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ABSTRACT The theory of absorbance measurements on a system (e.g., chromophore(s) in a protein) that undergoes a sequence of
reactions initiated by a linearly polarized light pulse is developed for excitation pulses of arbitrary intensity. This formalism is based on a
set of master equations describing the time evolution of the orientational distribution function of the various species resulting from
excitation, reorientational dynamics, and chemical kinetics. For intense but short excitation pulses, the changes in absorbance (for
arbitrary polarization directions of the excitation and probe pulses) and the absorption anisotropy are expressed in terms of reorienta-
tional correlation functions. The influence of the internal motions of the chromophore as well as the overall motions of the molecules is
considered. When the duration of the excitation pulse is long compared to the time-scale of internal motions but comparable to the
overall correlation time of the molecule that is reorienting isotropically, the problem of calculating the changes in absorbance is reduced
to the solution of a set of first-order coupled differential equations. Emphasis is placed on obtaining explicit results for quantities that are
measured in photolysis and fluorescence experiments so as to facilitate the analysis of experimental data.

1. INTRODUCTION
With advances in laser technology, photolysis experi-
ments have emerged as the most powerful method for
investigating the kinetics and dynamics of ligand bind-
ing and conformational changes in heme proteins. In
these experiments photodissociation of the hemebound
ligand is produced by excitation with a linearly polarized
laser pulse. Subsequent events are usually monitored by
optical absorption measurements of the heme chromo-
phore. Photoselection and rotational diffusion influence
the measured absorbances. Photoselection produces an
anisotropic distribution of species in the solution be-
cause molecules having a larger projection of their tran-
sition moment onto the electric vector of the excitation
pulse are preferentially photodissociated. The resulting
optical anisotropy can be detected by measuring the ab-
sorbance with light linearly polarized both parallel and
perpendicular to the electric vector of the excitation
pulse. As in the case of fluorescence depolarization ex-
periments, there is dynamical information contained in
these measurements. The optical anisotropy, however,
also interferes with accurate determination of ligand re-
binding and conformational relaxation kinetics if data
from only a single polarization is employed.
To understand these effects on time-resolved polar-

ized absorption measurements we have developed a
comprehensive theory of photolysis experiments. Our
formulation is based on a set of master equations de-
scribing the rate of change of the orientational distribu-
tion functions ofthe various species resulting from exci-
tation, reorientational dynamics, and kinetics (1). Spe-
cial emphasis is placed on the influence of intense
excitation pulses which, with some notable exceptions
(2-4), has received relatively little attention. When the
excitation pulses are sufficiently intense, the system no
longer responds linearly and one cannot simply convo-

lute the response with the pulse profile. In this paper, we
obtain expressions for the change of absorption and the
absorption anisotropy as a function of time and laser
intensity for both 6-function and finite excitation pulses.
We consider the effects of both overall motions of the
molecule and internal motions of the chromophore and
the non-ideal (i.e., deviations from linear or circular)
absorption properties ofthe chromophore. In the follow-
ing paperwe apply these results to experimental measure-
ments on myoglobin (5).

This paper is organized as follows. Section 2 discusses
the general formalism in the absence of chemical ki-
netics. The observables are expressed in terms oforienta-
tional distribution functions that are a function oforien-
tation dependent extinction coefficients and that satisfy
master equations. In section 2.1 we show that for weak
excitation pulses, the absorbance changes can be ob-
tained by convoluting the intensity profile with a re-
sponse that depends on certain reorientational correla-
tion functions. In section 2.2 we consider intense excita-
tion pulses that are sufficiently short so that no
reorientational dynamics occurs. In section 3 explicit ex-
pressions for the orientation dependent extinction coeffi-
cients are invoked. We consider absorbers that are ellip-
soids ofrevolution (linear and circular absorbers are spe-
cial cases). General ellipsoidal absorbers are treated in
the Appendix. In sections 3.1 and 3.2 we obtain explicit
expressions for the change in absorbance and absor-
bance anisotropy for weak and intense but short excita-
tion pulses. In section 3.3 we consider the influence of
internal motions. Section 3.4 shows how to handle in-
tense excitation pulses that are so long that significant
overall rotational diffusion occurs during the pulse. In
section 4 the formalism is extended to include chemical
kinetics that occurs on a time-scale longer than the dura-
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tion of the excitation pulse. In section 5 the theory is
further generalized to the case in which both rotational
diffusion and chemical kinetics occur during excitation.
Finally, in section 6 we make some concluding remarks.

