The Aggregation of Trichosanthin in Aqueous Solution
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SYNOPSIS

As a kind of cytotoxin extracted from the root tuber of Trichosanthes kirilowii Maxim
(Cucurbitaceae), trichosanthin can selectively bind to and kill the placental trophoblastic
cells, which leads to a number of biomedical applications including the inhibition of tro-
phoblastic tumors. However, the stability of trichosanthin in living organism is still one
of the problems hindering the effectiveness of its applications. In this study, laser light
scattering has been used successfully to investigate the stability of trichosanthin in both
deionized water and KSCN aqueous solution in terms of the hydrodynamic size distribution
of the trichosanthin aggregates as a function of both time and the salt concentration. It is
found that the size distribution is always a bimodal one. One peak corresponds to a single
trichosanthin chain; the other corresponds to the trichosanthin aggregates, which have an
average hydrodynamic radius of ~ 49 nm and are composed of ~ 127 trichosanthin mol-
ecules when Cygey is higher than 0.5 mol/L. This implies that there exists an equilibrium
between the single trichosanthin chain and its aggregates [i.e., nT @ (7),]. Our results
also suggest that the aggregates are made of the loosely packed trichosanthin molecules

and behave as flexible polymer chains in © solvent. ® 1996 John Wiley & Sons, Inc.
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INTRODUCTION

Trichosanthin extracted from the root tuber of Tri-
chosanthes kirilowii Maxim (Cucurbitaceae) is an ef-
fective plant protein of a popular Chinese herb med-
icine and a kind of cytotoxin. Cell biological studies
have shown that it can bind selectively to and kill
the placental trophoblastic cell.! Originally, it has
been widely used in the folk remedy for treating
many diseases, such as the dead fetus in uterus, hy-
datidiform mole, and ectopic pregnancy, to name
just a few. Recently, it was reported that it can be
used to inhibit trophoblastic tumors and may also
be useful in treatment of the AIDS disease,? which
have certainly attracted more attention to this kind
of cytotoxin and its applications.

Trichosanthin is a single-chain protein (pI ~ 9.4
and M ~ 2.7 X 10* g/mol) containing 247 amino
acid residues, which is different from normal cyto-
toxins composed of two types of subunits.® The
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three-dimensional structure of trichosanthin was
derived from the monoclinic C2 and orthorhombic
P212121 crystal structure determination®® and the
complete sequence has been determined,® which in-
dicates that trichosanthin is homologous to one of
the two subunits of toxic ricin.” As a drug, the crys-
talline form of trichosanthin is used and adminis-
tered in one injection of a 1-2 mg dose. However,
the successful crystallization of trichosanthin is
impeded by microheterogeneity that might arise
from the formation of various states of aggregation
in a relatively concentrated solution during the
crystallization process. In aqueous solution, both the
type and amount of added salts will have an addi-
tional influence on the stability or the aggregation
process. Therefore, a better understanding of the
stability of trichosanthin in aqueous solution with
and without adding low molecular weight electro-
lytes will be important to its crystallization process.

As a nonintrusive and sensitive analytical"
method, laser light scattering (LLS), especially dy-
namic LLS, has been widely used in both macro-
molecular and colloid sciences to characterize and
study polymers and particles.®'° In this work, it is
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our intention to use LLS to study the stability of
trichosanthin by measuring the hydrodynamic ra-
dius (Ry) distribution of the aggregates as a function
of both time and salt concentration; to determine
the average number of trichosanthin molecules in-
side each aggregate; and to reveal the aggregation
process and the structure of the aggregates.

Basic Theories
Static Light Scattering

The angular dependence of the excess absolute time-
averaged scattered intensity, known as the excess
Rayleigh ratio [R,,(f)], was measured. For a dilute
solution at concentration C (g/ml) and the scattering
angle 8, R,,(f) can be approximately expressed as'!

