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ABSTRACT We have developed a straightforward method to separate linear-dichroism and birefringence contributions to
electric-field induced signals in a conventional birefringence setup. The method requires the measurement of electric birefrin-
gence for three different angular positions of the analyzer. It is demonstrated that the presence of linear dichroism can sig-
nificantly influence the measured signals and lead to completely erroneous calculations of the birefringence signal and field-free
decay times if its contribution is not taken into account. The new method is used to determine electric birefringence and linear
dichroism of trimeric Photosystem 1 complexes from the cyanobacterium Synechocystis PCC 6803 in the detergents n-dodecyl-
B-o-maltoside and n-octyl-B-p-glucoside. It is concluded that the orientation of the particles in the field is predominantly caused
by a permanent electric dipole moment that is directed paraliel to the symmetry axis of the particles. Comparison of the decay
times obtained with dodecylmaltoside and octylglucoside supports a model in which the thickness of the disc-like complexes
remains similar (7-8 nm) upon replacing dodecylmaltoside by octylglucoside, whereas the diameter increases from 14.4 + 0.2
to 16.6 = 0.2 nm because of an increased thickness of the detergent layer. This change in diameter is in good agreement with
electron-microscopy resuits on Photosystem 2 complexes in dodecylmaltoside and octylglucoside (Dekker, J. P., E. J. Boekema,
H. T. Witt, and M. Radgner. 1988. Biochim. Biophys. Acta 936:307—-318). The value of approximately 16.6 nm for the diameter
of Photosystem 1 trimers in dodecylmaltoside is in good agreement with recent results obtained from electron microscopy in
combination with extensive image analysis (Kruip, J., E.J. Boekema, D. Bald, A. F. Boonstra, and M. Rogner. 1993. J. Biol, Chem.

268:23353-23360).

INTRODUCTION

Electric dichroism and electric birefringence have been used
successfully to study structural and functional aspects of bio-
logical macromolecules in solution (Fredericq and Houssier,
1973; O’Konski, 1978; Krause, 1980; Nordén et al., 1992).
These techniques often use a square electric-field pulse to
partially orient the molecules (Fredericq and Houssier,
1973). The rise and decay of the orientation process can be
monitored via the induced transient electric birefringence
(TEB) or the induced transient linear dichroism (LD). From
the amplitudes of the birefringence and dichroism as a func-
tion of the applied electric-field strength, several electro-
optical quantities can be obtained. The rate of the field-free
decay is directly related to the rotational diffusion constants
of the molecules under study (Fredericq and Houssier, 1973).
Because rotational motion is much more responsive to size
and shape than translational motion, these methods yield
more accurate information on molecular shape and dimen-
sions than methods that are based on the detection of trans-
lational motion like centrifugation (Garcia de la Torre and
Bloomfield, 1981). In combination with the large time win-
dow available, this allows for example the simultaneous
study of single molecules and their aggregates in solution
(Van Haeringen et al., 1992).

It is straightforward to perform LD measurements in such
a way that birefringence does not contribute to the signals.
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The reverse is not true, and methods to determine birefrin-
gence in absorption bands have so far required the separate
measurement of the LD to eliminate its contribution to the
birefringence signals and to determine unambiguously the
sign of the LD contribution (Yamaoka and Charney, 1973;
Ravey, 1976; Tricot and Houssier, 1976). In this study, we
present a relatively simple method to separate birefringence
and LD contributions to signals obtained in a conventional
birefringence setup. We demonstrate how the presence of LD
can significantly influence the determined values for bire-
fringence and its field-free decay times if the LD contribution
is neglected. Thereafter, we apply the new method to de-
termine the birefringence and LD transients of trimeric Pho-
tosystem 1 (PS1) complexes from the cyanobacterium Syn-
echocystis. PS1 trimers are photosynthetic membrane
proteins that have well been characterized by electron mi-
croscopy in combination with extensive image analysis
(Boeckema et al., 1994). The particles appear to be disc-like
shaped, with a thickness of 6-9 nm (depending on protein
composition) and a diameter of approximately 19 nm. Tri-
meric PS1 needs detergents to stay solubilized, and it is to
be expected that the size of the detergent molecules con-
tributes to the diameter of the total particle (Dekker et al.,
1988). Therefore, we measured the electric birefringence of
PS1 trimers using n-dodecyl-B-p-maltoside and n-octyl-g-
p-glucoside. The exponential decay times of the birefrin-
gence signals were used to determine the approximate di-
mensions of the complexes in both detergents. Comparison
of the electric LD and the LD from measurements on com-
pressed gels (Van der Lee et al., 1993) allowed the deter-
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mination of the orientation of the predominant electric dipole
moment that contributes to the orientation of the particles in
the electric field.

