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ABSTRACT The thermal stability of transferrin receptor isolated from human placenta in detergent-free solution has been
investigated by static light-scattering and photon correlation spectroscopy. In detergent-free solution at 293.2 K, human
transferrin receptor (hTfR) forms stable associates with a hydrodynamic radius of 16 nm. With increasing temperature the
particles get more compact, above 340 K a phase transition takes, place and spontaneous aggregation of the receptor
occurs. Under these conditions large clusters are formed that lead to fractal aggregates, coexisting with dendritic crystalline
structures. The experimental findings are compatible with a model, which involves a reaction limited cluster-cluster aggre-
gation mechanism in conjunction with a nucleation process. The molar enthalpy change associated with the phase transition
was determined to be (1860 6 150) kJ/mol21 at a transition temperature of (341.3 6 0.2) K.

INTRODUCTION

Aggregated and denatured states of proteins play an impor-
tant role in the understanding of protein folding and stabil-
ity, because in living organisms native and denatured states
are in a dynamic equilibrium. Non-native states are also
important for transporting proteins across membranes, pro-
teolysis, and protein turnover (Dill and Shortle, 1991). Ag-
gregation is also relevant for crystallization of proteins and
for biotechnology, e.g., formation of inclusion bodies. How-
ever, information about denatured states and stability of
membrane proteins is very limited (Stowell and Rees, 1995;
Haltia and Freire, 1995).

Human transferrin receptor (hereafter abbreviated as
hTfR) is a class II transmembrane glycoprotein (Turkewitz
et al., 1988a), which is composed of two identical 90–95-
kDa subunits (McClelland et al., 1984; Enns and Sussman,
1981). The subunits are linked by a disulfide bond, such that
the major part of the molecule is exposed to the cell surface.
Each subunit consists of a 61-residue cytoplasmic domain,
a 28-residue membrane spanning region made up of hydro-
phobic amino acids, and a 760-residue extracellular domain
with three N-glycosylation sites and one O-glycosylation
site (Orberger et al., 1992). Each subunit possesses one
transferrin binding site in the extracellular domain (Enns
and Sussman, 1981; Schneider et al., 1982). In vertebrates,
hTfR mediates the iron uptake by binding and internaliza-
tion of the iron transport protein transferrin in its diferric
state (ferri-transferrin). Upon endocytosis, the hTfR-trans-
ferrin complex becomes exposed to an acidic pH in the
endosome. Under these conditions, the Fe31 ions dissociate

from the receptor-bound diferric transferrin and are trans-
ported into the cytosol. The receptor-transferrin complex
recycles back to the cell surface, where the iron-free trans-
ferrin dissociates and is replaced by an iron-loaded one.
Aggregation of hTfR possibly plays a role during endocy-
tosis and recycling of the receptor. It might facilitate the
formation of tubular structures involved in the recycling of
hTfR to the cell surface. Those tubular structures have been
identified in fibroblasts (Hopkins et al., 1994). Reticulo-
cytes clear their plasma membrane from transferrin receptor
upon maturation. In humans this is achieved by proteolytic
cleavage of the extracellular domains leading to the soluble
serum transferrin receptor (Shih et al., 1990). However, in
sheep the excess transferrin receptor is removed from the
cell surface by a different mechanism. Within certain mul-
tilamellar intracellular compartments the receptor aggre-
gates in the form of spherical bodies and is released to the
exterior by fusion of the vesicular membrane with the cell
membrane (Pan et al., 1985).