KC 1 | N
R0 =M. (1+3<Rg>q)+2AQC (1)

2

where K = 41r2n2(%g) / (NyA\) and g = 4;:—: sin(g)
with Ny, dn/dC, n, and A\, being Avogadro’s number,
the specific refractive index increment, the solvent
refractive index, and the wavelength of light in
vacuo, respectively. M, is the weight average molar
mass of dissolved polymers or suspended aggregates,
A, is the second-order virial coefficient and
(R})?, or simply as R,, is the root-mean-square av-
erage radius of gyration of the polymer. By measur-
ing R,,(0) at a set of C and 6, we were able to obtain
M,, R,, and A, from a Zimm plot, which put the
dependence of KC/R,,(f) on both C and # in a single
grid.!!

Dynamic Light Scattering

An intensity-intensity time correlation function
G?(nAr, 6) in the self-beating mode is normally
measured, which has the following form!*'?

Gt 0) = (I(¢, 0)I(0, 0)>

= A1+ 818V, 017 (2)
where A is a measured baseline, 3 is a parameter
depending on the coherence of the detection, t is the
delay time, and g'*)(t, ) is the normalized first-order

electric field E(¢) time correlation function. g(z, §)
is related to the line-width distribution G(T') by

gt 0) = (E(t,0)E*(0, 8)) = f ) GMe Tdr. (3)
0

G(T') can be calculated from g™'(¢, 8), or G?(¢, §), by
Laplace inversion or by a cumulant expansion of eq.
(3), that is,

In(gV(t)) = —Tg%

AT (G*)" L.
n!

+ 2 = 4)
n=2

where I' = [° G(D)T'dT, u,(T) = [;° GI)(T — T)dr,
and us(T)/T? is the variance that characterizes the
distribution width. In most cases, n is not larger
than 3. T or T normally depends on both C and #
aS13

T
- DA+ RO+ R4 (5)

where k; is the diffusion second virial coefficient and
f is a dimensionless number. At C = 0 and § — 0,
I'/q? = D. Therefore, with a pair of known k,; and
f, we can transfer G(I') obtained in a finite concen-
tration and at a certain scattering angle into a
translational diffusion coefficient distribution G(D)
that can be further reduced into a hydrodynamic
radius (R,) distribution by using the Stokes-Einstein

equation,
k
R, = (i)D—‘ (6)
67y

where kg, T, and 5 are the Boltzmann constant, the
absolute temperature, and the solvent viscosity, re-
spectively.

EXPERIMENTAL METHODS

Sample Preparation

Trichosanthin can be prepared by the fractional
acetone precipitation of the juice from the fresh
tuber of Trichosanthes. The purification of the crude
acetone precipitate can be achieved by either the
crystallization in barbiturate buffer (pH 8.6)!4 or
applying it to a CM-Sephadex G-50 column twice.'®
The purity of crystalline trichosanthin was better
than 99%.¢ Both the trichosanthin and analytical
grade potassium thiocyanate (KSCN) were used
without further recrystallization in this study. First,
the KSCN aqueous solution was prepared by dis-
solving KSCN in double-distilled deionized water
and the KSCN concentration was in the range of
0-1.0 mol/L; then 4-mg trichosanthin (except in
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static LLS where different amounts of trichosanthin
were used) was added in a 10-mL KSCN aqueous
solution to form a trichosanthin aqueous solution
with C = 4 X 107 g/mL; and finally, the tricho-
santhin aqueous solution was clarified by a 0.22 ym
Millipore filter to remove dust. The pH value of the
final solution was 7.2. The time from adding tri-
chosanthin in the KSCN aqueous solution to the
start of the LL.S measurement was about 15 min,
which was the minimum time required to prepare
the final/clean trichosanthin solution and to estab-
lish the good temperature equilibrium at 15°C. In
static LLS, the exact concentrations of trichosan-
thin in the solution were determined in the following
two steps: ultracentrifugation and then freeze dry.
The estimated 8% water inside the dried protein has
been taken into account in the calculation of final
protein concentration.

