fidelity Pfu DNA poly�

merase was carried out with pET58210 using the oligonu�

cleotide sequence encoding wild�type trichosanthin [30].

The PCR products were cleaved by NcoI and BamHI and

cloned in pET8c [31] for over expression. The PCR

amplified DNA was sequenced by a T7 sequencing kit

(Amersham Pharmacia Biotech, Sweden) to avoid sec�

ondary mutation. Protein expression and purification

were performed as described in Wong et al. [32]. The

deleted amino acid sequences (C4 and C7) are shown in

Table 1.

Monolayer study. Monolayer surface pressure was

measured using the Wilhelmy plate method [33] with a

NIMA 9000 microbalance (Nima Technology Ltd,

U.K.). Surface pressure (π) was defined as the surface

tension difference before and after depositing the mono�

layer on the solution surface. All the data were collected

automatically and recorded by a personal computer. The

homemade sample trough [34, 35] had a volume of 4 ml

and a surface area of 10 cm2. The sub�phase was stirred

continuously with a magnetic bar. In the experiment, the

phospholipid was dissolved in chloroform–methanol

mixture (3 : 1 v/v) at a concentration of 1.0 mg/ml and

coated onto the buffer surface to form a lipid monolayer.

After stabilization of the surface pressure at a designated

value, which was considered as initial surface pressure

(πi), the solution of C4�TCS and C7�TCS at appropriate

concentrations was injected into the sub�phase through a

side sample hole. The pressure change was monitored

until the surface pressure increase (∆π) had reached a

maximum value (usually within 2 h). All the experiments

were carried out under N2 to prevent oxidation of the

samples. The temperature of the system was maintained

at 25 ± 0.2°C.

C�Terminal amino acid sequence

Ile237�Ala�Leu�Leu�Leu�Asn�Arg�Asn�Asn�Met�(Ala247)*

Ile237�Ala�Leu�Leu�Leu�Asn�Arg�Asn244�Asn�Met�(Ala247)**

Ile237�Ala�Leu�Leu�Leu241�Asn�Arg�Asn�Asn�Met�(Ala247)**

Protein

TCS

C4�TCS

C7�TCS 

Table 1. C�Terminal amino acid sequence of wild�type

and mutant forms of TCS

C�Terminal amino acid sequence of wild�type TCS includes two iso�

forms: �Asn�Asn�Met�Ala�OH and �Asn�Asn�Met�OH.

Underlined amino acid sequence indicates the deleted amino acids

in trichosanthin mutants.

*

**
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As reported earlier, the surface pressure increases

when a protein becomes embedded into the monolayer,

but does not increase if the protein interacts only with the

phospholipid head groups [36]. Thus, when protein mol�

ecules are injected into the sub�phase, corresponding

change in the surface pressure (∆π) can be interpreted as

the result of protein insertion into the lipid monolayer. ∆π
can be obtained at various πi for each sample. The plot of

∆π versus πi then yields a straight line with negative slope

intersecting the abscissa at a limiting surface pressure.

The limiting surface pressure, defined as critical insertion

pressure (πc) of the protein sample for corresponding

lipid monolayer, was used for quantitative evaluation of

the insertion ability of the protein in the phospholipid

monolayer.

Fluorescence measurements. Fluorescence wave�

length scanning was performed with Hitachi F�2500 flu�

orescence spectrophotometer (Japan) using a 1�cm2

quartz fluorescence cuvette, and the results were

processed by its fluorescence data management software.

The C7�TCS solution, and Trp solution for control, were

diluted to 2 µM with citrate�phosphate buffer of indicat�

ed pH and then quickly mixed to homogeneous state. Ten

minutes later fluorescence measurement was performed.

The excitation wavelength was 280 nm, and the emission

was scanned in the interval of 295�400 nm. The emission

and excitation slits were 5 and 10 nm, respectively. The

background spectra of the buffer were subtracted. The

scanning speed was 60 nm/min. The experiments were

carried out at 25 ± 0.2°C.

