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ABSTRACT

We have developed a new approach to the theory of linear
dichroism in partially ordered systems. The description of
the partially ordered ensemble uses a density of states
function, D(6,¢,é), which gives the probability that the
direction of polarization for incident polarized light has
épherical angles 6 and ¢ in an axis system fixed with respect
‘to the molecule; A = (Al,A2 “e An) is a set of parameters
that describes the partial ordering. We derive neh formulas
for linear dichroism using the density of states function
and then apply these formulas to the analysis of linear
dichroism in reaction centers and whole cells of photosynthetic
bacteria. One édvantage of our approach'is that the order
parameter, A, provides a more complete description of the distribution
functionthan the traditional order parametefs used by other
authors. Knowledge of A gives a good physical description

of the partial ordering and allows one to calculate accurate

limits for the range of possible orientations of the transition

moments.




INTRODUCTION.

Linear dichroism refers to a dependence of the absorption
of polarized light on the direction of polarization. This
dependence arises because the molecular_absorbanﬁe due to a

transition moment p depends on the angle between p and the

~

O

polarized field g. An analysis of linear dichroism data can,
therefore, enable one to extract structural information on

the orientation of the transition moment. For single crystals
or perfectly ordered systems the theory 1is straightforward (1,2),
but for partially ordered systems the theory is complex (2). We

develop here a new approach to the theory of linear dichroism

in partially ordered systems.

Most previous theories of linear dichroism in partially
ordered systems have introduced an orientational distribution
function P(6',4¢',y') which gives the probability that a
molecule-fixed axis system has Euler angles 6', ¢', and y'
with respect to the laboratory axis system (2) (see Fig. 1 ).
After orientation averaging with the unknown function P(8',¢',y")
[or an expansion of P(8',4¢',y')(3,4), see Discussion] the
linear dichroism formulas can be written in terms of order
parameters which are integrals over some functiéns multiplied
by P(8',¢',9'). An example is the order parameter § defined
when both the molecular reference frame and laboratory
reference frame are axially symmetric; i.e. when P(8',¢',¢")

depends only on 6'. It is defined as




2005 _ :
S = 3<cos 62 1 (1)
where <cosze'> is an ensemble average of cosze' or
2 /2 2
<cos“ 6'>= [ cos"8'P(6')sin6'de’ : (2)
0 . ”

Because the linear dichroism formulas depend only on order
parameters like S, it is not possible to fully determine
P(6',4',9') from a linear dichroism measurement; it is possible
to obtain only the order parameters. If one can construct
P(6',¢',y') from a model for the system, however, it

is possible to extract structural information in light of the
specific model. This has been a major stumbling block for
existing linear dichroism theories - no general method for
construéting P(6',¢',¥') from a model has been described.

Our approaéh to linear dicthism will overcome this
obstacle by using new techniques for describing partially
ordered'syétems (5,6) which we have already applied to simu-
lation of EPR spectra (7). These techniques involQe a general
method for calculating a density of sfates function D(6,¢,é)-
which gives the probability that the polarized field has
spherical angles 6 and ¢ in an axis system fixed with respect
to the transition moment u (see Fig. 2). Here A is a set of
parameters (Al’AZ?A3""' An) that describes the partial
ordering. Note that D(6,¢,§) is a distribution function

in a molecular axis system while P(8',¢',y') is a distribution

Bl ik St o o




function in the laboratory axis system. That is, we will be
orientation averaging in a molecular axis system instead of
a laboratory axis system. As will be shown later, this

approach leads to simplification of the formulas in many

instances. "

The density of states function, D(6;¢,é) is calcula%ed
in the following manner: 1) From a model for the system, one
determines a set of rotations which will rotate an axis
system originally coincident with the laboratory axis system
into an axis system which is a member of the ensemble of
axis systéms fixed with respect to the transition moment.

2) The rotations are assigned weighting functions giving the
probability distribution in each rotation; e.g. a Gaussian
weighted rotation about some. axis will have the weighting
function exp(462/A2), where A is the width of the Gaussian
distribution. 3) Finally, D(6,¢,é) is obtained as an integral
over the weighting function (see Appendix A and,reférences

5 and 6 for more details). In effect, we have replaced

order parameters that are integrals over P(®',¢',¥') with

the parameters A, ,A, ... An. We believe that our parameters

1°72
give a better physical description of the system.
The function D(6,¢,4) can be used to interpret many
types of experiments on a system, and the results often
allow one to specify A to within a small range (5-7). If all
éomponents of A can be measured, a linear dichroism experiment

will yield the orientation of the transition moment in a

molecular axis system. Unfortunately, A can rarely be

4]




specified with certainty; our analysis then allows one to
use the uncertaiﬁty in é to place accurate limits on the
orientation of the transition moment.

| The next section describes our approach to the theory
of linear dichroism based on the density of states formalism.
The new approach is then applied to réaction centers and'
whole cells of photosynthetic bacteria. In the discussion,

we compare our approach to others.in the literature (1-4,8-13).
vWe find that our approach is equivalent to others that use
P(6',6',9'), but it has three distinct advantages.

Tirct, in comparisoh tovparameters like S, the set of
parameters Al’AZ .o Aﬁ are more intuitiyely descriptivg

of the system, and they give a more complete definition of the
distribution function. Second, it is straightforward to
construct D(9,¢,§) from complex physical models and to
initerpret linear dichroism in light of these models.

