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ABSTRACT The orientation of proteins in ordered biological samples can be investigated using steady-state polarized
fluorescence from probes conjugated to the protein. A general limitation of this approach is that the probes typically exhibit
rapid orientational motion (“wobble”) with respect to the protein backbone. Here we present a method for characterizing the
extent of this wobble and for removing its effects from the available information about the static orientational distribution of
the probes. The analysis depends on four assumptions: 1) the probe wobble is fast compared with the nanosecond time scale
of its excited-state decay; 2) the orientational distributions of the absorption and emission transition dipole moments are
cylindrically symmetrical about a common axis ¢ fixed in the protein; 3) protein motions are negligible during the excited-state
decay; 4) the distribution of ¢ is cylindrically symmetrical about the director of the experimental sample. In a muscle fiber, the
director is the fiber axis, F. All of the information on the orientational order of the probe that is available from measurements
of linearly polarized fluorescence is contained in five independent polarized fluorescence intensities measured with excitation
and emission polarizers parallel or perpendicular to F and with the propagation axis of the detected fluorescence parallel or
perpendicular to that of the excitation. The analysis then yields the average second-rank and fourth-rank order parameters
((P,) and (P,)) of the angular distribution of c relative to F, and (P,,) and (P,.), the average second-rank order parameters of
the angular distribution for wobble of the absorption and emission transition dipole moments relative to c. The method can
also be applied to other cylindrically ordered systems such as oriented lipid bilayer membranes and to processes slower than
fluorescence that may be observed using longer-lived optically excited states.

INTRODUCTION

Intrinsic and extrinsic luminescent (fluorescent and phosimust be taken into account when fluorescence polarization
phorescent) probes have been highly successful tools iis used to analyze protein orientation and motion. Local
investigations of the orientation of the components of macprobe motions are usually sufficiently restricted that they do
romolecular and supramolecular structures. Steady-stateot obscure information about the orientation of the protein.
and time-resolved measurements of polarized luminescence The rate and extent of restricted probe rotations in su-
have revealed rotational motions in these systems over pramolecular structures, which occur on the nanosecond or
range of time scales from nanoseconds to milliseconds (sesubnanosecond time scale, are usually determined from the
e.g., Munro et al., 1979; Jovin et al., 1981). In these studiesjecay of fluorescence anisotropy (see, e.g., Munro et al.,
it is necessary to distinguish the local orientational distri-1979), using isotropic samples, for example, suspensions of
bution and motions of the reporter groups relative to themyofibrils (Ishiwata et al., 1987; Ludescher and Thomas,
macromolecules from those of the macromolecules them1988) or myosin synthetic filaments (Kinosita et al., 1984).
selves, which are usually more functionally relevant. TheHowever, there are several potential problems with this
intrinsic protein fluorophore tryptophan, for instance, ex-approach. Preparation of soluble or suspendable compo-
hibits restricted orientational motion with respect to thenents of the sample and maintenance of an isotropic orien-
protein frame (Beechem and Brand, 1985). Extrinsic probesation are not always straightforward. Critically, the mea-
that are covalently bound to proteins also rotate around thesured properties of the isotropic sample, including the
linkers and wobble within restricted angular ranges on theangular probe mobility, may be different from those in the
subnanosecond time scale (Brochon et al., 1972; Wahl et alnative, fully constituted system. Techniques for measuring
1978). The segmental flexibility of neighboring peptide nanosecond anisotropy decays are relatively complex, re-
regions leads to similar restricted probe rotations on someguiring specialized apparatus and, usually, long data acqui-
what longer time scales (Yguerabide et al., 1970). Suclition times (Badea and Brand, 1979; Lakowicz and Mali-
local motions depolarize the emission from the probes angval, 1985), limiting their usefulness for dynamic or unstable
supramolecular systems.

, __ — An ordered sample is required to characterize orienta-
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and emission channels (e.g., Van Gurp et al., 1988a,b; Linglso relevant to other ordered assemblies with effective
et al., 1996) or electronically modulated polarizers, allow-cylindrical symmetry, such as planar lipid bilayer mem-
ing repeated measurements at submillisecond intervals liranes, and to rotational events monitored on the longer
light levels are sufficiently high (Irving et al., 1995; Allen et time scale of triplet excited-state decay. Part of this work
al., 1996; Hopkins et al., 1998). Compared to nanosecontlas previously been presented in abstract form (Dale et al.,
time-resolved experiments, these methods offer convet997).
nience and speed at the expense of more limited resolution
of the rotational dynamics.

In many cases the underlying distribution of protein ori- THEORY

entations, rather than the detailed behavior of the prOb‘?‘he analysis is developed for the example of a muscle fiber

relative to the protein, is the primary interest. A useful o e .
) . . .__containing fluorophores bound at a specific site on a protein.
analytical framework for interpreting fluorescence polariza- : ; ) ;
The inherent symmetries of the muscle filament lattice and

tion measurements in cylindrically symmetrical systems ha . : . .
. . ) e azimuthally random orientations of the constituent myo-
been presented by Irving (1996). Equations for polarized., .~ . S

ibrils impose effective cylindrical symmetry about the

intensities in an ordered system, such as a muscle ﬂbthuscle fiber axisF (the sample director). The common

were formulated to separate the effects of very rapid probe : ; . o .
. ) o verage orientation of the absorption and emission transi-
wobble, considered to be restricted within a cone Centerea

: . : .~ “Tion dipole momentsa ande, of the probe (or that of the

on a stationary axis in the sample. With these equations " . )
- ) . __common transition dipole momedivhen they are colinear)
fluorescence polarization data obtained from muscle fibers

during physiological events could be quantitatively inter_defmes an axisg, fixed within the labeled protein. The

preted by modeling the orientational distribution of the conedlsmblmonS ofa ande, or of d, are assumed to be cylin-

axis (€.g., Allen et al., 1996: Ling et al., 1996; Hopkins etdrlcally symmetrical about. The orientational distribution

al., 1998). However, the specific choice of the model or|-Of c rglatlve toF is not spemﬂgd, except that 't. Is also
; o . cylindrically symmetrical. Rotational correlation times for
entational distribution (e.g., a Gaussian) often affected the’ . R .
- . motions of the protein within the muscle fiber are assumed

results, thereby limiting the conclusions that could be

. . . _to be on the microsecond to millisecond time scale, much
drawn. A more general analysis, not requiring the selection

of model distributions, would thus be advantageous. longer than the fluorescence lifetime (see, e.g., Kinosita et