Laser Light Scattering

A commercial LL.S spectrometer (ALV-5000, Lan-
gen in Hessen, Germany) was used with an argon-
ion laser (Coherent INNOVA 90, operated at 488
nm and 400 mW) as light source. The primary beam
is vertically polarized. In our present setup, the value
of (3 is about 0.85, which is rather high for an LLS
spectrometer capable of doing both static and dy-
namic LLS measurements, so that we are able to
carry out dynamic LLS of very dilute solutions. The
instrument has supplied both the cumulant analysis
and Laplace inversion (CONTIN) programs. The
detail of LLS theory, instrumentation, and data
analysis can be found elsewhere.!?>!® All LLS mea-
surements were carried out at 15.0 = 0.1°C.
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Figure 1. Hydrodynamic radius R, of trichosanthin in
deionized water versus time, where R, was calculated from
D and D was from the second-order cumulant analysis of
the measured time correlation function.
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Figure 2. Intensity-weighted hydrodynamic radius
distribution f,(R,) of trichosanthin in deionized water after
different dissolving time: (O) t = 23 min; (OJ) ¢t = 55 min;
and (A) t = 163 min.

RESULTS AND DISCUSSION

Figure 1 shows the overall average hydrodynamic
radius R, of trichosanthin in deionized water versus
time, where R, was obtained by replacing D with D
from the second-order cumulant analysis of the
measured time correlation function. Figure 1 ap-
parently indicates that R, increases rapidly with
time (1.e., the aggregate becomes larger and larger).
However, a further Laplace analysis of the measured
time correlation function [i.e., G(I')] shows a dif-
ferent picture.

Figure 2 shows three intensity-weighted hydro-
dynamic radius distribution £, ( R;,) of trichosanthin
in deionized water at different times, where f,(R;)
were obtained from G(T') on the basis of I' = g2D
and eq. (6). The subscript “z” implies that the dis-
tribution is an intensity one, which means that
f.(Ry) o f,(R,) M? where f,(R,) is the number dis-
tribution. It shows that f,(R;) is always a bimodal
distribution. The position of the peak located at
~ 2.8 nm is basically independent on time and this
peak corresponds to individual trichosanthin mol-
ecules because the molecular dimension of trichos-
anthin is known to be 4.9 X 3.8 X 8.7 nm?; the other
peak with the center located in the range of ~ 80-
100 nm should represent the aggregates of tricho-
santhin molecules.

Figure 3 shows the peak area ratio A/Ar versus
time for each of the two peaks in Figure 2, where
Aris the total area under the two peaks. It clearly
shows that the amount of individual trichosanthin
molecules diminishes as time increases whereas the
number of the trichosanthin aggregates increases at
the same time. A combination of Figure 2 and 3
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Figure 3. Peak area ratio A/Ar versus time for each of
the two peaks in Figure 2, where A is the total area under
the two peaks. (O) The aggregate’s peak and (A) the in-
dividual trichosanthin molecule’s peak.

indicates that trichosanthin is not stable in deion-
ized water and undergoes an aggregation process of
“n(trichosanthin) — (trichosanthin),” where the
number “n” changes with time, but not too much,
because the peak position basically remains within
a small size range. This process can be fitted ap-
parently by a first-order reaction kinetics (the lines
in Fig. 3),

AJ/Ar=1—e™® (for the aggregates)

or

Af/Ar=e™ {(for trichosanthin)  (7)
with & = (1.55 + 0.02) X 102 min !, which implies
that the aggregation was formed by one trichosan-
thin at a time. It is known that, besides the hydro-
phobic interaction between the protein backbone
chain, there are two kinds of interactions in the pro-
tein aqueous solution. One is caused by the static
charges on the protein chain and the other by the
hydrogen bonding. Without adding KSCN, the static
charges will lead to the intermolecular repulsions
that should prevent the aggregation. Therefore, the
observed aggregation process is fast, which might
imply that the hydrogen bonding plays a dominate
role in the aggregation of trichosanthin. On the basis
of the study of trichosanthin in deionized water, we
realized that the overall mean hydrodynamic radius
could seriously mislead to a complete wrong conclu-
sion. Therefore, we have to use the hydrodynamic
radius distribution throughout this study.