Presently, only the biophysical and colloidal properties of
a soluble 70-kD fragment of hTfR have been investigated in
solution. The soluble 70-kD fragment, comprising 95% of
the extracellular part of hTfR, can be produced by digestion
of the receptor with trypsin (Turkewitz et al., 1988a). This
fragment undergoes a reversible aggregation upon exposure
to an acidic environment (pH 5.5) (Turkewitz et al., 1988b).
This study was extended by Hadden et al. (1994), who
investigated the thermal stability and temperature or pH
change-induced conformational changes of the extracellular
fragment of hTfR, using Fourier transform infrared spec-
troscopy (FTIR). On heating a solution of the extracellular
fragment, they found differences in the FTIR spectra, which
they attributed to a thermal denaturation of the molecule. A
transition temperature of 70°C was determined for the onset
of aggregation at pH 7.4, whereas structural changes oc-
curred at 71°C under the same conditions. All these transi-
tions seemed to be irreversible. Under acidic conditions the
transition temperature decreased to 55°C.
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Both studies were undertaken with the extracellular frag-
ment, which forms a noncovalent dimer in detergent-free
solution. However, the complete receptor is also stable in
detergent-free solution, where it forms radial symmetric
assemblies composed of nine receptor dimers with an av-
erage hydrodynamic radius of 16 nm (Fuchs et al., 1995,
1998; Schu¨ler, J., J. Frank, J. Behlke, W. Saenger, and Y.
Georgalis, submitted for publication).

In order to investigate in greater detail the thermal sta-
bility and the temperature-dependent behavior of the com-
plete receptor in detergent-free solution, we performed
static light-scattering (SLS) and photon correlation spec-
troscopy (PCS) experiments in the temperature range be-
tween 293 and 340 K. To augment light-scattering experi-
ments, circular dichroism (CD) and differential scanning
calorimetry (DSC) measurements were carried out.

MATERIALS AND METHODS

hTfR purification

CNBr Sepharose and Sephacryl S-400 were purchased from Pharmacia
(Frieburg, Germany). Desferral, ferri-transferrin, and Triton X-100 were
obtained from Sigma (Deisenhofen, Germany); salts and buffer compo-
nents were from Merck (Darmstadt, Germany). All these substances were
used without further purification.

hTfR was purified from human placenta using a CNBr Sepharose/ferri-
transferrin affinity column according to Turkewitz et al. (1988) with the
following modifications: after removal of Fe31 from the affinity column by
0.2 mM Desferral at pH 5.0, hTfR was eluted under nondenaturing con-
ditions with 2 M KCl, 10 mM CHAPS in 50 mM HEPES, pH 7.5. The
purity of the receptor was proved by SDS-PAGE (Fig. 1). The receptor was
homogenous with respect to the SDS-PAGE, but with PCS larger aggre-
gates of hTfR (hydrodynamic radius,Rh, ;100 nm) could be observed. To
remove those aggregates the protein solution was further purified by gel
filtration using a Sephacryl S-400 column. After this additional purification
step no larger aggregates could be detected by PCS. All protein concen-
trations were determined using the Pierce BCA protein assay (Pierce,
Rockford, IL).

Sample preparation

For light-scattering experiments hTfR was diluted with PBS (phosphate
buffered saline; 10 mM phosphate, 150 mM NaCl, pH 7.5) to a final
concentration of 50mg/ml. To remove dust, all samples were filtered
through 200-nm pore size sterile filters (Minisart; Sartorius, Go¨ttingen,
Germany) before each measurement.

For CD spectroscopy the samples were dialyzed against a buffer con-
taining 10 mM sodium cacodylate, pH 7.5, and 150 mM NaCl. The
concentration of hTfR was adjusted to 50mg/ml. Ferri-transferrin solutions
were prepared the same way. Their final concentration was adjusted to give
a 1:1 stoichiometry with respect to the concentration of binding sites.

For DSC experiments the hTfR solutions were concentrated to 4.5
mg/ml using Centriprep 30 units (Amicon; Beverly, MA) with a 30-kDa
cutoff. The samples were extensively dialyzed against PBS. The same
buffer served as reference during the DSC measurements.

Light scattering

Theory

The theory of light scattering has been reviewed in several monographs
(Berne and Pecora, 1974; Schmitz, 1990; Brown 1993), so we give only a
very basic introduction to the method. In a typical light-scattering exper-
iment, a laser beam impinges on a solution and the scattered light is
recorded by a photomultiplier. The spatial resolution of the experiment is
defined by the scattering vectorq, whose magnitude is given by the Bragg
formula:

uqu 5
4pn

l
sinSu

2D (1)

wherel denotes the wavelength of the scattered light,n the refractive index
of the solution, andQ the scattering angle.