2. GENERAL FORMALISM WITHOUT
KINETICS
We consider an isotropic distribution of molecules that
are initially in state A and that undergo the reaction

excited may not be the same as the chromophore that is
probed. Furthermore, the orientation of the chromo-
phore that is probed in states A and B may also differ.
We define EI=A,B(P, Q ) as the extinction coefficient ofthe
chromophore that is probed in state I with orientation Q,
at the probe wavelength (Xp) and polarization direction
(p) ofthe probe beam. I is the isotropic extinction coeffi-
cient in state I:

EO(Xp) = EI(p, Q)PI (Q) dQ I = A, B. (2.6)
A B, (2.1)

which is initiated when a photon is absorbed by A. The
orientation of the chromophore in the laboratory frame
is specified by the Euler angles U. Let p ((Q) be the nor-
malized equilibrium orientational distribution function
of the chromophore in state A. Suppose that at t = 0 the
system is excited by a linearly polarized laser pulse. For
an optically thin sample, the time-dependent orienta-
tional distribution function of the chromophore in state
A, denoted by PA( U, t), satisfies

dt = LAPA (Qt) - A(e, )I(t)PA(, t), (2.2)

where LA is an operator that describes the reorienta-
tional dynamics ofthe chromophore in A. EA(e, Q) is the
extinction coefficient ofthe chromophore in state A with
orientation Q, at the wavelength (Xe) and polarization
direction (e) of the excitation beam. I(t) is proportional
to the intensity of the excitation beam and is given by

1(t) lIn (IOl)ne(t)O (2.3)
NA(23

where ne(t) is the number of incident photons per unit
area per unit time, NA is Avogadro's number, and is the
probability that A, after absorption ofa photon, will un-
dergo the reaction Eq. 2.1. Eq. 2.2 must be solved subject
to the initial condition PA(M, 0) = q
The orientational distribution function of the chro-

mophore in state B satisfies

a =PB-BP(Q, t) + WA(e, Q)I(t)PA(Q, t), (2.4)

where LB describes the reorientational dynamics in state
B. Eq. 2.4 must be solved subject to the initial condition
PB((, 0) = 0. In the special case that the reorientational
dynamics in the two states are identical (LA = L B = L
PA (Q) = PBq( 2) = Peq( 2)), the time-dependent orienta-
tional distribution function in the two states is related by

(2.5)

The relative populations ofA and B can be monitored
by observing the change in absorbance after excitation,
at a probe wavelength (Xp) where the two states differ in
their absorbance. In general, the chromophore that is

The change in absorbance oflinearly polarized light, nor-
malized by the maximum change that would be ob-
served if all the molecules in state A were excited to state
B, is

f s(t) - E(A)
I

EA(P, )PA(M, t) dQ

+ f EB(P, Q)PB(M, t) dg - E (XP)] (2.7)

In the special case that the reorientational dynamics in the two
states is the same, Eq. 2.7 simplifies to

f [EB(P, Q) - EA(P, Q)I(Peq(Q) - PA(M, t)) dQ
f(t) = eB(Xp) - EOA(xp)

(2.8)

where we have used Eqs. 2.5 and 2.6.
To proceed, one must solve Eqs. 2.2 and 2.4 for

PA(Q, t) and PB( Q, t). In two limiting cases it is possible
to obtain formal solutions for these quantities and ex-
press f(t) in terms of reorientational correlation func-
tions. We now consider these in turn.