Third, by Qrientation averaging in a molecular axis system

our approach is often much more efficient. For example,

when neither the laboratory reference framenor the molecular
reference frame is axially symmetric, P(6',¢',y') depends

bn all three angles, because it takes.three Euler angles to specify
the orientation of one axis system with respect to another.

In contrast, D(6,¢,é) specifies fhe spherical angles of the
appiied field, which is a vectorial gquantity. Because it

takes only two angles to specify the orientation of a.vector,
D(6,¢,é) never requires more than two angles. We can,

therefore, analyze complex models with fewer angular variables.
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THEORY
The dichroic ratio R of an absorption band is defined as the

ratio of integrated absorption bands measured with light polarized

T

parallel, E", and perpendicular, EL’ to a given direction; i.e.

R = A"/Al | ' (3)

where A" and A1 are the integrated absorbances. Most reported
forms of linear dichroism can be related to R, as discussed in
Appendix B. One notable exception is for experiments that directly

measure A1I - A1

(14-16) and normalize by dividing b§ As which

it the absorbance of the corresponding randomly oriented sample.

We call this form the dichroic polarization, defined as

A - A

L= — (4)

r

When the laboratory reference frame is axially symmetric, L can

- 3
di

o2 ated to R,'but in the general nonaxially symmetric case
L cannot be related to R. Therefore, we also derive formulas
for L.

Before continuing, let us formally define the two coordinate

WA

syztcrz which we have already mentioned. The first coordinate

system 1s the laboratory axis system (XYZ), and it is fixed

RSP EOnS- Yot Loy

in the laboratory reference frame. In the laboratory axis

system E  and §1 are constant vectors. The second coordinate

I
system is the molecular axis system (xyz), and it is fixed

S
© pnes e onea
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with respect to the transition moment whose linear dichroism



is being measured; that is, a unit vector fi in the direction

of the transition moment u is a constant vector

-~

fi = (Uxauyauz) | (5)

in the molecular axis system. In general, the set of molecular
axis systems defines a partially ordered ensemble. We ha;e
previously discussed a method for direct determination of the
density of states functions D"(6,¢,é) and Dl(6,¢,é) (5,6). These
functions give the probability that EH and § have spherical

angles ® and ¢ in the molecular axis system; i.e. the proba-

bility that
§ = |§|(sinecos¢,sinesin¢,cose) (6)

Using the density of states formalism, we can now develop a
new approach to the theory of linear dichroism.

We begin by calculating A". Tne absorbance of a transition
moment u interacting with a polarized field E is proportional to
(E-g)2 or equivalently to cosQB, where B is the anglé between

u and E. For a partially ordered ensemble interacting with E",

)
the absorbance 1is

i 27w ~ 9 T 27 )
LY K f d6 f d¢(u-E)°D, (6,¢,A)/S 46 J d¢D, (8,9,4) - (7)
I 0 0 <7 Tl ~""0 0 il ~
where 1 and E are defined by Eq. (5) and Eq. (6), and K is an

experimental constant which contains such parameters as

extinction coefficient, concentration, and path length.



[Note that in Eq. (7) and throughout this paper we use
unnormalized density of states functions; the denominator
furnishes thé required normalization]. Experimentally, the
partial ordering is induced by exerting some type of force on

the system, such as an alignment field or a mechanical stretch.

Because the sign of the direction of these forces is arbitrary,

~the density of states has the following symmetry properties

(1) D, (6,6,A) = D (8,6+m,4) | (8)

and |

(2) h ' h : '
ql(6,¢,é) = D"(B,ﬁ-¢,é) . (9b)

That is'D|

(6,¢,A) is periodic with period m and is symmetric

| |
about 1/2. Using only these symmetry properties, Eq. (7)

reduces to

- 2 .2 2
Ay = K [T (0)=F (M) T+p By M)+ [1-T) (4) 1) (10)
where K' is a new o constant,
m/2 g T2
T, (8) = J désin”6 J d¢D"(9,¢,A)/N"(A) - (11)
~ 0 : 0 ~0 ~
/2 , /2 )
ﬂI(A) = [ désin®6 S désin ¢D“(8,¢,A)/N"(A) (12)
. - 0 0 . - -
and
n/2 w/2

N, C(A) = S d8 [ d0D|(6,¢,A) - - (13)
i< 0 0 ! ~




In a random sample, A“ = Ar’ q'(6,¢,§) = sin®, T"(A) =2/3,
and ﬂl(é) = 2/3. Using these facts, we find that K' = 3A,
and Eq. (10) for the ordered sample becomes
= 3a_{u20T, (A)-F, () 1+2F, (0)+u2[1-T, (8)7) (14)
B ptHy LTy (805 (A Iruph (8)+u, 11-T) (£

rd

An analogous expression holds for Al’ where we define
Tl(é), Fl(é), and NL(A) using Dl(6;¢,§). The dichroic ratio
is thus given by

A AT, ()-F () 14ulE, (M)+n? D-T, (A)]
l x_ "= Il =< vyl "< z =

.R = A_= 2 2 2 » (15)
1 ux[TL(é)-ﬂ.(é)]+uyﬁl(§)+uzll-%.(é)]

and the dichroic polarization is given by

L = fl:éL = 3{u2[T (A)-T, (A)+F, (A)-F (A)]+u2[F (A)-F (A)]
AL b o IRRa S e B e y <7 TLte