. al., 1984; Ishiwata et al., 1987; Ludescher and Thomas,
In the present report, we show that, with several reason; .. . .
) - 1988; Stein et al., 1990). Thus, on the nanosecond time
able assumptions about the characteristics of the local probe S . P
. o ) . . scale of fluorescence, the protein orientational distribution,
motions, it is possible to take these into account without . . .
: o . . . . and therefore that of, is treated as effectively static.
adopting a specific form for either the static orientational : .
I : : In the following, we show that, under assumptions 1-4
distribution or the motions of the probes. These basic as:

) . . . " listed in the Introduction, the effect of fast motions of the
sumptions are 1) the restricted motions (“wobble”) of the : o " .
. . .~ absorption and emission transition dipole moments can be
probes with respect to the protein frame are fast relative t

the decay of the optically excited state; 2) the orientationa?aCtored out from the parameters describing thg Stat.'c orl-
entation ofc. In the simplest case, the transition dipole

distributions of the absorption and emission transition di- f ; S i ithi
ole moments are cylindrically symmetrical about an axis moments for absorption and emission are co inear within
P the framework of the probea( e = d), and three indepen-

¢, and the orientations relative toare independent of the - : . . . .

. . . RN o dent polarization ratios (four independent polarized intensi-
orientation ofc in the ordered system; )is fixed within . - .

. . . o . ties) can be measured. The condition of dipole-moment

the protein, and protein reorientation is negligible on the "/ L

colinearity is reasonably well met for the longest-wave-

time scale of decay of the optically excited state; 4) theIength strong absorption transition in many fluorophores.

e ot 01 ol S can i e provie i e

two second-rank order parametd®,,) and (P, for the Qilstr!butlons of thel two transition dipole moment.s' are cy-

absorption and emission transition dipole mor%eam;r(de !lndrlcally symmetncal a.bOUt the same axis(condition .2

respectively) when they are not colinear, or by a single ’Ordem the Introduction). It is then necessary to determine a
' fourth independent polarization ratio (or fifth polarized in-

parametexP,y whena ande are colinear. Other than the tensity). This more general case will be developed first, and

conq|t|on embpdled In assumption 1 the analysis dpes "She reduced result for colinear transition dipole moments
provide an estimate of the rate of this wobble. More |mpor-\éYiII be derived from it

tantly, the analysis yields estimates of the second-rank an
fourth-rank order parameteré?,) and(P,)) describing the
static distribution ot relative to the symmetry axis, free of
the effects of the wobble. Changes in the orientationa
distribution of c between different functional states, as re-
flected in({P,) and(P,), may reveal structural and mecha- Letf(BgJ) be the orientational distribution afrelative to the
nistic features of the system under study. The analysis ifiber axisF, normalized such thaijf(BgJ)sin Be. dBe. = 1.
described here for the example of a muscle fiber, but it isSThen f(8z) can be approximated to an arbitrary fidelity

f.egendre polynomial representation of
orientational distributions
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(depending on the number of terni), by an expansion of dipole moments are colinear) for the rapid wobble and the
the form second- and fourth-rank order parametérs, = (P,(cos
Bed) and(P,) = (P,(cos Bg)), of the orientational distri-
N2j+1 bution of ¢ relative toF.
f(Bed = 2 T (P,)P;(cosBeo) 1)
j=0

. . . Polari fl
(Zannoni, 1988), wher®(2) is the jth Legendre polyno- olarized fluorescence

mial, e.9.,Py(2) = 1,P,(2 = z P,(9 = (32 — 1)/2,P,2) =  The geometry for excitation and observation of polarized
(52 — 32)12, P,(2) = (352" — 307 + 3)/8, etc., andP,) is  components of fluorescence from an ensemble of probe
the average value d¥(cosBg.) over the normalized distri- molecules in a muscle fiber is illustrated in Fig. 1. The fiber
bution f(Be): axisF is oriented along the-axis of the laboratory coordi-
nate system. The absorption and emission transition dipole

m ) i moments of the probe are designated by the unit veetors
(P = | Pi(cosBef(Bed) SinBrcdBec | = [0, N]. ande, respectively. The observed intensity of linearly po-
0 larized fluorescencesle,, whereE andE’ are vectors de-

() noting the orientation of polarizers in the paths of the

The Legendre polynomialg; form a set of orthogonal exciting and emitted beams, depends on the orientations of
basis functions. An exact description of the orientationa/® and e, the intensity of the excitation, the gain of the
distribution of the probe is provided by the infinite set of detection system, the quantum efficiency of fluorescence,
these functions in the expansion of Eq. 1. The averagé‘”d the effective fluorophore concentration. All of these
values,(P)), of these functions over the distribution (Eq. 2), factors except the orientation dependence are taken up in a
which are the scaling coefficients for the terms in Eq. 1, arescaling intensity I). The polarized intensitylc. is then
known as the order parameters of the distribution. given by

The probes are bound to a specific site on the protein that _ CAN2E . a2
determines their orientation relative to the protein coordi- ele = K(E- @)*(E' - ©)°) = (COS BgaCOSBee),  (3)
nates. They are assumed to rotate rapidly (wobble) over @ which the bracket$) indicate averaging over the ensem-
limited range in such a way that the orientational distribu-ble of probe molecules and over the time course of the
tion of the absorption and emission transition dipole mo-excited-state decay. The separation of the effects of very
ments is cylindrically symmetrical aboat The amplitude rapid restricted rotations from those of static order under the
of this restricted rotation is characterized by its second-ranlresent set of assumptions is outlined below. A detailed
order parameter, for exampléP,,) = (P,(cos B.)) =  derivation in terms of simple trigonometric functions is
(3(cosB.y — 1)/2, wherep,, is the instantaneous angle given in Appendix A, and a more general treatment, formu-
between the mobile transition dipole momemtand the lated in terms of Wigner rotation matrices, appears in Ap-
stationary axisc. Starting from an appropriate set of fluo- pendix B.
rescence polarization measurements, the analysis presentedrhe effects of rapid restricted rotation are conveniently
here yields estimates dP,, and (P, (or (P,y if the  separated out before the details of the static orientational

E’ 0{ e

FIGURE 1 Experimental geometry
for excitation ) and observation
(——) of a fluorescently labeled mus-
cle fiber. Axis F is aligned along the
laboratoryz axis, with electric vectors
E andE’ for exciting and emitted light,
respectively. The absorption and emis-
sion transition dipole moments awee
ande, respectively. The projections of
E andE’ onto thexy plane, perpendic-
ular toF, subtend an azimutb.,..

