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Abstract Inconventional electrooptic studiesthe sample
ionic strength must for technical reasons be kept below
about 3 mm, whichisonly 2% of theionic strength at phys-
iological conditions. In particular for flexible polyelectro-
lytic macromoleculesit can in general not be ruled out that
both the conformational average and dynamics at ionic
strength 3 mm and below may differ significantly from
what it is at physiological conditions. Here we report on
the first electrooptic study of human erythroid spectrin
dimers and tetramers at ionic strengths higher than 3 mm.
All measurements in this study were carried out at both
ionic strength 4 mm (2.5 mm HEPES + 1 mm NaCl) and
53mm (2.5 mm HEPES + 50 mm NaCl). Spectrin tetra-
mers were studied only at 4°C whereas the dimers were
studied at both 4°C and 37°C. At 4°C there is a striking
guantitative similarity between the transient electric bire-
fringence (TEB) of spectrin dimers and tetramers. Also,
the TEB of spectrin dimersat 37 °C wasvery similar to the
results at 4°C. The contour length and the molecular
weight of spectrin dimers and tetramers are known. The
dominating TEB relaxation timeisin all casesonly afrac-
tion of what is predicted theoretically if the spectrin dim-
ers and tetramers are assumed to be stiff and extended
molecules. In sum, the new TEB data constitute strong
el ectrooptic evidence confirming that spectrin dimers and
tetramershave ahighly flexible structure, and demonstrate
for thefirst time that amajor part of theintrachain dynam-
ics of the spectrin is quite insensitive to an increase of the
ionic strength from 4 mm to 53 mm. Use of the reversing
electric field pulse technique for all conditions studied
yields TEB data suggesting that the orientation of both
spectrin dimers and tetramers in an electric field is domi-
nated by a permanent rather than an induced electric di-
pole moment.
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Introduction

Erythrocyte shape and strength are to a large extent deter-
mined by a submembrane network, or membrane skeleton,
whaose major component is erythroid spectrin. A spectrin
dimer is composed of one elongated a-chain and one 3-
chain aligned in an antiparallel manner and interconnected
at each end. Human erythrocyte spectrin dimers as visual -
ized by standard transmission electron microscopy appear
to be flexible with loosely intertwined subchains and to
have a contour length of about 100 nm, a diameter of
4—6 nm and a persistence length of 16—20 nm (Shotton
et al. 1979; Stokke et al. 1985). Spectrin is stabilized and
anchored to the plasma membrane by other accessory pro-
teins (Bennett and Lambert 1991). The spectrin a-chains
and B-chains are composed of 19 and 21 homologous
segments, respectively, linked in tandem. With only afew
exceptions, each segment consists of 106 amino acids
(Speicher and Marchesi 1984) that make up a compact
triple-helical bundle (Yan et al. 1993; Pascual et al. 1997).
Each segment is connected to its topological neighbour by
aflexiblelink. At pH 7.6 and ionic strength 1 mm the net
charge per dimer is—65, while at ionic strength 50 mm and
the same pH the net charge equals —45 (Elgsaeter et al.
1976).

Head-to-head association of two dimers yields a tet-
ramer, which isthe prevailing oligomeric form of spectrin
inthe native erythrocyte skeleton (Begg et al. 1994). Spec-
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trin extraction at low ionic strength from erythrocyte mem-
branes (ghosts) can yield both dimers and tetramers. In so-
[ution, the dimer-tetramer equilibrium depends on both
temperature and ionic strength (Ungewickell and Gratzer
1978; Ralston 1991; Cole and Ralston 1992; Henniker and
Ralston 1994). The contour length of the spectrin tetramer
is about 200 nm.

The erythrocyte’s capacity to withstand environmental
changes, and to deform and contract during growth and de-
velopment, can in part be explained by spectrin’s flexibil-
ity within the membrane anchored network (Elgsaeter et al.
1986; Goodman et al. 1988; Bennett 1990; Dhermy 1991,
Elgsaeter and Mikkelsen 1991). The intrachain dynamics
of spectrin has primarily been studied by measuring elec-
tron paramagnetic resonance of labelled spectrin molecules
(Fung and Johnson 1983), nuclear magnetic resonance
(Fung et al. 1986; Begg et al. 1994) and transient electric
birefringence (TEB) (Mikkelsen and Elgsaeter 1978, 1981,
Roux and Cassoly 1982). These data al indicate that the
spectrin chains undergo major thermally induced confor-
mational changes both when they are free in solution and
in situ, i.e. integrated in the membrane skeleton.