MATERIALS AND METHODS

Trimeric PS1 particles were prepared from Synechocystis sp. PCC 6803 as
described by Rogner et al. (1990). By means of a Pharmacia PD-10 column,
the preparations were brought into a buffer of low ionic strength necessary
for TEB experiments (1.0 mM 2-[N-morpholino]ethane-sulfonic acid
(MES), 0.5 mM MgCl,, 0.5 mM CaCl,, 0.06% n-dodecyl-8-p-maltoside
(DM), pH 6.5). Some experiments were performed on buffers containing
n-octyl-g-p-glucoside (OGP) (1.0 mM MES, 0.5 mM MgCl,, 0.5 mM CaCl,,
1.2% OGP, pH 6.5). Starting from the solutions containing DM, buffers
were exchanged with the use of an anion-exchange column (Mono-Q, Phar-
macia, Uppsala, Sweden).

TEB-measurements were performed as described previously (Van
Haeringen et al., 1992). The emission line of the Argon ion laser was set
at 488.0 nm with a power of less than 5 mW impinging on the sample. It
was checked by absorption measurements that no laser-induced particle
damage occurred during the experiments. To sustain the integrity of the
sample, the light beam was blocked between pulses by means of a shut-
ter. The measurements were performed at a sample temperature between
4 and 20 °C and an optical density of the sample in the measuring cell at
488.0 nm of about 1.0. The pulse duration was varied over 6-25 us, the
field strength was 1.5-11.0 kV/cm. For each average birefringence
curve, at least 20 transients were collected. The field-free decays of the
signals were fitted to a sum of exponential relaxation times using the
computer program DISCRETE (Provencher, 1976a, b). Amino acid se-
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quences of PS1 proteins were retrieved from the EMBL gene bank and
subsequently analyzed with the HUSAR software package, based at the
DKFZ (Heidelberg, Germany).

THEORY

This section assumes a birefringence setup that makes use
of a quarter-wave plate with its slow axis at an angle of
37/4 relative to the direction of the electric field. The ad-
vantages of such a configuration have been discussed in
detail by Fredericq and Houssier (1973). Fig. 1 A shows
the main components of the system; Fig. 1 B shows a
schematic cross section of the optical configuration viewed
along the optical axis in the direction of the propagating
light. When in the presence of an orienting electric field,
the sample becomes birefringent and dichroic, the electric
field component of the light emerging from the Kerr-cell
can be decomposed into two components, one directed
parallel to the applied electric field (E;) and the other per-
pendicular to the field (E):

E, = ¥2\/2E,1074" sin(wt — 8) 6))
E, = ¥52\/2E,1074:2 sin(wt), )

where E, is the amplitude and w is the angular frequency
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of the lightwave, A and A, are the absorptions of the
sample for light with its polarization directed parallel and
perpendicular to the electric field, respectively, and & is the
optical retardation that E, undergoes (relative to E,) be-
cause of induced birefringence.

The light falls on the quarter-wave plate and can be re-
written in components along the fast (E) and slow axes of
the quarter-wave plate (E):

Ex=Y2\/2E, + E)

15E,(10™4+%sin wt + 10~ sin(wt — 5))

G)

Ey

E, (10742 sin wt — 10742 sin(wt — J)).

4)

After the quarter-wave plate E, is delayed /2 in phase with
respect to E,. For the emerging beams with electric field
components E; and E{, we obtain

Ex = Ex ©)

1
Ey = iEo<10""*’2 sin(wt - %) — 10~4172

©)

: T cos 5 — “™Vsins
sin| wt ) Cos cos| wt ) s .