+ui[11(é)—T"(é)]} (16)

Equations (15) and (16) take simpler forms when the density
of states depends

only on 6 and A, which happens whenever the molecular

reference frame is axially symmetric. Equations (11) and (12)

become
w2, | n/2 |
ﬂl(A) = [ sin eql(e,A)de/ J ql(e,A)da (17)
~ 0 ~ 0 b
and
1

F,(8) = 5 T, (&) - a




The dichroic ratio reduces to

T, (8) +u

2[2-3T, (8)]
R = 5
Z

(19)
T, (A) + u_ [2-3T, (A)]

If the laboratory reference frame is also axially symmetric

4

and E, is along the symmetry axis,

_ 1
Ar = §(A“ + 2A1) (20)

When Eq. (20) holds, we can relate T"(A) to TL(A)5 that

relation is

;‘ 1 . . .
T, (8) = 1 - 3T, (8) | (21)
Furthermore -
3(A"—A1) ‘ . ‘
L = —EEI?E:— (22)

L in this form is related to R,as shown in Appendix B. If
E” is not along a laboratory symmetry axis, Eq. (20) is no

longer valid, but we can still write
L = 20T, (0)-T, (M) T30} 29
2 1°= [ 2

We choose the z axis to be the axis of symmetry in the
molecular axis system. The angle between the z axis

and the transition moment p is (see Fig. 2)

-~

€ = cos-luz S (24)

From Eq. (19)
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€ = cos-l[

1 j1/2
2(1-R)
RT, ()-T, (&)

(25)

3 +

We now consider some spec1al cases of Eq. (18). One type of
perfect

ordering is | where all molecular z axes line up with the :
laboratory Z axis. If linear dichroism ’ -
'is measured with ~" = (0,0,1) and El = (1,0,0), we have ' ;

Dy (6) = 8(8), D (8) = 8(5 = 8), T,(A) = 0, and T, (A) = 1 where
6§  is a Dirac delta funcfion. - -
Substitution into Eq. (19) gives the result first derived

by Fraser (8)

R = 2cot28 ' (26)
The opposite extreme is a. 2
random sample, where ql(e) = D, (8) = sin® and T" =T - =3

The dichroic ratio is R = 1; i.e. there is no linear dichroism.
In the general partially ordered case, a calcuiation of T"(éi
and Tl(é) is sufficient to intérpret the linear dichroism.

In the next section, we will apply these formulas to
some examples. Most reports of dichroic ratios are ratios
of the peak absorbances and not integrated absorbances. As
long as the parallel and perpendicular lineshapes do nét
differ too much, the ratio of peak absorbances is a close

approximation to the "true" dichroic ratio. We will therefore

TRy

ignore this difficulty. Another difficulty arises from band R
overlap of several transitions. When band overlap occurs, it
is difficult to measure the dichroic ratio by measuring peak

absorbances. We will attempt to analyze only pure transitions

and hence avoid this problem.
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RESULTS

The plan of attack for analyzing linear dichroism is the
same for all systems. First, from a characterization of the
“absorption spectrum, one decides which bands are pure enough
for an analysié. Second, from a consideration of the symmetry E
properties of the system, one calculates the parallel and
perpendicular density of states, D"(6,¢,§) and‘rh(6,¢;é).'
Last, the-formulas in the last section are used to extract all
of the possible stfuctural information. We begin by
aﬁalyzing the linear dichroism for a common experimental
~situation.
. Gaussian Uniaxial Model

A common situation when the molecular reference frame'
is axially symmetric 1is tﬁat'the symmetry axis tends to align
along the direction of an applied forceL(e.gf magnetic field -
direction or stretch direction). If we take the applied
force to be along the laboratory Z axis, then deviations from
perfect order are manifested by a non-zero angle B, between the
symmetry axis and the laboratory Z axis., A partially
ordered : ensemble will be described by
a probability diétribution in B; in the Gaussian Uniaxial

Model, we take the distribution to be a Gaussian of width:

w. = w(B) = exp(-—B?/Aé) | (27)
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This situation is illustrated in Fig. 3a; each symmetry axis that
points along the cone of half aﬁgle B about the laboratory Z axis
" will have the same probability of occurrence.

We seek a set of n rotations Rl(al), Rz(aé), - Rn(an) and a
weighting funcétion w(al,a,, “ o dn) that will generate
the ensemble in the Gaussian Uniaxial Model. That is, a wé&ghting
function which describes the probability that the molecular axis
system for a member of the ensemble is related to the laboratory
axis system by n rotations of AysQy oo O respectively. The
eriscullc in the Gaussian Uniaxial Model can be generated by‘the
foliowing three rotation scheme: a free rotation of a about the .
laburaiofy Z axis (by free rotation, We mean the weighting'function
does not depend on a); a Gaussian weighted rotation of B about the
laboratory Y axis; a free rotation of y about the laboratory Z axis.
The weighting function for these three rotations is given by Eq.
(27). As discussed in references (5) and (6) (see Appendix A),
the density of states is easy to calculate given W FH and gi‘
Typically, EH is along the laboratory Z axis and ?1 is along the
laboratory X axis (or any axis in the XY plane), which means
ql(B,AG) and D, (6,A,) are [in the notation-of reference (6) -

see Appendix A]
ZYZ

ql(e,AG) = D3,90[6’WG] ﬂ28) ]
and
VA ¢4
Dl(e’AG) = Dl,O[e’wGJ (29)
D

I(G,AG), Dl(e’AG)’ T"(AG) and TL(AG) for several values of A

! G

are plotted in Fig. 4.