The fluorescence polarization (FP) technique was

first described in 1926 [37], and in recent years has been

widely used to reveal molecular interactions [38�42]. This

approach is based on the observation that if one excites a

fluorophore with plane�polarized light, the emitted light

will be polarized as well. The angle between the planes of

exciting and emitted light is highly dependent on the

molecular motion of the fluorophore. The degree of

steady�state polarization, P, is defined from the following

equations:

Р = (IVV – G × IVH)/ (IVV + G × IVH); 

G = IHV /IHH; 

V = 0 °; H = 90 °, 

where IVV and IVH are the intensities of vertically and hor�

izontally polarized emission with vertically polarized

incident light; G, the grating factor defined as IHV/IHH

with horizontally polarized incident light, is a wave�

length�dependent polarization response of components

of an emission system. If the fluorophore�containing

molecules are aggregated, the rotational relaxation time

increases because of slower rotation of the molecular

aggregates [37], which results in increased P value.

The FP measurements were performed with a

Hitachi F�4010 fluorescence spectrophotometer using a

1�cm2 quartz fluorescence cuvette. For each sample, the

IVV, IVH, IHH, and IHV were measured three times. The

excitation wavelength was at 280 nm and the emission

wavelength corresponded to the emission maximum

(λmax) of C7�TCS at the indicated pH. The emission and

excitation slits were 5 and 10 nm. Scanning speed was

120 nm/min. The fluorescence background of the buffer

was subtracted. Experiments were carried out at 25 ±

0.2°C.

CD spectrometry. CD measurements were carried

out with a Jasco J�715 spectropolarimeter. Samples con�

taining C7�TCS at a concentration of 3 µM were scanned

at least four times at the rate of 100 nm/min and aver�

aged. The temperature of the sample compartment was

maintained at 25 ± 0.2°C with a water�circulating bath.

The path length of the quartz cell was 2 mm. For correc�

tion, a blank run made with the appropriate pH buffer

alone was subtracted from the spectra. The spectra at 200�

250 nm were used for analysis and calculation. All the

spectra were smoothed and converted into molar elliptic�

ity using an average residue molecular mass of 110 dal�

tons.

RESULTS

Monolayer measurements. Membrane insertion ability

of C4� and C7�TCS into different phospholipid monolayers.

In the beginning, the penetration of C4� and C7�TCS

into the air/water interface without phospholipid mono�

layer was measured. In the experiments, the sub�phase

concentrations of C4� and C7�TCS were 50, 100, 150,

and 200 nM. The results showed that the maximum ∆π
values induced by C4� and C7�TCS were 14 and 11 mN/

m, respectively. Therefore, in the following protein inser�

tion experiments the πi values of phospholipid monolay�

ers were kept at or above 15 mN/m. The interactions of

C4� and C7�TCS with monolayers of DPPG, DMPS,

and DPPC were studied with their 200 nM solution. In

the measurements, pH 4.6 was chosen, which corre�

sponds to optimal pH for membrane insertion of TCS

[27]. Figure 1 shows the ∆π versus π curves for C4� and

C7�TCS interacting with different phospholipid mono�

layers. The values of πc characterizing interaction of C4�

TCS with DPPG and DMPS are 31 and 29 mN/m,

respectively; those for C7�TCS with DPPG, DMPS, and

DPPC are 27.4, 28.0, and 26.9 mN/m, respectively

(Table 2).

In comparison with TCS, these results indicate that

C4� and C7�TCS clearly exhibit distinctions in their

membrane insertion characteristics at least as to the fol�

lowing points. First, although to different degree, mem�

brane insertion ability of C4� and C7�TCS into negative�

ly charged phospholipid monolayers is decreased, with
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C4�TCS occupying an intermediate position between

TCS and C7�TCS. Second, C7�TCS interacts similarly

with both negatively charged and neutral phospholipids at

pH 4.6. As Fig. 1b and Table 2 show, C7�TCS is charac�

terized by similar πc values for both negatively charged

(DPPG and DMPS) and neutral (DPPC) phospholipids.

In contrast to TCS, the difference in membrane insertion

ability of C7�TCS into charged and non�charged mono�

layer is minimal. Previous work [25] has shown that TCS

does not interact with DPPC monolayer at pH 4.6, even

at lower initial monolayer pressure. Here the addition of

C7�TCS led to obvious increase in the surface pressure on

the DPPC monolayer (as shown in the inset graph of Fig.

1b).