B observation
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distribution are considered. Equation 3 is first recast in thegiven by Van der Meer et al. (1982):
form of second-rank Legendre polynomials (Van der Meer

. |
etal,, 1982): e = g[1+ (3 c080er — DS, + (3 co$er — DS

ele = ! [1 4+ 2(P,(cOSBes)) + 2(PA(COSBee) + (3 co$0er — 1)(3 cogber — 1)G,
? @ o (6)
+ 4(P,(c0SBe)P5(COSBe)], * (38in Per sin B COSLee )Gy

where all of the angle brackets denote averaging over the
ensemble of probe molecules, but those around the produat which the parameters related to the experimental geom-
term also imply time averaging over the decay of the excitecetry, Ogr, 6z and their azimuthéz in the plane perpen-
state. No assumptions are made about the symmetry of thdicular toF are defined in Fig. 1S, andS, are the second-
system in obtaining Eq. 4. rank order parameters farande with respect to the fiber

At the instant of excitationa ande are correlated (even axisF, and theG; are correlation functions fa ande with
if they are not colinear). If the restricted rotation is fastrespect ta~, and are defined by
compared to the decay of the excited state, all “memory” of

+ (3 Sirffgg SirfOe £ oS Zex)G,],

the probe orientation (within its restricted range) at the S = (Paa(P2) @)
instant of excitation is lost before the instant of emission. S = (P,J(P,) 8)
Thus the orientation o, within its restricted range, at

emission is independent of the orientationapfwithin its Go = (P,{(P2e)(P3(COSBro)

restricted range, at excitation. If the distributionsaainde L 5 18 9)
are cylindrically symmetrical about a unique axisn the _

frame of the protein to which the probe is attached, then, as B <P25><P2‘)(5 +7(P2 F 35<P4>)

shown in Appendices A and B (Egs. A2, A4, A5, and 3

B16-B18), the averaged second-rank order parameters in G. = (P, )P < . >
= — S 2B,

Eqg. 4 can be expressed as the products of those for the 1= (Paa(Pad 8" P

orientations ofa and e with respect toc and those for the (10)
orientation ofc with respect toE and E', respectively, = (P, )P } E P _E P

leading to (P2aXP2o) 5+ 7< 2) 35< )

| _ 3.
ele = g [1+ 2(P,(Py(C0Bed) + 2Po)(PA(COSBe)) G = <P23><Pze><8 S'““BFc> a
(5)
1 2 3
+ &(P2)(P2(Pa(C0SBeIPA(COS Be:d) PP, 9(5 2y <p4>),

This result is still independent of any symmetry of the
orientational distribution of. However, if the distribu- Where(Pz) = (P5(Cos BrJ)) and(Py) = (P4(cos BrJ)-
tion of ¢ is now assumed to be cylindrically symmetrical N Practice, onlyS, &, Go, andG, are determined ex-
aboutF, the terms(P,(cos Beo)) and (P,(cos Be..)) ap- perimentally. However, from Egs. 9-11, t& are related
pearing in Eq. 5 factorize intB,(cos 6 (P,(CosBe)) and by
Zz(cos O.E’F) (P,(cos Bro), respectively, as also detailed in Go + 2(Gy + Gy) = (PP, (12)
ppendices A and B (Egs. A8B—A9, and B26-B27), thus
separating the parameters related to the experimental georse that only two of them are independent. This is useful
etry from those describing the orientational distribution ofbecause, as discussed in the Experimental Section, direct
the sample. measurement dg, is not straightforward in highly birefrin-
P,(cosBe.) andP,(cosBe ) also appear as the average of gent samples like muscle fibers. Thus, in practice, the four
their product in the fourth term in Eg. 5. This averageindependent order parametéPs,), (P,o), (P,), and(P,) are
depends on the correlation betwegp. at the instant of obtained by inversion of Egs. 7-9 and 11:
excitation and3g. at the instant of emission. The condition
thatc is stationary over this time period (condition 3 in the (P, = S,1<1 v 1s 6G; — Go) (13)
Introduction) is now introduced. Averaging this product 2 SS
over the azimuthal distributions leads to three terms, in
whi(?h parameters related to the gxperimenta! geometry are (P, = Ss(l 4 1g 6G, — Go) (14)
again separated from those describing the orientational dis- SS
tribution of the sample (Appendices A and B, Egs. A12 and
B31). S _ S

Py = o = 15
The final result forglz. may be expressed in the form P2 (P2 (P2 (19)
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5/ Gy + G, 2 the choice ofx- and y-illumination together with parallel
(P = 3<W) T3 (16) and' perpenglicular polarizati0n§. Hoyvevélfl, gives no ex-
tra information about probe orientation under the assump-
Whena ande are colinear, and the orientational distri- tions made in the present analysis, as already discussed
butions of the rapid local wobble are identical for the (Eq. 12).
ground and excited state®,y can be substituted for both  Equations 18—22 can be inverted to give expressions for

(P, and(P,y in Egs. 5 and 7-16 above. Th&) = S, = S, S Gy, G, and the total intensityl, in terms of the
S, and Egs. 13 and 14 reduce to polarized intensities:
(P =S+ S+ 6G, — Gg. a7 3 «
’ ) - S=1-7Cl+ 40 (23)

EXPERIMENTAL CONSIDERATIONS

In the previous section, it was shown how the order param-
eters for the static part of the distribution of the probes in the 3 1
sample are obtained froig, S, G, andG,, free of the Go=15 (I +%1, +%1,)—5 (25)
effects of rapid probe motion. In this section, it is shown 2 2

how S, S, Gy, and G, are obtained from the polarized

S=1- (L +i L) (22)

intensities or polarization ratios measured experimentally. G, = 21 =) (26)
The experimental geometries commonly used in fluores-
cence polarization experiments on oriented samples like L=+ 200+ 0+ X0+ 0. (27)

muscle fibers are the epifluorescence or upright fluores-

cence microscope, with 0° or 180° between the propagation Experimentally, relative polarized fluorescence intensi-
axes of the exciting and observed beams (i.e., in-hrié ties are often derived from direct measurements of polar-

lumination) and the T-format or L-format (spectro)fluorim- ization ratios (classically, degree of polarization, or simply

eter, with 90° between the propagation axes (right_ang|epolarizatiqn), which are independent of the absolute fluo-
y-illumination). Hopkins et al. (1998) have described a'€SCence intensity (e.g., Tregear and Mendelson, 1975; Irv-