In a PCS experiment the fluctuations of the scattered light due to the
Brownian motion of the particles are analyzed in terms of an autocorrela-
tion function (ACF), which is proportional to the distribution of relaxation
times,t, and scattering amplitudes of the examined components:

G~1!~t! }E
Rmin

Rmax

N~R!M2~R!P~q!S~q!exp~2mR21q2trel!dR

(2)

wherem is a proportionality constant,N(R) andM(R) denote number and
mass of particles with radiusR between the integration limitsRmin and
Rmax, and P(q) and S(q) denote form and static structure factor of the
particles. If the particles are small compared with the employed wave-
length, the z-average translational diffusion coefficient,D, can be deter-
mined through Laplace inversion of the autocorrelation function. FromD
the hydrodynamic radii,Rh, of the particles are calculated according to the
Stokes-Einstein equation:

Rh 5
kBT

6phD
(3)

wherekB denotes the Boltzmann constant,T the absolute temperature, and
h the viscosity of the solvent.

In the case of large, asymmetric particles, rotational motions also
contribute to the autocorrelation function. The magnitude of this effect can
be roughly estimated according to Lindsay et al. (1988, 1989).

In an SLS experiment the time average intensity,^I&, of the light
scattered by the sample is recorded as a function of the scattering vectorq.
When examined on an appropriate spatial resolution,

1/R,,uqu,,1/r0 (4)

FIGURE 1 SDS-PAGE of purified hTfR. After elution from the affinity
column, fractions were dialyzed against PBS, pH 7.5. Aliquots of each
fraction were loaded on a 10% SDS-PAGE gel. Only bands for;95-kD
hTfR could be detected.
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fractal aggregates, built up from monomers with radiusr0, usually show a
power law dependence of the scattered intensity on the scattering vector:

^I&~q! } S~q!P0~q! } qp (5)

wereP0(q) denotes the form factor of the monomers.
The characteristic exponent,p, is associated with geometric properties

of the particles and may take different values, depending on the spatial
resolution (Martin, 1986; Schaefer et al., 1989). In the power law regime
p can be expressed in terms of the mass fractal dimension,dm, and the
surface fractal dimension,ds, according to:

p 5 2dm 2 ds (6)

A sample can exhibit mass or surface fractal properties depending on the
spatial resolution of the experiment.

Experimental setup

PCS experiments were performed using an ALV SP-86 spectrogoniometer
(Alvilangen, Germany). A Spectraphysics 165 Ar1-Laser (488 nm) served
as light source. Signals were recorded with a Thorn EMI D 191 A
photomultiplier and, after amplification and discrimination, further pro-
cessed by an ALV-5000 digital correlator board. Intensity ACFs were
automatically recorded on 302 channels, quasi-logarithmically spaced in
time. Theoretically, these channels cover a dynamic range between 12.5 ns
and 3200 s. In practice, the lower limit is some 100 ns, due to dead-time
distortions of the photomultiplier, and the upper limit is;0.5 s, when short
accumulation times are employed (i.e., 30–60 s per spectrum). The exper-
iments were conducted at a scattering angle of 20°, corresponding to a
scattering vector of 5.963 1023 nm21. ACF spectra were Laplace-
inverted by CONTIN (Provencher, 1982a, b) running on a Silicon Graphics
workstation, using a 45-point logarithmic quadrature grid, non-negativity
constraints, and the appropriate form factors for hard spheres. Due to the
large amount of recorded spectra only the “best” solutions found by
CONTIN (i.e., those having a probability of rejection close to 0.5) were
considered. Rotational motions were decoupled as described by Georgalis
et al. (1995).

SLS experiments were conducted on the same spectrogoniometer. In-
tensities were recorded between 20° and 150°, corresponding to scattering
vectors between 5.963 1023 nm21 and 3.323 1022 nm21. Intensities
were integrated for 15 s at each angle and five scans were averaged for each
experiment. The change of the scattering volume as a function of scattering
angle,u, was compensated by multiplying the initially set accumulation
times of 15 s by a factor sin(u). Temperature was kept constant using a
Lauda RC6 thermostat. For experiments involving linear temperature gra-
dients this thermostat was used in combination with a Lauda P-351 pro-
grammable gradient driver. Viscosity and refractive index corrections for
water at various temperatures were made through interpolation of data
taken from standard tables (CRC Handbook of Chemistry and Physics,
1984–1985). The small differences between the buffer and pure water were
neglected.