Effect of pH on membrane insertion of C7�TCS. Figure

2 shows the results of further experiments on the pH

dependence of membrane insertion of C7�TCS. The plots

in Fig. 2a show that ∆π increases with decreasing sub�

phase pH at the same πi. Such behavior is similar to that

of TCS. However, certain disparity between C7�TCS and

TCS in the pH dependence can be found. In the case of

TCS, ∆π increased with decreasing sub�phase pH in the

pH region 5.8�4.6 and reached maximum ∆π at pH 4.6

[27]. Above and below this pH region ∆π was not sensitive

to pH variations [27]. However, in case of C7�TCS, the

∆π versus pH curve did not show a maximum at pH about

4.6, and ∆π continued to increase until pH 2.94 (Fig. 2a).

The plots of Fig. 2b show πc value for C7�TCS at two dif�

ferent pH values, i.e., 27.4 mN/m at pH 4.6 and 35 mN/m

at pH 2.94. Even at pH 2.94 the πc value for C7�TCS is

still obviously lower than that of TCS at pH 4.6 (about

38 mN/m). These results suggest that deletion of C�ter�

Fig. 1. Membrane insertion ∆π versus π curves for trichosanthin mutants on different phospholipid membranes. The final concentration (satura�

tion) of C4� and C7�TCS in the sub�phase was 200 nM. The sub�phase buffer was citrate�phosphate, pH 4.6. The experiments were carried out at

25 ± 0.2°C. a) Membrane insertion ∆π versus π curve for C4�TCS (solid line) and TCS (dashed line) on DMPS (      ) or DPPG (     ) monolayer.

b) Membrane insertion ∆π versus π curve for C7�TCS on DMPS (     ), DPPG (     ), or DPPC (     ) monolayer. The inset graph is the membrane

insertion π versus t curve of TCS and C7�TCS on DPPC monolayer; initial surface pressure was 20 mN/m.
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Table 2. Critical insertion pressure of wild�type and

mutant TCS on different phospholipid monolayers

Phospholipid

Final concentrations (saturating concentrations) of C4�
and C7�TCS in the sub�phase were 100 and 200 nM,
respectively. Citrate�phosphate buffer, pH 4.6, was used
as the sub�phase solution.
These data were obtained from [28].
There is no interaction between wild�type TCS and
DPPC.
n.d., not determined.

Note:

*
**

***
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minal residues of TCS significantly alters its pH�depend�

ence of membrane insertion.

Effect of ionic strength on membrane insertion of C7�

TCS. Electrostatic force plays an essential role in the

interaction of TCS with negative charged phospholipids,

as reported earlier by Xia et al. [25] and Lu et al. [37].

Since TCS is an alkaline protein (pI = 9.4), it carries

more positive charges at lower pH (e.g., at pH 4.6). This

facilitates the docking of TCS on negatively charged

lipid and its insertion into the membrane through con�

formational changes. The electrostatic interactions can

be inhibited by high ion strength (e.g., in the presence of

300 mM NaCl). Thus, the membrane insertion of TCS

into DPPG was significantly reduced with increasing

Na+ concentration and rendered almost undetectable

when [Na+] approached 300 mM. On the other hand,

for C7�TCS addition of NaCl solution into pH 4.6

buffer exhibited no visible effect on its membrane inser�

tion ability into DPPG monolayer (Fig. 3). The

increased surface pressure induced by injection of C7�

TCS at 400 mM Na+ concentration is nearly identical to

that in the presence of 100 mM Na+ concentration. This

phenomenon suggests that, unlike TCS, interaction of

C7�TCS with the membrane is not sensitive to ionic

strength.

Fluorescence measurements. Membrane insertion of

soluble proteins is frequently accompanied by conforma�

tional changes, since almost all of their surface amino

acids are charged or hydrophilic. Such conformational

changes presumably cause exposure of hydrophobic

regions, which enables insertion into hydrophobic core of

a lipid membrane.

TCS has a single Trp residue located in the turn in

the H7 region. Fluorescence intensity and λmax of Trp

intrinsic fluorescence is influenced by its interaction with

other molecular structures and microenvironment, in

particular a hydrophobic one. Therefore, the conforma�

tional changes in TCS and C7�TCS can be tested by

measuring changes in their Trp fluorescence characteris�

tics.

