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Abstract

The use of symmetric reversing electric field pulses in electrooptic studies of rigid macromolecules in order to determine
the ratio between the permanent and the induced dipole moments is well established. Application of this method to studies of
small macromolecules requires a field reversal time of only a few nanoseconds. No high current pulse generator capable of
producing symmetric kV pulses with such a short reversal time is available for studies of small macromolecules in
physiological salt solutions, but it has long been known how to make such reversing pulses that are asymmetric. In order to
take advantage of the opportunity offered by the latter fact, we here present a theoretical analysis in the thermal domain of
the electrooptic properties of solutions containing rigid macromolecules with axial symmetry when exposed to asymmetric
reversing electric field pulses. The analytical expressions needed for quantitative determination of the ratio between the
permanent and the induced electric dipole moments of rigid macromolecules using electrooptic data obtained employing
reversing electric pulses with given asymmetry are presented. The feasibility of this new approach is demonstrated by

Ž .including experimental electric birefringence data for a 12 kDa protein segment 14 of a-spectrin from Drosophila brains in
near physiological salt solutions obtained using a coaxial cable pulser producing 2 ms long pulses with a reversal time of
about 15 ns. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrostatics play an important role in determining the structure and function of macromolecules, such as
proteins, glycoproteins and nucleic acids, because important aspects of the intra- and inter-molecular interac-
tions often are dominated by the electrostatic forces. Because of the long range and the complex effects of these
forces on the macromolecules themselves, a theoretical calculation of the electric charge distribution and thus

w xthe dipole moments of a protein is rather complicated 1 . Significant progress has been made in this field during
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w xthe last few years 2 , but it is still important to be able to verify experimentally that the results predicted by
such theoretical analyses are indeed quantitatively valid.

Studies of electrically-induced birefringence and dichroism provide detailed information about the electric
and optic properties of macromolecules, as well as about their size and flexibility. When an external electric
field is applied to a macromolecule solution, the favoured alignment of the molecules parallel to the field is
caused by the interaction between the external electric field and the permanent andror induced electric dipole
moments. The rise and decay times of this alignment contain information about the molecular dimensions. The
dipole moments of macromolecules are routinely determined by measuring the transient and stationary

.dichroism or birefringence when the external electric field is changed instantaneously I from zero to a constant
.non-zero value or II from a constant non-zero value to the same non-zero negative value. These two methods

can, in principle, yield the same information about the dipole moments and can therefore be used to obtain
independent estimates of the same molecular parameters. The latter method is referred to as the symmetric
reversing pulse technique and is the most widely used of these two techniques for obtaining the ratio between

w xthe permanent and the induced dipole moments 3–5 .
Commercial pulse generators providing symmetric reversing kV electric pulses, where the field reversal takes

place within a fraction of 1 ms and the electric current is less that a few amperes, are readily available. But no
high voltage pulse generator that provides 100 A or higher current pulses with symmetric field reversal within a

w xfew nanoconds has yet been reported 6 . Asymmetric reversing 10 kV or higher electric pulses providing a
current of 100 A or higher, and having reversal time down to a few ns can readily be generated using the coaxial

w xcable discharge technique 7,8 . Reversing pulses are obtained when the terminating electric impedance is
smaller than the characteristic impedance of the coaxial cable.

In order to take advantage of the opportunity offered by the latter fact, we hereby report on a quantitative
theoretical analysis of the birefringencerdichroism of macromolecule solutions exposed to asymmetric revers-
ing electric field pulses. Our theoretical analysis shows that asymmetric reversing pulses can be used
successfully to obtain estimates of the ratio between the permanent and the induced dipole moments provided
that the signal-to-noise ratio of the electrooptic data is adequate. The theoretical analysis predicts that the
signal-to-noise ratio decreases when the asymmetry of the reversing pulse is increased. To demonstrate the
feasibility of using asymmetric reversing electric pulses to study the electrooptic properties of small macro-

Žmolecules, we have included experimental birefringence data for a 12 kDa protein segment 14 of a spectrin
.from Drosophila brains in near physiological salt solutions.

2. Theory

2.1. Electric birefringence and dichroism

Ž .Here, we will limit the analysis to rigid macromolecules with fore–aft and axial symmetry e.g., ellipsoids
and electric potential energy U that is small compared to the thermal energy k T , where k is the BoltzmannB B

constant and T is the absolute temperature. For given macromolecule electric dipole moments, this determines
the upper limit of the electric field for which our final results are valid.

In our analysis, we use a particle-fixed local coordinate system that may translate, but not rotate, relative to
Ž .the fixed laboratory coordinate system Fig. 1 .

The origin of the particle-fixed coordinate system is located at the center of diffusion of the particle, and the
orientation of the macromolecule axis of rotational symmetry is specified by the spherical coordinates u and f.

™
The homogeneous external electric field E is parallel to the z-axis. This means that the angular distribution

Ž .function f u ,f,t describing the probability of finding the molecular axis in a space element dVssinududf

at time t is independent of f.
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™
Fig. 1. Schematic illustration of the spherical coordinates associated with each molecule. The homogeneous external electric field E is
parallel to the z-axis of the local Cartesian coordinate system with origin at the diffusion center of each molecule. This local coordinate
system may translate relative to the space-fixed laboratory coordinate system. The molecule is oriented with its long axis at an angle u with
respect to the external electric field. The azimuth angle is denoted by f.