CD spectroscopy

CD spectra between 195 and 250 nm were recorded using a Jasco J-600
spectropolarimeter. All experiments were conducted using a cell with an
optical pathlength of 2 mm. A scan speed of 5 nm/min and a step size of
0.2 nm were used throughout. Temperature was kept constant by a Lauda
RC6 thermostat. For obtaining the final spectra, five individual runs were
averaged.

DSC

DSC experiments of hTfR were performed using a MicroCal MC-2 dif-
ferential scanning calorimeter (MicroCal, Northampton, MA) applying a
scan rate of 30 K/h. The heat capacityCp was measured as a function of

temperature between 313.2 and 358.2 K.Cp was converted to the molar
heat capacityCp

m, accounting for the cell volume (1.2249 ml) and the
sample concentration. The phase transition temperatureTm for hTfR was
obtained from DSC curves after baseline subtraction at the highest value of
the molar heat capacityCp

m. The area under the DSC curve corresponds to
the molar enthalpy changeDHcal for the phase transition.

Light microscopy

Images of the hTfR clusters were recorded with an Axiovert 100 inverted
microscope (Zeiss, Germany) employing a long-distance objective (Achro-
stigmat 32X, Zeiss). The overall magnification of the images was deter-
mined by calibration with standard grids. Observations were made directly
in the light-scattering cells at room temperature;18 h after completion of
the light-scattering experiments. Images were acquired by using a black-
and-white CCD camera.

RESULTS

Temperature-induced aggregation of hTfR in detergent-free
solution was examined by PCS using linear temperature
gradients. In Fig. 2A, values of the apparent hydrodynamic
radius,Rh, obtained by PCS are plotted as a function of the
temperature. Temperature was raised from 293.2 to 340.2 K
with a rate of 0.21 K/min. Then it was kept constant at 340.2
K. At 293.2 K hTfR associates with an average value forRh

of 16 nm could be detected. With increasing temperature the
hydrodynamic radius of the clusters decreased. After reach-
ing the final temperature we observed an aggregation pro-
cess leading to aggregates with a radius above 1mm.
Further evidence for a temperature-induced aggregation at
340.2 K is presented in Fig. 2,B andC, where autocorre-
lation functions and corresponding radius distributions are
presented. Here the experiment was performed at 340 K,
e.g., no temperature gradient was applied. The autocorrela-
tion functions (Fig. 2B) obtained at different times after the
start of the measurement are shifted to longer relaxation
times. This indicates an increase of the radius of the ob-
served particles, as can be seen in Fig. 2C.

In Fig. 3 A the time course of the average hydrodynamic
radius at 340.2 K is shown. After;50 min, clusters reach a
radius of 50 nm. Beyond this point, the aggregates grow
further according to a power law. This is obvious from the
linear dependence between radius and time in a double-
logarithmic plot. A slope of 1.916 0.02 is obtained from
this curve. The onset of the aggregation, displayed in greater
detail in Fig. 3B, shows that the particles grow exponen-
tially during the first 50 min. The slope of the regression
line is (5.136 0.08) 1024 s21 and the intercept (136 1)
nm.

In Fig. 4 A a double-logarithmic plot displays the time-
averaged total intensity of the scattered light,^I&, against the
hydrodynamic radius measured during the temperature-in-
duced aggregation at 340.2 K. The experiment was per-
formed at a 20° scattering angle. From the slope of the
linear part of this plot the mass fractal dimension,dm, can be
estimated (Pusey and Rarity, 1987) as:

ln~^I&! } dmln~Rh! (7)
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For particle sizes between 40 and 150 nm the slope was
determined to be 2.186 0.03. When the particles get larger
the assumptions leading to Eq. 7 are no longer valid, and the
curve deviates from linearity.

