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Abstract ErbB2 and ErbB3 receptors belong to the epi-
dermal growth factor receptor family. The members of this
family are able to form homo- and heterodimers that trigger
diverse downstream signalling concerned to multiple cellu-
lar events. In the absence of a ligand, ErbB3 adopts a char-
acteristic tethered conformation, which differs from ErbB2
extended conformation. In this work, transmission electron
microscopy (TEM) and dynamic light scattering (DLS) have
been used to characterize the conformational features and the
size of ErBb2 and ErbB3 receptors. Two main objectives are
presented. The first one is to evaluate the use of TEM as a tool
for structural studies for this family of receptors. The low
molecular weight of these proteins represents a challenging
purpose for TEM studies. The other one is to search for a
relationship between the results obtained by TEM and those
obtained for the hydrodynamic size measured by DLS. This
comparison has allowed us to identify the conformational
differences of the receptors and to anticipate the use of these
experimental techniques for the study of the ligand activated
heterodimerization, a process related to a significant number
of human malignancies.
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Introduction

The epidermal growth factor receptor (EGFR) family is a
model case of receptor tyrosine kinase (RTK). Like other
RTK agents, they are activated after ligand binding by the
reassembling of the monomers to a homo- and heterodimer
receptors that trigger diverse downstream signalling path-
ways which control multiple cellular events (Fleishman et al.
2002; Moriki et al. 2001; Schlessinger 2000). In the absence
of a ligand ErbB1, ErbB3 and ErbB4 adopt a characteristic
tethered conformation. On the contrary, the ErbB2 receptor
has been shown to be in the extended conformation, being
considered as a co-receptor that heterodimerizes with other
activated EGFR family members. These structural differ-
ences and macromolecular reorganization mechanisms cause
a variety of specific monomeric and dimeric macromolecular
conformations, which are susceptible of being studied by
means of physical methodologies. Some structural features of
the EGFR family members have already been studied using
different experimental approaches including crystallography
and solution small angle X-ray scattering. Crystallography
has provided the structural details of both the extracellular
region of ErbB1 (Ferguson et al. 2003; Garrett et al. 2003;
Ogiso et al. 2002) and its intracellular domain (Stamos et al.
2002; Wood et al. 2004). Structures have also been deter-
mined for the extracellular regions of ErbB2 (Cho et al. 2003;
Garrett et al. 2003), ErbB3 (Cho and Leahy 2002) and ErbB4
(Bouyain et al. 2005). Small angle X-ray scattering (SAXS)
confirmed that the characteristic tethered and extended con-
formations of the EGFR members are also adopted in solution
(Dawson et al. 2007). From all of these studies, a clear dif-
ference has been identified between ErbB2 and the rest of the
members of the EGFR family, as this receptor has been shown
to be in the extended conformation without the action of a
ligand. Conversely, ErbB1, ErbB3, and ErbB4 only adopt the
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extended conformation after ligand biding activating the
dimerization arm. The results obtained lead to higher maxi-
mum dimension, D,.x, of the extracellular region of the
ErbB2 receptor obtained from both crystallography and
solution SAXS results, than in the rest of the receptors, which
is a clear signature of its extended macromolecular
conformation.

In our study, we used two different experimental tech-
niques capable of directly evaluating the shape and dimen-
sions of this type of biological system: transmission electron
microscopy (TEM) and dynamic light scattering (DLS).
TEM has become an essential tool for the study of the
structural features of biological macromolecules. The visu-
alization of proteins as isolated particles is easily achievable
by means of the negative staining of the samples, a widely
used preparation technique as it solves problems related to
both the preservation and contrast of the specimens by using
solutions of a heavy metal salt. This technique yields results
at the nanometer resolution level (Woeste and Demchick
1991; Ohi et al. 2004), making it possible to give accurate
results about the shape and size of this type of biological
complex, although the drying process during negative
staining can produce deformations and changes in confor-
mation in some macromolecular complexes (Llorca 2005).
DLS is an absolute, non-invasive and non-destructive
technique with applications not only in science but also in
industry; a technique mostly applied to the study of the
properties of suspensions and solutions of colloids, macro-
molecules, and polymers. When a monochromatic light
beam shines onto a solution of Brownian particles, fluctua-
tions in the scattered light take place. These fluctuations can
be used to determine the particle size, in the range from
about 1 nm to some microns (Berne and Pecora 2000).