The light transmitted by the analyzer (E,.), which is rotated
over an angle a from the crossed position, can now be written
as

Ey. = E{cos a + E3sin a, @)
and after some goniometric manipulation
E,. = Bsin(wt + a) + C cos(wt + ), ®)
with
B = E 10747 5in(2a + 8) )]
C = LE (—1074+2 + 107412 cos(2a + §))  (10)

To rewrite Eq. 8 to a form that contains only a single
oscillatory term, we define

B

cos &' = \/—BZ—TCZ 11)

C

sin 8’ = '\/BZ—TCQ (12)

Ey. = \/B? + C?sin(wt + a + §'). 13)
For the intensity of the light that reaches the detector because

of the electric-field induced birefringence and dichroism, and
for the analyzer rotated over an angle a from the crossed

and

Then,
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position, the following relation holds:

I(E) = B* + C? = VAEX(10™41 + 1074+)
(14)

~ VE3cos(2a + 8)10~ WA +40),

I, (0) (transmitted light intensity in the absence of electric
birefringence and dichroism, for the analyzer rotated over an
angle of « from the crossed position) is given by

I,(0) = E210 %sin’ a@ = k sin? a, (15)

with A the isotropic absorption. The proportionality constant
Kk can be determined experimentally from a plot of 7,(0) vs.
sin® a. Such a plot is also used as a check for the linear
response of the birefringence apparatus.
From

A=A —-A,, (16)
and

3A=A+24,, a7
it follows that

L(E) _ (1 1

1
2 10-@3A4 4 - 10+03)84 _ Z 10-(1/6)A4
3 10 + 1 10 3 10

K
(18)
6
+ 10" VOMgin?{ o + 2] )
The parameter Z is now defined as
I (E) — « sin? I.(E)—-1,0
g LB - wsinte LO-LO o

K K

Z represents the fractional change in light intensity trans-
mitted by the analyzer due to the induced dichroism and
birefringence. In the absence of dichroism (AA = 0), for
instance when a measurement is performed in a spectral re-
gion where the absorption of the sample is zero, Z/sin’a
reduces to the conventional expression for the calculation of
& (Fredericq and Houssier, 1973).

Z is determined experimentally and can be expressed in
terms of birefringence (8) and dichroism (AA) according to

Z=14107COM 4 14 10+IBM _ 15 10~ (16
(20)

)
+ 10~ (684 sin2<a + —2-> — sin® a.

The AA and & terms can now be separated by measuring Z
for three values of a, namely, Z(0), Z(«), and Z(—a). By
expanding sin’(a + 8/2) it can be shown that
Z(a) + Z(—a)
=277 7 7 10-wesa g
o, Sin Yo 10 sin 8§ (21)
and
Q, = Z(a) + Z(—a) — 2Z(0) + 2 sin’ «
i (22)
= 10"(944 (1 — cos 2a) cos 5,
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from which another simple manipulation yields

tan «
0,

The right-hand side of Eq. 23 is completely experimentally
determined in terms of the basic measurements of Z. AA can
be determined from Eqgs. 21 and 22, once & is known.

In general the time-dependent behavior of the birefrin-
gence and LD is of particular interest. When the above pro-
cedure is applied for Z as a function of time ¢, both the time-
resolved birefringence 6(¢) and linear dichroism AA(¢)
curves can be obtained. This calculation requires the ma-
nipulation of three sets of data arrays obtained with the same
experimental conditions, with the only independent variable
the variation in the analyzer angle a. Although it is necessary
to measure Z for three values of «, it is generally better
if more measurements and a least-squares analysis is
performed.

Thus, by measuring the Z-curves for three angular posi-
tions of the analyzer but, further, under the same experi-
mental conditions, both the time-resolved birefringence and
linear-dichroism traces can be recovered.

tan & = %(1 - cos 2a) = Z(a) — Z(— ). (23)

RESULTS AND DISCUSSION

The effect of electric dichroism on birefringence
results

The relevant quantities to be obtained from TEB-
experiments are the amplitude (8) and the field-free relax-
ation time (7) of the electric-field induced birefringence. The
former allows, as a function of the orienting electric-field
strength, the calculation of several electro-optical quantities,
whereas the latter is directly related to the rotational diffusion
coefficients of the molecules under study (Fredericq and
Houssier, 1973). We will now demonstrate that determina-
tion of the birefringence can lead to completely erroneous
results for both the values of 6 and T, if the contribution of
LD is neglected.