The experiments were performed at various pH val�

ues (7.2, 4.5, 4.1, 3.64, and 2.98). At pH 7.2, the λmax of

C7�TCS for 280 nm excitation was 337 nm, with a red

shift of approximately 10 nm, compared with 327.5 nm

for wild TCS. This result is identical with that previously

reported [28], where the red shift was interpreted as being

due to a relaxing effect of helix H7. Along with decreas�

ing pH, the intrinsic fluorescence intensity of C7�TCS

was distinctly reduced until the pH reached 3.64, and in

the meanwhile the λmax of Trp fluorescence showed a

gradual blue shift to 332 nm (Fig. 4a and Table 3). As a

control, variation of pH had just a minor effect on the flu�

orescent characteristics of free Trp and wild TCS (Fig. 4,

a and b). There was no shift in λmax, and only an insignif�

icant change in the fluorescence intensity was observed

for both free Trp and wild TCS.

Fig. 2. Influence of pH on insertion of C7�TCS into DPPG monolayer. Initial monolayer pressure was kept at 17.6 ± 0.2 mN/m. Final con�

centration of C7�TCS in the sub�phase was 200 nM. Citrate�phosphate buffer was used for all pH values. All experiments were carried out

at 25 ± 0.2°C. a) Membrane insertion ∆π versus pH curve for C7�TCS on DPPG monolayer. b) Membrane insertion ∆π versus π curves for

C7�TCS on DPPG monolayer at sub�phase pH 2.94 and 4.6.
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Fig. 3. Effect of sub�phase ionic strength on membrane insertion of C7�TCS. a) Effect of Na+ concentration on membrane insertion of TCS

(from [36]). b) Effect of Na+ concentration on membrane insertion of C7�TCS into DPPG monolayer. The initial monolayer pressure was

17.6 ± 0.2 mN/m. The sub�phase solution was citrate�phosphate buffer containing appropriate concentration of Na+, pH 4.6. The exper�

iments were carried out at 25 ± 0.2°C.

6.0

100.0

a
S

u
rf

ac
e

 p
re

ss
u

re
 in

cr
e

as
e

, 
m

N
/m

4.0

10.0

8.0

b

S
u

rf
ac

e
 p

re
ss

u
re

 in
cr

e
as

e
, 

m
N

/m

6.0

Na+ concentration, mM

2.0

0.0

4.0

2.0

0.0

200.0 300.0 400.0 100.0 200.0 300.0 400.0

Fig. 4. Effect of pH on Trp fluorescence of C7�TCS and wild�type TCS. Before experiments, the samples were diluted with citrate�phos�

phate buffer at indicated pH to 2 µM for C7�TCS and free Trp, and to 1.5 µM for wild�type TCS. Ten minutes later, the 295�400 nm spec�

trum was scanned with excitation at 280 nm. The pH values were decreased to 7.2, 4.5, 4.1, 3.64, and 2.98, respectively, from the bottom

to the top. The experiments were carried out at 25 ± 0.2°C. a) Trp fluorescence of C7�TCS (solid line) and of free Trp (dashed line) at dif�

ferent pH values. b) Trp fluorescence of TCS (solid line) and of free Trp (dashed line) at different pH values.

200

290

a

F
lu

o
re

sc
e

n
ce

160

200

160

b

120

Wavelength, nm

120

80 80

40

0

300 310 320

40

0

330 340 350 360 370 380 390 400 290 300 310 320 330 340 350 360 370 380 390 400

F
lu

o
re

sc
e

n
ce

рН 7.20
рН 4.50
рН 4.10
рН 3.64
рН 2.98



442 ZHANG et al.

BIOCHEMISTRY  (Moscow)  Vol.  68  No. 4   2003

Fluorescence polarization is a useful tool for detect�

ing a change in aggregation state of a protein in solution.

If protein molecules undergo aggregation, the value of

fluorescence polarization will increase owing to slower

rotation of the molecular aggregates. The fluorescence

polarization measurements were carried out at various pH

values—7.2, 4.5, and 4.1. The fluorescence intensity of

C7�TCS at pH 3.64 and 2.98 was too low to be detected.

Figure 5 and Table 4 show that the P value of C7�TCS

increases with decreasing pH. In addition, the change in

fluorescence polarization was found to be a rather rapid

process, with the effect manifesting itself a few minutes

after injection of C7�TCS into the indicated pH buffer

and remaining stable for several hours.

CD measurements. The changes in fluorescence

characteristics of C7�TCS signify that decrease in pH

value induces conformational rearrangement of C7�TCS.

If this concerns the elements of secondary structure,

there must be detectable changes in the CD spectrum.