Data available in the literature on the effective hydro-
dynamic radius (Ralston and Dunbar 1979), intrinsic
viscosity (Stokke et al. 1985) and the radius of gyration
(Elgsaeter 1978) for isolated spectrin reveal a significant
increase in these parameters when theionic strength isre-
duced. These results suggest that the intrachain electro-
static interactions of the flexible and highly charged spec-
trinmoleculeshaveasignificant effect ontheaverageequi-
librium conformation at low ionic strength. The reported
TEB studies of human erythrocyte spectrin were carried
out at ionic strength 3 mm, or less, i.e. at an ionic strength
that is less that 2% of the ionic strength corresponding to
physiological conditions. It could therefore not be ruled
out that the intrachain dynamicsfor the ionic strength con-
ditions used in the earlier TEB studies might differ signif-
icantly from the dynamics at physiological conditions.

Here we report on the first TEB study of isolated hu-
man erythroid spectrin dimers and tetramers at ionic
strength above 3 mm. The new measurementswere carried
out at ionic strengths 4 mm and 53 mm in order to eluci-
date to what extent the intrachain conformational dynam-
ics of these flexible and highly charged proteins is ionic
strength dependent. For reasons not yet understood, we ob-
tained asignificant (£ 15%) systematic differenceinthepa-
rameter estimates obtai ned using spectrin isolated and pur-
ified from separate standard hospital blood bags. Because
of thiswewill only present a semi-quantitative discussion
of the new spectrin TEB data.

Materials and methods
High current and high voltage pul se generator

To carry out the study presented here we designed, built
and tested an all-solid-state high current (max 90 A) and

high voltage (max 4 kV) pulsegenerator. Theelectric pulse
rise and decay times are 12—25 ns and 45—85 ns, respec-
tiviey (for details see at end of this section). The pulse
length can be varied from 1 psto 10 ms. The pulse gener-
ator deliversboth single pulsesand reversing doubl e pul ses
consisting of one positive pulse followed within less than
100 ns by a negative pulse. The shortest repeat time
between individual single or reversing double pulses is
2-10 s, depending on the pulse voltage.

The main technological development that made the de-
sign of the new pulser possible was the availability of the
new metal oxide semiconductor field-effect transistor
(MOSFET) high current/high voltage switches manufac-
tured by Behlke (Frankfurt, Germany). For our pulse gen-
erator we chose switch type HTS 81-09 which operates
at amaximum of 8 kV and 90 A. The typical turn-on and
turn-off times of these particular switches, according to the
data supplied by the manufacturer, equal 30—35 ns. The
switchesarecompact (178 x 64 x 27 mm) and can beturned
ON/OFF using standard transistor-transistor logic (TTL)
level signals. A simplified circuit diagram of our new high
current/voltage pulser is shown in Fig. 1.

A singleexternal TTL-level pulsefrom apersonal com-
puter triggers an internal TTL pulse generator which pro-
duces one pulse with length predetermined by four thumb
wheels. Thedecimal number set by thethumb wheel s spec-
ifiesthe pulselength in ps. If the circuitry is preset to gen-
eratereversing high voltage doubl e pul ses, the output from
the first internal TTL pulse generator is used to trigger a
second internal TTL pulse generator which isidentical to
the former.

To obtain arobust design it is important to protect the
HTS 81-09 solid state switches against overload. It isin
particular important that the switch controlling the first
pulseis turned fully off before the switch controlling the
second reversed pulseisturned on. To securethis, aselect-
able time delay has been added between the first internal
TTL pulse generator and the associated high current and
high voltage switch. The delay can be changed in steps of
20 ns. It may not be advisableto use delaysthat are shorter
than 100 ns even though thisis technically fully possible.
To further protect the HTS 81-09 switches, resistors Rg
have been added to function as current limiters. Compo-
nents Cp and Ry provide protection against high voltage
spikes caused by the inductive part of the load. The values
of these components are changed depending on whether
the pulse generator operates in the single pulse or the re-
versing pulse mode (not shown). As an additional protec-
tive measure the amplitude of the generated reversing
pulses have been limited to a maximum of 4 kV.

As our high voltage source we use two Bertran
(Hicksville, USA) 800 high voltage supplies (5KkV,
10 mA). The two electrolyte capacitors Cyr (Fig. 1) each
consists of three 4 pF (max 6.3 kV) Siemens (Germany)
capacitors coupled in parallel. With a load resistance of
50 Q the inherent build-up time of the capacitor voltage,
and thusthevoltageacrosstheKerr cell, equals25 ms. The
capacitorsused arelow-inductance capacitorsdesigned es-
pecially to deliver short high-current pulses. The current
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Fig. 1 Simplified circuit diagram of our new, all solid state, high
current (max 90 A) and high voltage (max 4 kV) pulse generator. The
pulser can produce single pulses or symmetric, reversing electric
double pulses. The delay between the first (positive) and second
(negative) pulseis selectablein steps of 20 ns. The Kerr cell voltage
ismonitored by an oscilloscope through a 1: 1000 voltage divider in
parallel with the selectable load resistor R, and the Kerr cell

change through the Kerr cell can be ashigh as3x10° A/s.
Great care was therefore taken to keep all leads carrying
high current as short as possible and to make surethat there
is adequate electrostatic shielding between the compart-
ments containing the high current circuitsand the compart-
ments containing TTL circuitry.