2.1. Weak excitation pulses
Consider an excitation pulse with an arbitrary profile but
which is sufficiently weak so that only a negligible frac-
tion of the molecules in state A are excited. In this case
Eq. 2.2 can be approximated as

dPAQt) APA( t_) - EA_(e, Q )I(t)pA (Q)_ (2.9)

The solution of this equation can be expressed in terms
of the Green's function GA( Qt Q0O) ofthe operator L A,
as (6)

PA(M, t) = PA(Q) f dTI(t - r)

x f dQOGA(QT Q00)eA(e, UO)pA (Qo). (2.10)

The Green's function GA( Qt QO0) is simply the probabil-
ity density that the orientation of the chromophore in
state A is Q at time t given that it was go at time zero.
Similarly, the solution for the corresponding equation
for PB(Q, t) is

A----: __ana -zo Pooslcto by Ines Lih ule3

PAM t) + PB(Q, t) = Pq(g)-

Ansari and Szabo Photoselection by Intense Light Pulses 839



PB(Q, t) = drI(t - T)

X dNoGB(QT 00O)EA(e, Qo)pA(go), (2.11)

where GB(Qt Q0O) is the Green's function of the opera-
tor LB. Using Eqs. 2.10 and 2.11 in Eq. 2.7 we find

f(t)r dT , EOB(X,) OA(XP)
X ((<'EB(P, Q(T))(_A(e, 9(0))>>

KEA(P, Q(T))WA(e, Q(0))>) (2.12)

where Kx(Q(t))y(Q(0))> denotes an equilibrium corre-

lation function

= dQdQoxQ)GA(tIQOO)Y(QO)pA (QO), (2.13)

whereas Kx( Q( t))y( Q(0))>> denotes the nonequilib-
rium correlation function

dQ dQox(x)GB(gtI00)y(0O)pA (QO). (2.14)

The reason that Eq. 2.14 is a nonequilibrium correla-
tion function is that while the dynamics occurs in state
B, the equilibrium distribution is that of state A. In
the special case that the reorientational dynamics
in the two states are the same, GB(Qt1O 0) =

GA(Qt Q0o) and <<x(Q(t))y(Q(0))>> becomes identi-

cal to <x(Q(t))y(Q(0))>, and Eq. 2.12 simplifies to

rt
f(t) = ftdTI(t- T)

X [EB(P, Q())-EA(P, Q(T())IEA(e, ( (2.15)

2.2. Short intense excitation pulses
If no reorientational motion of the chromophore occurs

during the excitation pulse, the first term on the right
hand side of Eq. 2.2 can be ignored during excitation,
and the solution of the resulting equation is

OPA(Q, t) - £APA(Q, t). (2.18)

The solution of Eq. 2.18 subject to the initial condition
(2.17) is

PA(Q, t) r GA(QtIQo° )PA('2O, 0 ) dQo

fGA(It000+)

X exp(-'EA(e, Qo)Io)peq(Qo) dQo. (2.19)

The orientational distribution ofB at t = 0 + prior to any
reorientational dynamics is

PB(M, 0 ) = Peq() PA(, O )

= pA (0)[1 - exp(-EA(e, Q)Io)], (2.20)

and, after the pulse, PB(M, t) is given by

PB(M, t) = GB(QtIQo0+)

X [1 - exp(-EA(e, Q0)IO)]ppA(0o). (2.21)

Substituting Eqs. 2.19 and 2.21 into Eq. 2.7 and using
the definitions in Eqs. 2.13 and 2.14 we have

E((t)e OB(Ap ) - e0A (Ap )
X (<(EB(P, Q(t))[l - exp(-EA(e, g(2(+))Io)I>>
- KEA(P, Q(t))[l - exp(-EA(e, Q(0+))I0)]>) (2.22)

In the case where the reorientational dynamics in the
two states is identical, Eq. 2.22 simplifies to

f(t) = IB(Xp)-
X <((B(P, M(t)) -A(P, M(t)))

X [1 - exp(-EA(e, 2(O0+))Io)]>. (2.23)

Eqs. 2.12 and 2.22 are the principal results of this sec-

tion. Using these formal expressions as the starting
point, we shall now obtain more explicit results by ex-

ploiting the isotropic (rotationally invariant) nature of
our system.