T-format system usefully combining both in-line and right- N9 €t al., 1995; Hopkins et al., 1998). The polarization
angle illumination. In these geometries, all of the availablg™@tioS commonly used are

information about the orientational distribution of samples Q= (= /Gl + 1) (28)
with the symmetries and motional time regimes considered

here can be obtained from five independent polarized fluo- “Qu=Clly =l )ICH, + 1)) (29)
rescence intensitieglg,) measured with exciting and emit-

ted beams polarized parallel or perpendicular to the sample QU =l =l 1) (30)

director F, the fiber axis. These arg, I, and ,I;, the 4.4
values of which are the same in tle and y-illumination

geometries; |, (éger = 0 or m; Fig. 1) and’ I, (éee = Py= Gl = /Gy + ) (1)
7/2). Substitution ofozz = 0, Oz = O for parallel polar- o .
izations, andfzz = 7/2, 6z = w/2 for perpendicular Po=Cl =/ + 1) (32)
polarizations, into Eq. 6 gives P, = (L, — IO, + 1) (33)
| Polarized intensities relative to a chosen reference inten-
=g (1425 + 25+ 4Gy (18) sity are obtained by inversion of Eqs. 28—33. For example,
| using,l, as the reference intensity, these are
”IL:§(1+25,1—SE—2G0) (29) R:ﬂzl_Q“ (34)
| S 1+ Q
| TR
=51 -S-8+G+3G) (21) e ill_(1+XQL><1—P>_(1+XPL)(1—Q|)
(36)

‘ih=19(1—5a—5e+Go—3Gz) (22)

y A [147Q\(1-PR)  [1+YP\(1-Q
(see also Van Gurp et al., 1988a; Van der Heide et al., *~- o 1= )\1+p) 1P \1+Q)
1994).G, does not appear in these relationships, because of (37)
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On definingR = (/1)) =1 + 2(,R + R, + R, + length absorption in xanthene-derivative fluorophores like
¥ R,), the order parameters and correlation functi8gsS,  rhodamine and fluorescein (Chen and Bowman, 1965), the

Gy, andG, are obtained as transition dipole moments being closely aligned with the
3 long axis of the xanthene conjugated-ring system (Penz-
_ kofer and Wiedmann, 1980). However, recent experimental
=1-- +1R, +¥R 38 ' '
= R(LR‘ iR +AR) (38) evidence indicates that these transition dipole moments in

3 eosin, another xanthene derivative, may not be colinear
S=1--(R. +*R, +'R)) (39) (Van der Heide et al., 1992D). -
R It is also usually assumed that the equilibrium ground-
1 and excited-state molecular orientational distributions are
G, = 3 (1+*R, +YR,) — = (40)  identical, but because the ground and excited states are
2R 2 chemically and physically distinct, this assumption may not
3 be valid (Razi Naqgvi, 1981). Nonequivalence of these dis-
G,= - (R, —YR)). (41) Uributions provides a possible alternative explanation for
2R differing experimental values 0§, and S,, with fluoro-
phores nominally having colinear absorption and emission
lated from the experimentally determined polarization ratiosgi?jz"r“?ﬂemgsn;?:;t(ig?‘za;? doen,irigtﬁi; m:?:r:f 2;2:9538?&
andP. Equations 13-16 are then used to calc . e . ; >
Q quat " Uiy effects of differing ground- and excited-state orientational

Py, (Pop, and(P,y. If the absorption and emission tran- ~. ~~ "~ ° TR
iit?z)n< d2i;83>ole m<or$18(>ents are colin[;ar and the orientationa[j'smbuuons are not distinguishable from those of fast ro-
ation of noncolinear transition dipolesand e about the

distributions of the rapid wobble are identical in the ground .
same axi<.

and excited states,l; = I, and each polarization rati® In th f colinear transition dioole moments behav
is equal to the corresponding ratiy so that either set may . . € case of colinear transition dipole moments bena
ing identically in ground and excited states, the method

gﬁ al:;seii It?] eEnq)s/i. e:;ﬁgf)?’ <?Drl;Rg;d”<F§;>Sa =S = S The generate¢P,), (P,), and(P,), the shared second-rank order
2 Aan 2dr parameter for the orientational distribution of the restricted
probe wobble, from three linearly independent observables,
DISCUSSION e.g., the thre&®) polarization ratios.

Using Eqgs. 34-41S,, S, Gy, andG, can thus be calcu-

We have described a simple method for analyzing and ) )
interpreting data from fluorescence polarization experi-Symmetry considerations

ments on cylind.rically symmetrical ordered samples. Therpe present analysis can be applied to cylindrically sym-
results yield estimates of the second-rank and fourth-ranfetrical systems such as oriented muscle fibers, where the
order parametersP,) and(P,), for ¢, the static part of the gy mmetry axis (sample director) is the axis of the fiber, and
orientational distribution of the fluorophore, with respect to giented lipid membranes, where the sample director is the
the sample directoF. Estimates of the second-rank order normal to the plane of the membrane. The approach is also
parameter¢P,;) and(P,,) characterizing the extent of rapid yajiq for ordered samples with five-fold or greater azi-
wobble of the absorption and emission transition dipoleyythal symmetry around the sample director. This criterion
moments of the probe around are also obtained. This g met in individual myosin filaments of vertebrate striated
method characterizes the static part of the orientational,scle, which have ninefold azimuthal symmetry. More-
distribution of the fluorophore, while avoiding detailed oyer, in a muscle fiber, the random azimuthal orientations of
modeling of its rapid restricted wobble. An additional ad- the constituent myofibrils ensure effective cylindrical sym-
vantage of this approach over model-based analyses is thafetry. In lipid membranes, random azimuthal orientation is
it provides a unique mapping from four linearly independentgnsred by the absence of long-range order in the plane of
observed quantities, e.g., the fluorescence polarization rane membrane.

tiosQ, P, *Q,, and’Q , to the four extracted parameters,  cyjindrically symmetrical samples often exhibit addi-
(Po), (Pa), (P2, and(P,o), using all of the experimentally  {jonal symmetry about the plane perpendicular to the direc-
accessible information. There is no restriction on the formys, Nuscle sarcomeres and whole fibers exhibit twofold
of the static orientational distribution of other than that it ytational symmetry about this plane. Probes attached asym-
is cylindrically symmetrical about the director (fiber axis). metrically to components of bilayer membranes are also
twofold symmetrical about the plane of the membrane,
whereas mirror symmetry across this plane is typical for
probes dissolved directly in the lipid bilayer. These sym-
The absorption and emission transition dipole momeats ( metries are compatible with the analysis developed here, but
ande) can often be considered to be colinear. This holds athey are not required, and the analysis is also valid for
least approximately when these involve the same electronisystems without twofold or mirror symmetry, such as single
levels, e.g., for fluorescence and the strong, longest waveialf-sarcomeres or lipid monolayers.