Figure 4 shows two intensity-weighted hydrody-
namic radius distributions f,(R,) of trichosanthin
in 0.05 M KSCN aqueous solution. One was obtained
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Figure 4. Intensity-weighted hydrodynamic radius
distributions f,(R,) of trichosanthin in 0.05M KSCN
aqueous solution after different dissolving times: (O) short
time and (A) long time.

just after dissolving trichosanthin in the solution
and the other a long time after dissolving tricho-
santhin in the solution. Figure 4 shows that the hy-
drodynamic radius of the aggregates gradually in-
creases from ~ 70 to ~ 180 nm and at the same
time the amount of individual trichosanthin mole-
cules decreases; that is, the aggregation took place
in the presence of a small amount (0.05 M) of KSCN
in the solution as an electrolyte. Naturally, we like
to ask what will happen if more KSCN is added into
the trichosanthin aqueous solution.

Figure 5 shows two intensity-weighted hydrody-
namic radius distributions f,(R,) of trichosanthin
in 0.5M KSCN aqueous solution at different times
after dissolving trichosanthin in the solution. The
two distributions are essentially the same, which
clearly shows that in the presence of 0.5M KSCN
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Figure 5. Intensity-weighted hydrodynamic radius
distributions f,(R;) of trichosanthin in 0.5M KSCN
aqueous solution after different dissolving time: (O) short
time and (A) long time.
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Figure 6. Intensity-, weight-, and number-weighted
hydrodynamic radius distributions of trichosanthin in
0.5M KSCN aqueous solution, where £, is an intensity
distribution; f,, is a weight distribution, and f, is a number
distribution.

the aggregation is almost completed instantly and
reaches to an equilibrium between individual tri-
chosanthin molecules and their aggregates. It should
be noted that the larger peak area of the trichosan-
thin aggregate in f,(R,) actually represents only a
small amount of the aggregates in terms of weight
because £,(R;) is an intensity distribution.

Figure 6 shows the intensity-, weight-, and num-
ber-weighted hydrodynamic radius distributions of
trichosanthin in 0.5M KSCN aqueous solution,
where f, is an intensity distribution, f,, is a weight
distribution, and f,, is a number distribution. It shows
that the number of the trichosanthin aggregates is
really small even though their contribution to the
scattered intensity is high. This is understandable
because on the basis of eq. (1) the scattered intensity
is proportional to M, or wM or nM?. The mass dif-
ference between individual trichosanthin molecule
and the aggregate is more than 100 times; that is,
the light scattered by a single aggregate could be as
high as that by more than ~ 10* individual tri-
chosanthin molecules. Therefore, LLS, especially
dynamic LLS, is a very sensitive method to detect
the presence of larger aggregates in a given system.
The estimated amount of the aggregates in terms of
weight in Figure 6 is about 20%.

Figure 7 shows the average hydrodynamic radius
R, versus the KSCN concentration Cggen for the
aggregate’s peak and the individual trichosanthin
molecule’s peak, where R, was measured just after
trichosanthin was dissolved in the solution for a
short time period of 15 min, which is the shortest
and experimentally achievable time. It is under-
standable that there is no change in R, for the in-
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Figure7. Average hydrodynamic radius R, versus Cxscn
(the concentration of KSCN) for the aggregate peak (O)
and the individual trichosanthin molecule peak (A}, where
R, was measured just after trichosanthin was dissolved in
the solution for a short time period of 15 min.

dividual trichosanthin molecule’s peak because the
size of individual molecules is not greatly influenced
by the amount of the added salt. On the other hand,
when Cggen = 0.5 M, the size of the aggregates de-
creases as Ckgcen increases and approaches a con-
stant value of ~ 63 nm, where we should note that
the concentration of trichosanthin is finite. In the
presence of KSCN, static charges on trichosanthin
are partially shielded, so that trichosanthin mole-
cules are able to approach each other more closely,
which leads to a smaller aggregate.