J PO



In Fig. 5, we plot the dichroic ratio, R, as calculated
from Eq. (19), versus the angle between the symmetry axis of
the particle and the transition moment. Note that perfect

ordering, AG = 0.0, corresponds to R = 2cot2€, as shown in

the Theory section. For perfect ordering, R can assume any

12a
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positive number; but as A, increases, R becomes bounded on

G
both sides. This fact can be useful in determining an upper

limit for A, in many instances. In Fig. 6, we plot € versus

G

AG for various values of R. If R < 1, € ranges from the

perfect order value derived from Eq. (26) to 90° and, if
R > 1, € ranges from the perfect order value to 0°. Fig.'ﬁ
allows one again to infer limifs'on Ay given a measurement
of R, because € cannot fall outside the rangé 0° to 90°.
Rhodopseudomonas sphderoides in Stretched Films
Two recent papers by Rafferty and Clayton (17,18) describe the

linear dichroism spectra of reaction centers of Rps. sphaeroides

in both stretched and unstretched films. The reaction center

particles contain 4 bacteriochlorophyll a (BChl a) molecules
and 2 bacteriophgophytin a (BPh a) molecules which all contri-
bute to a complicated absorption spectrum (19). We choose to
study the 860 nm transition because it is believed to be a pure
transition of P860, which is a BChl a dimer that functions

as the primary electron donor in Rps. sphaeroides (20).

We assume, as did Rafferty and Clayton (17,18) , that the
>reaction center particles possess an axis of symmetry which
tends to align with the stretch direction. As a first
approximation, this assumption is isomorphic to the Gaussian
Uniaxial Model; we take the width of the Gaussian distribution

of particle orientations within

their stretched film to be AS.
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At 860 nm, Rafferty and Clayton (17,18) measure

R = 2.28 which means € < 43°. Furthérmore, A. < 1.0

S
radian (see AG = 1.0 curve in Fig. 5). We can narrow
the limits on A_, further by considering the value of R

S

at a different wavelength. At 597 nm, they méasure

rd

R = 0.48; if we assume this to be a pure transition, we

have a new limit: AS < 0.75 radians. In reality, the

597 nm transition is not a pure transition, but this
. :

means that the 597 nm linear dichroism must contain at least
one component whose R value , '
is not greater than - : 0.48. Therefore, the

limit of 0.75 radians on A. is an upper 1limit because it 1s based

S
on the conservative assumption that the 597 nm transition is a
pure transition. Rafferty and Clayton (17,18) did

experiments on films that were stretched to different ex-
tents. At 860 nm in one such film, they determined R to

be as high as 2.50. An R of 2.50 means that € must be

less than ﬁ2°. Returning to the fiim where R = 2.28, we

find that imposing the restriction of € < U42° requires

that A, must be greater than 0.30 radians. The final

S

most conservative limits on AS are

0.30 radians < AS < 0.75 radians (30)

From Eq. (25), the limits of € are

298° < g < 42° : - (31)

IR
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Perhaps the Gaussian Uniaxial Model is an oversimplification,
because it neglects the anisotropy of the unstretched film; i.e.,
it neglects the possibility that the particle symmefry axes lie
in the plane of the unstretched film. We will therefore consider
a more sophisticated model. Instead of giving equal weights to
all symmetry axes that lie on the circle in Fig. 3a,we can &se the
model illustrated in Fig. 3b where all symmetry axes that lie on
an ellipse have equal weights. Upon stretching, it is more likely
that the tilt of the particle symmetry axis away from the labora-
tory Z axis is in the plane of the film than out of the plane of
the film. Therefore, the ratio of the ellipse axes B8, = b/a is
less than 1. We call this model the Elliptical Caussian Uniaxial

Model; it can be generated by the same rotations as the Gaussian

Uniaxial Model but the product of the weighting functions is now

2,2
Wpg F w(B,y) = exp(-X /AS) (32)
where
' 2
x = tan  ltanB(S2Y + sin?y)t’?) (33)
A v
e

Despite the loss of awxial symmetry in the laboratory reference

frame, D"(G,A Ae) and Dl(B,A Ae) are'still‘axially symmetric.

S’ S’

Ty (Bg>

and A, = 0.2 are plotted in Fig. 4c. We can pick a trial value

(bg,8,) and TL(AS,Ae) for A = 1.0 (Gaussian Uniaxial Model)
for Ae and analyze the linear dichroism data just as we did with
the Gaussian Uniaxial Model. We find that the limits on € in

equation (31) are independent of Ae.
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Rafferty and Clayton (17,18) calculated € to be 40.8°
by assuming that an extrapolated value of R = 2.68 at 860 nm
corresponds to perfect order. This value falls within our
limits but, if the extrapolation is invalid, the range of
€ in equation (31) provides a more realistic interpretation
of their data. The question can be resolved by using
ql(e,AS) and DL(G’AS) to analyze other types of experiments
and thereby pin down AS. |
Rhodopseudomonas sphaeroides - in Unstretched Films