Ž .The equilibrium value of the probability density function f u can be calculated according to the Boltzmann
formula:

exp yU u r k T� 4Ž . Ž .B
f u s 1Ž . Ž .

pH exp yU u r k T 2p sinudu� 4Ž . Ž .0 B

Ž . Ž .The potential energy of the macromolecule in the electric field arises from the two terms, U u and U u . The1 2

first term is the electric potential associated with the permanent dipole moment and the second term is due to the
induced dipole moment:

Õ
2 2 2U u [U u qU u symEcosuy a cos uqa sin u E 2Ž . Ž . Ž . Ž .ˆ ˆŽ .1 2 1 22

w xwhere m is the permanent dipole moment and Õ is the macromolecule volume 4 . The internal electric field of
the molecule is here for simplicity assumed to equal the electric field E in the surrounding medium. Parameters
a and a are the electrical polarizabilities per unit volume of the macromolecule at frequencies belowˆ ˆ1 2

approximately 1 GHz when the field is parallel and perpendicular to the axis of rotational symmetry,
Ž .respectively. The expression for the potential U u must be modified if induced dipole effects with long

characteristic decay times giving rise to properties qualitatively similar to those of a permanent dipole, are taken
w xinto account 3 . If the macromolecule is a rodlike macroion, an additional energy term must be considered in

Ž .Eq. 2 because of the distortion of the ion-atmosphere near the macromolecule and the resulting coupled
w xrotational and ion-atmosphere dynamics 9,10 . For simplicity, the ion-atmosphere distortion and other slow

induced dipole effects have been neglected in our calculations.
The applied electric field produces optical anisotropy. When the particlesrmolecules become aligned in the

medium, incident light with electric field vectors parallel and perpendicular to the external electric field vector
will propagate at different velocities. The birefringence of the medium is defined as

Dn[n yn 3Ž .5 H

where n and n are the refractive indices for light polarized parallel and perpendicular relative to the external5 H
field, respectively. The refractive indices depend on the electrical polarizability of the macromolecules at optical

Ž 6 .frequencies 10 GHz .
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A solution containing aligned macromolecules may also exhibit birefringence when each individual molecule
does not possess intrinsic birefringence. This is called form birefringence, but for most dilute macromolecule
solutions, the form birefringence is much smaller than the intrinsic birefringence. The form birefringence is
therefore ignored in the following.

w xIt can be shown 4 that the contribution to the total birefringence of a medium containing N macro-
moleculesrparticles per unit volume, all with polar angle u , equals:

3cos2uy1 NÕ a ya 3cos2uy1ˆ ˆŽ .1 2
Dn u sDn s 4Ž . Ž .s ž / ž /2 2n ´ 20 0

where Dn is called the saturation birefringence. Parameter n equals the refractive index of the solution, ands 0

´ is the permittivity of vacuum.0
Ž .In order to obtain the total birefringence Dn, the birefringence probability density function Dn u is

integrated over the whole angular space. This yields:

p 2NÕ a ya 3cos uy1ˆ ˆŽ .1 2
Dns f u 2p sinudu 5Ž . Ž .H ž /2n ´ 20 0 0

Ž .In the following, our attention will be focused on the angular probability density function f u . It can be shown
w x4 that the expression for the electric dichroism of a solution containing rigid macromolecules is analogous to

Ž .Eq. 5 and that for each theoretical expressions derived in the following for electric birefringence there exists a
corresponding expression that is valid for electric dichroism.

2.2. Angular space diffusion equation

The angular space equation of change describing the Brownian diffusion process biased by the applied
w xelectric field may be written as 11,12 :

E f u ,tŽ . ™2 ˙sD = f u ,t y= P u f u ,t d 6Ž . Ž . Ž .R u u uE t

˙where D is the rotational diffusion coefficient of the molecules around their transverse axes, u is the angularR ™
drift velocity due to the torque T generated by the external electric field and d is the unit vector in u direction.u u

˙Using the definition of the rotational friction coefficient f and the Nernst–Einstein relation, u may beR

expressed as:

1 D D EUR R
u̇s T s T sy 7Ž .u uf k T k T EuR B B

Ž .Employing spherical coordinates and the result in Eq. 7 , the u-space equation of change reads:

1 E f u ,t 1 E E f u ,t 1 EU E f u ,t f u ,t E EUŽ . Ž . Ž . Ž .
s sinu q q sinu 8Ž .ž /ž /D E t sinu Eu Eu k T Eu Eu sinu Eu EuR B

Ž . Ž . Ž .Use of Eq. 2 for potential U u and introducing a new variable uscos u in Eq. 8 yield

21 E f E f E f E f
2 2 2w xs 1yu y2u y 1yu pqqu q 2 puqq 3u y1 f 9Ž . Ž . Ž . Ž .2D E t E u E uE uR
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where

mE
p[ 10Ž .