We found that both the rise time and the decay time of
the pulses depend on the resistance of the external load.
Therefore, aselectableresistor R in parallel with the Kerr
cell (Fig. 1) was included in order to minimize the decay
times of the electric pulse when sampleswith high electric
impedance were studied. Using resistor R, equal to 50 Q
and 180 Q, we found the pulse rise time to be 25 ns and
12 ns, respectively. For R, equal to 50, 180 and 540 Q we
found the pulse decay timeto be 45, 80 and 85 ns, respec-
tively. For more technical details, see Bjarkay (1997).

Preparation of human erythroid spectrin dimers
and tetramers

Spectrin was obtained from outdated human blood (Sag-
man blood) kindly provided by the Trondheim Regional
Hospital. Unless otherwise stated, all the preparation steps
were carried out at 0—4°C and pH 7.6. A sample contain-
ing 80—100 ml Sagman blood was washed twicein 600 ml
310 mosM phosphate buffer. The packed erythrocytes
werelysed by adding the cellsto 900 ml of 20 mosM phos-
phate buffer and left stirring for 15 min. Next 300 ml of
this ghost suspension was harvested by centrifugation at
17000 rev/mininaBeckman (Palo Alto, California, USA)
Ja-17 rotor for 30 min and resuspended in 300 ml of
2 mosM phosphate buffer and 9 mm NaCl, followed by
centrifugation at 17000 rev/min for 30 min. The remain-
ing 2x 300 ml of ghost suspension were processed as de-
scribed above. The ghosts from the three parallels were
pooled and resuspended in 300 ml of 2 mosM phosphate
buffer and 9 mm NaCl.

Spectrin was extracted by dialysing the ghosts for
48-62 h against 3x1000 ml 0.1 mm EDTA and 0.05 mm
dithiothreitol at pH 9.5. The suspension of ghostswas cen-
trifuged at 50000 rev/min in a Beckman 50Ti rotor for
60 min. The supernatant containing the crude ghost extract
was applied to a 450 x 26 mm gel filtration column (col-
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umn one) containing Sepharose CL-4B beads (Pharmacia,
Uppsala, Sweden) equilibrated with 0.1 mm EDTA,
0.05 mm dithiotreitol and 1 mm Tris-HCI (pH 8.0), partly
in order to remove actin and residual hemoglobin, but
mainly to remove small amounts of proteases normally
present in the crude extracts. The column was eluted at a
flow rate of 15 ml/h. The spectrin contents of the various
fractions from the column were determined by measuring
the absorbance at 280 nm. The eluted spectrin was mainly
in the tetrameric form. One half of the spectrin-containing
peak wasincubated at 37 °C for 30 min, resulting in nearly
100% conversion to dimers. It is important that no active
protease is present during this step of the procedure. After
cooling to 0—4°C the spectrin dimer solution was applied
to a900x 16 mm gel filtration column (column two) con-
taining Sepharose CL-4B beads equilibrated with 100 mm
NaCl, 0.1 mm EDTA and 0.05 mm dithiothreitol (pH 7.4).
The column was eluted at a flow-rate of 10 ml/h and the
spectrin fractions were analysed as described above.

The rest of the spectrin dimer-tetramer fraction from
column onewas applied to column two and eluted with the
same eluent buffer and the same flow rate as described
above. This yielded a dominant spectrin tetramer and a
minor spectrin dimer containing peak. Only the spectrin
tetramer fraction from this column was used. The obtained
spectrin dimer and tetramer fractionswere concentrated as
needed by vacuum dialysis (Micro-ProDiCon, Spectrum,
USA) against 2x1000 ml of 2.5 mm HEPES and 1 mm
NaCl (pH 7.5) for 24—30 h. For some of the samples, the
final NaCl concentration was adjusted to 50 mm. Hence
the ionic strengths of the samples were either 4 mm or
53 mm. The concentration of dimers and tetramers was
0.25 mg/ml in the 1 mm NaCl buffer and 0.5 mg/ml in the
50 mm NaCl buffer (except for the dimer samples from
preparation 1, which had a concentration of 0.25 mg/ml).
The concentrations were determined by UV-light ab-
sorbance measurements using a specific absorbance of
ALE™M (280 nm) =10.1 (Elgsaeter 1978).

SDS polyacrylamide gel electrophoresis of some of the
spectrin sampleswas carried out after all measurements of
the particular sample had been completed in order to check
whether any proteolytic degradation had taken place dur-
ing the birefringence measurements. For all samplesinves-
tigated, no significant amount of proteolytic productscould
be observed.

Measurement of TEB

The samples were placed in aKerr cell with 13.8 mm op-
tical path length and 4.0 mm el ectrode separation [for more
technical details see Bjarkgy (1997)]. The spectrin dimer
and tetramer samples were subjected to electric pulses of
50-150 ps and 100—250 ps duration, respectively. The
pulseswere generated using the new high current and high
voltage solid state pulse generator described above, and
the applied electric field strength ranged from 0.2 kV/cm
to 1.5 kV/cm. The temperature of the Kerr cell was con-
trolled by a Haake D8 Thermostat (Karlsruhe, Germany).