Rafferty and Clayton (17,18) also did some linear
dichroism experiments on unstretched film containing
rezction center particles of éps. sphaeroides. We use a
model similar to Rafferty and Clayton's (17,18) which assumes

that the reaction center particle symmetry axis lies
close to the plane of the film. However, the film is not
perfectly ordered; some of the symmetry axes are not in
the plane of the film but are tilted out of the film by an
angle 8.. The partial orderiﬁg is thus described by a

probability distribution in B for which we use a Gaussian

w

us ° w(g) = exp(~82/A68) | (37)

where A is the width of the Gaussian distribution.

us ,
The Gaussian Uniaxial Model is not appropriate here.
But, using the coordinate system shown in Fig. 3b, this

ensemble can be generated with the following three rotation

scheme: a free rotation of o about the laboratory Z axis;

b sa7 g pi i
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a Gaussian weighted rotation of B about the labdratory

Y axis;.a free rotatioh of v abouf the laboratory X axis.
The product of the weighting functions for these rotations
is given by Eq. (37).

To observe linear dichroism in ﬁnstretched films, the
experiment must be done with a light propagation direction
that is not normal to the plane of the film. Fig. 7. |
shows the geometry employed by Rafferty and Clayton (17,18),
Within the boundaries of the film.gu = (0,0,1) and E =
. (siny, cosy,0) where ¢ = 37.3°. 1In the notation of

reference 6,

. _ ~2YX '

.D"(G,AUS) = D3,90[e,wUSJ (38) i

. ZYX
D"(G,AUS),-Dl(G,AUS), T"(AUS), and Tl(AUS) for several

values of A are plotted in Fig. 8.

uUs
From the range of € given in Eq. (32), we can determine

PO S IR

a range for A that is, a linear dichroism analysis will

us®
tell us how well the reaction center particles orient in

initie

unstretched films. Rafferty and Clayton (17,18) measured -
a dichroic ratio of R = 1.14 at 860 nm. From Eq. (19), we
find that the width of the Gaussian distribution in B is

‘restricted to the range

0.45 radian < AUS < 0.90 radian o (40)

e = 4 T— PTTIT prT— Ll g
RSt RO SN PR SN A Uig I Y i TR S
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In the next two sections, we_conéider some additional

systems where " experiments have been done that

determine A to wifhin a small range.-

.Rhodopseudomonas viridis and Rhodopseudomonas palustris
in-a Magnetic Field: The Density of States .

Both Rps. viridis cells and Rps. palustris cells are
cylindrical in shape (21), and they can be aligned in a
magnetic field such that the long axis of the cylinder
is perpendicular to-the alignment field (22). Inside the
cells are cylindrical membrane shells (21) containing
bound chromophores. We_choosé the molecular axis system
to have its z axis along the membrane normal. We choose a
modei which assumes ' that the chromophores éreA
bound in a fixed relation to and distributed around the
membrane nbrmaL an assumption which is consistent with experi-
ments. In this model, the molecular reference frame 1is
axially symmetric. Furthermore, the angle € will be the
angle between the membrane normal and the transition
moment.

In this system, we cannot use the Gaussiaq Uniaxial
Model as an approximation. The reason is that‘the z axis
of the molecular axis system does not align preferentially
along the magnetic field. It is the whole cells that are
oriented by the magnetic field; the ensemble of i.:lecular

~ axis systems distributed throughout the membrane:s is

oriented as a consequence. As a model, we assume that
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the long axis of the cylinder representing the cell is

perpendicular to the alignment field and that deviations

from perfect order are due to deviations of the membranes
/

from perfect cylinders. The angle between the actual

membrane normal and the hypothetical perfect cylinder

normal is assumed to have a Gaussian distribution with

width A (AC = A for Rps. viridis and A_ for Rps.

c’ RV P
palustris.) Calculation of D"(G,AC) and DL(G’AC) is
compiiéated by the morpholégy; briefly, using the coordinate
system shown in Fig. 9 we found that a four rotation
scheme ZXYZ (angles a,B;y, and ¥x) with weighting function

W :.exp(-Bz/Aé) will generate this ensemble (see

C
reference 5 or 7 for details). The first two rotations
'loéate_the molecular axis system with respect to the
cylindrical membranes, and the last two rotations locate

the cylinder with respect to the laboratory axis system.
Note that the last two free rotations.require that the cyl-
inder is perpendicular to the alignment field. The

density of states for E" along the alignment field and

E, perpendicular to the alignment field are

~1
ZXYZ
D"(G,AC) 3 90[6 We ] o (41)
and
_ ZXYZ .
PL(G,AC) = 2 0 [o,w ] | (42)
"(AC) and TL(AC) are plotted in Fig. 10.

T
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- In reference 7, we used ql(e,AC).and DL(Q,AC) to
simulate the EPR spectra of the triplet state of the primary
electron donors in both Rps. viridis and Rps. palustris.
We were able to calculate the orientation of the principai
magnetic éxes with respect to the membrane normal. As a

”

byproduct of our calculation, we found that Apy and AP

are restricted to small regions:

0.3 radian < A, < 0.5 radian o (13)
and

0.4 radian < Ap < 0.6 radian (u4)
We can now make use of this information for linear,

dichroism calculations on the same systems.
Rhodopseudomonas viridis Linear Dichroism
The long wavelength absorption maximum in whole

cclls of Rps. viridis is due to antenna BChl b molecules.