Our objective then is to use both TEM and DLS tech-
niques to study the characteristic macromolecular confor-
mation of the extracellular region of both ErbB2 and ErbB3
receptors linked to Fc region of IgG;. The Fc domain
increases the size of the extracellular domains of ErbB2 and
ErbB3 and would lend them a more distinguishable shape.
More precisely, the samples have been visualized by TEM in
order to obtain the characteristic shape and dimensions of the
particles. The measurements obtained on these two com-
plexes have then been compared to DLS data, upon the
geometrical considerations obtained by TEM, to explain the
values of the experimental hydrodynamic size obtained.

Materials and methods
Samples

Samples used for TEM observation and DLS measure-
ments were recombinant human ErbB2-Fc chimera and
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ErbB3-Fc chimera (Sino Biological Inc., Beijing, People’s
Republic of China), supplied as solutions of 0.6-0.7 mg/ml
in buffer A (10 mM NaCl, 50 mM Tris and pH 7.5). The
recombinant human ErbB2-Fc and ErbB3-Fc comprise 868
and 862 amino acids, respectively, and have calculated
molecular masses of 96.1 and 95.4 kDa. For the DLS
measurements and in order to eliminate the aggregates, the
samples have been further filtered using Nanosep 100 K
centrifugal devices (Pall Corporation, Port Washington,
NY, USA) with low protein binding membrane to provide
reduced non-specific absorption.

Transmission electron microscopy

Different concentrations of protein sample in buffer A were
adsorbed directly onto glow-discharged carbon-coated
grids. Following negative staining with 2% (w/v) uranyl
acetate, the samples were visualized in a JEOL JEM-2100
electron microscope operating at 200 kV (JEOL Ltd.,
Tokyo, Japan). Grids with optimum particle dispersion and
staining were selected for data acquisition. The best con-
centration for ErbB2-Fc was 0.018 mg/ml and for ErbB3-
Fc was 0.0024 mg/ml. Sixty-one and forty-six digital
micrographs were recorded, for ErbB2-Fc and ErbB3-Fc
correspondingly, under low dose conditions at defocus
between 0.8 and 1.5 pm using an Orius Gatan CCD camera
(Gatan Inc., Pleasanton, USA) at a final pixel size of 3.3 A.
Different programs from the EMAN package were used for
image processing (Ludtke et al. 1999). Boxer was used for
single-image selection, proc2d for image normalization,
and the refine2d.py algorithm was used for reference-free
classification and averaging of the data. In order to inter-
pret the reference-free averages obtained with refine2d.py,
models of both samples were built from crystallographic
structures of ErbB2 and ErbB3 (Cho et al. 2003; Garrett
et al. 2003) and Fc domain (Kratzin et al. 1989). Briefly,
each extracellular domain structure was computationally
fused to the structure of the Fc domain keeping the
C-terminus of the extracellular domain of ErbB2 or ErbB3
close to the N-terminus region of Fc domain. These
structures were transformed from atomic coordinates to
voxels and low-pass filtered to 40 A of resolution using
Xmipp (Sorzano et al. 2004) in order to assign the struc-
tures of these models to a simple shape (prolate or oblate
ellipsoids) and to facilitate the interpretation of DLS data.

Dynamic light scattering

The DLS measurements were performed in filtered protein
solutions using the Zetasizer Nano-ZS (Malvern Instru-
ments, Worcestershire, UK). About 14 pl of the sample was
transferred to a clean dust-free microcell. The experiments
were done after an equilibration time of 5 min a
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temperature of 7 = 12 £ 0.02°C. The measurements were
made avoiding concentration effects. Such effects are due to
particle interactions and multiple scattering. To reduce
these effects, the measurements were made in the dilute
regime and using a non-invasive back scattering technique.
In addition, it is also possible to measure the scattered
intensity at different depths within the sample in the cell.
Measuring in positions close to the cell wall lessens the
effect of multiple scattering. In our case, measurement
position was varied manually to trace the effect of changing
this parameter. No significant difference in experimental
data was observed, indicating multiple scattering was not
important in our measurements. DLS technique measures
the time-dependent fluctuation in the intensity of scattered
light that occurs because of the motion of the particles. The
analysis of these fluctuations enables the determination of
the translational diffusion coefficients, D, of particles,
which can be transformed to a size distribution. The value
of D is obtained from the fitting of the experimental values
of the time correlation function to the following function:

2 (1) :A[l —I—Bexp(—Zqur)] (1)

where 7 is the time, A is the baseline of the correlation
function, B is the intercept of the correlation function,
q = [(4nn/2) sin(0/2)] is the scattering vector, n is the
refractive index of the solution, Z is the wavelength of the
laser, and 0 is the scattering angle. A 4-mW He—Ne laser
(633-nm wavelength) with a fixed detector angle of
0 = 173° was used. The time-dependence autocorrelation
function was acquired every 60 s, with ten acquisitions for
each run. From these results, the hydrodynamic diameter,
dy, of the particles is calculated using the Stokes—Einstein
equation:

kT
- 3D

i (2)

In this equation, kp is the Boltzmann’s constant, T is the
absolute temperature, and # is the solvent viscosity. This
equation considers the particles as rigid spheres with a
diameter related to the translational diffusion coefficient,
which in this instance depends on the size and
conformation of the particle at a given temperature and
solvent viscosity. The simple exponential model indicated
in Eq. (1) yields an overall average, often called the
z-average or cumulant average, particle diameter in Eq. (2).
In practice, a polynomial fit to the logarithm of the function
leads to the size (the first cumulant) and its deviation (the
second cumulant), where the polydispersity index PDI
corresponds to the square of the normalized standard
deviation of an underlying Gaussian size distribution.
A more complicated regularization fitting scheme may be
used to find the distribution of particle sizes. In our case,
the autocorrelation function of the scattered intensity was

analyzed by means of inverse Laplace transform by
Thikonov analysis (Provencher 1982) using the program
SEDFIT (from http://www.AnalyticalUltracentrifugation.
com), in order to obtain the size distribution by intensity. In
addition, the size distribution by number, obtained from the
application of Mie theory, was used for the interpretation
of the results (Mie 1908).

Results and discussion
Transmission electron microscopy

Recombinant ErbB2-Fc and ErbB3-Fc were observed
under the electron microscope as particles of different
shape and size (Fig. la, b, respectively, and Table 1).
Totals of 4,957 and 5,375 particles of ErbB2-Fc and
ErbB3-Fc were manually selected (Fig. 2a). These data
sets were classified independently in order to group those
images representing similar views of the protein. Each
group was rotationally and translationally aligned in order
to improve the signal-to-noise ratio of the average image.
The reference-free refine2d.py algorithm was used to

Fig. 1 Representative field from electron micrograph obtained for
ErbB2-Fc (a) and ErbB3-Fc (b). Some representative particles have
been circled
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Table 1 Particle dimensions obtained by TEM of the ErbB2-Fc and
ErbB3-Fc proteins studied

Prolate Disk

ErbB2 (nm) ErbB3 (nm)
TEM Dy = 15.0 Dy = 12.0

a=150 a~ 110

b=150 b=15.0

classify and align the images. Representative 2-D averages
of each protein are shown in Fig. 2b. ErbB2-Fc average
images display an elongated shape with two main masses
connected with a small dangling region. ErbB3-Fc average
images display a more compact shape with three main
masses. In order to evaluate the average images with the
known structural data available of these proteins, we built a
model for each protein (Fig. 2¢). The solved structure of
the extracellular domain of ErbB2 and ErbB3 (Cho et al.
2003; Garrett et al. 2003) have been linked to the structure
of an Fc domain (Kratzin et al. 1989). The comparison of
the average images with different views of ErbB2-Fc and
ErbB3-Fc models clearly indicates that the shape and
dimension of the reference-free averages are compatible
with the known structural data of these samples.