The electric birefringence of spectrin dimers was meas-
ured at 4 °C and 37 °C, whereasthe spectrin tetramerswere
measured at 4 °C only. The dimer sampleswere kept onice
until shortly before the birefringence measurements and
the measurements for each sample lasted less than half an
hour. From available kinetic data (Ungewickell and Grat-
zer 1978) it can be estimated that, for the spectrin dimer
concentration used, lessthan about 10% will convert to tet-
ramers within 30 min at 37 °C.

Included in the standard optical detection system
(Fredericq and Houssier 1973) were an Omnichrome Ar-
gon laser (Chino, California, USA) model 543-AP oper-
ated at wavelength A =488 nm (polarized light), one half-
wave plate, two polarizers (extinction coefficients equal
10~"), one quarter-wave plate obtained from Halle (Berlin,
Germany) and a photomultiplier type RCA 1P28 (EMI
Electronics, Middlesex, England) operated at an anode
voltage of about 630 V. The electric field vector of thein-
cident polarized light beam was oriented 45° relative to the
electric field across the Kerr cell. The measurements were
carried out in the linear detection mode with the analyser
rotated an angle 90° +4.5° relative to the polarizer. The
electric field pulse and the signal from the photomultiplier
tube were displayed on a Tektronix TDS 620 digital stor-
ageoscilloscope (Beaverton, Oregon, USA) with500 MHz
bandwidth. Datastored intheoscilloscopeweretransferred
by a Hewlett-Packard Interface Bus (HPIB-bus) commu-
nication line to a personal computer for further analysis.
Details of the employed instrument are published else-
where (Bjerkey 1997; Bjarkay et al. 19994, b).

The temperature increase, AT, caused by the electric
current that passes through the spectrin sample in the
courseof oneelectricfield pulseof duration At and strength
E, is given by the expression

(1)’

AT =
Co MR«c

At 1

where isthe electrode separation and Ry - the electric re-
sistance of the Kerr cell, misthe mass and c,, the specific
heat capacity of the sample. The resistance Rk depends
on the ionic composition of the sample, as well as on the
Kerr cell dimensions. Inserting actual values used in our
experimentsinto Eq. (1), wefound that the temperature el -
evation did not exceed 1°C per electric pulse, and could
therefore be neglected.

Decay and rise times measured at other temperatures
than 20°C were scaled to 20°C (11??) using the standard
temperature and viscosity conversionfactor (Bjerkoy et al.
1999b). For example, for T measured at 4°C we employ
the adjustment

1n(20°C)/T (20°C)
n(4°C)/T (4°C)

7(20) (4°C) = 1(4°C) (2

where n (T) isthe solvent viscosity at the absol ute temper-
atureT.

Inall experiments described we used agqueous sol utions.
For samples with very low spectrin concentration, the



electric induced birefringence of water itself may consti-
tute a significant part of the total birefringence. However,
we found that for the electric field strengths and spectrin
concentrations employed in the work described here, the
water birefringence signal could be neglected.

Therise and decay times of the new solid state high cur-
rent and high voltage pulser is 10—100 times shorter than
those of the pulsers used in previous birefringence studies
of spectrin. The time resolution and the number of data
points that can be stored using the current data acquisition
system represent a 2—10 times improvement compared to
the system used in the previous spectrin birefringence stud-
ies. For more technical details, see Bjarkay (1997).

Results and discussion

Different sets of TEB data collected using the same spec-
trin sample produced highly reproducible parameter esti-
mates (standard deviation less than 3—5%). However, we
foundthat the relaxation time estimates obtai ned using data
belonging to spectrin prepared from separate hospital
blood bags showed asystematic shift ashigh as+15% from
the average values, which is much more than could be ac-
counted for by stochastic noise alone. This was true both
for spectrindimersand tetramers. Thisvariation may partly
be caused by the fact that each blood bag originates from
different individuals and/or may have been stored for dif-
ferent lengths of time. It is also possible that some minor
proteolysis has passed undetected in the SDS gel analysis
or that spectrin from the different sources has undergone
different extents of dephosporylation or possibly deami-
nation, but this still remains to be elucidated.

Partly because of these systematic shiftsin the param-
eter estimates and partly because quantitative analysis of
segmented polymers generally is a major task itself, we
will here only present a semi-quantitative discussion of the
new experimental dataof spectrin birefringence. A detailed
guantitative analysis of spectrin birefringence data which
involvesnumerical Brownian dynamicssimulationand use
of the newly developed needle chain model (Nyland et al.
1996) and/or the needle-spring chain model (Mikkelsen et
al. 1998) for segmented polymersisin progress. Thiswork
will presented in due course.