In Fig. 4 B ^I&/P0(q) is double-logarithmically plotted
against the scattering vector. The form factor of the mono-
mers, P0(q), was calculated according to Kerker (1969),
assuming that the monomers can be approximated as ho-
mogeneous spheres:

P0~q! 5
9

~qr0!
6 ~sinqr0 2 qr0cosqr0!

2 (8)

The experiment was performed at a later stage of the ag-
gregation, where the radii of the clusters are larger than the

FIGURE 2 (A) Temperature-dependence of the apparent hydrodynamic
radii of hTfR in PBS, pH 7.5. Temperature was raised from 293.2 to 340.2
K with a rate of 0.21 K/min and then kept constant. After reaching a
minimum at;320 K, the hydrodynamic radii increased at 340.2 K. (B)
Autocorrelation functions measured at several times after heating the hTfR
solution to 340.2 K. All curves were measured at a scattering angle of 20°.
The relaxation times shift to higher values with time, indicating an aggre-
gation process. (C) Particle radius distributions obtained through Laplace
inversion of the autocorrelation functions with CONTIN. The hydrody-
namic radii and the polydispersity increase with time.

FIGURE 3 (A) Double-logarithmic plot of the hydrodynamic radii as
function of time. After a lag period, there is a power law dependence
between radius and time. The slope of the regression line is (1.916 0.02).
(B) Semilogarithmic plot of the hydrodynamic radius versus the aggrega-
tion time. Here the onset of the aggregation is displayed in greater detail.
The linear part of the plot indicates an exponential growth, compatible with
an RLCA mechanism. The fit delivers a value of (136 1) nm for the
hydrodynamic radius of the seed particles.
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wavelength of the light. Fig. 4B clearly indicates a power
law dependence of̂I&/P0(q) on the scattering vector. From
the slope of the regression line a characteristic exponent of
2(3.386 0.04) can be derived.

Upon completion of the light-scattering experiments the
samples were cooled down to room temperature and exam-
ined after 18 h under a light microscope. To our surprise we
observed not only fractal aggregates but also crystalline
structures, which showed optical birefringence. In Fig. 5A
typical fractal clusters are displayed. The radius of the
clusters is;5 mm; they seem to consist of small compact
building units (inset). In Fig. 5B small crystalline particles
are displayed. They have a somewhat dendritic shape and
exhibit optical birefringence. Sadly, the microcrystals did
not grow any further and attempts to use them as seed
particles in crystallization experiments failed.

As the growth of the hTfR clusters led to crystalline
structures, we have followed the time course of the charac-
teristic exponents to get more information on the growth
process. In Fig. 6A double-logarithmic plots of̂I&/P0(q)
againstq for different times after starting the aggregation
are displayed. From the first few records it is evident that
one can visualize two different slopes. This can be attributed
to at least two different growth processes, which occur on

FIGURE 4 (A) Double-logarithmic plot of the hydrodynamic radii ver-
sus the intensity of the scattered light during the early phase of the
aggregation at 340.2 K. The PCS experiment was performed at a scattering
angle of 20°. The slope of the regression line is (2.186 0.03), indicative
of a RLCA mechanism. (B) Scattering vector-dependence of the scattered
intensity. The data were measured at a later stage of the aggregation. The
slope of the regression line is2(3.386 0.04).

FIGURE 5 Light microscopic images of hTfR clusters in PBS, pH 7.5.
After completion of the aggregation experiment, the solution was cooled
down to room temperature and images were recorded 18 h later. We
observed fractal aggregates (A); in the inset a single cluster is displayed at
higher magnification. The fractal clusters coexist with dendritic aggregates,
which showed optical birefringence (B).
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different length scales. The time course of the scaling ex-
ponent of each segment can be determined by a linear
regression to each set of data, Fig. 6B. The determined
exponents of the first process start at values close to22.05
and asymptotically approach the value of24.0. Similarly,
the values of the second exponent start from25.0 and
asymptotically relax to the same value of24.0.