Colinear transition dipole moments
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Time regimes for probe and protein rotations Rotational motions on longer time scales, out to the
microsecond and millisecond region, may be measured us-

The difference in size between the protein and the attacheﬂg triplet-state techniques (see, e.g., Jovin et al., 1981).

flgorophore typically leads to rota}tiongl diffusion on VEIY Motions on the nanosecond time scale, like probe wobble
different time scales. The correlation timg, for rotational and localized protein segmental reorientation, are effec-

fjn‘fus:onbof "\“//Slgo_lt]e”ﬁal prqte|ﬂ n foOIUF'On IS given a?prrlox- tively instantaneous on the microsecond to millisecond time
imately byz » wheren is the effective viscosity of the  g.a0 of the triplet-state lifetime. Assuming as above that

medium,V is the molar volume of the hydrated proteRis  y,o5e are cylindrically symmetrical about a fixed axis in the
the gas constant, anidis the absolute temperature (Lakow- 4 cromolecule, application of the present analysis to data

icz, 1983). Thus, in a dilute aqueous buffer at room €M+, the jonger lifetime probes would include these motions
perature, a compact globular protein the size of myosin, (P,.) and(P,J).

subfragment 1 (S-1, molecular mas4.30 kDa) would be
expected to exhibit a rotational correlation time-e60 ns.
Correlation times for axial rotation can be appreciablyComparison with earlier work
greater if the macromolecule is elongated. For exampl
myosin S-1 has a length-to-width ratio e#:1 and exhibits

average rotational correlation times 200 ns in agueous
solutions (Mendelson et al., 1973; Van der Heide et al
1992a). The protein may also be in a viscous or anisotropi

®The analysis presented here is consistent with an earlier
treatment for oriented membrane systems in which fluoro-
| phores exhibited “fast and slow orientational fluctuations”
‘(Vogel and Jhanig, 1985), although the results presented
ere were limited to the case of colinearand e and
L . : L rJexpressed in a more complicated form for a specific exper-
would limit and s_Iow _|ts rotation. In th_ese S|tuat_|ons, theimental geometry applicable to membrane systems. Stein et
observed correlation times can extend into the mlcrosecongl_ (1990) subsequently adapted the treatment of Vogel and
and.even millisecond time ranges, as in isolated myofibrils,‘].ehnig to polarized phosphorescence experiments in ori-
('Sh'Wat"’? et al., 1987; quescher and Thomas, 1988) %Bnted muscle fibers. The present analysis is also consistent
muscle fiber bundles (Stein et al., 1.990)' ith the “compound motion” model derived for membrane
On the other hand, free probe; with molec_ula_r Masses o\éx,ystems in a more general manner (Van der Heide et al.,
qnly a few hu'ndre(.j daltons typically have intrinsic rota- 1993; Van der Sijs et al., 1993) and with the general treatment
tional correlation times of less than a few tenths of ac . o < e fibers given by Van der Heide et al. (1994).
nanosecond in aqueous solution. When covalently bound or 1o model of fast restricted probe rotation used in many

adsorbed at the surface of a macromolecule, such a probe (e, 0 s studies of muscle fibers (Stein et al., 1990; Allen et
thus expected to exhibit similarly rapid but restricted rotatlonalal_, 1996; Berger et al., 1996; Irving et al., 1995; Ling et al.,

diffusion around the bonds linking it to the macromolecule.lg%; Hopkins et al., 1998) assumes that the transition
The protein backbone is not rigid either, and local segmentgliole moments are distributed uniformly within a cone of
flexibility of the polypeptide chain at the binding site, as well half-angles. This model was originally developed for mem-
as “breathing motions” of protein subdomains, are also likelyy4ne probes (Kinosita et al., 1977). However, the dipole
to contribute to the overall probe wobble. Correlation times forg iantations may not be uniformly distributed within the
motions of these larger regions will more closely match the,ccessible range, for instance, in the presence of a central
nanosecond lifetime of the excited state (Burghardt anqegioring force. The model invoked here is more general,
Thompson, 1985; Van der Heide et al., 1992a). because it applies to any cylindrically symmetrical distribu-

The distinct time scales of the fast motions of the probe&;jon The relationship betwees for the wobble-in-a-cone
relative to the protein and the slower motions of the proteiny,qqe and(P.,) is given by

itself provide the rationale for the present analysis. It is

strictly applicable only when all of the local restricted °

motions of the probe are much faster than its excited-state P,(c0SBca) SiN Beg dBeq

decay and the longer time-scale protein motions are much (P, =20
. . . . 2d/ — B

slower than this decay. Definitive characterization of the

time course of probe motions requires nanosecond time- Sin Bea dBca

resolved measurements of polarized intensities. If the local 0

restricted motions of the probe are not sufficiently fast 8

compared with its excited-state decay, the order parameters } (3 c0€B. — 1) sin Bey dB
(P, and(P,) (or (P, will tend to be overestimated, and 2 o ed e
the order paramete(®,) and(P,) describing the static part =0 5
of the distribution will be underestimated (see Egs. 15 and J SiN Bog dBey

16). Different orientational distributions of the probe in the .

ground and excited states would lead to further systematic

errors in the analysis if the motions of the probe are not _ }coss (1+ cosd) (42)
sufficiently fast. 2
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(Kinosita et al., 1977), and correspondingly f®,, and  exhibit a linear dependence on the fraction of probes in a
(Pyo- particular orientational distribution. Thus, for example, a
1:1 mixture of two orientational distributions would have
(P,) and(P,) values equal to the mean of the corresponding
values for the two component distributions.

Hopkins et al. (1998) presented steady-state polarization (P,) and (P,) do fully constrain simple two-parameter
ratios obtained from skeletal muscle fibers containing regmodel distributions, such as an equal probability between
ulatory light chains labeled with the 5- or 6-isomer of two limiting angles (Stein et al., 1990), a Gaussian distri-
iodoacetamidotetramethylrhodamine (IATR), and fittedpution characterized by its width and peak angle (Allen et
specific models of the static orientational distribution andg|. 1996: Ling et al., 1996), or a two-population ensemble
wobble of the probes to these polarization ratios. Table 1 ofn which a fraction of the probes are randomly oriented and
the present paper shows the order paraméRis(P,), and  the remainder have a unique axial angle—the helix-plus-
(Pog calculated from these polarization ratios for thesoiropic model (Tregear and Mendelson, 1975; Mendelson
6-IATR isomer in two experimental conditions: active con- gng Morales, 1977). The polarization ratios obtained in
traction and rigor. muscle fibers to date can generally be fitted by these dis-