The TEB data of spectrin obtained using the current ex-
perimental set-up is in most aspects superior to data ob-
tained by the equipment employed a decade ago. This is
partly because of the great improvement represented by the
characteristics of the new solid state electric pulse gener-
ator and in part because of the improved time resolution
and the increased storage capacity of the high speed data
acquisition system.

TEB of erythroid spectrin dimers

The specific stationary birefringence of spectrin dimers,
An,/c, at 4°Casafunction of AE2isshowninFig. 2. Here
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Fig. 2 Specific stationary birefringence An,,/c for spectrin dimers
asafunction of AE? where c is the spectrin concentration in mg/ml,
A=488 nm is the wavelength of the light and E is the electric field
strength across the Kerr cell. Filled symbols depict data obtained
from spectrin dimer preparation 2, open symbols correspondsto data
obtained from preparation 3 (Table 1). Measurements were carried
out at pH 7.5 and the spectrin concentration was ¢=0.25 mg/ml
(circles) and c=0.50 mg/ml (squares). The solid lineswere obtained
using linear regression

An,, is the stationary change in birefringence due to the
applied electricfield E. Parameter c isthe spectrin concen-
tration and A is the wavelength of the laser light. A linear
dependence of An,,/c on E2 was observed for low electric
fields, but the birefringence deviated from the Kerr law
at the highest electric field strengths employed. This was
also reported in earlier spectrin studies (Mikkelsen and
Elgsaeter 1978, 1981). Accurate estimation of the satura-
tion birefringence value expected for very high electric
field strength was not possible because the applied electric
field strength was too low. The specific Kerr constant, B,
equals the slope of each regression linein Fig. 2. Increas-
ing the ionic strength from 4 mm to 53 mm resulted in
a barely significant (less than 20%) increase in B, while
increasing the temperature from 4°C to 37°C resulted
in about 30% decrease in B;. The average value for the
regression lines presented in Fig.2 is By=(6+2)x
10~ m¥(V2 kg), which isin agreement with previous re-
sults (Mikkelsen and Elgsaeter 1978, 1981).

Figure 3 shows a representative plot of the spectrin
dimer TEB at 4°C and ionic strength 53 mm associated
with application of one single rectangular electric pulse
across the Kerr cell. A one-component exponential decay
function can be adequately fitted to the TEB build-up data
for the solution containing 50 mm NaCl, but for the solu-
tion containing 1 mm NaCl two exponentials were re-
quired. The TEB build-up data obtained for spectrin dim-
erscould at low electric field strengths befitted adequately
using a one-component exponential function, but for
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Fig. 3 A Electric field strength across the Kerr cell and B the re-
sulting birefringence signal of spectrin dimer at 4°C (preparation 3)
in 2.5 mm HEPES and 50 mm NaCl at pH 7.5 (0). The spectrin dim-
er concentration was 0.5 mg/ml. Data points were recorded every
0.5 ps. The solid linesin B denote the best fit when a one-exponen-
tial function (build-up) or a two-exponential function (relaxation)
was fitted to the experimental data using non-linear regression. The
time constant for the birefringence build-up equals 7,=30.4+0.2 us
and the two time constants for the free birefringence decay equal
Tq,1=2.7+0.2 us (51%) and 74 ,=15.7£0.9 ps (49%)

Table1 Birefringencerise 7,°? and decay 7§?* times of erythroid
spectrin dimers obtained at 4 °C and 37 °C, scaled to what is predict-
ed at 20°C using Eq. (2). The given time constants are the average
values for electric field strengths of 0.2—1.5 kV/cm. The spectrin
dimer concentration is 0.25 mg/ml in the 1 mm NaCl buffer and
0.5 mg/ml in the 50 mm NaCl buffer, except for the samples from

higher electric field strengths two exponentials were re-
quired. Details of the results from the analyses of the spec-
trin dimer TEB build-up and decay data are summarized
inTable 1. All timespresented in Table 1 arescaled towhat
ispredicted at 20 °C by taking into account both the change
in temperature itself and the temperature dependence of
the water viscosity using Eq. (2). Thetwo relaxation times
at 4°C averaged over al preparations were found to be
1.5 us and 9.4 s for both ionic strengths. The averaged
singlerelaxation time at 37 °C wasfound to be 2.4 ps. The
TEB rise times are significantly longer than the decay
times, indicating that the spectrin dimer el ectric dipole mo-
ment is mainly permanent and not induced (Fredericq and
Houssier 1973).

The parameter estimates presented in Table 1 differ
somewhat from the values found in the literature (Mikkel -
sen and Elgsaeter 1978, 1981; Roux and Cassoly 1982).
Thisis not surprising considering the differencesin ionic
strength used, electric field strength and that the estimates
obtained using the older data in general are more uncer-
tain. The estimates obtained are within the parameter range
obtained using numerical simulations to predict the spec-
trin dimer rotational relaxation times (Skjetne et al. 1995).
The experimental results reveal that increasing the NaCl
concentration from 1 mm to 50 mm results in only minor
changes in the TEB signal. This at first sight somewhat
surprising result suggests that at these two ionic strengths
the internal conformational dynamics of spectrin dimers
which play arolein TEB is strikingly similar.