To estimate the amount of conformational change asso-
ciated with higher temperatures, CD spectra of hTfR at
various temperatures were recorded (Fig. 7A). At 298.2 K
the spectrum displays two minima at;208 and 222 nm.
Such spectra are usually indicative for proteins with a high
number of a-helical regions (Manavalan and Johnson,

1983). When raising the temperature to 328.2 K, 348.2 K,
and finally to 363.2 K, both maxima decreased. This effect
was more pronounced for the peak at 208 nm. The temper-
ature-dependent changes in CD spectra indicate some struc-
tural changes, although it is questionable whether a com-
plete denaturation of the protein takes place. A spectrum
recorded at 363.2 K after denaturation of the protein by 1%
SDS is displayed for comparison in Fig. 7A. Here the peak
at 208 nm is vastly diminished, and the peak at 222 nm has
almost disappeared. Fig. 7B shows CD spectra of the
complex between hTfR and its ligand transferrin at 298.2 K
and 348.2 K. As expected, the complex shows a slightly
different CD spectrum from the free receptor. Interestingly,
the complex seems to be more stable than hTfR alone,
which is indicated by the similarity of the spectra taken at
298.2 and 348.2 K.

DSC experiments show a single phase transition for hTfR
with a transition temperature,Tm, of (341.36 0.2) K (Fig.
7 C). The molar enthalpy changeDH associated with the
phase change was determined to be (18606 150) kJ/mol21.

DISCUSSION

Aggregation phenomena can be formulated in terms of
fractal dimensions, which characterize the geometric prop-
erties of the aggregates and provide information about the
kinetics of the aggregation process. During the last years
this concept has been applied to the aggregation of proteins
by several authors (Feder et al., 1984; Horne, 1987; Rarity
et al., 1989; Georgalis et al., 1993).

The kinetics of colloidal aggregation depend on a balance
of attractive and repulsive forces among the interacting
species. If only attractive forces are present, each encounter
between two particles leads to aggregation. The kinetics of
this process only depend on the diffusion rate of the parti-
cles, therefore this regime is called diffusion-limited colloi-
dal aggregation (DLCA) (Lin et al., 1990). The apparent
hydrodynamic radius depends on time according to a simple
power law:

Rh~t! 5 R0~1 1 Ct!z/dm (9)

whereR0 is the hydrodynamic radius of a seed particle,C is
a constant characteristic for the observed system, andt is the
aggregation time. The sticking probability,z, is per defini-
tion one in the case of DLCA. The fractal dimension,dm,
can be obtained from the slope of a double-logarithmic plot
of the apparent hydrodynamic radius as a function of time.
For aggregation in the DLCA regime a universal fractal
dimension of 1.8 is observed (Weitz and Oliveria, 1984;
Weitz et al., 1985; Weitz and Lin, 1986).

If repulsive forces are present, then several encounters are
necessary for aggregate formation. The kinetics of the ag-
gregation process depend on the rate of successful encoun-
ters between the particles. This mechanism therefore is
called reaction-limited colloidal aggregation (RLCA). The

FIGURE 6 (A) Time course of an aggregation experiment at 340.2 K
between 1000 and 16,000 s after initiation, followed by static light scat-
tering. The individual spectra are shifted by ascending powers of 2. Two
different slopes could be extracted from linear regression to each curve
segment, involving some 15 points each. (B) Characteristic exponents
determined from the slopes of the spectra depicted in (A). Both curves show a
sigmoidal behavior. At later stages both slopes collapse at a value of24.
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hydrodynamic radius of the particles increases exponen-
tially with time:

Rh~t! 5 R0exp~Cat! (10)

wherea is the sticking probability on impact.
It is obvious that the fractal dimension cannot be deter-

mined directly from Eq. 10, so other evaluation schemes
must be employed. A typical value of the fractal dimension
for clusters formed in the RLCA regime is 2.1 (Lin et al.
1989, 1990).

In detergent-free solution hTfR forms associates with an
apparent hydrodynamic radius of 16 nm at 293.2 K. With
increasing temperature the particles get more compact and
the apparent hydrodynamic radius reaches a minimum at
;320 K (Fig. 2A). At 340.2 K aggregation is induced. The
time course of the aggregation process can be easily fol-
lowed by PCS, as shown in Fig. 2,B andC. The autocor-
relation functions at various stages of the reaction are
clearly separated and the size distribution of the particles
can be derived from them. However, it should be noted that
the polydispersity of the aggregates also increases with time
(Fig. 2C). To determine the mechanism of the aggregation,
further experiments were performed at 340.2 K.