PA(Q t)= PA(() exP[ A(ee 2)rI(T)d] . (2.16)

It is convenient to shift the time axis so that the time
immediately after the pulse is denoted by 0+. The orien-
tational distribution ofA at t = 0+ becomes

PA(Q, O°) = Peq(Q) exp(-EA(e, (2)IO), (2.17)

where I0 denotes the time integral of I(t) over the dura-
tion of the pulse. After the pulse I(t) = 0 in Eq. 2.2 and
PA(Q, t) satisfies

3. LINEAR, CIRCULAR, AND ELLIPSOIDAL
ABSORBERS

To proceed we need explicit expressions for the orienta-
tion dependent extinction coefficients, EA(e, Q) and
EI=A,B(P, Q2). We first consider the extinction coefficients
in state A. Let 'ni (i = 1, 2, 3) be three orthogonal axes
that are fixed on the chromophore in state A and ai be
the ratio of the extinction coefficient in the direction ni
to the isotropic extinction coefficient (A. Then EA(e, Q)
may be written as

840 Biophysical Journal Volume 64 March 1993840 Biophysical Journal Volume 64 March 1993



3
EA(e, Q) = EA(Xe) a,i(Xe)(ni -_e)2. (3.1)

i=1

Since eA(Xe) is by definition f WA(e, Q) dl/4ir, we re-
quire that

3

ai(Xe) = 3. (3.2)
i=l

The general case of an ellipsoidal absorber, defined in
Eq. 3.1, is treated in the Appendix. Here we shall con-
sider, for the sake of simplicity, absorbers for which a2 =
a3 = a1 and a, = al (ellipsoids of revolution), so that

WA(e, ) = f°(Xe)[aii(Xe)(iIn e)

+ a±(Xe)((X2e' )2 + (f3.3)2)]
= OA(Xe)1[ajj(e)(n,ne
+ a,±(Xe)( 1 - (n,* e)2)] (3.3)

where we have used the fact that n(no e)2 = 1. The
unit vector nI specifies the direction of the unique sym-
metry axis. For a linear absorber, a1, = 0, so nl points
along the transition dipole. For a circular absorber such
as the heme, a11 = 0 and 'ni is normal to the heme plane. It
will prove convenient to express (ni * e)2 in Eq. 3.3
in terms of the second Legendre polynomial P2(x) =
1/2(3x2 - 1 ). Denoting the unique symmetry axis (fi1) of
the chromophore that is excited in state A at the excita-
tion wavelength Xe by 'Ae, Eq. (3.3) becomes

EA(e, Q) = E°(Xe)[l- A(ne)PAflAe e)], (3.4)

with

and

oB(XA) = 1- Ol(- p), (3.8)

where I1(Xp) is the ratio ofthe extinction coefficient in
the direction nBp to the isotropic extinction coefficient
EB(Xp) in state B.
We are now in a position to simplify the correlation

functions that appear in Eq. 2.12 (low intensity pulses)
and in Eq. 2.22 (arbitrary intensity but short pulses).
Owing to the isotropic nature of the system we can use
the following identities:

KP,(n(t) &)> = 6l0, (3.9)

and

(P2((t). &)PA(m(0)- 6)>

a p2(a b)KP2(n-(t). mf(0))), (3.10)

to express our results in terms of correlation functions
that depend on the reorientational dynamics ofthe chro-
mophore. Eq. 3.10 is a straightforward generalization of
an identity derived by Berne and Pecora (7). Identical
relations hold for nonequilibrium correlation functions
(i.e., for KK(.**)>>).

3.1. Weak pulses

To simplify Eq. 2.12, let us consider KEA(P, M(t))
X EA(e, Q(0))>. Using Eqs. 3.4 and 3.6, we have

CA(Xe) = 2 ( I)-i(e) l(e),ali(Xe) + 2a I(Xe) =1-aiX) (3.5)

where we have used Eq. 3.2. For a linear absorber a = -2
whereas for a circular absorber a = 1. Similarly one can
write

(A(P, Q) = EA((Xp)[1 - A(Xp)P2(nAp* P)]' (3.6)

where nAp points along the unique symmetry axis of the
chromophore in state A at the probe wavelength Xp. Fi-
nally,

EB(P, Q) = e°B(Xp)[1 - eB(Xp)P2(fBp. p)], (3.7)

KEA(P, Q(t))EA(e, Q(0))>
= (EA(Xp)[l - TA(Xp)P2(nAp(t) * P)I
X EA( e)[I - CA(Xe)P2(fAe(O) e)]>