With this in mind, CD spectra (200�250 nm) of C7�TCS

in different pH buffers were examined. The results are

given in Table 4, in which the contents of α�helices, β�

sheets, β�turns, and random coils were estimated using

the method of Yang et al. [43]. Table 4 shows that, simi�

larly with TCS, secondary structure of C7�TCS remained

relatively invariant at various pH values [25].

DISCUSSION

Ribosome�inactivating proteins (RIP) are widely

distributed in the plant kingdom and in certain bacteria.

As the target substrate of RIP is ribosome in the cytosol,

the translocation of internalized toxin into the cytosol is

necessary to exert its RIP function. It is only recently that

a breakthrough in the knowledge of the mechanism of

such process for the type II RIPs was achieved.

In previous works [26�28] TCS, which is a type I

RIP, was found to have pH�dependent membrane inser�

tion ability. The membrane insertion of TCS could be

induced at low pH values (e.g., at pH 4.6). In the present

work the pH�dependent membrane insertion ability of

C7�TCS was investigated using a monolayer system in

Fig. 5. Effect of pH on fluorescence polarization of C7�TCS.

Ten minutes before the experiments, the sample was diluted

with citrate�phosphate buffer at indicated pH value to 2 µM.

Excitation wavelength was 280 nm for all pH values, and emis�

sion wavelength was fixed at the λmax of Trp at the indicated pH.

The values of IVV, IVH, IHV, and IHH were averages of three meas�

urements at every pH value. The experiments were carried out

at 25 ± 0.2°C.
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RMS 

5.578

7.690

6.410

random coil

28.9
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31.4

Table 4. Percentages of various secondary structures in

C7�TCS at different pH values

Samples containing C7�TCS at a concentration of 3 µM were

scanned at least four times at the rate of 100 nm/min and aver�

aged. The pathlength of the quartz cell was 0.2 mm. The tem�

perature of the sample compartment was maintained at 25 ±

0.2°C. The 200�250 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. RMS, root mean square.

β�turn

11.7

13.3

13.6

α�helix

13.5

13.7

14.1

Secondary structure, %

Fluorescence
parameters

λmax , nm

Intensity

4.5

335.5

157.3

2.98

332

72.08 

3.64

333

74.8

Table 3. Fluorescence characteristics of C7�TCS at vari�

ous pH values

Ten minutes before experiments the sample was diluted with cit�

rate�phosphate buffer to 2 µM for C7�TCS and free Trp; final

concentration of TCS was 1.5 µM. The fluorescence spectrum

was scanned in the 295�400 nm interval with excitation at

280 nm.

4.1

334

145.8

7.2

337

191.9

pH values

Note: 

Note:
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order to understand the relationship between this phe�

nomenon and cytotoxicity of TCS.

The monolayer experiments have evidenced that the

interaction between C7�TCS and lipid membrane is dis�

tinct from that of TCS in the following aspects. First,

insertion of C7�TCS into DPPG monolayer is pH�

dependent. However, it is continuously enhanced upon

lowering sub�phase pH to 2.94, whereas TCS has pHmax at

pH 4.6, which corresponds to pH in late endosome and

lysosome. Second, the membrane insertion ability of C7�

TCS into DPPG or DMPS monolayer is obviously lower

than that of TCS. At pH 4.6, πc for C7�TCS on a DPPG

monolayer (or on a DMPS monolayer) is about

28 mN/m. Even maximum critical insertion pressure of

C7�TCS at pH 2.94 is just 35 mN/m, which is still lower

than that of TCS at pH 4.6 (38 mN/m). Third, usually

membrane insertion of proteins proceeds in two major

steps—docking to the membrane and inserting into it

after a change in protein conformation. Various types of

intermolecular interactions may be involved in the pro�

tein docking process, such as electrostatic and hydropho�

bic interaction, as well as specific interaction with the

lipid head groups, etc. Through these interactions protein

can be accumulated on the surface of the membrane and

then insert into it. Previous works [36, 37] showed that for

TCS electrostatic forces play an important role in the

membrane docking, because the membrane insertion of

TCS is affected by Na+ in the sub�phase and lipid charge.