Figure 4 shows a representative example of the TEB
signal when spectrin dimers at 37°C in 1 mm NaCl +
2.5mm HEPES were subjected to symmetric reversing
electricfield pul ses. Theminimum of thebirefringencewas
found to be reached after a time ranging from 5.6 ps to
11.5 psafter sign reversal of the electric field, and therel -
ative minimum values were in the range 0.02-0.2 for so-
[utionsat low ionic strength. For dimersinthe53 mm ionic

preparation 1, which had aconcentration of 0.25 mg/ml. When atwo-
exponential function isfitted to the experimental data, the two time
constants are indicated by subscripts 1 and 2, and a relative ampli-
tude is given for each. The uncertainties of the relaxation time esti-
mates and the relative amplitudes are about +10%, except for theam-

plitudes of 74% and 7,%” which have uncertainties of up to +40%

lonic T Prep. Time constants (Us)
strength Q) no. 20 20 20, 20 20 20
A o s e
1 mm NaCl 4 1 3.0 (34%) 12.6 (76%) 1.5 (61%) 9.4 (39%)
+2.5mM 2 13.8 1.3 (59%) 7.7 (41%)
HEPES 3 21.3 15(50%)  10.9 (50%)
37 1 4.3 (73%) 23.2 (27%) 2.4
2 5.9 (69%) 32.0 (31%) 2.2
3 6.7 (63%) 27.6 (37%) 2.3
50 mm NaCl 4 1 325 1.6 (33%) 9.4 (67%)
+2.5mm 2 7.3(=21%) 24 (1.21%) 17(27%)  10.1(73%)
HEPES 3 18.5 1.6 (49%) 9.0 (51%)
37 2 18.0 2.2
3 15.7 2.8
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Fig. 4 A Symmetric, reversing electric double pulse acrossthe Kerr
cell and B the resulting birefringence signal of spectrin dimer (prep-
aration 2) at 37°Cin 2.5 mm HEPES and 1 mm NaCl at pH 7.5 (0).
The spectrin concentration was0.25 mg/ml. Data pointswere record-
ed every 0.20 us

strength solution we only observed a slightly lower value
of the relative minimum. The presence of this deep mini-
mum indicates that the permanent el ectric dipole moment
of spectrin dimersis much larger than the induced electric
dipole moment for both ionic strengths (Bjerkey 1997;
Bjarkay et al. 1998). This is consistent with the finding
that the TEB rise time is much longer than the decay time.
The atomic resolution structure (Yan et al. 1993) of sev-
eral of the spectrin segments and the amino acid composi-
tion (Sahr et al. 1990; Winkelmann et al. 1990) of all spec-
trin segments are known. The physical principles devel-
oped for predicting the permanent electric dipole moment
of proteinswith known structure and amino acid sequence
(Davis and McCammon 1990; Antosiewicz and Porschke
1993; Antosiewicz 1995) can most likely be used to obtain
reliable predictions of the spectrin segment and thus the
spectrin dimer and tetramer permanent el ectric dipole mo-
ment. This issue will be pursued at alater time.
Assuming a spectrin dimer density of 1.37 g/ml (Kam
et al. 1977), a molecular weight of 531 kDa, a hydration
factor of 0.35 (Cantor and Schimmel 1980) and that the
molecule is a stiff cylinder with length equal to the spec-
trin dimers contour length, i.e. 100 nm, we obtain an esti-
mate of the spectrin dimer hydrodynamic diameter of about
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3.5 nm. Using standard hydrodynamic theory (Tirado et al.
1984) the birefringence relaxation time of a stiff cylinder
with these characteristic parameters in water is predicted
to be about 16 ps at 20°C. This predicted TEB decay is
here due solely to rotational relaxation, i.e. end-over-end
tumbling dynamics, of the cylinder. Because the observed
time constantsfor dimer birefringencerelaxation are much
smaller than the value of a stiff rod, it can unequivocally
be concluded that spectrin dimers in this case do not be-
have likerigid rodswith length equal to the spectrin dimer
contour length. The dominant observed relaxation time of
1.5+0.2 us corresponds to that of a 35—40 mm long stiff
rod, but because of the complex dynamics of flexible/seg-
mented polymer chainsthis does not imply that thislength
estimate equals the equivalent Kuhn length. The second
and weaker component of the relaxation process of 9.4+
1 puscorrespondsto that of astiff rod withlength 75—80 nm
and may be associated with spectrin dimer end-over-end
tumbling (rotational diffusion). Further, if the spectrin
dimer was assumed to be a stiff cylinder with mainly per-
manent electric dipole moments in a strong electric field,
the build-up time would be about three times the decay
time (Fredericq and Houssier 1973), that is about 50 ps.
Thisissignificantly longer than therise times presented in
Table 1. In sum, this confirms the earlier conclusions that
neither in the presence nor in the absence of an electric
field does the spectrin dimer behave like a stiff molecule.
The new and somewhat unexpected finding from the TEB
data reported here is that the spectrin dimer intramol ecu-
lar and end-over-end dynamics, as observed using TEB,
appear to bevirtually the same at ionic strengths 4 mm and
53 mm.