o &

3

2t

'@;ﬁ- \.W;_:.,J

Fig. 2 Classification and alignment of single particles of ErbB2-Fc
and ErbB3-Fc. a Representative single particles. b 2-D reference-free
averages. ¢ Different views of the structural models for ErbB2-Fc and
ErbB3-Fc compared to some reference-free averages shown at the
same scale. d The reference-free averages of ErbB2-Fc and ErbB3-Fc
suggested a high degree of flexibility between both domains, as
represented by arrows. The structures of the extracellular domain of
ErbB2 (Cho et al. 2003; Garrett et al. 2003) and ErbB3 (Cho and
Leahy 2002) have been depicted in magenta and the structure of the
Fc domains (Kratzin et al. 1989) in blue
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The inspection of the average images of both samples
suggests a high degree of flexibility between the extracel-
lular and Fc domains, particularly in the case of ErbB2-Fc
case (Fig. 2b, d). This is not surprising since the Fc domain
is connected by an unstructured linker, which does not
impose a specific domain conformation. This flexibility
makes difficult the 3-D combination of the EM images to
calculate a map of the structure of each sample. In fact, all
attempts of 3-D reconstruction and classification were
unsuccessful.

In spite of that, the reference-free averages clearly
showed that the macromolecular conformation of these
proteins is different. The global dimension of ErbB2-Fc
and ErbB3-Fc can be easily visualized using low-pass
version (filtered to 40 A of resolution) of the previously
described model (Fig. 3). ErbB2-Fc has the characteristic
shape of an elongated ellipsoid with a maximum dimen-
sion, Dyax, of 15 nm. On the contrary, ErbB3-Fc has a
conformation closely similar to that of a disk or oblate
ellipsoid, with D,,x = 12.0 nm. The dimensions of the
prolate and oblate particles taken from the images obtained
by TEM are given in Table 1. These dimensions are clearly
in correspondence with the extended and tethered confor-
mations of ErbB2 and ErbB3 receptor extracellular
domains, respectively, as shown by crystallography and
SAXS. The value of D,,, of the macromolecules are
10.5 nm for the tethered ErbB3 and 12.5 nm for the
extended ErbB2 structure (Bouyain et al. 2005; Cho and
Leahy 2002; Cho et al. 2003; Dawson et al. 2007; Garrett
et al. 2003). Obviously, the size increase observed in our

ErbB3

a=15nm
a=12nm

Fig. 3 Three-dimensional model for ErbB2-Fc and ErbB3-Fc. The
structure of the models has been low-pass filtered to show a
representative envelope of the shape of each macromolecule. The
maximum dimensions in width, height, and depth are indicated. The
extracellular domains of ErbB2 and ErbB3 have been depicted in
magenta and the Fc domains in blue
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ErbB2-Fc and ErbB3-Fc samples obeys the additional Fc
segment. Besides, the difference observed between ErbB2-
Fc and ErbB3-Fc particles should be readily discernible in
the DLS experiments.

Dynamic light scattering

An important parameter characterizing the dynamics of the
protein molecules in solution is the translational diffusion
coefficient, D, which was determined by DLS from the
autocorrelation function as described above (Berne and
Pecora 2000). This method also enables us to determine the
hydrodynamic dimensions of the proteins and its distribu-
tion, providing information about the polydispersity of the
sample. The results from the DLS experiments obtained in
the samples under study indicate that the intensity corre-
lation function displays two different responses, which
cause two intensity distribution peaks in the systems
studied. A typical example of these measurements is
summarized in Fig. 4 for the ErBb2-Fc sample. To eluci-
date the importance of the second peak, which corresponds
to the larger components, Mie theory (1908) was used to
convert the intensity distribution into a number distribu-
tion. This treatment of experimental data shows that the
second peak nearly disappears upon number distribution
analysis. It is well known that DLS experiments are
extremely sensitive and even detect traces of large parti-
cles, as the scattering intensity of a spherical particle is
proportional to the sixth power of its diameter (d®). In our
case, however, the second peak clearly disappears on using
the number distribution. Consequently, we believe that the
origin of this second peak is due to very small amounts of
aggregates or impurities in the sample (Aivaliotis et al.
2003; Mahler et al. 2005; Marchetti et al. 2008; Takata

t(us)

