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The electric birefringence of purified spectrin has been examined in medium of low ionic strength at 20°C and for electric
fields smaller than 4X 10% V m™ . using the reversing electric pulse method. This technique allows study of the permanent and
induced dipole electric moment of macromolecules more easily than in measurements using only rectangular pulses. We show
that spectrin heterodimers and heterotetramers have different electro-optical properties. The relaxation time of the tetramer
(7 ps) is significantly longer than that of the dimer (4.5 us). Tetramers and dimers have also different polarizability parameters.

1. Introduction

Mikkelsen and Elgsaeter [1,2] have studied static
and transient electric birefringence of spectrin het-
erodimers and heterotetramers by applying a
rectangular electric pulse across the solution. We
describe here results obtained with a different
method, i.e, by use of reversing electric pulses.
The use of rapid reversing pulses to study -electric
birefringence of macromolecule solutions has been
proposed earlier [3,4]. This method is a powerful
tool for obtaining the relative contribution of the
induced and permanent dipole moment of macro-
molecules. On the other hand, very low strength
electric fields are applied across the solution (£ <
4 10* V m™'); so, contrary to Mikkelsen and
Elgsaeter [2] who used rectangular pulses of high
strength (E>3X10° V m~!), we have found
some differences between spectrin heterodimers
and heterotetramers.
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2. Materials and methods

2.1. Preparation of spectrin heterodimers and hetero-
tetramers

Freshly drawn human blood was washed six
times in isotonic NaCl solution. Unsealed ghosts
were prepared from the packed cells by the method
of Dodge et al. [5] with the slight modification that
hemolysis was conducted in the presence of 1 mM
EDTA and 0.1 mM phenylmethylsulfonyl fluo-
ride. Spectrin dimers were extracted from the
ghosts in 0.5 mM phosphate buffer, pH 8, at 35°C
for 30 min before chilling rapidly to 0°C. To
extract the tetramers a suspension of ghosts was
dialyzed extensively in the cold room against the
same buffer. All the subsequent operations were
made at 2°C in order to prevent interconversion of
the two forms of spectrin. After centrifugation for
1h at 50000 g, the supernatants were concentrated
under vacuum and filtered on Sepharose 4B col-
umns equilibrated with 10 mM Tris, 100 mM
NaCl, 5 mM mercaptoethanol, 1 mM NaN,. Spec-
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trin tetramers and dimers were eluted from the
columns. In the former case, special care was
taken to collect only the second part of the elution
peak in order to avoid contamination of the ieira-
mer with aggregated forms of spectrin which are
usually eluted with traces of actin in the void
volume of the columns. The fractions were con-
centrated under vacuum up to 1 mg/ml, dialyzed
against 5 mM phosphate buffer, pH 8, and stored
in the cold room. The purity and integrity of the
preparations were controlled each time by sodium
dodecyl sulfate polyacrylamide gel electrophoresis.
When the gels were overloaded with spectrin tetra-
mers they did not show traces of contamination.
Controls were also made by velocity sedimentation
at 20°C on a Spinco analytical ultracentrifuge to
assess the dimeric or tetrameric state of spectrin.
In the latter case, the absence of spectrin aggre-
gates was further demonstrated by the absence of
rapidly sedimenting material within the time nec-
essary for the rotor to reach the speed of the run.
Spectrin concentration was calculated per dimer
on the basis of M, 460000 and A3, = 10.6 [6].
Electric birefringence measurements were per-
formed at 20°C in 5 mM phosphate, pH 7.4. Un-
der these conditions, during the time of the experi-
ments which only lasted a few minutes after the
samples had been equilibrated at 20°C, spectrin
dimers and tetramers were stable as their intercon-
version is achieved on a larger time scale at this
temperature. Ungewickel and Gratzer [7] have in-
deed shown, although the dissociation constant of
the tetramer-dimer equilibrium is considerably in-
creased by decreasing the ionic strength, that this
reaction is associated with a very high activation
energy even at low ionic strength. We have con-
firmed this result by analytical ultracentrifugation
controls performed at 20°C. We can thus be confi-
dent that during the time course of the birefrin-
gence experiments spectrin tetramers are stable
entities.

2.2. Electric birefringence measurements

The principle of electric birefringence is to
orientate macromolecules by mean of a rectangu-
lar electric field pulse [8]. The resulting birefrin-

gence An., is proportional to the square of the

electric field, at low field strength. The specific
Kerr constant is defined by:

B=An_ /JCAE?

where C is the solute concentration and A wave-
length of the incident light used to determine the
birefringence.