k TB

is the dimensionless permanent dipole moment per macromolecule and

Õ a ya E2ˆ ˆŽ .1 2
q[ 11Ž .

k TB

Ž .is the dimensionless induced dipole moment per macromolecule. The following trial solution for f u,t proves
to be useful

` 23u y1
f u ,t s a t P u sa t qa t uqa t q PPP , 12Ž . Ž . Ž . Ž . Ž . Ž . Ž .Ý n n 0 1 2 ž /2ns0

Ž .where P u is the Legendre polynomial of order n.n
Ž . Ž .Substituting the trial solution for f u into Eq. 5 , it can be seen that the only term that contributes to the

Ž . Ž 2 .total birefringencerdichroism is the one involving P cos u s 3 cos uy1 r2. This is so because the2

Legendre polynomials are orthogonal functions, that is

Hq1 P u P u dusd 13Ž . Ž . Ž .y1 n m nm

Ž .where d is the Kroenecker delta. The birefringence given by Eq. 5 therefore equalsnm

NÕ a yaˆ ˆŽ .1 2
Dns a t 14Ž . Ž .22n ´0 0

Ž .revealing that only a t contributes to the birefringence. Also the dichroism of a solution can be shown to be2
Ž .proportional to a t .2

Ž .When the trial solution given in Eq. 12 and the Legendre’s differential equation

d2P u d P uŽ . Ž .n n21yu y2u qn nq1 P u s0 15Ž . Ž . Ž . Ž .n2 dudu

Ž .are introduced into Eq. 9 , it follows that

` ` `1 da t d P uŽ . Ž .n n2 w xP u sy n nq1 a t P u y 1yu pqqu a tŽ . Ž . Ž . Ž . Ž . Ž .Ý Ý Ýn n n nD d t duR ns0 ns0 ns0

`

2q 2 puqq 3u y1 a t P u 16Ž . Ž . Ž . Ž .Ý n n
ns0

Ž . Ž .Both d P u rdu and u can be eliminated from Eq. 16 , using the recursion formulasn

d P uŽ .n21yu snP u ynuP uŽ . Ž . Ž .ny1 ndu

2nq1 uP u s nq1 P u qnP uŽ . Ž . Ž . Ž . Ž .n nq1 ny1
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Ž .Subsequent multiplication of the resulting equation with P u and integration over u from y1 to q1 yield them
Ž . Ž . Ž .following set of coupled differential equations for determination of the coefficients a t , a t and a t :0 1 2

d
a t s 0Ž .0d t

1 d
a t s 2 pa y2 1yqr5 a t y 2 pr5 a t 17Ž . Ž . Ž . Ž . Ž . Ž .1 0 1 2D d tR

1 d
a t s 2 qa q2 pa t y2 3yqr7 a tŽ . Ž . Ž . Ž .2 0 1 2D d tR

where the higher order terms a , a , . . . have been ignored. This corresponds to ignoring terms of higher order3 4

than two in p and one in q, or, equivalently, terms of higher order than two in E. These equations are therefore
valid only for values of the external electric field smaller than a certain maximum. Using matrix notation, Eq.
Ž .17 can be rewritten as

1 d a t a tŽ . Ž .y2 1yqr5 y2 pr5Ž . p1 1
s q2 a 18Ž .0 ž /qž /ž / ž /a t 2 p y2 3yqr7 a tD d t Ž . Ž . Ž .2 2R

´™ ™ ™˙Ž .or, in a more compact notation, 1rD asAPaqa ; where the terms can be identified by comparison withR 0
Ž .Eq. 18 .

It is important to note here that this set of coupled first order differential equations is linear or non-linear
Ž Ž .. Ž Ž ..depending on whether psp U t and qsq U t are constants or not. When the only time dependence of

Ž .U t consists of instantaneous changes from one constant value to another, it is possible to select all time
Ž . Ž .intervals in such a manner that for each time interval Eq. 18 will be linear constants p and q . When the

Ž . Ž .changes in U t are not instantaneous there will at least be some time intervals where Eq. 18 is non-linear.
Ž .Solving the set of coupled first order differential equations given in Eq. 18 is equivalent to solving the

linearized angular space diffusion equation in the thermal domain for electric birefringence and dichroism.

2.3. General solution when p and q are constants

Ž .The general solution of Eq. 18 for time interval where the electric field and thus p and q are constants
equals

� 4a t c exp D l t a `Ž . Ž .b b1 1 R 1 11 2s q 19Ž .ž /ž / ž / ž /� 4a t c exp D l t a `Ž . Ž .1 12 2 R 2 2

´™ ™ ™which can be rewritten as asBPcqa . The parameters l , l , b and b can be determined by solving the` 1 2 1 2
Ž .homogeneous part of Eq. 18 . The task is then reduced to solving a standard eigenvalue problem. The

´

characteristic equation yields the following eigenvalues of matrix A:

2 1
2l sy2q qy p 20Ž .1 5 5

2 1
2l sy6q qq p 21Ž .2 7 5
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The corresponding eigenvectors equal

2 q
™ b 1q1 ž /b s s 22Ž .p 351 ž /1 � 0

1

p q
™ b 1y2 ž /b s s 23Ž .10 352 ž /1 � 01

´

These eigenvectors are the column vectors of matrix B. Terms of higher order than two in p and one in q are
ignored.