TEB of erythroid spectrin tetramers

The specific stationary birefringence An,,/c spectrin tetra-
merswas plotted asafunction of AE2 (datanot shown) and
the specific Kerr constant, B, was determined as shown
for dimersin Fig. 2. We did not find any significant differ-
ence in the calculated values of B for spectrin tetramers
and dimers. Thisisin agreement with earlier published re-
sults (Mikkelsen and Elgsaeter 1981).

Figure 5showsarepresentativeplot of spectrintetramer
TEB at 4°C and ionic strength 53 mm following applica-
tion of single rectangular excitation pulses. To the TEB
build-up data for the solution containing 50 mm NaCl, a
one-component exponential decay function can be ade-
quately fitted, but for the solution containing 1 mm NaCl
a two-component exponential decay was required. Aver-
aged over all preparations, the time constants for the bire-
fringence build-up were found to equal 33 us at ionic
strength 53 mm (one exponential) and 6.2 usand 31 ps at
ionic strength 4 mm (two exponentials). For the TEB de-
cay data, atwo-component exponential decay functionwas
needed to obtain an adequately fit. Averaged over all prep-
arations and ionic strengths the two components were
found to equal 1.4 ps and 11.5 ps. Details of the results
from the analyses of spectrin tetramer TEB are summar-
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Fig. 5 A Electric field strength across the Kerr cell and B the re-
sulting birefringence signal of spectrin tetramer at 4 °C (preparation
3) in 2.5 mm HEPES and 50 mm NaCl at pH 7.5 (0). The spectrin
concentration was 0.5 mg/ml. Data points were recorded every
0.2 ps. The solid linesin B denote the best fit when a one-exponen-
tial function (build-up) or a two-exponential function (relaxation)
was fitted to the experimental data using non-linear regression. The
time constant for the birefringence build-up equals 7,=36.9+0.2 us
and the two time constants for the free birefringence decay equal
Tq1=3.1+0.2 us (48%) and 14 ,=18.3+0.7 us (52%)

ized in Table 2. The values presented in Table 2 are close
to earlier results on spectrin tetramer birefringence relax-
ation (Mikkelsen and Elgsaeter 1981; Roux and Cassoly
1982), when all dataare scaledto 20°C. Thenew TEB data
reported here show somewhat surprisingly that the spec-

Table2 Birefringence rise 7,2% and decay 7{2? times of erythroid
spectrin tetramers obtained at 4°C, scaled to what is predicted at
20°Cusing Eq. (2). Symbolsand notation arethe same asin Table 1.

trin tetramer intrachain dynamic does not change signifi-
cantly when the ionic strength is increased from 4 mm to
about 53 mm. This probably means that the intramol ecu-
lar dynamics manifesting itself in the TEB data presented
also canbefound at physiological conditions, i.e. when the
erythrocytes are present in the bloodstream.

Figure 6 shows a representative example of the TEB
when spectrin tetramers at 4°C in 1 mm NaCl + 2.5 mm
HEPES were subjected to symmetric reversing electric
field pulses. Therelative minimum of the birefringence af -
ter sign reversal of the electric field wasfound to be in the
range 0.15—-0.29 for 1 mm NaCl solutionsand —0.09-0.01
for the 50 mm solutions. In general, the TEB is strikingly
similar to that seen for dimers exposed to the same electric
reversing double pulse (Fig. 4). The discussion and con-
clusionsfor dimersdescribed abovethereforea soarevalid
for spectrin tetramers.

If the tetramers were stiff molecules consisting of two
stiff dimers connected rigidly head-to-head, then the per-
manent dipole moments of the dimers would cancel and
thetotal permanent dipole moment of the spectrin tetramer
would equal zero. An example of this effect can be seen
upon association of T-vimentin dimers to tetramers even
though the association in this caseis not head-to-head, but
partly overlapping (Kooijman et a. 1995).

The new TEB data presented in this work show that
spectrin tetramerslocated in an electric field have astrong
permanent el ectric dipole moment despite the dimers mak-
ing up the tetramer being connected topol ogically head-to-
head. The most likely explanation for this is that in the
presence of an electric field the flexibly linked tetramers
assume a dynamic hairpin (U-shape) conformation where
the permanent el ectric dipole moments of each of the dim-
ersare aligned more or less parallel and in the same direc-
tion. Thisconformationwould giveriseto adynamic struc-
ture where the permanent electric dipole moments of the
two dimers do not cancel, but instead add up to give a to-
tal permanent dipole moment that is about twice that of
single dimer. This is consistent with the finding that the
specific Kerr constant is the same for spectrin dimers and
tetramers.