However, for C7�TCS the electrostatic forces seem to be

not necessary for membrane docking and insertion. In

fact, an increase of Na+ concentration in the sub�phase,

even up to 400 mM, has no detectable effect on these

processes. Then, C7�TCS interacts similarly with neutral

and negatively charged lipid at pH 4.6, the critical inser�

tion pressure on these lipid monolayers being very similar

in both cases. Finally, C7�TCS can interact with the

DPPG monolayer at neutral and even weakly alkaline

pH, when it carries only a low positive charge, with πc at

pH 8.05 being approximately 27 mN/m. This value is

similar to that for πc at pH 4.6, which is about 28 mN/m

(not shown here). These results suggest that another type

of interaction facilitates membrane docking of C7�TCS

instead of electrostatic interaction. Perhaps it is

hydrophobic interaction. It is worth noting that there is

no specific recognition between TCS and DPPG head

groups [27].

The pH�dependent changes in the membrane inser�

tion ability might reflect different conformational

rearrangements of C7�TCS and TCS which they undergo

upon interaction with the lipid monolayer. The fluores�

cence measurements support this supposition. It was

found that pH value dramatically influences the fluores�

cence characteristics of C7�TCS. When pH was

decreased from 7.2 to 2.98, the λmax of Trp fluorescence

showed a blue shift from 337 to 332 nm, and the fluores�

cence intensity of Trp was gradually lowered until pH

reached 3.64. For comparison, the Trp fluorescence spec�

tra of TCS were relatively invariant at all pH values,

except that fluorescence intensity experienced slight vari�

ation, which might be caused by the pH�dependence of

Trp quantum yield.

The λmax blue shift of Trp suggests that this residue

enters a hydrophobic microenvironment because of a

conformational change in C7�TCS at low pH. The

hydrophobic condition could be caused by exposing Trp

to some hydrophobic regions of the C7�TCS molecule

itself, by forming a new hydrophobic core through molec�

ular aggregation, or both. The result of fluorescence

polarization measurements suggested that low pH can

induce oligomerization of C7�TCS molecules (similar to

formation of diphtheria toxin aggregates at low pH). This

effect was not found for TCS [36]. Therefore, it can be

concluded that the decrease in pH could induce a signif�

icant conformational change in C7�TCS, which was not

the case of TCS. Presumably, such conformational

change occurred mainly at the level of tertiary structure,

because the CD spectra of C7�TCS at different pH values

were invariable.

The difference between C7�TCS and TCS in their

pH�induced conformational response could be

explained by the importance of Leu241 for the structure

and function of TCS. The Leu241 is a conservative

residue for many type I RIPs and the A�chain of type II

RIPs, and plays a significant role in the hydrophobic

interactions between the large and small domains of

TCS. It contacts Trp192, Leu240, and Leu239 directly,

thus forming a hydrophobic core of the smaller domain.

In combination with hydrophobic residues from the larg�

er domain, this hydrophobic core forms a hydrophobic

region located on the side surface of the active center

(Fig. 6). This hydrophobic region is important for keep�

ing accurate folding of the active center. Therefore, dele�

tion of Leu241 might exhibit the following effects on

TCS: 1) the loss of hydrophobic core of the small domain

resulting in a change in its conformation and exposure of

Trp of the H7 helix to the medium; 2) weakening of

hydrophobic interactions between the larger and smaller

domains, resulting in reduced stability of the active cen�

ter; and 3) disorganization of the TCS tertiary structure

as a whole.

In conclusion, deletion of the last seven amino acid

residues at the C�terminus dramatically affects the struc�

ture and function of TCS. The loss of Leu241 presumably

results in weakened hydrophobic interactions that play a

part in accurate folding of the active center. As a result,

the tertiary structure of C7�TCS proves to be destabilized

and its in vitro RIP activity decreases [23]. It should be

pointed out that deletion of the C�terminal residues

caused more significant reduction of C7�TCS cytotoxici�

ty in vivo than its RIP activity in vitro [23]. This result

might be explained by the distorted interaction between

C7�TCS and lipid membrane. Conformational features of
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C7�TCS, making it different from TCS, results in the

reduction of pH�dependent membrane insertion ability

and pH�dependent formation of aggregates. As a conse�

quence, at low pH (4.5�5.0) the amount of membrane

inserted C7�TCS in the late endosome decreases.

Perhaps, the internalized toxin remains in the lumen of

the endosome, and undergoes degradation in the lyso�

some instead of further translocation into the cytosol,

which predetermines reduced cytotoxicity of C7�TCS in

K562 cells. By and large, the aforesaid supports the idea

that pH�dependent membrane insertion of TCS is rele�

vant to its translocation into the cytosol.
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