Because these molecules do not all have the same orientation 3

o g OA e tact il it

with respect to the membrane normal, the long wavelength

absorption does not correspond to a single molecular species

b Ll yhe

wi+h a unique orientation. This problem can be circumvented

s L sk Lo

by treating absorption changes induced by unpolarized

light and measuring AA" and AA& with light polarized

parallel and perpendicular to the alignment field respec-

tively. For light induced absorption changes, there is a
pure transition at 970 nm ‘ due to the oxidation of

the reaction center BChl b dimer P970,

R O T Y T N I T R e A o

[RFIEas Iz

R L et




21

which functions as ‘the primary electron donor in Rps.
viridis (24). Lastly, we note that the same formulas that
apply to R and L in the Theory section also apply to AR and

AL defined using AA"‘and AAI' : -

Paillotin et al. (13) have measured the absorption
change linear _
dichroism of magnetically aligned whole cells of Rps. -

viridis and found AL = -0.42 at 970 nm. From Eq. (23) and
the limits
of ARV in Eq. (42), AL cannot be less than -0.33, which

results in a discrepancy with experiment. There are two

possible explanations: 1) The EPR experiments of Frank et al.

{7) where A was determined were done under experimental

RV
conditions different from those of the linear dichroism

experiments which may affect ARV'

morphology is not adequateiy defined by our model.

2) Perhaps the cell

The large negative value for AL indicates that € is
proubably close to 90°. The ideal experiment to do next
is magnetophotoselection (25) on P970; this experiment
combined with the results in reference‘7 would yield an
independent value of €. |
Rhodopseudomonas palustris Linear Dichroism

The only linear dichroism measurements reported
for Rps. palustris have been in direct absorption (26,27).
Although there are no isolated transitions due to a single
_ molecular species with a fixed orientation with respect to
the membrane normal, we will analyze the three absorption

harnds at :
590 nm, 800 nm, and 870 nm and interpret the results as an
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~ average orientation of the transition momeﬁts cohtributing to
those peaks.

At 590 nm, 800 nm, and 870 nm, Breton measured dichroic
ratios in magnetically aligned Rps. palustris of 0.59, 0.81 and
0.80 respecfively (26). From T"(AP) and-Tl(AP) in Fig. 10,
Eq. (19) and the range for by, we find the following limits on

the avefage angles

0 < <ggqq> < 20° - (45)
[o) o)
72° < <€800> < 81
and
71° < <€ggg> < 78° | ' (47)

In the next section, we use these ranges to investiéatefthe
orientation of Rps. palustris in a flow method.
E. Rhodopseﬁdomonaé palustris in a Flow System.

Morita and Miyazaki (27) have measured the linear dichroism
of Rps. palustris oriented by a velocity gradient created in a
flow system. In a flow system,-rod like particles such as HAps.
palustris tend to orient such that the long axis of the rod is
along a line of constént'velocity of the flowing solvent (28).
Because the flow system of Morita and Miyazaki (27) has a square
cross section perpendicular to the flow direction, any tilt of
the long axis away from the flow direction will move the long
axis out of a line of constant velocity. We can therefore quali-
tatively analyze this flow system as a set of cells that tend to
orient with the long axis of the cell collinear with the flow

direction (see Fig. 11). We have not attempted a detailed
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analysis of flow orientation; instead we introduce a Gaussian
distribution for the angle between the long axis of the cell
and the flow direction X with width AF

w= (x) = exp(-xz/Ag) (48)

To generate the flow system ensemble, we begin with the same

first two rotations that were used with magnetic field alignment.

The reason is that these rotations orient the molecular axis

system with respect to the hypothetical perfect cylinders which
means they are properties of the cell and not of the alignment
method. Note that with the models we are using, AP is unaffected

by the alignment method. Three more rotations are necessary to

orient the cylinder with respect to the laboratory axis system.
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The three rotations are: - a free rotation

of y about the laboratory Y‘axis; a

rotation of x about the laboratory X axis weighted by the
Gaussian function in Egn. (48); and a free

rotation of £ about the laboratory Y axis. This rotation
scheme contains five rotations (ZXYXY) which makes the
density of states very difficult to evaluate. We note,
however that the fifth rotation is superfluous for the

parallel density of states because it is a rotation about

EH (see Fig. 11). Thus

Ay = pZXYZ

D pAr 3,0

(6,4 [6,»wF]

where

2,,2 2
wF(AP,AF) = exp(-B8 /AP)exp(-x?/AF)

Because the laboratory reference frame is axially symmetric
and gﬂ is along the laboratory symmetry axis, we can
calculate T, (4) from T"(Q) by use of equation (21). 1In
this way we avoid the necessity of having to calculate
D, (8,4,,8p). |

Morita and Miyazaki (27) measurad

dichroic ratios of 0.54, 1.27 and 1.2¢ ..t 590 nm, 800 nm,




24

and 870 nm respectlvelyln flow orlented Rps. paZustrzs.
We first set Ap to its lower

limit of 0.4 radians; this limit corresponds to the lim-
. e . = = °

iting values in Eqs. (u45) (u7) of <€cgg” 20°, <€g50>

= 72°, and <eg,g> = 71°. ‘Working backwards with equation
(19), we find that Ap = 0.95 radians is consistent With
these angles. This calculation reveals two important facts.
First, because AP = 0.4 is a lower limif, AF = 0.95
radians is an upper limit. Second,; the fact that one

A_ value reproduces all three angles indicates that the

F
models are self consistent. Analagously, from the AP
= 0.6 radian-1imit, we find a lower limit on AF of
0.90 radians. In summary, the width of the Gaussian
distribution in ¥, which is a measure of the extent of
orientatiqn by flow method, is between 0.90 and 0.85

radians.