For a DLCA mechanism, the fractal dimension can be
determined from the slope of a double-logarithmic plot of
the hydrodynamic radius against time. For our system this
plot delivers a growth exponent of 1.96 0.02 for the later
stages of the aggregation, which is clearly not compatible
with a DLCA mechanism (to obtain a fractal dimension of
1.8 the exponent should be 0.56). The data rather suggest a
power law dependence between the apparent hydrodynamic
radius of the aggregates and the reaction time for the later
stages of the reaction. Thus, from the simple plot displayed
in Fig. 3 A no clues concerning the growth mechanism at
this stage can be drawn. The situation is further complicated
by the increasing polydispersity of the sample (Fig. 2C),
which has a great impact on the accuracy of the radius
determination (Martin and Ackerson, 1985; Martin and
Leyvraz, 1986).

During the onset period, the hydrodynamic radius grows
exponentially with time. This behavior is indicative for an
RLCA mechanism (Fig. 3B). A nonlinear fit according Eq.
10 delivers a seed particle size of (136 1) nm, which is in
a good agreement with the size of the hTfR associates
determined at 293.2 K, and a value of (5.136 0.08) 1024

s21 for the productCa.
To directly determine the fractal dimension of the clusters

at the early stage of the aggregation, the intensity of the
scattered light was plotted as a function of the hydrody-
namic radius of the particles (Fig. 4A). From a fit to the

FIGURE 7 (A) CD spectra of hTfR in 10 mM sodium cacodylate buffer,
pH 7.5 at various temperatures. The spectra show some decrease of the
minima at 208 and 222 nm, indicative of some conformational changes at
higher temperatures. For comparison also a spectrum of hTfR is displayed
after denaturation with 1% SDS at 363.2 K. (B) CD spectra of the complex
between hTfR and its ligand ferri-transferrin at 298.2 and 348.2 K. The
differences between the two spectra are smaller than the differences ob-

served in the case of unliganded hTfR, Fig. 7A. (C) Differential scanning
calorimetry (DSC) experiment for the temperature-induced phase transition
of hTfR. The measurement delivered only one peak with a transition
temperature of (341.36 0.2) K. The molar enthalpy change associated
with the phase transition was determined to be (18606 150) kJ/mol21.
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linearized data, the fractal dimension can be determined to
be (2.18 6 0.03), which gives further evidence for an
aggregation according to an RLCA mechanism. The geo-
metric properties of particles for whichqR . 1 can be
determined from the dependence of the scattered light on
the scattering vector, which delivers a characteristic expo-
nent depending on the size and structure of the particles and
the spatial resolution of the experiment. For our system, we
obtain an exponent of2(3.38 6 0.04) (Fig. 4B). Such a
non-integer value has also been reported for experiments
with silica aggregates (Schaefer et al., 1984) and lignite coal
(Bale and Schmidt, 1984), and is associated with scattering
from porous particles. As stated in Eq. 6, the exponent
depends on the fractal dimension of the aggregates visible at
the investigated length scale. When the particles exhibit a
homogenous mass distribution their mass fractal dimension
is just 3, and Eq. 6 can be written as:

p 5 6 2 ds (11)

whereds is the surface fractal dimension and describes the
roughness of the aggregates. For smooth particles the sur-
face fractal dimension equals 2 and an exponent of24 is
expected, whereas the highest value the surface fractal di-
mension can reach is 3. In our case we obtain a surface
fractal dimension of 2.62.