Fig. 2 A illustrates the relative error made in the calcu-
lation of &(a) when the contribution of linear dichroism
is not taken into account. § denotes the real value for the
birefringence, whereas 8’ denotes the one determined from
the hypothetical experiment without correcting for LD.
From Eqgs. 18 and 20, it follows that 8'(a) can be calcu-
lated as

&' (a) = 2 asin\/(Z(a) + sin? a) — 2a, 24)

which is the expression that is normally applied to calcu-
late birefringence. In the absence of dichroism (AA = 0), it
yields the true value of 8(«e). Z(«) can be calculated from
Eq. 20. In Fig. 2 A, results from calculations for positive &
and « are shown. For 6 > 0 and « < 0, and for & < 0 for
both o < 0 and « > 0, comparable results are obtained. It is
obvious that the error made in the calculation of 8 can be
considerable when the contribution of LD is ignored.
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FIGURE 2 Relative errors made in the calculation of the amplitude 8 and
the average field-free relaxation time T of the birefringence using simulated
data (see text). & and 7 denote the true values, 8’ and 7’ the calculated ones
for fixed & and different values of AA (8 = 0.1 and AA = 0.00, 0.05, 0.10,
0.15, and 0.20).

Fig. 2 B shows some examples of the relative error made
in the calculation of T(a) when the contribution of linear
dichroism is not taken into account. T denotes an arbitrarily
chosen monoexponential relaxation time of the true bire-
fringence 6, whereas 7' denotes the relaxation time of &’.
7'(a) was calculated from

(a) = f & (a, t) dt, (25)
0

with 8' given by Eq. 24 and ¢t = 0 corresponding to the
moment that the electric field is switched off. In the absence
of dichroism (AA = 0), Eq. 25 gives the relaxation time of
the true birefringence 8. In Fig. 2 B, results from calculations
for positive 8 and a are shown. For negative values of 8,
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comparable results are obtained for « < 0. Errors made in the
calculation of T are generally larger when « and & are of
opposite sign.

From Fig. 2, it follows that the amplitude of the birefrin-
gence and its field-free relaxation time strongly depend on
a when the contribution of dichroism is ignored in the cal-
culation of the birefringence. In some cases, the errors may
be very large. As Fig. 2 shows, errors in  increase when «
decreases, whereas errors in 7 are generally smaller when «
is diminished. This makes the separation of LD and bire-
fringence of paramount importance. Measuring 7, and in par-
ticular 8, as a function of a (under constant experimental
conditions) provides a means to detect the presence of linear
dichroism in the sample. In the rest of this paper, we
will show that the measurement of Z(a) can be used for
the separation of the linear-dichroism and birefringence
contributions.

Electric birefringence and electric dichroism of
PS1 trimers

Z(a) curves of trimeric PS1 in DM containing buffer were
experimentally determined from Eq. 19, and further analyzed
in terms of & and AA using Eqs. 20-23 as indicated in the
Theory section. k was calculated from the prepulse baselines
of Z(a).

Fig. 3 shows the real birefringence (Fig. 3 A) and linear
dichroism (Fig. 3 B) curves at 488 nm, as calculated from Z
for a = 0.00° and a = *+7.95°. From Fig. 3, it appears that
the birefringence and linear-dichroism curves have similar
shapes (when normalized in amplitude, they practically co-
incide). In fact, this should be the case when & and AA arise
from the same molecules (Fredericq and Houssier, 1973).
The buffer is not expected to contribute to the linear-
dichroism signal because it does not absorb at 488 nm; how-
ever, because of the noise in the LD signal, this is not com-
pletely apparent for the linear-dichroism trace shown. The
birefringence signal does show a (small) buffer contribution
that is opposite in sign to that of the PS1 particle. The steady-
state values of the birefringence and linear-dichroism signal
shown in Fig. 3 are of similar sign with respective values of
approximately —0.040 and —0.075 at 488 nm (sample ab-
sorption: 1.0; orienting electric-field strength: 8.5 kV/cm).

A combined analysis of the rise and decay curve of the
birefringence according to the area method (Yoshioka and
Watanabe, 1969) allows the calculation of the relative con-
tribution of the permanent (P) and induced dipole moment
(Q) that contribute to the orientation mechanism. For trim-
eric PS1 particles, it follows that P/Q = 2.5, indicating a
strong contribution of a permanent dipole moment to the
orientation mechanism. Comparison of the electric LD (Fig.
3) with the LD measured in compressed gels (Van der Lee
et al., 1993) allows determination of the orientation of the
permanent dipole moment in PS1 trimers. The sign of the
electric LD is opposite to that of the LD measured in com-
pressed gels (Van der Lee et al., 1993). This means that the
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FIGURE 3 Recovered birefringence (A ) and linear dichroism (B) curves
of trimeric PS1 using the new method. Results have been calculated from
Z(a), with @ = 0.00° and @ = *7.95°. (Sample’s optical density: 1.0 at
A = 488 nm; orienting electric-field strength: 8.5 kV/cm; temperature:
20°C.) The initial positive hump in A, when the field is switched on, is
caused by the positive birefringence of the buffer.

