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Abstract The low ionic strength structures of the type III inter-
mediate filament (IF) proteins desmin and glial fibrillary acidic
protein (GFAP) have been studied by transient electric bire-
fringence measurements. Flexible dimers with a length of around
45 nm, particles with a length of 68 * 6 nm (presumably tetra-
mers and hexamers) and larger aggregates of 108 * 19 nm are
found. GFAP has an increased tendency to aggregate upon lower-
ing of the pH. The aggregation state of desmin does not change
in the pH range studied. The results are compared with previous
results on vimentin.
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1. Introduction

Intermediate filaments (IFs) are, together with microfila-
ments and microtubules, important constituents of the cyto-
skeleton. The various types of IF proteins differ considerably
in molecular size and electric charge, but have a common basic
molecular arrangement in the filaments. The central element is
formed by two protein chains which form a coiled—coil struc-
ture of approximately 45 nm length, interrupted by a short
linker region in the middle dividing the rod into two equally
long parts (segments 1 and 2). The central rod domain is
flanked by amino- and carboxy-terminal end domains, which
are highly variable within the class of IF proteins.

These dimers are the simplest IF structures which can be
found in aqueous solution of low ionic strength. Such struc-
tures are of interest, as they provide insight into the fundamen-
tals of IF assemblage [1]. By increasing the ionic strength of the
solution, higher IF aggregates can be induced. At the level of
tetramers, basically two alignments of the constituting dimers
have been proposed: an antiparallel in-register configuration
(forming a structure of approximately 45 nm length [2,3]) and
an antiparallel staggered (approximately 65 nm long) configu-
ration [4-7]. Recently, we studied the structure of vimentin (a
type III IF protein) and T-vimentin (vimentin missing the first
70 amino acids) by transient electric birefringence (TEB) meas-
urements [8,9]. We have shown that, at low ionic strength and
pH 6.0-10.2, T-vimentin is almost exclusively present as single
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dimers with a bent and/or flexible structure and a significant
permanent dipole moment [9]. In solutions with 0.5 mM MgCl,,
antiparallel staggered tetrameric structures with a length of
63-68 nm and no permanent dipole moment were detected. It
was concluded that most of these tetramers are rigid structures
formed by overlap of the segment 1 regions of the constituting
dimers (according to Steinert et al. [10]). A minor fraction might
consist of slightly longer, but flexible/bent tetramers that show
segment 2 overlap. For intact vimentin, particles with a length
of about 65 nm and a relatively large permanent dipole moment
were also observed [8]. These are most likely hexamers, as
suggested by Steinert for keratin IF [5,6].

In order to determine the low ionic strength structures of two
other type I1I IF proteins, we performed transient electric bire-
fringence (TEB) (also called Kerr effect) measurements on glial
fibrillary acidic protein (GFAP) and desmin. The first is present
in astrocytes of the central nervous system and in cells of glial
origin, while the latter is abundant in various types of muscle
cells. Desmin resembles vimentin closely with respect to iso-
electric point (pl 5.4) and size of the amino- and carboxy-end
domains (approximately 100 and 55 residues, respectively) [11].
The pI of GFAP is slightly higher (pI 5.7), while the size of the
amino end domain is considerably smaller (approximately 45
amino acids) than that of vimentin and desmin [12].

The field-free decay of the birefringence signal yields infor-
mation that is directly related to the hydrodynamic properties
of the complexes. In addition, information on their electric
properties is obtained from comparison of the rise and decay
of the TEB signals upon application of low-electric field pulses
[13]). The data obtained .for GFAP and desmin are compared
to those of vimentin.

2. Materials and methods

2.1. Transient electric birefringence

The principles of the TEB measurements and the set-up used in this
study have been described before [14]. The time constant of the electric
birefringence set-up was 80 ns. For each birefringence curve at least 100
transients were averaged. Field strengths were determined by averaging
5 electric field pulses. The measurements were performed at 20°C. The
following parameters were determined: (i) the ratio of the areas en-
closed by the rise and decay curve of the birefringence, S,/S, (see Fig.
1), which is related to the relative magnitudes of the permanent (P) and
induced (Q) dipole moments according to [13]:

.18, = (4PIQ + 1)/(PIQ + 1) m

Note that S,/S, =1 in the absence of structures with a permanent
dipole moment, and S, /S, = 4 when a particle is exclusively oriented by
a permanent dipole moment. (ii) The Kerr constant (K), which is de-
fined as the proportionality. constant between the magnitude of the
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steady-state birefringence, 4n,, and the square of the electric field
E (K = 4n,/E?) at low field strengths. The Kerr constant is proportional
to the product of the optical anisotropy factor and the sum of the dipole
moments (P + @) of the molecule. An, is determined by averaging the
plateau of the rise curve. (iii) The field-free decay of the birefringence
signal, yielding information on the hydrodynamic size of the molecules.
In order to resolve multiple relaxation processes, the field-free decay
times of the birefringence were analyzed on a SUN4 workstation using
DISCRETE [15,16] and CONTIN [17,18]. The former is a program for
the analysis of data in terms of discrete exponential decays, while the
latter analyzes data in terms of a continuous distribution of exponential
decay times. CONTIN and DISCRETE analyses were started 0.20 us
after the orienting field was turned off. When CONTIN and DIS-
CRETE fits were started longer after the electric pulse, the values of
the decay times did not vary, although the relative amplitudes of the
shorter decay times decreased as compared to the longer ones. When
relatively long electric field pulses (70-140 us) were applied, a small
contribution (< 5%) of a slow component was sometimes observed. The
amplitude and decay time of this component were highly variable and
dependent on the time window used for the analysis, whereas the rela-
tive contributions and decay times of the other components remained
essentially unaltered upon variation of the time window. Therefore, we
did not further consider this slow component. The solution of DIS-
CRETE corresponding to the number of decay processes as determined
by CONTIN was chosen, since the ‘best solution’ as given by DIS-
CRETE does not always give reliable results [8,14,19,20].

In order to extract structural information from the relaxation times,
we approximated the filament proteins as rigid cylindrical rods (see also
[8,9]). For such particles the field-free decay time 7, as determined from
birefringence decay data, equals 1/(68), where 8 is the rotational diffu-
sion coefficient (s™!). @ is related to the length (L) and diameter (d) of
the cylinder by [21]:

0= In(Lid) o) @
2
R S T
YR =0877-17 {ln QLid) 0.28 } 3

where 7, is the viscosity of the sample, k& is the Boltzmann constant, and
T is the absolute temperature. The frictional parameter y accounts for
end effects. Note that 8 depends strongly on L and much less on d.

2.2. Sample preparation

GFAP was purified from bovine brain white matter as described
previously [22]. Desmin from chicken stomach was obtained from
Boehringer-Mannheim. The lyophilized GFAP was dissolved in 2 mM
phosphate buffer, pH 7.5, 6 mM 2-mercaptoethanol, 6 M urea, and
dialyzed at 4°C for at least 16 h against 2 mM BisTris-HC], pH 6.8, 6
mM 2-mercaptoethanol or 2 mM Tris-HCl, pH 8.5, 6 mM 2-mercap-
toethanol. Desmin was dissolved in 10 mM phosphate buffer, pH 7.5,
1 mM EDTA, 2 mM dithiothreitol, 6 M urea, and dialyzed at 4°C
against the same buffers as GFAP. The purity of GFAP was estimated
to be >98% and of desmin >95%, based on SDS-PAGE. The final
protein concentrations were determined by measuring the absorption
at 280 nm (A.g). The molar extinction coefficient per protein chain at
280 nm was calculated from the extinction coefficient of the individual
tryptophan (£= 6300 M™'-cm™) and tyrosine residues (&= 1380
M~ -cm™) [23]. These values are 20,000 M~'-cm™ for GFAP and
24,200 M™'-cm™! for desmin. In all TEB experiments, the protein con-
centration was between 0.05 and 0.15 mg/ml. Within this range
all results were independent of protein concentration. Conductivity
of the samples, determined by measuring the impedance of the solution
in the Kerr cell at 1 kHz (Fluke Impedance Bridge Model 710B), was
300400 Q2.