After 18 h at room temperature we examined our samples
under a light microscope. Besides the expected large fractal
clusters (Fig. 5A), small dendritic crystalline structures
were also observed (Fig. 5B). To explain the formation of
crystalline structures, some sort of a nucleation process
must be assumed, which involves the formation of homo-
geneously dense particles with a smooth surface (Schaefer
et al., 1989). To get a more detailed picture of the process,
we performed time-dependent SLS experiments. The data
were plotted in the same manner as in Fig. 4B. Especially
the first curves, obtained after 1000 s, show that there are
two slopes present, whose values could be extracted (Fig. 6
A). The time course of the two slopes is displayed in Fig. 6
B. The upper curve starts at;22 and approaches24. The
lower curve starts at25 and also approaches24. This may
be interpreted in terms of a coexistence of at least two
species. In the first, small smooth particles are surrounded
by interfacial layers (in the presence of interfacial layers the
surface fractal dimension can be,2), which evolve to
larger particles with an apparently smooth surface. In the
second, RLCA type aggregates undergo restructuring and
get more and more compact and finally yield smooth and
uniformly dense structures. This surely oversimplified pic-
ture is supported by studies on the crystallization of zeoliths
(Dokter et al., 1995). In this system the slopes of the
scattering curves started at;21.5 and later approached a
value of24, which was interpreted in terms of two restruc-
turing steps leading to the formation of crystalline structures.

To assess the influence of increasing temperature on the
conformational stability of hTfR, we measured CD spectra
of the protein at different temperatures. With rising temper-

ature the number ofa-helical regions in the protein seems to
decrease. In comparison with the spectra taken after SDS
treatment, the changes seem to be quite moderate, at least in
the temperature range employed for the light-scattering ex-
periments. However, this cannot rule out denaturation, since
it has been shown for several membrane proteins that de-
naturation is not necessarily associated with global confor-
mational changes (Haltia and Freire, 1995). Membrane-
spanning parts of the proteins especially resist thermal
unfolding, whereas the extracellular parts are more likely to
undergo conformational changes. The DSC experiment de-
livers only one transition temperature, which is slightly
higher than the temperature where aggregation and nucle-
ation are initiated. Consequently, the question whether the
protein investigated by light scattering is already denatured
is not easy to answer. The highest temperature used for
light-scattering experiments was 1 K below the transition
temperature determined by DSC. Feder et al. (1984) have
shown for the thermally induced aggregation of immuno-
globulin (IgG), that even for temperatures sufficient for
aggregation, there is still;60% of the protein in a native
state. Thus we conclude that there is a fairly high amount of
undenatured material present at 340.2 K. This is also sup-
ported by the formation of crystalline structures, which is
usually not observed with denatured material.

Aggregation cannot only be induced thermally, but also
by lowering the pH of the solution. At pH 5 aggregation
takes place even at room temperature (Schu¨ler et al., sub-
mitted for publication; see above). Under this condition,
hTfR forms large aggregates with apparent hydrodynamic
radii between 80 and 2000 nm. Due to the high polydisper-
sity of the solution, it was not possible to identify distinct
components. SLS experiments lead to a characteristic ex-
ponent of2(3.486 0.07), which is similar to the exponent
observed during the later stages of the thermally induced
aggregation at pH 7.5 (Fig. 4B). This implies that under
both conditions similar structures are formed and that the
aggregation may be described by the same model.

Colloidal aggregation depends basically on a balance
between packing attractive London and repulsive Coulomb
forces among the interacting species. On the basis of this
simplified picture, the aggregation of hTfR can be explained
by the following scheme: in detergent-free solution at pH
7.5, hTfR forms small aggregates. The isoelectric point of
the receptor is 5.2 (Schneider et al., 1982) suggesting that
the molecules possess a negative surface charge. Aggrega-
tion is prevented by repulsive forces, which are higher than
the thermal energy of the particles. With increasing temper-
ature more and more collisions between particles lead to
aggregation. Upon pH shift from 7.5 to 5.0, negatively
charged residues become more and more protonated, leading
to a lowering of repulsive forces and finally to aggregation.

The membrane-spanning regions of membrane proteins
are usually resistant against thermal unfolding, whereas the
extracellular parts behave more like globular proteins
(Stowell and Rees, 1995; Haltia and Freire, 1995). There-
fore, local unfolding of regions in the extracellular domain
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of hTfR may lead to the exposure of hydrophobic sites to
the surface, which facilitates aggregation. Probably both
mechanisms contribute to the observed thermally induced
aggregation dynamics and the crystallization phase transi-
tion of hTfR.
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