orientation of the particles (which are more or less disc-
shaped with a C3-symmetry axis perpendicular to the plane
of the disc (Boekema et al., 1994)) is different for both tech-
niques. In the two-dimensionally compressed gels used for
the LD experiments, the axis of symmetry of the molecules
will more or less be oriented along the direction in which the
gels are compressed, thus perpendicular to the direction of
expansion of the gel. Because the electric dichroism is op-
posite in sign, it can be concluded that the molecules are
oriented with their C3-symmetry axis parallel to the applied
electric field. This means that the particles must have a per-
manent electric dipole moment directed parallel to the sym-
metry axis, causing this axis to become oriented in the di-
rection of the applied field. Sequence analysis combined with
structure prediction of the psaA-F gene products of PS1 from
Synechocystis (see Materials and Methods) indicate that PS1
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FIGURE 4 Dimensions of PS1 trimers in solutions containing DM
and OGP. The lines represent fixed rotational relaxation times (7) as a
function of the thickness and diameter of oblate ellipsoids. The dotted
curve (...) represents data from OGP containing solutions (T = 0.69 us),
the dashed curve (—) indicates results from DM containing solutions
(7 = 0.95 ps).

particles possess considerable permanent dipole moments
(positive on the lumenal side and negative on the stromal
side).

The effect of detergents on the size of
PS1 trimers

To investigate the influence of different detergents on the
hydrodynamic dimensions of the PS1 particles and as a fur-
ther check of the method, we also performed TEB measure-
ments on solutions containing the PS1 particle in the deter-
gent OGP and analyzed the birefringence signal in the way
as described above. In all cases, the field-free relaxation of
the birefringence was found to be mono-exponential and in-
dependent of the duration and strength of the applied electric
field. When converted to standard conditions (viscosity of
water at 20°C), the following exponential relaxation times
for the decay of the birefringence were found: 7 = 0.95 *
0.02 ps for PS1 in DM containing buffer, and 7 = 0.69 *+
0.02 ps for buffers containing OGP. The indicated errors
reflect SDs of the mean from results of mono-exponential fits
of at least five birefringence curves.

Because it has not been possible to obtain complete ana-
lytical expressions for the rotational properties of short cyl-
inders (discs) (Garcia de la Torre and Bloomfield, 1981), we
model trimeric PS1 as oblate ellipsoids. In this way, we can
estimate the effect of detergent on the dimensions of PS1
trimers. Fig. 4 shows the results of such an analysis for PS1
in DM- and OGP-containing solutions. Shown are lines of
constant rotational correlation time as a function of length
and thickness of the oblate ellipsoid. Because trimeric PS1
possesses C3-symmetry around the short axis (Boekema
et al., 1994), the decay of the electric-field-induced bire-
fringence will only depend on the rotation of this axis. There-
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fore, only the rotational correlation time (7o) of the sym-
metry axis has been calculated using the expressions given
by Koenig (1975). Indicated are lines for which 1, = 0.95
us (DM) and Ty = 0.69 ps (OGP). If we take the average
thickness of PS1 trimers to be 7-8 nm (Boekema et al., 1994),
it follows from Fig. 4 that the diameter of the molecule in-
creases from approximately 14.4 to 16.6 nm when OGP is
replaced by DM. The value of about 1 nm of the difference
in thickness of the detergent layer of DM and OGP is vir-
tually independent of the assumed height of the particle (Fig.
4) and in good agreement with electron microscopy results
of Photosystem 2 measured in buffers containing DM and
OGP (Dekker et al., 1988). The value of approximately 16.6
nm for the diameter of PS1 trimers in DM is in excellent
agreement with recent results obtained from electron mi-
croscopy in combination with extensive image analysis
(Kruip et al., 1993). This shows that TEB measurement, with the
method presented here for separating LD and birefringence ef-
fects, provides a sensitive way for the determination of overall
structures of these photosynthetic preparations in aqueous so-
lution. The results indicate that the overall structure of trimeric
PS1 in solution is not substantially different from that of PS1
under the conditions necessary for electron microscopy.

We are indebted to Prof. S. Aragon for valuable advice to improve the
theoretical section. J. Kruip is gratefully acknowledged for calculations on
the amino acid sequence of PS1 proteins.
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