Assuming that the spectrin tetramer molecule is a stiff
cylinder with length equal to the tetramer contour length,

in the 1 mm NaCl buffer and 0.5 mg/ml in the 50 mm NaCl buffer.
The uncertainties of the relaxation time and relative amplitude esti-
mates are +10%, except for the decay constant 7,/2° in the 50 mm

The given time constants are the average values for electric field NaCl solution and the amplitudes of 75” and 7%, which all
strengths of 0.2—1.5 kV/cm. Tetramer concentration is 0.25 mg/ml  have uncertainties of +15%
lonic T Prep. Time constants (Us)
strength C) no. 20 20 20 20 20

e 76O o o2 o
1 mm NaCl 4 1 8.4 (61%) 53.6 (39%) 1.8 (58%) 14.4 (42%)
+2.5mm 2 4.9 (55%) 16.1 (44%) 1.4 (62%) 9.1 (38%)
HEPES 3 5.3 (44%) 24.5 (56%) 1.4 (55%) 13.5 (45%)
50 mm NaCl 4 1 453 1.4 (37%) 11.7 (63%)
+2.5mm 2 26.0 1.3 (41%) 10.3 (59%)
HEPES 3 275 1.3 (49%) 10.2 (51%)
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Fig. 6 A Symmetric, reversing electric double pulse acrossthe Kerr
cell and B the resulting birefringence signal of spectrin tetramer
(preparation 2) at 4°Cin 2.5 mmHEPES and 1 mm NaCl at pH 7.5
(0). The spectrin concentration was 0.25 mg/ml. Data points were
recorded every 0.20 us

i.e. 200 nm, and carrying out the same calculations as
above for dimers (Tirado et al. 1984), yields a predicted
TEB relaxation time of about 100 psat 20 °C. Because the
longest time constant for tetramer TEB relaxation equals
only about 10—15% of thisvalue, thetetramer clearly does
not undergo free end-over-end rotation as afully extended
molecule as part of the TEB experiments.

Concluding remarks

The birefringence of asolution containing rigid molecules
with ellipsoidal symmetry is proportional to the amplitude
of the second spherical harmonic component of angular
density distribution function of the molecules (Benoit
1949; Bjgrkeay et a. 1998). Thisis true whether the mole-
cules are non-interacting or linked, e.g. end-to-end into
long chains. This meansthat how the amplitude of the sec-
ond spherical harmonic component of the angular distri-
bution of all the spectrin segments changes as a result of
an electric field pulse describes in full the TEB behaviour
of a spectrin solution.
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To calculate analytically how this second spherical har-
monic component changes with time for the segmented
spectrin molecule solution is not a trivial matter. One im-
portant reason for thisis that the equations describing the
TEB of aspectrin chain are not linear functions of the gen-
eralized coordinate describing the conformation of the
spectrin chain. Non-linear dynamics can in general not be
handled analytically and nothing indicates that the dynam-
ics of the spectrin chain constitutes an exception in thisre-
gard. Because of this non-linearity it may be limited what
can be extrapolated reliably from the experimental TEB
dataof spectrin without adetailed numerical analysis. The
most obvious and maybe only feasible approach to handle
this challenge is to employ Brownian dynamics simula-
tions. Work along this line is in progress (Nyland et al.
1996; Mikkelsen et al. 1998; Skjetne and Elgsaeter 1999),
but the spectrin results associated with this effort are not
yet ready.

Despitethe non-linearity of the spectrin dynamicsafew
simple points may nonethel ess be semi-quantitatively dis-
cussed with some claim of reliability. The first of theseis
that the dynamics of a TEB experiment probably is quite
different from the dynamics of, for example, alight/neu-
tron scattering or viscometry experiment. The TEB data
appear to support the notion that the spectrin tetramer in
the presence of an electric field takes on an average con-
formation resembling that of a hairpin (U-shaped). This
means that what is of importance in TEB of spectrinis:

1. The dynamics of how spectrin changes fromits equilib-
rium conformation in afield free solution to the hairpin
conformation in the presence of an electric field.

2. The dynamics of how spectrin changes from its confor-
mation in the presence of an electric field to the equi-
librium conformation in afield free solution.

Inview of the suggested hairpin conformation in the pres-
ence of an electric field, it follows that the dynamics of a
TEB experiment may have a quite intricate relation to, for
example, nuclear magnetic resonance, light scattering or
viscometry measurements. |f the hairpin concept is cor-
rect, the field-free relaxation of tetramers may for exam-
ple be expected to be very similar to that of a single
stretched dimer relaxing to its field-free equilibrium con-
formation rather than that of a stretched tetramer relaxing
towards the same conformation. Thelatter may be therea-
son why the TEB of spectrin dimers and tetramers some-
what surprisingly appears to be aimost identical.

The new TEB data presented here provide important
new experimental information about the properties of na-
tive spectrin, but quantitative analysis of the dataand more
detailed modelling have to await further theoretical /nu-
merical developments.
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