= EA(Xp)'EA( \e)[1 + ('/5)0'A(App)UA(Xe)
xP2(e ')(P2('Ap(t)@' Ae(O)))], (3.11)

where we have used the identities in Eqs. 3.9 and 3.10.
Similarly,

KKEB(P, Q(t))fA(e, Q(0))))
B(Xp)EA(Xe)[1 + ('/5)0gB(Xp)UA(Xe)P2( -ep)
X (<P2(nBP(t)' nAe(O))>)]. (3.12)

Using Eqs. 3.11 and 3.12 in Eq. 2.12, we finally have
Jt

f(t) = E°(Xe) drI(t - r)

x[I+CA(Xe)P2 (e)(s (Xp ) asB( p ) < < P2 ( )Ae(0))>>BA ( Xp)OaA(Xp)<P2(fnAp(T) nAe(0))> (1x +UA(e)P(e'j, (e-XPrOBP)KP(fiP()- O(P)A(3.13)
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The absorption anisotropy is defined as

r(t)= fll(t) -fi(t)
f 11(t) + 2fj(t)

1 UA(Xe)
10 e'B(X) - E,A(X)

fAt

drl(t - r)[ EB ( Xp )KP(fiBP2nB( ) A (T)) E(X( P)TA( Xp)KP2(fAp(T). fAe(O)))I

rt 9

fdrI(t- r)

(3.14)

wheref11 andf1 are defined from Eq. 3.13 as the normal-
ized change in absorbance when a p = 1 and a- p = 0,

respectively. Eqs. 3.13 and 3.14 are the principal results
of this subsection and involve two reorientational corre-

lation functions. It can be seen from Eq. 3.13 that when
the excitation and probe polarizations are at the magic
angle, defined by P2(e * p) = 0,f(t) is independent ofthe
reorientational dynamics and is, from Eq. 2.1 1, equal to

f PB(Q, t) dQ; at the magic angle the change in absor-
bance monitors the fraction ofmolecules that are excited
in state B. It should be emphasized that the result at the
magic angle is correct only for optically thin samples. As
Lewis and Kliger (8) have pointed out, dichroic samples
behave as polarizers owing to the differential absorption
in the directions parallel and perpendicular to the polar-
ization direction ofthe excitation beam (e). An incident
probe beam polarized in some arbitrary direction (p)
will in fact rotate toward the dichroic sample's least ab-
sorbing axis and hence the molecules at the back end of
the sample will not be probed at the same angle as the
molecules in the front. In addition, the linearly polarized
probe beam will become elliptically polarized owing to
the birefringent properties of the dichroic sample.

3.2. Short intense pulses
We now evaluate the correlation functions in Eq. 2.22.
For uniaxially symmetric absorbers the orientation de-
pendent extinction coefficients are defined in Eqs. 3.4,
3.6, and 3.7, and the derivation presented in the previous
subsection can be readily generalized by expanding
exp(-EA(e, Q)IO) in a series of Legendre polynomials,
i.e.,

exp(- X((e,Q)I-)
=exp(-E(A( Xe)IO1[ 1- A( Xe)P2('Ae(O ) * e1)]

00

= z al(Xe)P,(fAe(0 ) e),
1=0

(3.15)

where P,(x) is the /th Legendre polynomial. The coeffi-
cients al(Xe) can be evaluated using the orthogonality
properties of these polynomials. Thus,

a,(Xe) = 2/ exp(-1f(A(Xe)IO[1 -aA(Xe)P2(cOS 0)])

x P1(cos 0) sin 0 dO. (3.16)

For future reference, note that

ao(Xe) = exp(-EA(Xe)Io[1 -aA(Xe)P2(X)I) dx

= 1 -EA(Xe)IO

+IE(xe) + rA(Xe)2 (3.17)

and

a2(Xe) = 5 exp(-EO(Xe)Io[1 -aA( Xe)P2(x)])P2(x) dx

= OA( e)IOUA(Xe)

EA(Xe) IOaA(Xe)( 7U ) *

(3.18)

where we have set x = cos 0. Using Eq. 3.15 in Eq. 2.20
and averaging over all orientations Q, we note that 1 -

ao( Xe) is the fraction ofmolecules that undergo the reac-

tion A -- B; a2(Xe) is shown below to be proportional to
the linear dichroism induced by excitation of an isotro-
pic system with linearly polarized light.
To calculate f(t) we use Eqs. 3.6 and 3.7, and the

expansion 3.15 in Eq. 2.22 and then use the identities 3.9
and 3.10 to simplify the correlation functions. Thus,

Xf(t) = 1-aO(Xe) P20e ') 0
P2(BnB(t)e(X°)

(EB(Xp)aB(Xp)KKP2(fBp(t). fAe(0 ))>)

A~(XP)aA(X P)P2(fl,4p(t)' fAe(O+))>)).