Ž . Ž . Ž . Ž .As t™`, a t sa ` and a ` , the left hand side of Eq. 18 vanishes and the stationary values equal1 1 2

a ` spa 24Ž . Ž .1 0

1
2a ` s p qq a 25Ž . Ž .Ž .2 03

where terms of higher order than two in p and one in q are neglected. The remaining parameters c and c are1 2

determined by the initial conditions

a 0 a `Ž . Ž .cb b1 111 2s q 26Ž .cž / ž /ž / ž /a 0 a `Ž . Ž .21 12 2

which yields that

1
c sy a 0 ya ` yb a 0 ya ` 27� 4Ž . Ž . Ž . Ž . Ž .1 1 1 2 2 2b yb2 1

1
c s a 0 ya ` yb a 0 ya ` 28� 4Ž . Ž . Ž . Ž . Ž .2 1 1 1 2 2b yb2 1

Ž . Ž . Ž . Ž .Introducing the amplitudes and the decay constants given by Eqs. 20 – 23 in Eqs. 27 and 28 , the general
Ž .expression for a t becomes2

p p
� 4a t sa ` q a 0 ya ` exp y2 D t q y a 0 ya ` q a 0 ya `Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .2 2 1 1 R 1 1 2 2½ 52 2

= � 4exp y6D t , 29Ž .R

when parameters p and q are constants and it is assumed that p2
<1 and q<1.

2.4. Special solutions when p and q are constants

For an instantaneous onset of the electric field at time ts0 we have that

0 if t-0
E t [ 30Ž . Ž .½ E if tG00

yielding the following initial conditions:

a s1, a 0 s0 and a 0 s0. 31Ž . Ž . Ž .0 1 2
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This, in turn, gives the stationary values

a ` sp 32Ž . Ž .1 0

1
2a ` s p qq 33Ž . Ž .Ž .2 0 03

Ž . Ž . 2 Ž .where p [mE r k T and q [Õ a ya E r k T are the equilibrium values of p and q for the givenˆ ˆ0 0 B 0 1 2 0 B
Ž .value E . Inserted in Eq. 29 , this yields that the rise of the relative birefringencerdichroism following an0

instantaneous onset of the electric field equals

a t 3 p2 p2 y2 qŽ .2 0 0 0� 4 � 4s1y exp y2 D t q exp y6D t 34Ž .R R2 2a ` 2 p qq 2 p qqŽ . Ž . Ž .2 0 0 0 0

An asymmetric reversing electric pulse may be described as

E if t-00
E t [ 35Ž . Ž .½ yj E if tG00

w xwhere je 0,1 is the symmetry parameter, sometimes also called the reflection parameter. Assuming that we
have thermodynamic equilibrium before field reversal, this yields the initial conditions:

1
2a s1, a 0 sp and a 0 s p qq 36Ž . Ž . Ž .Ž .0 1 0 2 0 03

For the reversing field psyj p and qsj 2q , we find that0 0

a ` syj p 37Ž . Ž .1 0

1
2 2a ` s j p qq 38Ž . Ž .Ž .2 0 03

Ž .When these results are inserted in Eq. 29 , we get

a t 3 p2Ž .2 02 2� 4 � 4 � 4sj q 1qj j exp y6D t yexp y2 D t q 1yj exp y6D t 39Ž . Ž .Ž .R R R2a 0 2 p qqŽ .2 0 0

Ž .A single rectangular electric pulse can be viewed as a special case of Eq. 35 , where js0. The corresponding
Ž .modification of Eq. 39 yields that the decay of the relative birefringencerdichroism, then equals

a tŽ .2 � 4sexp y6D t 40Ž .Ra 0Ž .2

Ž .In the special case of a symmetric reversing electric pulse, js1, Eq. 39 takes the form

a t 3 p2Ž .2 0 � 4 � 4s1q exp y6D t yexp y2 D t 41Ž .R R2a 0 p qqŽ .2 0 0

Ž . Ž . Ž . w x w xEqs. 34 , 40 and 41 are in agreement with the well-known equations of Benoit 11 , Tinoco 12 , and Tinoco
w x Ž .and Yamaoka 3 . Eq. 39 describing the time development of birefringencerdichroism for asymmetric

reversing electric pulses has, to our knowledge, not been derived previously.

2.5. Time dependent p and q

Ž . Ž .If the reversing electric pulse is not ideal as in Eq. 35 , but exhibits a non-zero reversal time, Eq. 35 must
be replaced by

E if t-0° 0

N~E t s 42Ž . Ž .
E yjq c exp ytrt if tG0Ž .Ý0 i i¢

is1
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where the field reversal is modelled as a sum of exponential decays with decay times t and associatedi

amplitudes c , where Ýc s1qj . The parameters p and q are then no longer constants and for a reversingi i

electric field, we get

N

p t sp yjq c exp ytrt 43Ž . Ž . Ž .Ý0 i i
is1

2N

q t sq yjq c exp ytrt 44Ž . Ž . Ž .Ý0 i i
is1

Ž . Ž .It is important to note that for non-ideal reversing pulses Eq. 18 becomes non-linear and that Eq. 29 in
Ž .general no longer is a solution of Eq. 18 . In the general case, the non-linear version of the set of coupled

Ž . Ž .differential equation, Eq. 18 , has no analytic solution and a t can only be obtained using numerical2

integration methods. The quantitative consequences of neglecting the non-linearity associated with non-ideal
w xelectric field pulses are presented elsewhere 13 .