Some insight mto the' orientational distributions of thetributions, but the interpretation may then depend on the
probe can be gained directly from the order parameters

ithout th f i ientati dels. For b thSpecific model chosen.
without the use of spectlic: orientation models. For bo A more general approach is to use information theory to
active contraction and rigor, tH®,) is negative, indicating . o . o )
. . T . derive a “maximum entropy” distribution that is the broad-
that the probe orientational distribution with respect to theest distribution compatible with the data (Kooyman et al
fiber axis is biased toward angles greater than 54.7°. Bot b Y "

(P,) and(P,) are closer to zero in active contraction than in 983, Zannoni, 1988; Van der Heide et al., 1998). Finally,

rigor, indicating decreased order of the probes during activéf (P,) and(P,) can be measured for several probes with

contraction. The value P, is similar in active contrac- different known orientations in the protein coordinate

tion and rigor, and close to unity, indicating that the extentframe’ the orientational distribution of the tilt and twist of

of wobble is small and relatively independent of the phys-the protein itself can be determined with respect to the fiber
axis (Hopkins et al., 1997; Sabido-David et al., 1997).

iological state.

Example of application to labeled muscle fibers

Interpretation of the order parameters
(P,) and (P,) APPENDIX A: EXPANSION OF ORDER

PARAMETERS AND CORRELATION FUNCTIONS

Only two order parameter$P2> and<P4>, in the Legendre USING VECTOR ROTATION GEOMETRY
polynomial expansion for the probe distribution function,

f(BF() (Eq. 1), are available from the polarized fluorescencdn this appe'ndix, Egs. 5 gnd 6 iq the Theory sectign of the text are derived
intensity data considered here. AIthough as indicatecffom Eq. 4 in terms of simple trigonometric functions under the assump-
L . ’ . . ions listed in the Introduction. First, average order parametBsg, and

a,bO\{e’ §ome mSIth mt_o the .features of the Or'ematlonabPzQ), for the rapid restricted reorientation of the transition dipole moments
distribution can be obtained directly from them, these two, ande about the fixed axis are factored out of those for the orientations
order parameters alone cannot give, in general, an accuraéea ande with respect t& andE’, which appear in Eq. 4 both separately,
representation of the underlying orientational distribution(Px(cos BeJ)) and (P.(cos B.)), and in the form of their correlation
(Zannoni, 1988){P,) and (P,) are still preferable to the function, (P,(cos Be,)P,(cos Be.o)). This factorization establishes Eq. 5.
poIarization ratios for comparison of orientational distribu- Next, the parameters describing the orientation of the electric vectors of

tions in different experimental conditions. because the exciting light, E, and observed emissioR;, with respect to the fiber axis,
P ! yF, are separated from the order parameter describing the orientation of

with respect td-, yielding the first two terms on the right-hand side of Eq.
6. Finally, the correlation function that appears as the average of the
TABLE 1 Example polarization ratios and derived order product of the second-rank Legendre polynomials describing the orienta-
parameters tion of ¢ with respect toE andE' in Eq. 5, (P,(cos Be)P,(cos Be.)), IS
Rigor Active n likewise expanded to give the last three terms in Eq. 6.
The angles between the absorption transition dipole momehe axis

=}

9' giggf 8813 j gigﬁ&t ggig 12 ¢, which is fixed in the frame of an immobile protein (assumption 3 in the
ygL 0.0601 0'017 5 0.003t 0.006 5 Introduction), and the electric vector of the exciting light(Fig. 2) are
<PZ> 0'924: 0'027 0'90& 0'025 related by the completion theorem:

5 924+ 0. . .
(P, —0.136= 0.008 —0.059=+ 0.013 ] )
G —0.084= 0.016 —0.069+ 0.015 COSPBra = COSPBec COSPBea + SN B SIN B COSNe  (A)

Steady-state polarization ratios from Hopkins et al. (1998) and derived

values of the order parametdf®,), (P,), and(P,) with propagated error Cylindrical symmetry of the distribution af aboutc (assumption 2 in
estimates given as standard deviations. The values given above of tibe Introduction) corresponds to the condition that all azimujsof a
standard deviations for th@ ratios were erroneously presented as standardaboutc (see Fig. 2) are equally probable. Squaring Eq. Al, averaging over
errors of the mean (SEMSs) in table 2 of Hopkins et al. (1998). Tea and expressing the result in the form of second-rank Legendre poly-
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independent and can be factored out of the correlation term:

(P2(cosBea)Px(COSBere)) (A5)
= (P22)(P2e(P2(COS Bec) P2(COS Beo))-

Substitution of Egs. A2, A4, and A5 into Eq. 4 in the Theory section
leads to Eq. 5. Note that no restriction has yet been placed on the symmetry
of the distributions of3g. and Bg..

If cis cylindrically symmetrical about the fiber axs(assumption 4 in
the Introduction), with azimuthye with respect tde and .. with respect
to E’, the expansions of the terniB,(cos BgJ)) and(P,(cos Be.)) in Eq.

5 follow from the completion theorem relationships:

COSBec = COSPer COSPrc + SiN Ber SiN Brc COSMe.  (AB)

COS B = COSPBer COSPBr: + SIN B SIN Bre COSTE ¢

A7)
FIGURE 2 Geometrical relationship between the absorption transition
dipole momenta of a fluorophore, the electric vector of exciting light in a manner analogous to those(B%(cos Be,)) and(P,(cos Be..)) above,
and the axisc fixed in the labeled componen is assumed to take up leading to
random azimuths)g, with respect tcE aboutc, and to have a distribution

of polar anglesp,, aboutc, represented diagrammatically here by the <P2(COSBEc)> = PZ(COSBEF)<P2(COSBFC)> (A8)
bell-shaped outline centered on

(Py(cosBec)) = Py(COSBep)(PA(COSBr)),  (A9)

where again( ) explicitly signifies averaging over the azimuths and in-
cludes implicit averaging over the distribution@f.. The terms irBg and
3 1 Be e factor out of these averages, because they are constants of the
(P,(COSBey)) = 5 (COLPe) — 5 geometrical set-up. Substitution of Eqs. A8 and A9 into Eq. 5 in the text
2 2 gives rise to the terms in Eqg. 6 containigg and S, (defined in Eqgs. 7
9 3 and 8).
_ - _ - It remains to expand the correlation functi@®,(cos Beo)P,(COS B o))
4 <CO§B E°><CO§BC3> 4 <CO§B E°> appearing in Eq. 5 to separate the geometricczkfactorsE ?elzﬁt'mgiEE’ct)o
F from those relating to F. Under the condition of cylindrical symmetry