The absorption anisotropy (Eq. 3.14) is

r(t) =
I a2(Xe)

ao(Xe) EOB(XP) EOA(XP)

X(E°B(Ap)UB(Ap)<<P2('Bp(M) nA(0 ))>>

-A(Xp)UA(Xp)KP2(fAp(t> * Ae(O ))>) (3.20)

In the limit that Io -*0 it follows from Eqs. 3.17 and 3.18

that
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a2(Xe) A(Xe)

1-o(aXe)

x [ - EAXe)IO(l Aa( X) _J A(Xe))2+ (3.21)

For an arbitrary ellipsoid of revolution, CA( Xe) can take
on values between -2 and 1, and the term in the square
brackets in Eq. 3.21 is always less than unity. Thus, for a
short excitation pulse, high light intensity does not influ-
ence the time dependence of the absorption anisotropy
but merely reduces the value of the limiting anisotropy
observed at t = 0 +. Note that the absorption anisotropy
defined in Eq. 3.20 depends not only on the shape ofthe
absorber in states A and B (characterized by aA and B)
but also by the relative magnitudes of the isotropic ex-

tinction coefficients at the probe wavelength in the two
states. Eqs. 3.19 and 3.20 are the main results of this
subsection. We will now relate the general formalism
developed in this paper to specific problems in the litera-
ture and derive some special relations starting from Eqs.
3.19 and 3.20.
Our primary motivation for developing the photose-

lection theory was to analyze optical photolysis experi-
ments on heme proteins. In these experiments, state A is
a heme-ligand complex. The excitation pulse photodis-
sociates the ligand and then the absorbance ofthe hemes
is probed. Ifthe reorientational dynamics ofthe liganded
(A) and unliganded (B) hemes are the same (LA = LB)
and the normal to the heme plane points in the same

direction at the excitation and probe wavelengths in the
liganded state (nAe = nAp = n') but in a different direction
in the unliganded state, and if the heme is rigidly at-
tached to an isotropically diffusing molecule, then

KP2(fBp(t).* Ae(0+))) = P2(cos y) exp(-6Drt), (3.22)

where Dr is the rotational diffusion coefficient ofthe mol-
ecule and y is the angle between the normals to the heme
planes in the liganded and unliganded states. Eq. 3.20
simplifies to

r(t) =I 1 - ao(Xe)

X E(B(Xp)OrB(Xp)P2(COS aY) - E'A(Xp)UA(Xp)
L (~~CB( Ap)- 'EA( Ap)

X exp(-6Drt) (3.23)

If y = 0, then Eq. 3.23 may be written more generally, for
any reorientational dynamics of the heme, as

1 a2(Xe) [EB(Xp)TB(Xp) - 'E(A(Xp)LA(Xp) 1

10 1- ao(Xe) L e(XA) - EA(Xp) J

x <P2(ni(t)* n'(O))>. (3.24)
If both hemes have the same axial ratios(spA(Xp)
UB(Xp) = o( Xp)) then Eq. 3.24 further simplifies to

r(t) =
1 -a2( e) u(Xp)(P2(nf(t). nA(O+))> (3.25)

ao(Xe)

and becomes independent of the extinction coefficients
in the two states.

Next, consider the optical-infrared photoselection ex-
periments that have been used to determine the geome-
try of the Fe-CO bond in the carboxyheme complexes
(9-1 1 ). In this experiment state A is a carboxyheme that
is photodissociated by an excitation pulse. The system is
then probed with an infrared beam that is absorbed by
the CO. The probe wavelengths are chosen so as to mon-
itor the bound CO and, since the absorption spectra of
the bound and the photodissociated CO do not overlap,
EB(Xp) = 0. nAe = n is a unit vector along the unique
symmetry axis of the heme (perpendicular to the heme
plane). Assuming that the CO is a linear absorber,
CJA(Xp) = -2 and nAp = nco where no is a unit vector
along the absorption dipole ofthe CO. Under these con-
ditions Eq. 3.20 reduces to

r(t) = -
a2 (Xe) KP2(fico(t)* n'(O+))>, (3.26)

5 1 aoj(Xe)

where ao( Xe) and a2( Xe) are given by Eqs. 3.17 and 3.18,
respectively. A similar result has been obtained by Han-
sen et al. (4) where they assumed that the heme
was a circular absorber at their excitation wavelength
(cTA(Xe) = 1 in Eqs. 3.17 and 3.18).