3. Materials and methods

3.1. Instrumentation

The electric birefringence instrument used in this study is shown schematically in Fig. 2. For further
w xtechnical details see the work of Bjørkøy 14 .

w xElectric pulses are generated across the Kerr cell using the coaxial cable discharge technique 7,8,15 . When
the pneumatically-controlled spark gap fires, the cable negative high voltage is discharged through the electric
load impedance to electric ground. A Suhner RG-218rU50"2 V coaxial cable is used in the experiments
described here. The cable length is 200 m, yielding a pulse duration of 2 ms. Because of the geometry of the
spark gap, the coaxial cable can only be charged up to 18–20 kV despite that the coaxial cable itself can safely
be charged to much higher voltages. The load impedance consists of the Kerr cell and a compensation cell
coupled in parallel. The required Kerr cell sample volume is 600 ml. The volume of the compensation cell
equals 4.2 ml. Both of these two cells have cylindrical geometry. The load impedance can be adjusted by

Fig. 2. A schematic illustration of the Kerr cell and the coaxial cable high voltage pulser used in the feasibility study reported here. The
w xoptical system and computerized data acquisition system are not shown. For more technical details, see the work of Bjørkøy 14 .
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changing the conductivity of the solutions in these cells. One single rectangular pulse is generated per coaxial
Ž .cable discharge when the load impedance equals 50 V impedance matching . When the load impedance is

Ž .smaller than 50 V impedance mismatching , multiple reversing pulses are obtained per coaxial cable discharge.
Ž .The Kerr cell is under temperature control 2–408C . The compensating electrolyte is kept at room temperature

Ž .208C and circulates to ensure removal of air bubbles in the compensation chamber.
The optical detection system is in principle identical to the systems described repeatedly in the literature

w x4,16,17 . The light source is an Omnichrome Argon laser, model 543-AP, operated at wavelength 488 nm. The
Žpolarizer, analyser, and the quarter-wave plate in front of the analyser are all obtained from B. Halle Berlin,

.Germany . The electric field of the incident light is oriented 458 relative to the direction of the electric field
across the Kerr cell. Light intensity variations caused by the birefringent protein sample are detected by a RCA

Ž .1P28 photomultiplier tube PM-tube . In the quadratic detection mode, the polarizer and analyser are crossed. In
the linear detection mode, the analyser is rotated a small angle away from the crossed orientation.

Both the electric excitation pulse and the signal from the PM-tube can be displayed on a Tektronix TDS 620
digital storage oscilloscope for which the minimum time between two subsequent data acquisitions equals 0.5
ns. Data stored in the oscilloscope can be transferred to a personal computer for further analysis using a
HPIB-bus communication line.

3.2. Preparation of segment 14 of Drosophila a-spectrin

Ž .The recombinant fragment of a cDNA clone encoding segment 14 of Drosophila a-spectrin Da14 was
Ž . w xexpressed in Escherichia coli strain 71-18 as a glutathione transferase-spectrin fusion protein 18 . The

purification process included affinity purification on glutathione–agarose beads and cleavage of the fusion
protein with thrombin. The purity of the protein solution was checked by SDS polyacrylamide gel electrophore-
sis. One litre of E. coli culture gave about 10 mg protein. Because of some tendency to self-associate, two

w xsingle segments may form a dimer 19 . Gel filtration separation to remove dimers was performed at 48C on
Sephacryl S-100 HR using a XK 16r100 column from Pharmacia. The spectrin segment solution was applied to
the column after concentration and dialysis against the eluent buffer containing 10 mM HEPES, pH 7.35r100
mM NaCl. The volume of the applied sample was 2.8 ml and the sample concentration was 2.5 mgrml. The
column was eluated at a flow rate of 15 mlrh. The dimer-containing peak eluated at 99 ml and the
monomer-containing peak at 116 ml. A fraction of the latter peak was then dialyzed against 5 mM HEPES, pH
7.35r1 mM NaCl. Spectrin concentrations were determined by UV-light absorbance measurements using a

1 cm Ž .specific absorbance of A 280 nm s10.1, assuming that the specific absorbance of segment 14 is the same1%
w xas for the native spectrin chains 20 . Electric birefringence was measured at 4"18C.