3. Results and discussion

The TEB of GFAP in 2 mM Tris, pH 8.5, is shown in Fig.
1. After a 70 us pulse, steady-state birefringence is reached. The
average field-free birefringence decay is strongly pulse-length
dependent (not shown), which is indicative of size heterogeneity
or flexibility/bending within the molecules [24]. When the field-
free decay after a 70 us pulse is analysed with CONTIN
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Fig. 1. Birefringence signal for GFAP in 2 mM Tris, pH 8.5. E=1.15
kV/cm, pulse length 70 us. S, and S, are the areas enclosed by the rise
and decay curves, respectively (see text).

(Fig. 2) and DISCRETE (Table 1), three decay processes are
obtained with relaxation times of around 0.5 us, 2 us and 5.5
us (note that the x-axis of the CONTIN plots is logarithmic and
that 1/7 is given; thus, areas below the peaks do not correspond
directly to relative contributions obtained from DISCRETE).
A fourth CONTIN peak (Fig. 2 on the left) with a relative
contribution of less than 5% corresponds to a very long relax-
ation time (> 30 us). The position of this peak was highly sensi-
tive to the starting point of the analysis and the time-range over
which the fit was performed. For this reason, we do not take
this long component into account (see also section 2).

The two shortest decay times are indicative for the presence
of single dimers with a length of approximately 45 nm, as has
been demonstrated in our recent TEB study on T-vimentin [9].
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Fig. 2. Results from CONTIN (@) and DISCRETE (m) analyses of the
birefringence decay of GFAP in 2 mM Tris, pH 8.5. Pulse duration 70
us, E=1.15 kV/cm.
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The shortest decay time was attributed to bending or flexibility,
the longer component to the end-over-end rotation of the
dimers. For T-vimentin at pH values of 8.5 and 10.2, the rela-
tive contribution of the short component was 40%, and that of
the longer one 60%. For GFAP at pH 8.5, in contrast, the
shortest decay time contributes relatively more to the total TEB
decay than the longer decay time (Table 1). Therefore, the
shortest decay time is probably not exclusively due to bent
and/or flexible dimers, and part of this component may be
caused by some flexibility of larger aggregates. The third decay
time corresponds to a cylinder length of 64-71 nm (according
to Egs. 2 and 3 with d = 2.5 nm, as found by Potschka et al.
[4] for desmin tetramers), which is almost identical to that of
staggered T-vimentin tetramers (63-68 nm) in the presence of
0.5 mM MgCl, [9]. For the fraction of those tetramers in which
segments 2 of the constituting dimers overlap, we found a bent
and/or flexible structure to be most likely. Assuming that such
particles also occur in GFAP, the ‘remainder’ of the shortest
decay time described above could be due to the flexible and/or
bent structure of the latter. A S,/S, value of 2.1 £ 0.5 for GFAP
is observed, showing that at least part of the structures must
possess a significant permanent dipole moment. Assuming the
S,/8; value of the dimers to be four (the theoretical maximum),
the §,/5; values belonging to 7, has to be 1.5 £ 0.7 in order to
reach an overall value for S,/S, of 2.1 * 0.5 (for calculation, see
[8]). Hence, although it is very likely that a fraction of the
staggered particles has a permanent dipole moment (presuma-
bly hexamers, as pointed out in detail for vimentin [8)), it can
not be ruled out that the observed §,/S, value of 2.1 £ 0.5 is
entirely due to single dimers (in the case when the S,/S, value
belonging to 7, is approximately 1).

For GFAP at pH 6.8, a decay time around 2 us is not found
even after pulses as short as 10 us (see Fig. 3). Therefore, it is
most likely that single dimers are absent at this pH and that the
shortest decay time (0.7 £ 0.1) is due to a bent and/or flexible
structure of some of the higher oligomers. The observed decay
times for the staggered structures (7, in Table 1) correspond to
a length of 68 £ 6 nm (4 = 2.5 nm). After steady-state pulses
(140 us), also longer structures with a decay time of 17 £ 4 us
are detected, which are probably higher order IF aggregates.
When these are described as rigid rods with a diameter of 2.5
nm, their length would be 105 £ 9 nm (according to Eqs. 2 and
3). However, the presence of shorter particles with significantly
increased diameter, or longer ones with bent and/or flexible
structure, could also be responsible for the long decay time.