In the study of the photoselection effects on flash ex-

periments on bacteriorhodopsin (3), the chromophore
is a linear absorber in states A and B (aA = aB= -2) and
is assumed to undergo no significant reorientational mo-
tion. The absorption anisotropy from Eq. 3.20 reduces
to

r(t) = - I1 a2(Xe) n n
5 1 ao(Xe) P2( ^~BpR Ae),

(3.27)

where ao(Xe) and a2(Xe) are given by Eqs. 3.17 and 3.18
with UA(Xe) = -2. Ifthe transition dipoles ofA and B are

colinear, then this result is equivalent to that obtained by
Nagle et al. (3) (see their Eqs. 10-12).

Finally, Magde (2) has obtained expressions for the
dichroic ratio (f ,/If) after excitation with intense light
pulses and in the absence of any reorientational dy-
namics. For absorption measurements in which eA( Xp) =
0, the dichroic ratio is given by

-ao(Xe) a2(Xe)a n nf 1a(e) + 25 aB(Xp)P2('Bp- 'Ae)
fa a2(Xe)

n-aO(r e) 10 B(Xp)P2(flBp.*Ae)

If A and B are linear absorbers (UA = B = -2) we re-
cover Eqs. 48 and 50 of Magde when the transition di-
poles ofA and B are collinear (npBPAe = 1 ) and perpen-
dicular ( nBpP nAe = 0), respectively. IfA is a planar ab-
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sorber (iA = 1) we recover his Eqs. 77 and 81 for the two
orientations ofthe linear absorber B. (Note that there are
some typographical errors in his Eqs. 50 and 81 ).
Although the primary focus ofthis paper is the theoret-

ical description of photoselection effects on absorption
measurements, the fluorescence emission anisotropy,
observed using short intense excitation pulses, may be
easily obtained by a suitable reinterpretation of the pa-
rameters in Eq. 3.20. Let A be the ground state of the
fluorophore and B the excited state. Identify Xp with the
wavelength at which B fluoresces (Xf) and nBp = nBf as

the symmetry axis of the ellipsoid-of-revolution of the
emitter (B( As) = -2 for a linear emitter, aB( Xf) = 1 for a
circular one). Since A does not fluoresce, one can for-
mally set EI (Xp) = 0 and Eq. 3.20 reduces to

10 I - ao(Xe) aB(Xf)KKP2(fBf(t) * Ae(0+))>>
10A1( e) aI(Xe)[e- eA) (e )2
______ _ _ _ _ IOAA ( ee) IOA( e )1A)0 2 7 10

+ * * * <P2 flBf(0)*Ae(O+))>>, (3.29)

where we have used Eq. 3.21 in the limit IO -* 0. Note
that the reorientational correlation function is in general
a nonequilibrium one, since the equilibrium orienta-
tional distribution of the ground and excited states can

differ (i.e., LA LB) because of differences in the
charge distributions. IfpA = pB , as is usually assumed,
the correlation function becomes an equilibrium one in-
volving the reorientational dynamics ofthe excited state.

3.3. Reorientation correlation
functions and the influence of
fast internal motions
For a 3-function excitation pulse (I(t) = Iob(t)) the for-
malism developed in the previous subsection is valid for
any model of the reorientational dynamics of the chro-
mophore. The motion of the chromophore influences
f( t) and r( t) only through the reorientational correlation
functions, which do not depend on the intensity or polar-
ization direction ofthe excitation or probe beams. For a
chromophore rigidly attached to a molecule that is un-
dergoing isotropic rotational diffusion, the correlation
functions in Eqs. 3.19 and 3.20 are of the form in Eq.
3.22. A comprehensive treatment of how internal mo-
tions alter this result can be found in the paper by Szabo
(1). Here we shall consider only a simple model of the
fast internal dynamics of the chromophore in an isotro-
pically reorienting system. Suppose that the normal to
the heme plane (nf) fluctuates ("wobbles") in an axially
symmetric way about a protein fixed axis ( mi). Letpf( 0)
be the normalized (fo pf (0) sin 0 dO = 1) equilibrium
probability density that the angle between fn and 'm is 0.