100 10" 100 10 100 100 10°
» . v 1.00

Iy —— Intensity averaged
= = Number averaged

% class

Fig. 4 Intensity time autocorrelation function (symbols) and intensity
and number size distributions (/ines) of ErbB2-Fc sample. The result
is the average of three independent measurements

et al. 2000). Anyway, as the TEM methodology treats the
particles as numbers, we focus the discussion on the peak
observed in the number distribution function. The mea-
surements are highly reproducible, as it can be observed in
Fig. 5a. In this case, for the ErBb2-Fc sample an average
value of dy = 14.0 &= 0.8 nm has been obtained, with a
standard deviation of <1 nm. Moreover, the polydispersity
index is small, with typical values of nearly monodisperse
samples. More interestingly, a clear difference is observed
when the results of the ErbB2-Fc and ErbB3-Fc samples
are compared, as it can be observed in Fig. 5b. As sum-
marized in Table 2, the experimentally determined differ-
ence in dy values by DLS for ErbB2 (14.0 & 0.8 nm) and
ErbB3 (10.5 £ 1.0 nm) also agree with that predicted from
crystal structures and from those determined by SAXS in
solution. The results support a previous hypothesis that in
these conditions, the ErbB2 and ErbB3 proteins adopt the
crystallographically defined extended and tethered average
conformations, respectively (Dawson et al. 2007). Not-
withstanding, it is worth to explore more deeply the rela-
tionships between the hydrodynamic size values obtained
by DSL and the actual dimensions obtained by TEM. Some
procedures have been recently developed concerning the
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Fig. 5 a Percent size distributions of ErbB2-Fc sample obtained from
different DLS runs. b Comparison of the percent size distributions of
(filled circle) ErbB2-Fc and (filled square) ErbB3-Fc samples
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Table 2 Maximum dimension (crystal models and SAXS from the literature) and hydrodynamic diameter dy of the samples studied

Crystal structure® D, (nm) SAXS® D, (nm) DLS dy (nm) Calculated dy (nm)
ErbB2 12.5 13.0 £ 0.5 14.0 + 0.8 Prolate ellipsoid 8.0
ErbB3 11.0-11.5 10.5 £ 0.5 105+ 1.0 Oblate ellipsoid 9.6

* Crystal structure data from Cho and Leahy (2002), Cho et al. (2003), Garrett et al. (2003), Bouyain et al. (2005)

® Solution SAXS data from (Dawson et al. 2007)

prediction of the hydrodynamic properties using the
information generated from transmission electron micros-
copy images (Garcia de la Torre et al. 2001). It should be
noted that the hydrodynamic diameter obtained in DLS
does not only depend on the core size but also on the
specific shape of the particles. For a globular/spherical
protein, dy is equal to its diameter, but for non-spherical
particles, the measured dy is equal to the diameter of a
sphere that has the same translational diffusion coefficient,
inherent to the use of Eq. (2). As judged by the results
obtained in TEM images, the particles are not spherical.
Therefore, to be able to more directly compare the results
obtained by TEM and DLS, we have to adopt different
approaches to obtain the value of dy from the real
dimensions of the particles obtained by TEM. From the
TEM average images and 3D models, we could visualize
ErbB2-Fc particles as prolated ellipsoids with the charac-
teristic dimensions (¢ and b, the major and minor axes,
respectively as it is depicted in Fig. 3) given in Table 1. On
the other hand, ErbB3-Fc samples have shown a clearly
different configuration of protein domains, adopting the
shape of oblate ellipsoids. The diffusion of ellipsoidal
particles was studied in the 1930s by Perrin. For particles
with a shape of prolate ellipsoid, the hydrodynamic radius
is expressed as (Perrin 1936):

a(l — xz)lfl

dg = ——
In |:l+(l—x2)l/2:|

withx = b/a. (3)

For particles with a shape of oblate ellipsoids, the
hydrodynamic diameter reads as:

b —1)'2
tan~! {(x2 - 1)1/2}

dy = withx = a/b. (4)