The rise of birefringence Ag(7) depends on the
value of E and the molecular electric properties.
The birefringence decay A (7) depends only on
the hydrodynamic properties of the solute. For-
mulae used in our work are well known [8]; they
are valid only for cylindrical models. If the solu-
tion is polydisperse:

r—2 3r,
A =1+ Da | Lt i/ 1
a(1) - ”’[Z(r,+1)" 2r+D)° ] M

Ap(1)=ae” '™ )

where Ag(7) and Ap(z) are normalized birefrin-
gence (with respect to An_.,) and the index /i is
related to the molecular entity of relaxation time
Ti-
In these equations:
An,

@ 2An,
I

aad r; characterizes the electric properties of the
me.cromolecules:

r,=pl/Ba kT 3)

it; being the permanent dipole moment (lying along
the main axis for a cylinder) and Aa; the anisot-
ropy of electrical polarizability [8].

The relaxation time 7, is related to the rotational
diffusion constant D, by

7 =1/6D, %)

D, depends on the size of the molecules accord-
ing to the well known Broersma equation [8]

2
3kT L 1
D= In(—) —157+7f ——— —0.28 5
iy |\ ), (,,,(A) ) ©
b

which is valid for a cylindrical molecule of length
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L, and radius b,, n being the solvent viscosity and
kT the Boltzmann term.

In a rapid reversing field, it is possible to de-
termine more easily the same parameters by the
following equations

An(oy=t+ S i Jeemrrmmemriny 6)

If the solution contains a single species A,(r)
has an extremum An_, at time r_;:

1.=In3/4D )

which allows easy calculation of the ratio r from
the relationship:

r=(1—An_)/(0-1547+ An ). 3)

Electric birefringence measurements were per-
formed on an apparatus built in our laboratory by
J.C. Bernengo [9].

The light source was an He-Ne laser (A = 632.8
nm) and light beam variations were converted to
electric signals by a low-noise state photodetector
followed by a specially designed amplifier. The
signal intensity is linearly proportional to the bire-
fringence. Rectangular and reverse electric pulses
having amplitudes up to 200 V were applied across
a 0.5 cm interelectrode cell, with a duration of
about 400 gs and transition times of less than 1 ps.
A single pulse was used and the birefringence
signals were sampled on a transient recorder. The
curves were analyzed through a computer program
based on a two-step adjustment fitting {10]. In the
present case, only one relaxation time is necessary
to describe the relaxation process.

3. Results

The field dependence of the electric birefrin-
gence of spectrin is depicted in fig. 1. The specific
Kerr constants calculated from the slopes of the
lines are 4.1 X 107°> and 49X 107° m V"2 M7,
respectively, for spectrin heterodimers and tetra-
mers. The birefringence is positive and specific
values are concentration independent between 0.5
and 4 mg/ml.

Fig. 2 shows the variation of birefringence with
time when a reversing electric pulse is applied to a
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Fig. 1. Specific birefringence vs. EZ for spectrin dimer (@) and
tetramer (A). Concentrations are 8.2X 107’ M (per dimer).
Buffer is 5 mM phosphate. pH 7.4. at 20°C. The slopes are
2.6>107" m* V72 M~? for dimer and 3.1x107!"" m* v~2
M ™! for tetramer.

200 us
—

Fig. 2. Variation of birefringence vs. time, when a reversing
pulse is applied (E=2.6X10% V m™!). The ordinates are
arbitrary units. The curves show a significant difference in the
minimurn values of the birefringence obtained when the pulse
is reversed. They give r values of opposite signs for spectrin
dimers (a) and tetramers (b). To obtain the value of Ancq‘ the
electric pulse length applied to the tetramer solution raust be
longer than that used for the dimer.
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Fig. 3. Birefringence decay of spectrin dimer (@) and tetramer

(A). The conditions are those of fig. I with E=2.6>10% V
-1

m

spectrin dimer (a) and spectrin telramer (b) solu-
tion. The extremum is more pronounced for the
tetramer. From the decay curve plotted in fig. 3 on
a logarithmic scale there is only one relaxation
phenomenon. The relaxation time for the tetramer
(7 ps) is significantly larger than that measured for
the dimer. In the latter case it depends slightly on
the electric field intensity (5 ps for E= 1.4 X 10* V
m~! and 4us for E=2.6x%x10* V m™"). The
relaxation times do not vary with concentration,
within the reproductibility of the determination
which is about 10%.
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Fig. 4. Normalized birefringence (®, spectrin dimer: A, spec-
trin tetramer). The conditions are those of fig. 1 with E=2.6X
10° V. m~'. The curves are drawn between the experimental
points.
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Fig. 5. Analysis of a fast reversing pulse experiment for spectrin
tetramer. The points are experimental. The curves are com-
puted according to eq. 6. (~----- )} Theoretical curve for a
single relaxation time witha;=1. 7/ =7 ps. r; = —25. (—)
Theoretical curve for two relaxations: ay=0.5. 7y =6 us. r =

—10. @, =0.5. % =11 psand n,=—235. E=2.6X10*V m™ "

The normalized birefringence obtained for
spectrin dimers and tetramers when a reversing
pulse is applied is shown in fig.4. It depends
strongly on the state of polymerization of spectrin.
We have tried to analyze these curves according to
eq. 6. In the case of dimers and for the lowest
electric field intensities, a satisfactory fit is ob-
tained with a single relaxation phenomenon. This
is no longer the case at higher electric field. For
the tetramers two relaxation times are necessary to

- give a satisfactory fit with the experiments (fig. 5).