4. Results and discussion

4.1. Theoretical predictions of electrooptic properties

Ž .Plots of the relative birefringencerdichroism predicted by Eq. 39 for symmetry parameters js1.0, 0.7, 0.5
and 0.3 are shown in Fig. 3. For each value of j , the birefringencerdichroism is calculated for different values
of p2rq , ranging from 0 to 1000. The plots are given on dimensionless time scale, t ) sD t, and it can be0 0 R

Ž . )seen from Eq. 39 that the t -dependence of the relative birefringencerdichroism, except for the scaling
parameters, is the same for all values of the rotational diffusion coefficient D . On such a plot, the minimumR

Ž ) . Ž . 2value of a t ra 0 is therefore independent of D and depends only on p rq . Hence, an estimate of2 2 R 0 0

p2rq for a given j can be obtained by simply determining experimentally the minimum value of0 0
Ž ) . Ž .Dn t rDn 0 .2 2
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Ž 2 .Fig. 3. Predicted birefringencerdichroism of rigid ellipsoidal macromolecules with different electrooptic properties different p rq in0 0

solution and subjected to an asymmetric reversing electric field. The birefringencerdichroism during the reversed is shown for a symmetry
Ž . Ž . Ž . Ž .parameter j equal to A 1.0, B 0.7, C 0.5 and D 0.3. The birefringencerdichroism is shown as a function of the dimensionless

variable t ) sD t and is normalised to one at the time of field reversal.R

Ž ) . Ž . 2Fig. 4 shows plots of the minimum value of a t ra 0 as a function of p rq for js1.0, 0.7, 0.5 and2 2 0 0

0.3. This graph shows that the reversing pulse method is most accurate for js1.0, i.e., for symmetric a
reversing pulse, and for values of p2rq in the range 0.2–10. For smaller values of j , the accuracy decreases0 0

significantly, and for js0.3 the obtainable estimates of p2rq are quite uncertain unless the signal-to-noise0 0

ratio of the electrooptic data is very high.
It is also possible to obtain estimates of p2rq using non-linear regression where p2rq and the rotational0 0 0 0

diffusion coefficient D are selected as the parameters to be adjusted to give best fit between the experimentalR
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Fig. 4. Predicted relationship between the birefringencerdichroism minimum value of rigid ellipsoidal macromolecules in solution and their
electrooptic properties described by p2 rq . The solution is subjected to an asymmetric reversing electric field. The bire-0 0

Ž . Ž . Ž . Ž .fringencerdichroism minimum after field reversal is calculated for a symmetry parameter j equal to 1.0 e , 0.7 \ , 0.5 ` and 0.3 ^ .
The birefringencerdichroism at field reversal is normalised to one.

Ž .data and the theoretical predictions of the birefringencerdichroism according to Eq. 17 . In some cases this
may give more accurate estimates than the simple approach outlined above, but also when non-linear regression
is used there is a general trend towards less accurate estimates of p2rq as j becomes smaller andror as the0 0

Ž .electrooptic signal-to-noise ratio decreases. An advantage of fitting Eq. 17 to the experimental data is that
Ž Ž . Ž ..non-ideal electric field pulse Eqs. 42 – 44 may easily be accounted for.

To demonstrate the possibility of including non-zero reversal times of the electric field pulse, a numerical
Ž . Ž . Ž . Ž . Ž . Ž .solution of Eq. 17 using the expressions in Eqs. 42 – 44 for E t , p t and q t , was carried out using the

fourth-order Runge–Kutta algorithm. The results are shown in Fig. 5 for two values of the symmetry factor j
2 Ž .and values of p rq ranging from 0 to 10. The decay parameters of E t used in the analysis was determined0 0

Ž Ž ..from a least squares fit by two exponentials Ns2 in Eq. 42 to experimental curves with different symmetry
Ž .factors j see e.g., Figs. 6 and 7 . When the electric field amplitude at field reversal was normalised to one, the

best fits were found to be t s18 ns, t s200 ns, c s1.1 and c s0.26 when j was 0.36 and t s13 ns,1 2 1 2 1

t s190 ns, c s1.2 and c s0.26 when j was 0.46. There is no qualitative difference between these curves2 1 2
Ž .compared to the ones obtained with ideal electric field pulse reversal Fig. 3 ; molecules with a large permanent

dipole moment compared to the induced dipole moment show the deepest birefringence minimum.

4.2. Characteristics of the asymmetric reÕersing electric pulses across the Kerr cell

Asymmetric reversing electric pulses are generated when the resistive load impedance R is smaller than the
characteristic resistive impedance Z of the coaxial cable. The symmetry parameter of the reversing electric

Ž . w xpulse, j , defined by Eq. 35 equals 7,8

ZyR
js 45Ž .

ZqR
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Ž .Fig. 5. Birefringencerdichroism predicted by numerical integration of Eq. 17 for solutions containing rigid ellipsoidal macromolecules
Ž 2 .with different electrooptic properties different p rq and subjected to an asymmetric reversing electric field with non-zero reversal time0 0

Ž .decay characteristics of the electric field described in text . The birefringencerdichroism during the reversed pulse is shown for a symmetry
Ž . Ž . Ž .parameter of A j s0.36 and B j s0.46. To facilitate comparison to experimental results see Fig. 8 , the curves are presented on real

time scale,263 ts t ) rD , using a value of D s6.7=107 sy1.R R

When js1, the pulse in the cable is totally reflected and the reversing pulse across the Kerr cell is symmetric.
When js0, the pulse is totally absorbed and the electric pulse across the Kerr cell is a single, rectangular

w xpulse. This is why parameter j is also called the reflection parameter 7,8 .
The expression for the load impedance R equals

1 1 1 1
s q q 46Ž .