nomials leads to

3 1 of ¢ aboutF (assumption 4 in the Introduction), this involves averaging
“a <C0§Bca> + 4 over the azimuths), and ne.., which are related by)zc = Mg + &
whereé is a constant of the geometry of excitation and observation (see
_ Fig. 1). The completion theorem relationship .. (Eq. A7) in terms of
(P2(c0sBea) P2(COS Beo)) o = e+ £op. becomes
= (P,y{(P,(cos , A2 . .
(P2a(P2(COS Bec)) (A2) COSPe = COSOer COSPr: + SiN Ok SN Brc COSMee + xe)
where( ) explicitly signifies ensemble averaging over the azimuthal dis- . .
tribution of a with respect toc, and of ¢ with respect toE, but also = COSOgr COSPk. + SIN O SIN Br¢
implicitly includes averaging over the distributions Bf, and of B¢, ) )
respectively. This separation of the averages is justified by the indepen- (COSMEe COSEée — SiN Mg SN &ep). (A10)

dence of the orientational distribution afaboutc from that ofc in the
system (assumption 2 in the Introduction). Application of the correspond- Expansion ofP,(cos BzJ)P,(Ccos Be o)) leads to
ing completion theorem relationship fey c, andE’,

. . 9
COSOge = COSO COSPee + SIN O SIN Pee COSTMEre, (A3) <P2(COSBEC) PZ(COSBE'C)> = 4 <C0§BEC COSZBErc)

(Al11)
with averaging over the azimuth.., leads to the analogous result for the 3 3 1
emission transition dipole moment: 2 (CoSBey) — 4 (coSBee) + 4
(Py(cosBee)) = (Px(COSBce) PoA(COSBerc)) o
A4) in which the averages of c&@:. and codBg.. over ng, andng., respec-
= (PZBXPZ(COSL;E,C». tively, are already implicit in Eqs. A8 and A9, the latter average also being
obtainable by squaring Eq. A10 and averaging ower
The correlation tern§P,(cos B )P,(cosBe ) in Eg. 4 is now consid- Substituting cospg. and cosBg.. from Egs. A6 and A10 into

ered. When the motion of aboutc is very rapid (assumption 1 in the (coSBg. coSBe ) in Eq. A11, multiplying out the product, and averaging
Introduction), its orientation within the restricted distribution abaut overmg.leads to terms whos& e dependence can be expressed as cosines
becomes completely randomized before appreciable emission has occurreaf.integer multiples oféee (noting that cos & = 2co$ée — 1) and
Thus, within their respective distributions abautthe orientation ok at &ee-independent terms. The latter, together with the remainder of the terms
the moment of emission is independent of the orientatiora Gt the on the right-hand side of Eq. All, can then be reexpressed via cosine
moment of excitation. Under this conditio(R,,) and(P,, are mutually powers and factored intBee, Be e, and Be-dependent terms, leading
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finally to 1 [3

3 1\/3 1 A5 o(B) = 5 AB) = di _o(B) = &, ((B) = 212 Sirf(B).
(P2(COSBe)P2(COSBE ) = <2 COSBer — 2) (2 coSBer — 2) (B5)

2 For a general configuration of linearly polarized excitation and fluores-

3 2 1 9 . cence detection as defined in the text and in Fig. 1, the observed intensity
“\|5c0 Bec — 5 + > (COS O Sin Hp) is given by
. (A1) ,
' (G0S6er: SiN Br) COS Lz (COSBre SITHr cle: = 1+ 2(P,(c0SBea) + 2APA(COSBed)
9 . . (B6)
+ 3*25”’\205: SiM6gr COS Zee (SIN'Bry. + A(P,(cosBe)Po(COSBee)) ],

Substitution of Eq. A12 into Eqg. A5 and of the result into Eq. 5 in the WhICh. Is Eq. 4 In the text. First we modlfy Eq. B.6.to sgparate te”".‘s that
describe motions of the probe relative to an axidixed in the protein,

;I:;ZZr{efiztlggntc;mrggezzhgn(?je(gzztéoge(f)i;elzg.in6,E6c1|(s:l.:%lT1U1n.g for its IalStfror’r_1 those describ_ing the orientation a:)fel_ative to' the electric_vectors of
T excitation and emissiork andE’, respectively (Fig. 1). To this end, the

rotations fromE andE’ to the transition dipole momengsande, respec-
tively, are resolved into two consecutive rotations: first from the direction

APPENDIX B: WIGNER ROTATION of the electric vector to the frame connected Witloe,, Bee Yeo for the

MATRIX DERIVATIONS excitation and similarly g, Be'o, Yeo) for the emission, and then of the
c-frame to that connected with the absorption dipole momenf Be. Yea)

In this Appendix we derive Egs. 5 and 6 in the Theory section, using they, \with the emission dipole momentel, Beo 7o), respectively. The

Wigner rotation matrix formalism. In Eqg. 5, rapid motions of the probes [otation @eo Beo Yo, for instance, thus specifies the orientatiorcefith

relative to the protein are factored out of the terms describing the pmte"Pespect tcE. The overall rotations are expressed in terms of these consec-

orientation distribution. In Eq. 6, the factors describing the experimentalysve rotations by applying the closure relation for elements of the Wigner
geometry are separated from the order parameters and correlation functiopsiation matrices:

S, S Gy, Gy, andG, (Egs. 7-11 in the text), which contain all of the
information available from steady-state polarized fluorescence intensitie@h1 (e Bea Yea)
about the orientational distribution and rotational motions of the probe

molecules in the sample (Kooyman et al., 1981; Van Gurp et al., 1988b). L (B7)
In these derivations, we use the elemed}s («, B, y) of the Wigner _ L L
rotation matrix D-. These elements form a set of functions that are - E Dmyj(aEC’ Peo VEC)Div“(aca’ Bea Vea)

conveniently used to rotate a frame through the three Euler angigsand =L

y. An orientational distribution function can be expressed as a series_ |
expansion of the Wigner matrix elements because they form a complete st,n(aE’ef Bee VE'e)

of orthogonal functions. These are defined here, according to the conven- (B8)
tion of Rose (1957), as L
: : = 2 Drl% k(aE’m Beo 'YE’C)DIIZ n(acea Bee Vce)
Drnla, B, y) = e™d;, (B)e™ (B1) k=—L
with the small Wigner functionlem,n(B) given by (Rose, 1957; Zannoni et al., 1983; Van der Heide et al., 1994). The
ensemble averages of the second-rank Legendre polynomials and their
dh,n(ﬁ) product in Eq. B6 then become
— /D2
i " \/(L =+ m)I(L _ m)l(l_ + n)'(L _ n)] <P2(COSBE6\)> <D0,O(BE8)>
_p:O (=1 (L-=m-p!lL+n-p!im-n-+p!p 2 (B9)
= 2 <DS j(BEcv 'YEc)DjZ,O(aca: Bca)
B 2L—m+n—2p B m—n+2p j=—2
[ef3)] T3] ) e
(Py(cosBee) = (D5 o(Bee))
In the above definition, the factorial of a negative number is taken to be (BlO)

infinite, so the summation will have a limited number of nonzero terms (at 2 ) )
mostL + 1 such terms foL > 0). From Egs. B1 and B2, it can be shown Z <D0,k(BE’C| YE'C)Dk,o(Olce, Bce)>
that k=-2