Table 1 summarizes the values of the parameters

TABLE 1

Electro-optical parameters of spoctria dimers and tetramers
determined from reversing pulse experiments

Parameters (a,. 7, and 7,) are obtained from reversing pulsé .
experiments performed with an electric field intensity E =2.6 X
10° V m™'. The rows_l and 2 refer to the two relaxation
processes. Eq. 6 is q.sed'? the fitting procedure is started with
parameters obtained hen only one relaxation phenomenon is
considered. The fit is ti:rs.n improved by introducing a second
relaxation mechanism. The‘cignc -results are obtained from the

build-up curves analyzed a dmg toeq. 1.
Species a, 7, (1s) r,
" %
Dimer 1 0.7 35 45
2 0.3 7 -+
Tewramer 1 0.5 6 —10°
205 11 —25
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of eq. 6 computed for an applied electric field of
2.6 X 10* V m~'. Under these conditions. the val-
ues of r, are systematically opposite in intensity for
spectrin dimers and tetramers.

4. Discussion

Branton and co-workers [11] have established
the structure of the spectrin molecule by electron
microscopy. The heterodimer appears as a flexible
elongated structure of 1000 A in length, showing
the juxtaposition of several globular domains. The
heteroietramers are formed by the head-to-head
association of two dimers. Preparation of the sam-
ples for low-angle shadowing electrcn microscopy
is somewhat drastic and it is worthwhile to con-
sider if spectrin is solution has the same structure.
Moreover, evidence for the elongated and peculiar
flexible character of the spectrin molecule was
obtained earlier from independent measurements
[12}.

The electric birefringence experiments of Mik-
kelsen and Elgsaeter [1] have already shown that
the relaxation time of the spectrin dimer cannot
correspond to a rigid rod-like structure of the size
observed from electron microscopic experiments
[11]. In agreement with this finding, we can show
from the present study that using an elongation
ratio L /2b between 20 to 40 in eq. 5, the length of
the spectrin dimer is between 650 and 750 A

The above-mentioned authors have also com-
pared the properties of spectrin according ‘to its
state of polymerization but failed to observe any
difference between the dimers of tetramers [2]. In
similar experiments from the decay curve of bire-
fringence obtained at lower electric field, we have
found (fig. 3) some differences in the relaxation
time of dimers and teiramers (from 4 to 7 us) and
shown that contrary to the findings of Mikkelsen
and Elgsaeter [2], the solutions behave as a mono-
disperse material. The reason for this difference
cannot reasonably be attributed to the nature of
the samples as the spectrin solutions have been
prepared in both cases under roughly similar con-
ditions. We have also carefully ensured in the

present work that no contaminant aggregates are
present in the sample of spectrin teiramers (see
section 2). However, we have used much lower
electric fields than those of Mikkelson and
Elgsaeter [2]. It is possible that high electric fields
can distort the shape of the spectrin molecule and
introduce other relaxation processes than those we
have studied in this work. In this respect. we
noticed that the relaxation time of spectrin dimers
was significantly smaller when the electric field
intensity was increased from 1.4 X 10% to 2.6 X 104
Vm L

The small increase observed in the relaxation
time of spectrin on association to tetramers was
expected from the theoretical studies of Yu and
Stockmayer [13] performed on a molecular model
which mimicked approximatively the shape of the
spectrin tetramer. i.e.. two long rigid rods of equal
length connected by a flexible joint.

Differences between spectrin dimers and tetra-
mers are further emphasized when the samples are
submitted to fast reversing electric pulses (fig.2
and 4). The values of 7 computed from the time ¢,
are consistent with those obtained from the bire-
fringence decay (fig.3). This experiment demon-
strates further that spectrin carries a strong perma-
nent dipole. It shows also that the relaxation phe-
nomena observed are more complex processes, im-
plicating at least two relaxation constants (table 1).
In view of the very elongated structure of spectrin,
it is possible that several local permanent dipole
moments located at different points of the mole-
cule contribute to the birefringence in reversing
pulse experiments. A striking difference between
spectrin dimers and tetramers appears in the val-
ues of r,= p?/Aa;kT which are opposite in sign
(table 1). This indicates that the apparent anisot-
ropy of polar: abily Aa is considerably modified
as a consequr§c¢ of the head-to-head association
of two heterodimérs. At present, it is not possible
to determine the origin of this effect and to decide
unequivocally if it is solely due to the increase in
the length of the protein or whether it is more
specifically caused by changes in the conformation
of the peptide chains in the regions of the hinge
linking the spectrin dimers or elsewhere in the
molecule.
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