The results of the calculations can be observed in
Table 2. A good correlation has been obtained between the
calculated and the experimental values in the case of
the oblate ellipsoid ErbB3-Fc (see Table 2). However, the
calculated dimension for the ErbB2-Fc sample is clearly
underestimated in comparison to the experimental value
obtained from DLS experiments. It is worth to point out
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here that Eqgs. (3) and (4) regard the systems as rigid
particles. However, if we focus our attention on Fig. 1b,
and d, additional segmental flexibility can be anticipated in
the particles, more pronounced in the case of ErbB2-Fc
sample. In contrast to rigid particles, systems with
segmental flexibility present a variety of conformations,
being the equilibrium properties an average over those
obtained for each individual conformation (Garcia de la
Torre 1994; Garcia de la Torre et al. 2003). In fact, a
dichotomy of conformations can be observed in Fig. 1b,
mainly in the case of ErbB2-Fc sample. The adopted
configurations in solution likely include those in which the
Fc segment is closer to the other two masses of the
complex, giving rise to an increment of the hydrodynamic
size, with respect to that obtained for a prolate ellipsoid.
Not only the shape plays a role in the value of the
hydrodynamic diameter but also the hydrodynamic
interactions and the excluded volume effects (Garcia de
la Torre 1994). The increase of the size in biological
complexes due to additional segmental flexibility has been
previously reported by other authors experimentally (Vigh
et al. 1989) and by means of computer simulations
(Sotriffer et al. 1998), but also a decrease with respect to
the rigid particle case has been reported (Garcia de la Torre
1994). In the case of ErbB3-Fc particles, flexibility is also
present but it could be limited by the special tethered
configuration of the complex.

Then we need to point out that the Fc domain plays a
fundamental role as it allows distinguishing between the
ErbB2 and ErbB3 extracellular fragments. As it can be
observed in Figs. 2 and 3, the Fc fragment gives rise to a
clear differentiation between the shapes of both macro-
molecular species, due also to the fact of the different
extended and tethered conformations. If the Fc is elimi-
nated from the structures in Fig. 3, this differentiation
between the species is not easy. The changes in the shape
and the size of the species under study should be less
pronounced in the absence of a substrate like the Fc frag-
ment with a relatively high molecular size. Notwithstand-
ing, these results point to an obvious effectiveness of DLS
technique to not only evaluate the hydrodynamic properties
of these proteins but also to capture the different behavior
of the samples, as a consequence of their different con-
formational features. In our case, a clear discrimination
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between both ErbB2-Fc and ErbB3-Fc complexes is found,
in agreement with structural results obtained by means of
crystallography (Bouyain et al. 2005; Cho and Leahy 2002;
Cho et al. 2003; Garrett et al. 2003) and SAXS (Dawson
et al. 2007). Our DLS results are also consistent with those
from size exclusion chromatography (data not shown). In
view of these results, we can anticipate the application of
this technique to study the ligand-binding mechanisms that,
in this EGFR family, causes the conformational changes
and the homo- and heterodimerization processes. The
advantage of this technique is clear, as it can be applied fast
and accurately to every protein or biological complex in
dilute solution.

Conclusions

The combination of transmission electron microscopy and
dynamic light scattering has shown that a clear description
of the conformational aspects and size of epidermal growth
factor receptors can be done. In agreement with previously
reported studies (protein crystal WAXS and protein solu-
tion SAXS), without bound ligand, the extracellular region
of the receptor ErbB3 adopts a tethered configuration. In
this conformation, the particles have a shape close to that
corresponding to a disk, with a hydrodynamic diameter of
around 10.5 nm. On the contrary, the ErbB2 receptor has
shown the clear elongated shape of an ellipsoid. The values
of the hydrodynamic diameter measured by DLS are also
in agreement with the maximum dimensions obtained in
solution SAXS by other authors for these molecules.
In addition, in the case of the ErbB3-Fc complex, a close
agreement is obtained when the actual dimensions of the
particles obtained by TEM are used to calculate the
hydrodynamic dimensions from geometrical consider-
ations. The consideration of the rigid particle approach in
the ErbB2-Fc case does not work as well as in the ErbB3-
Fc complex with the tethered conformation, suggesting a
higher segmental flexibility. Then both techniques provide
direct valuable conformational and hydrodynamic infor-
mation, and thus we can anticipate the use of these
experimental techniques for the study of the ligand-acti-
vated heterodimerization mechanisms, as these processes
greatly affect not only by the shape but also the size of the
macromolecular complexes.
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