R R R RK C D
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Ž .Fig. 6. Kerr cell voltage–time profiles during coaxial cable discharge when the Kerr cell is filled with water. When A a 10 mM NaCl
Ž .solution circulates through the compensation cell, a single rectangular pulse is generated. When the NaCl concentration equals B 20 mM

Ž . Ž . Ž .` , 40 mM ^ or 60 mM e , asymmetric reversing electric pulses are generated. The signals were sampled every 20 ns and the coaxial
cable was initially charged to 15 kV.

where R is the Kerr cell resistance, R the compensation cell resistance and R the voltage divider resistanceK C D

network. The resistance R is large compared to R or R and is therefore neglected in our further calculationsD K C

of R. A fraction equivalent to 5.5=10y4 of the voltage across the Kerr cell is monitored on the oscilloscope.
The resistance R equalsK

1 l
R s 47Ž .K

s T ,c AŽ .K
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Ž .where s T ,c is the sample conductivity and depends on the temperature T and the salt concentration c of theK

sample. The resistance of the cylindrical compensation cell equals

1 b
R s ln 48Ž .C

s T ,c 2p h aŽ .C

Ž .where s T ,c is the conductivity of the electrolyte in the compensation cell. In the set-up used in the workc

reported here the electrode separation l of the Kerr cell equals 4.0 mm and the sample cross-sectional area A
equals 150 mm2. The radius a of the inner cylinder equals 11 mm and the radius b of the outer one equals 16

w xmm. The length h of the cylinder equals 10 mm. For further technical details, see Bjørkøy 14 .
When the Kerr cell is filled with water, i.e., when R is very large, a value R ;50 V is required to obtainK C

Ž .impedance matching. According to Eq. 48 , this corresponds to a salt concentration of about 10 mM NaCl at
208C. Increasing the salt concentration results in impedance mismatch and an asymmetric reversing pulse in

Ž . Ž .agreement with the predictions of Eq. 45 . The amplitude of the reversing pulse relative to the first pulse j

Ž Ž ..may be increased by reducing the value of R see Eq. 45 . The theoretical limit js1 can be obtained by
choosing Rs0, but for this value the amplitude of the electric pulse vanishes. The amplitude of the first

Ž . Ž .electric pulses equals VsV Rr RqZ , where V equals the initial cable high voltage. Use of Eq. 45HV HV
Ž .further yields VsV 1yj r2. For given value of the initial coaxial cable voltage, the reversing pulseHV

asymmetry is therefore obtained on the expense of the amplitude of the electric pulses. For some applications
this may have important design implications.

Fig. 6 shows the experimental voltage–time profiles for different salt conditions. When the salt concentra-
tions of the compensation chamber are 10, 20, 40 and 60 mM NaCl, respectively, the corresponding resistances

Ž . Ž . Ž .given by Eqs. 46 and 48 , equal 50, 26, 14 and 9 V. The symmetry parameters predicted from Eq. 45 equal
0, 0.32, 0.56 and 0.70, respectively. The symmetry parameters calculated from the voltage–time profiles in Fig.
6 equal 0, 0.43, 0.61 and 0.72, respectively, which shows adequate agreement between observed and calculated

Ž .Fig. 7. Kerr cell voltage–time profile during coaxial cable discharge when the Kerr cell is filled with spectrin Da14 0.7 mgrml in a 5 mM
HEPES, pH 7.35r1 mM NaCl solution at 48C. The concentration of NaCl in the compensating electrolyte was 25 mM. The symmetry
parameter j was measured and found to be 0.36. The signal was sampled every 5 ns and the coaxial cable was initially charged to 18 kV.
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values. The observed reduction of the amplitude of the first electric pulse also are in good agreement with
predicted values.

When the compensation cell is filled with water, i.e., when R is very large, R must be equal to 50 V inC K

order to obtain impedance matching. If the sample temperature is 48C, as is the case in our experiments, the
Ž .sample salt concentration should be 80 mM NaCl, according to Eq. 47 . Higher salt concentrations will result

in reversing electric pulses across the Kerr cell when the coaxial cable is discharged. For higher temperatures
the salt concentration must be lowered when a single rectangular pulse across the Kerr cell is required.

When a voltage U is maintained across the Kerr cell during the time D t, the associated temperature elevation
DT is given by

U 2rR D tsmc DT 49Ž .Ž .K p

where m is the sample mass and c is the heat capacity of the sample solution. Under the experimentalp

conditions described here, the temperature elevation for single cable discharge is less than 0.058C.
The NaCl concentration of the compensating electrolyte used in the experiments reported here is 25"5 mM.