D5o(B) = dgo(B) = P.(cosp), (B3)

which form the set of Legendre polynomials (see the definitions after Eq{P2(COSBea)P2(COSBre)) = <D(2),O(BEa)D(2),o(BE'e)>
1 in the text). The other small Wigner functions used in this Appendix are

2 2

dio(B) = —d5.4(B) = d51(B) = — 1 ((B) => > (D§(Bees YedDio(tca Bed) (B11)

3 . (84) j=—2k=-2
B \/; SIn(B)COS@) : Dg, k(BE’c- ’YE’C)Dﬁ,O(aCe‘I Bce))
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Assuming that the orientational distributionsafnde with respect to  substituting into Eq. B6 leads to
c are independent of the orientation of the protein (second part of assump-
tion 2 in the Introduction), the ensemble averages on the right-hand sides |
of Egs. B9-B11 are each equal to the product of two separate ensembie’ = 9 [1 + 2(P(P2(COSBe)) + 2P2(P2(COSBe))
averages (Szabo, 1980):

s + AP)(P2XPo(COS Bed) PA(COSBec))],  (B19)
(PACOSBed) = . (D3(Beo ¥\ Doo(ca By (B12)  which is Eq. 5 in the text

j=—2 Equation B19 separates the effects of rapid motion of the probe relative
to ¢ from the parameters describing the orientational distributiorc of
relative toE andE’. Next the latter must be expanded to separate the parts
5 5 describing the experimental geometry from those describing the orientation
(Py(COSBee)) = > (Do Beer YE)XDicoltcer Bee))  (BL3)  of ¢ relative to the fiber axis. To this end, we express the rotation from

2

k=-2 each of the electric vectois andE’ to ¢ into two consecutive rotations,

first from E or E’ to F, and then fromF to c. This separation is again
(P,(COSBea)P2(COSBee)) expr_essed in terms of the Wigner rotation matrices by applying the closure
relation (cf. Egs. B7 and B8):
2 2
P,(cos = (D}
= 3 3 Ok (Beo D3 Bec veo)  (BL4)  (Pe(COSPe) = (DinlBec) (820)
j=—2k=-2 s
— 2 2
. <Dj2,0(aca(0): Bca(o)) Dﬁ,o(ace(t)r Bce(t)»- a E <D0'j(6EF' ¢EF)Dj'O(aFC’ BFC»

j=-2
The last ensemble average in Eq. B14 represents the correlation be-
tween the orientation af at the moment of excitatiort & 0) ande at the (Pz(COSBE/C» = <D%,0(BE’C)>
moment of emissiort, Therefore this ensemble average is sensitive to the
motion of e before emission. At the instant of excitatioa,and e are
correlated (even if they are not colinear). When rotational relaxation is
complete, then all “memory” of the orientation (within its restricted range)
at the moment of excitation is lost. Thus the orientatioreofithin its
restricted range, at= «, is independent of the orientation af within its
restricted range, at excitation. This ensemble average then simplifies to

(P(COSBec)P5(COSBe )

(B21)

2
E <Dg,k(0E’Fv ¢E’F)Dﬁ,0(ach BFc))

k=-2

2 2
Z Z <Dj2,0(aca(0)- Bca(o))Dﬁ,o(ace(t:x)u Bce(t:oo)» = <DS,O(BEC)D%,O(BE'C)>
j=—2k=-2 (B15) ., (B22)
2 2 = E E <D2, {(Oer ¢EF)D% (e BFC)
= E <Dj2,0(acav Bca)) E <D§,O(acea BCQ> j=—2k=-2 ° 0 ¢

j=-2 k=—2
| : Dg,k(OE’Fa d)E’F)DE,o(aFCa Beo),
(Szabo, 1980; Zannoni et al., 1983).

If the rotation of the probe, and therefore the loss of correlation betweewhere @gr, dep) and @z, de ) define the orientations dE andE’ in the
a at the moment of excitation arehat the moment of emission, is very fast F frame, ¢ and ¢ ¢ being the azimuths formed by the projectionstof
compared to the decay of the excited state (assumption 1) in the Introdu@ndE’ onto thexy plane perpendicular t6 (see Fig. 1). The dihedral angle
tion), then the time-dependent portion of Eq. B14 is negligible, and it isbetween these projectionsdsy = ¢e e — ¢ Because the orientations
justified to use Eq. B15 as an approximation of the last ensemble averagef E andE’ relative toF are fixed, theEF- andE'F-dependent parameters
in Eq. B14. can be removed from the ensemble averages, giving

So far we have not imposed any restrictions on the symmetry of the
distribution ofa ande relative toc. Assuming now that the distributions of 2
a ande are cylindrically symmetrical abowt (assumption 2 in the Intro- — 2 2
duction), the averages of expij.,) and exp-ike.) implied in Egs. <P2(COSBEC)> ._22 DO’J(GEF’ ¢EF)<DJ’O(aFC’ BFC» (823)
B12-B15 are nonzero only fgrandk equal to zero. Then =

P2(CoSBza) = (D f Bea) XD o Be B16 2
(Palcosfied) = DodBed)DodBed) — (B1O) o ooy = S D2Ber, derd(Diolare ) (B24)

(P(cosBee)) = (D5o(Bee Do B (B17) o
(P2(COSBeo)Po(COSBee)) 18) (P2(COSBec)PA(COSBe))
— D2 2 2 2 (p 2 2 (B25)
(D5,0(Bea) D5, Bee) X D5,o( Bec) Do o B, S S 08 (6 e Ds(bens )
in which thet = o simplification of Eq. B15 is included. Replacing these j=—2k=-2

Wigner functions with their equivalent Legendre polynomial forms, using 2 )
the definitions (P, = (P,(cos B.)) and (P9 = (P,(cos B.)), and '<Dj,o(0¢m BFc)Dk,O(aFc: Bro)-
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<P2(COSBE’C)> - Dg O(GE’F)<D(2) O(ﬁFc»- (327) anisotropy decayBiochemistry24:3731-3735.
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