DISCUSSION

We have used the density of states formalism fo develop
a new approach to the theory of linear dichroism. Although
equivalent to theories that introduce the crientational
distribution function P(8',¢',¥'), our approach has several
distiﬁct advantages. Those advantages will be outlined in

this section.




25

In our approach, we begin by calculating a density
of states function that depends on é and then derive
linear dichroism formulas that also depend on A. Previous
authors have ignored the problem of calculating a distri-
bution function and have instead introduced pérametefs'
iike S into the linear dichroism formulas (1,2,13).
Although the linear dichroism formulas in both ééses
are mathematically equivalent, knowledge of A determines
the distribution function D(6,¢,é)'whi1e knowledge of
S yields no_such information. To see why this is the case,
we will consider an experimental system where both the
laboratory reference frame and the molecular reference
frame are axially symmetric.

In this example, a mathematically elegant approach
to the introduction of order parameters like S is to
expand P(8',¢',9') in a series of Wigner rotation matrix
elements (3). Because of the axial symmetry " the expan-

sion reduces to an expansion in Legendre polynomials (3,4).

22+1
2

P(B',0',p') = P(O') = <P2(cose')>P2(COSB') (52)

L
2 .
where Pz(cose') and <P£(cosB'P are the f2th Legendre

polynomial and its ensembleaverage, respectively.

n
Pz(cose') = J Pl(cose')P(e')sine' de! (53)
0
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Following McBrierty,
ACY) = A_[<P,(cos8')>P,(cosp') 3cos?y-1)+11  (54)

where ¢ is the angle between the polarized field and

the symmetry axis of the laboratory. Because Pz(x)'=

(3x2—1)/2, the parameter S is equal to <P2(cose')>.

”

Eq. (54) gives a mathematical interpretation of the S
parameter; it is the coefficient of Pz(cose') when P(8')
is expanded in a series of Legendre polynomials. If the

expansion is slowly convergent, S will reveal almost

nothing about P(Gf). In contrast, the density of states
appfoach represents D(B,é) with the few parameters in A.

As shown in our examples, A can often be narrowed to a

small range which thereby determines the distribution
function to a small range.' Stated another way, bécause
D(e,é) = sinb'P(0') for our aﬁially symmetric example,
knowledge of A determines allof the moments of the expansion

in Eq. (52) by

<P£(cose')> =

o3

Pl(cose')D(e',é) de’ (55)

The density of states formalism provides an explicit
formalism for direct determinatioﬁ of‘D(6,¢,é) frem an
arbitrary model. Previous attempts by Fraser (8-11) and
Beer (12) to interpret linear dichroism

have relied on simple models. One such model considers a
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sample to have a fraction f of the molecules perfectly
ordered and the remaining fraction 1-f randomly ordered.
The dichroic ratio is then given by

2fcosle + (2/3)(1-f£)
fsinle + (2/3)(1-f)

R = (56)

Because this modei is probably not realistic, f is a
relatively meaningless parameter. In contrast, our é
parameter derived from more realistic models.reveals more
details about the system. Also, it is straightforward

to extend our techniques to include more complicated
models. For example,.instead of using Gaussian weighting
functions, a rotation could be weighted by a potentiai

energy function
w(B) = exp[-E(B,0)/kt] | (57)

where E(B,A) is energy as a function of B, k is Boltzmann's
constant, and T is temperature. In principle, several
experiments on a system could be used to develop a detailed

explanation of the partial ordering.

Finally, the fact that we average orientations in the .

molecular axis system instead of the laboratory axis system
leads to simplification of the formulas in many instanéés.
When both the laboratory reference frame and the molecular
reference frame are axially symmetric, 3(6') depends only

on 6' and D(6,A) depends only on 6. But, when axial

&%
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symmetry in the laboratory reference frame is lost,
P(6',¢') depends on two angles, 6' and ¢', which are the
spherical angles of the molecular reference frame symmetry

axis in the laboratory axis system. In contrast, D(6,A)

still depends only on 6 because it is a distribution function

'

in the axially symmetric ﬁolecular reference frame. We
can, therefore, consider complex models with nonaxially
symmetric laboratory reference frames while still in the
realm.of axial symmetry. An example'is the Elliptiéal
Gaussian Uniaxial Model for which there is no symmétry axis
"~ in the laboratory reference frame; we were still able to
use an axially symmetric analysis. When all axial symmetry
is lost, P(8',6',y') depends on all threeangles; but
D(6,¢,é) never depends on more than two angles, because

it takes only two angles to specify the orientation of the

polarized field in the molecular axis system. In conclusion,

by working in an axis system fixed with fespect to the

transition moment, we gain computational efficiency.

e

.