Ž .This corresponds to R s25"5 V according to Eq. 48 . The sample buffer is 5 mM HEPES, pHC
Ž .7.35r1.5"0.5 mM NaCl, yielding R ;2 kV. According to Eq. 46 , the load impedance Rs25"5 V andK

Ž .the symmetry parameter j predicted by Eq. 45 equals 0.33"0.01.
Fig. 7 shows the reversing excitation pulse applied to the spectrin Da14 sample. The electric field amplitude

across the Kerr cell is 13.6 kVrcm for the first excitation pulse and y5.0 kVrcm for the reversed pulse,
yielding an observed symmetry parameter js0.37 in agreement with the predicted value.

4.3. Birefringence of spectrin segment Da14 in asymmetric reÕersing electric field

A small fraction of the spectrin segment Da14 associate spontaneously into dimers during the preparation.
w xThis dimerization is reversible, but appears to be kinetically-trapped at low temperatures 19 . When the

monomer-containing peak was reloaded on the gel filtration column after a storage of 24 or 48 h at 48C, no
dimer-containing peak was observed. Because all our birefringence measurements were carried out at the latter
temperature, the presence of dimers during our measurements is expected to be negligible. After the thrombin
cleavage step, the purity of the spectrin segment solution was checked using gel electrophoresis. The result
shows a single band with a molecular weight of 12 kDa, in agreement with the published molecular weight of
the protein sample.

Experimental electric birefringence data for Da14 spectrin are shown in Fig. 8. The birefringence data were
w xcalculated employing the equations valid for analysis of data obtained in the linear detection mode 4 .

Fig. 8B shows fitting of theoretical curves to the experimental birefringence data. The broken line in Fig. 8B
Ž .represents the best fit of Eq. 39 , that is, assuming zero reversal time of the external electric field pulse, and
2 6 y1 Ž .this fit was obtained using p rq s3.5 and D s4.2=10 s ts1r6 D s40 ns . The value of 0.36 of0 0 R R

the symmetry parameter j was used, as measured from the electric field pulse profile in Fig. 7. The solid line
Ž .represents the best fit of Eq. 17 , which takes into account non-ideality of the electric field pulse. The decay

Ž Ž ..characteristics Eq. 42 of the electric field reversal used in the analysis was as described earlier for js0.36:
t s18 ns, t s200 ns, c s1.1 and c s0.26. Using the fourth order Runge–Kutta numerical integration1 2 1 2

Ž . 2 6 y1algorithm to solve Eq. 17 numerically, the best fit was obtained with p rq s3.0 and D s6.7=10 s0 0 R
Ž .ts1r6 D s25 ns . For one single spectrin segment, the decay constant is expected to be F25 ns at 48CR
w x Ž .21 . Hence, a fit of Eq. 39 to the electrooptic signal yields over-estimated values of t when the electric pulse
actually is non-ideal.

Ž .The maximum DC voltage at which the coaxial cable pulse generator Fig. 2 can operate equals 18–20 kV.
Because the pulse height across the Kerr cell is only a fraction of this maximum when asymmetric electric
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Fig. 8. Electric birefringence signal of spectrin Da14 subjected to the non-ideal asymmetric reversing electric field pulse depicted in Fig. 7
and included to demonstrate the experimental feasibility of this new approach. The segment concentration is 0.7 mgrml in 5 mM HEPES,
pH 7.35r1 mM NaCl. The linear detection mode was used. The contribution of the solvent was subtracted from the total electrooptic signal.

Ž .The data were obtained by averaging the electrooptic signals associated with 11 asymmetric pulses and by sampling every 5 ns. A Plot of
Ž . Ž .the complete electrooptic signal using the same time scale as in Fig. 7. B Signal ` after pulse reversal shown with larger time resolution.

Ž . Ž . Ž . Ž .The theoretical predictions of the birefringence according to Eq. 39 broken line and Eq. 17 solid line are shown, assuming ideal and
non-ideal electric field pulses, respectively.

pulses are generated, our current set-up—when used in asymmetric reversing electric pulse mode—is not
capable of generating adequate signal-to-noise ratio birefringence data of spectrin Da14. The experimental
electrooptic data for spectrin segments are therefore included here only to demonstrate the feasibility of using
asymmetric reversing electric pulses for studying the characteristics of small macromolecules and not to present
quantitative results.
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5. Conclusion

We have succeeded in deriving the analytic expressions needed for quantitative determination of the ratio
between the permanent and the induced electric dipole moments of rigid macromolecules when the electrooptic
data have been obtained employing reversing electric pulses with given asymmetry. Our analysis is valid only in
the thermal domain. An alternative method—which can also be applied to strong electric field pulses—consists

w xof employing Brownian dynamics simulations as described by Carrasco Gomez et al. 22 . However, this´
approach in general requires significantly more computer time and does therefore presently represent a less
attractive alternative.

The described experimental technique for obtaining asymmetric reversing electric field pulses together with
the presented theoretical analysis provide an independent alternative approach to obtain estimates of the electric
dipole moments of small proteins and other small macromolecules with rotational relaxation times down to
10–20 ns and in the presence of as much as 0.1 M NaCl. The only significant drawback of the new approach
appears to be the need for an initial voltage across the coaxial cable that may be more than twice the amplitude
of the strongest component of the generated asymmetric reversing electric pulse.
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