The increased aggregation state of GFAP at pH 6.8 may be
due to the fact that the positive charge of the amino end domain
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Fig. 3. Results from CONTIN (@) and DISCRETE (m) analyses of the
birefringence decay of GFAP in 2 mM BisTris, pH 6.8. Pulse duration
10 us, E= 3.8 kV/cm.

is enhanced at this pH [25]. The importance of the charge of
the amino end domain is illustrated by the fact that de-
phosphorylation of the head domain of GFAP (causing an
increase of its positive charge) causes assembly of GFAP fila-
ments [25].

The aggregation state of desmin is not different at pH 8.5 and
6.8 (Table 1). At all pulse lengths, a relatively large contribution
of decay times representing a staggered particle (z, for 140 us
pulses and 7, after 5.0 us pulses in Table 1) with a calculated
length of 68 + 6 nm (4 = 2.5 nm) is observed. When short pulses
of 5 us are applied, decay components of 0.4 us and approxi-
mately 1.8 us, indicative of single dimers, are found. At steady-
state pulses of 140 us, both components merge into one average
decay time of about 1.5 us. This merging of decay times has
been found before for vimentin [8]. Also decay times varying
between 11 and 28 us caused by larger aggregates (calculated
length 108 + 19 nm assuming d = 2.5 nm) are detected. As
found for GFAP at pH 8.5, S,/S, for desmin at pH 6.8 might
be due to single dimers only, although the presence of a fraction
of staggered particles with a permanent dipole moment (proba-

Table 1

TEB decay analysis (DISCRETE) for different pulse lengths; Kerr constants and S, /S, values of GFAP and desmin at pH 6.8 and 8.5

IF pH Pulse S,/S, A, (%) 7, (us) A, (%) T, (us) A4, (%) 75 (Uus) K (x107

protein length m?-V7?)

(us) (per M

monomer)

GFAP 8.5 70.0 2.1%0.5 45+ 10 05%0.2 20+7 20+03 3517 5.5%0.7 21%05

GFAP 6.8 10.0 605 07101 405 48+0.5 - - -

GFAP 6.8 140.0 1.5+0.2 35+5 1.0+ 04 45+ 5 6.0 1.0 20+ 10 17+£4 1.4+03

Desmin 8.5 5.0 - 105 04+0.1 25+ 10 1.7+£03 65 %15 55+1.0 -

Desmin 8.5 140.0 22104 255 1.5£03 60+ 7 6.0+1.0 1512 187 2104

Desmin 6.8 5.0 - 12+7 0.4+ 0.1 355 20%05 53+12 6.0+03 -

Desmin 6.8 140.0 1.6 0.2 22+8 1.6 £ 04 58+4 59%05 20+ 12 24+ 4 25+03
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bly hexamers) is more likely. At pH 8.5, however, the latter
structures must be present in order to explain the relatively high
S:/8, value of 2.2 + 0.4 (aggregates longer than 65 nm were
shown to possess only an induced dipole moment (unpublished
results)).

The Kerr constants of desmin and GFAP are in the same
range as found before for vimentin and T-vimentin [8,9]. As
these depend in a complicated way on size, charge and pH of
the solution, we will not interpret the small differences in this

paper.
4. Conclusions

4.1. The structure of type III IF proteins

Considerable fractions of the type III IF proteins desmin,
GFAP (this study) and vimentin [8] at low ionic strength are
present as staggered structures, most likely antiparallel tetra-
mers with a length of approximately 66 + 6 nm. In addition, a
hexameric arrangement with a similar length but with a signif-
icant permanent dipole moment, and higher order IF aggre-
gates with a length of 108 + 19 nm, are likely to occur for these
proteins. At pH 8.5, dimers are also found, which are bent
and/or flexible structures with a length of approximately 45 nm.
Therefore, single dimers seem to be the most elementary IF
building blocks. For all IF proteins studied, the Kerr constants
are of the same order of magnitude, also indicating comparable
overall structures. The three IF proteins differ in their aggrega-
tion behaviour at different pH values: GFAP has an increased
tendency to aggregate upon lowering the pH, in contrast to
vimentin [8] which tends to aggregate to higher oligomers at
higher pH values. Desmin aggregation does not change in the
pH range studied. The different pH-dependent aggregation be-
haviours of the various IF proteins suggests that protein mod-
ifications affecting charge (like phosphorylation [25]) might be
involved in regulation of IF assembly.
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