T e S T
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APPENDIX A

In reference 6, we give some simple formulas and
techniques for calculating density of states functioﬁs}
A brief summary of that approach is given here. The

notation for a density of states is

RS |
Dv,lp[eg¢,w] | (A-l)

where RS is the rotation scheme (i.e., the number and
order of rotations required to generate the ensemble of
molecular axis systems), v is the type of field vector

{v =1 for E = (cos¥,siny,0), v=2 for E = (cosy,0,siny),

and v=3 for E = (0,cosy,siny)], ¥ is the angle in the
type of field vector indicated by v, é and ¢ are the

spherical angles of the field vector in the molecular
axis system, and w is the weighting.function. Note that ' }
Dss [6,¢6,w] is .a function of the wéighting'function w3 ‘

2

that is, DSSw[6,¢,w] is a functional. We denote this fact
s ,

with square brackets.

oo Don ot ing sl o auh e

When one is faced with a density of states calculation,

the procedure is as follows: (1) determine RS, the number

and order of rotations required to generate the ensemble,

(2) determine W(aBY...), the product of the weighting . E
functions, and (3) determine v and ¥ for the field vector.
‘The formulas for rotation schemes with 3 or 4 rotations

are given in reference (6).
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APPENDIX B
Linear dichroism is reported in a variety of forms.
Here, we wili relate several of those forms to R = A"/A1
or L = (A"-Al)/Ar which we have used in this paper.
After separate measurements of'A" and Al, the

”

following four definitions of linear dichroism are sometimes

found
A, -A
| T - U -
LD, = B A, = RTI . | (B-1)
-A
s s T | }
_LDz - A“+2A1 T R+2 o (B-2)
-A
O ATA 2D )
LD, = I a ) = RET (B-3)
21 7L
-A
O ATA 31 )
LD, = Th 1o = Ris (B-4)
3(A 124, o

The dichroic fatio R is related to these four forms by

1+LD; o
R = I-1D, . (B-5)

l+2LD2

R = ‘i'mz— (B-S)

2+LD3 .
R = T_ﬁg (B-7)

3+2LD4

R = W . : (B-—8)

Alternatively, A"—Ai can be measured by lock-in techniques

1 - - - . . . is
(14-16) and normalized by dlYldlng by Ar or Aunpol’ which

SRt o a8
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the absorbance of the oriented sample using unpolarized
light. We have already discussed normalizationOf'A"-Alby Ar’

which gives L. A can be written in terms of All and A .

unpol
Following Zbindin, (2)

AX = Aﬂcoszx + Alsinzx | (B-9)-

where Ax is absorbance due to a field E_ whose polariza-

tion makes an angle X with E". Integrating over x, we
find v , 1
A = 1a + A (B-10)
unpol 2 ﬁl 1
Therefore

o e W

A

T = LD3 (B-11)
unpol T(AH+A1)

and we can relate this form to R by Eq. (B-7). ‘ i

ENA ST ch g oo e v VWAL p <A st A ingia i) ik
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FIGURE CAPTIONS

1. Relation between the laboratory axis system.
(Labeled X,Y, and Z) and the moleculafvaxis system,
(labeled x,y, and z). 6' is one of the three
Euler angles (6',¢', and ¢') that relate.the laboratory

rd

axis systém to the molecular axis system.

2. Arrangement of ; and E in the molecular axis

-~

system. & and ¢ are the spherical angles”of E.

3. a) Schematic representation of the Gaussian Uniaxial
Model. B is the half angle of the cone centered on
the laboratory Z axis.

b) Schematic representation of the Elliptical
Gaussian Uniaxial Model. x is the angle between the
laboratory Z axis and the line in the YZ plane that
points to the ellipse. a and b are thevmajor and
minor axes of the ellipse.

y. al Dl(e,AG) for the Gaussian Uniaxial Model for

I
several values of A, in radians.

b) Dl(e,AG) for the Gaussiaanniaxial Model for
several values of AGin radians. '
c) T"(AG) and Tl(AG) for the Gaussian Uniaxial
Model (Ae_= 1.0) and for the Elliptical Gaussian

Uniaxial Model with Ae = 0.2.
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Dichroic ratio R versus angle € between the transition
moment u and the symmetry axis of the molecular
reference frame. The plots are for the Gaussian

Uniaxial Model with several values of AG'in radians.

Angle € between the transition moment u and the

-~
Id

symmetry axis of the molecular reference frame
versus Ag in radians.
The plots are for the Gaussian Uniaxial Model with

several values of the dichroic ratio R.

Propagation of E, through unstretched films as
in the experimental set up of Rafferty and Clayton (17,18).
a) D"(G,AUS) for unstretched films for several values

of AU in radians.

S
'b) DL(B’AUS) for unstretched’ films for several
values oflAUS in radians.

c) T"(AUS) and Tl(AUS) for unstretched films.
Definition of the angles and axis systems for Rps.

viridis and Rps. palustris in a magnetic field. The
alignment field

HA is along the Z axis of the laboratory axis
system (XYZ). E" is parallel to HA, and El is )
perpendicular to H,. B is the angle between the

normal to the membrane A (A is also the z axis of the
molecular axis system) and the hypothetical normal to

a perfect cylinder N.

AP P I WV
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11.
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ql(AC) and Tl(AC) for Rps. viridis and Rps. pélustrisA
in a magnetic field. |

Definition of the angles and axis systems for flow
oriented Rps. paluétris. The flow direction is along

the Y axis of the laboratory axis system (XYZ). EH is
parallel to the flow direction and E is perpendicular '
to thevflow direction. B is the angle between the
membrane normal A (fi is also the z axis‘of the molecular
axis system) and the hypothetical normal to a perfectv

cylinder N. X 1s the angle between the flow direction

and the long axis of the cylinder L.
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