Figure 8 shows the peak area ratio A/Ar versus
Cxkscn for both the individual trichosanthin mole-
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Figure 8. Peak area ratio A/A+ versus Cggen for both
the individual trichosanthin molecule peak (A) and the
aggregate peak, where A7 is the total area under these two
peaks and the subscript “t = 15 min” means that all values
of A/Ar were obtained after dissolving trichosanthin in
the solution for ~ 15 min (i.e., the measurable initial
stage).
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Table I. Static and Dynamic LLS Results of Trichosanthin in 1 M KSCN Aqueous Solution at 15°C

107°M,, 10%4, R, 10°D R, 107k,
(g/mol) (mol- mL/g?) (nm) (cm?/s) (nm) (mL/g) f R,/Ry
3.23 —6.7 70 3.8 49 —2.5 ~0 1.43

The relative errors: M,,, +5%; A, and ky, +10%; R,, +5%; D and R,, £2%; and Rg/ﬁh, +7%.

cule’s peak and the aggregate’s peak, where Ay is
the total area under these two peaks and the sub-
script “¢ = 15 min” means that all values of A/Ayp
in Figure 8 were obtained after dissolving trichosan-
thin in the solution for ~ 15 min (i.e., the measur-
able initial stage). The dependence of A/A7 on
Cxscn can be empirically formulated as

A/Ar =1 — ke *Crson
(for the aggregates)
or (7)
A/Ap = ke ~kaCksen

(for trichosanthin)

with &, = 0.756 + 0.002 and k, = 9.90 + 0.08 (L./
mol). Figure 8 shows that the more KSCN is added,
the faster the aggregation process of “n (trichosan-
thin) — (trichosanthin),” will be. When Cxgen =
0.5 M, the aggregation process is nearly finished and
reaches to an equilibrium between the individual
trichosanthin molecules and the aggregates before
we are able to start the first initial LLS measure-
ment.

It is at the condition of Cxgcny = 1.0M and the
equilibrium state that the trichosanthin aggregates
were characterized by both static and dynamic LLS
on a set of trichosanthin solutions, where the tri-
chosanthin concentration ranges from 2.77 X 107°
to 1.11 X 10™* g/mol. The LLS data were analyzed
on the basis of eqs. (1) and (5) and the final results
are summarized in Table I. Because the molecular
mass of trichosanthin is 2.7 X 10* g/mol, we are
able to deduce the aggregation number (N,), that
is, the average number of trichosanthin molecules
in one aggregate, from the mass of the aggregates,
namely N, = 3.2 X 10%/2,7 X 10* = 120. It is known
that for a uniform hard sphere, R,/R,, = 0.774; for
a highly branched polymer cluster, R;/R;, ~ 1.0-
1.1;® and for a linear and flexible polymer chain in
good solvent, R,/ R, ~ 1.5-1.8.2"1 Our result (R,/
R, = 1.43) clearly indicates that the trichosanthin
aggregates are far from that of a densely packed uni-
form sphere, but instead consist of many loosely

connected trichosanthin molecules and behave as
random coil in O condition because the experimental
value of R,/R,, for a flexible chain in O condition is
~ 1.4.%° This is only one of the possible conforma-
tions. In addition, on the basis of the scaling rela-
tionship M oc R§, we are able to estimate that «
= 1.67 from the values of M and R, of individual
trichosanthin molecules and the aggregates. This
value of « is typical for a polymer coil.2! A better
value of a can be determined by small-angle x-ray
scattering. At the present stage, it is still not clear
why the aggregation number approaches a constant
value of ~ 120 and how trichosanthin molecules are
aggregated together to form a coil-like (or say, loose
and open) structure, which are subjects for further
study.

CONCLUSION

This study has shown that trichosanthin is not sta-
ble and always aggregates in aqueous solution with
or without KSCN as low molecular weight electro-
lyte. The amount of aggregates by weight is ~ 20%.
With KSCN, the aggregation process is much faster
than that in pure water. The aggregation process
follows the first-order kinetics. When the concen-
tration of KSCN is higher than 0.5 M, an equilibrium
between individual trichosanthin molecules and the
aggregates will be instantly reached. At equilibrium,
the radius of the trichosanthin aggregates is ~ 49
nm. A combination of static and dynamic laser light
scattering results reveals that on average each ag-
gregate is composed of ~ 120 trichosanthin mole-
cules and the aggregates are made of loosely con-
nected trichosanthin molecules. Each aggregate in
aqueous solution might have a similar conformation
as polymer coil in solution.
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