The correlation function KP2(n(t) *n(0))> starts out at
unity at t = 0 and then begins to decay due to fast inter-

nal motions. Ifthe internal motions are fast and indepen-
dent of the overall diffusive motion, then, for times long
compared to the time-scale of the internal motions (rf),
the correlation function becomes ( 12)

(P2(nn(t)e(0)) = S2xp(-6Drt) t > Tf, (3.30)

where S is an order parameter (0 < S < 1 ) defined as

s= P2(coso)pf sin Edo. (3.31)

S = 1 if there is no motion while S = 0 in the limit that
the motion is isotropic. Ifthe internal motions are model-
led as wobbling in a cone of semiangle 00

pf (0) = [2Xr( - cos 00)]'- 0 <0 < 00

= 0 0.00 . (3.32)

S = I/2 cos 00( 1 + cos 00)

From Eq. 3.30 we note that if the time-scales of the
measurements are such that the experiment cannot re-
solve the fast internal motions, the apparent or extrapo-
lated value ofthe correlation function at t = 0 is reduced
by a factor S2, and from Eq. 3.24, this results in a reduc-
tion ofthe extrapolated value ofthe limiting anisotropy.
The apparent initial anisotropy, extrapolated from mea-
surements on a time-scale much slower than Tf is, there-
fore, reduced by a factor S2.
The presence of fast motions can also affect the appar-

ent angle between the CO bond and the heme plane,
obtained from the optical infrared measurements dis-
cussed above. For a 3-function excitation pulse, it fol-
lows from Eq. 3.26 that the initial anisotropy is

r(0) a2(Xe) _n
5 1 - ao(Xe) <P2(fico

= -1. ( 1 - I9 c?&( Xe)IO + * )KP2(n'co * n)>, (3.33)

where we have used the expansion in Eq. 3.21 for a circu-
lar absorber (rA(Xe) = 1). The apparent angle (aapp)
between the CO and the heme normal is obtained by
equating the initial anisotropy to -1/5P2(cos a app), 5so
that

P2(cos taPP) =1 ao(Xe) KP2('co'* )>

( 35 EA(e)IO+ **)(P2(fico n)>. (3.34)

As discussed by Hansen et al. (4), the effect of finite
excitation intensities is to lower the initial anisotropy
and therefore increase aapp. Moreover, even if on
the average the geometry is linear, aapp can deviate
from zero. Suppose nco wobbles relative to the heme
normal in a cone of semiangle y then KP2(fco * n)> =
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1/2 cos oy( I + cos 'y) and aapp in Eq. 3.34 is non-zero due
to the motion of the CO. If, in addition, the heme wob-
bles in a protein or in a solvent cage on a time-scale faster
than the resolution ofthe experiment, then the apparent
angle is further increased. If the motions of the heme
normal and the CO bond relative to the heme normal are
independent, then

P2(cos !app) = S2 a2() KP2(nconP2(cosa1-.0(nXe

= 2(1 - 9AA(Xe)IO + * P2(fco n')>, (3.35)

where S is the order parameter describing the heme wob-
ble. Thus, intense excitation pulses, the motion of the
CO relative to the heme normal, and the wobble of the
heme, all tend to increase the apparent angle between the
CO and the heme normal.
The above discussion is valid when the excitation

pulse is sufficiently short so that even the fast internal
motions do not occur within the pulse. Let us now con-

sider the situation when the internal motions are so fast
that during the excitation pulse, the system reaches equi-
librium with respect to the fast motions. The overall dif-
fusive motion ofthe protein is still assumed to be stow on
the time-scale of excitation. In this case the system be-
haves as if it had an effective extinction coefficient eAff(e,
Q) which can be obtained by averaging the instantaneous
extinction coefficient (Eq. 3.4) over the equilibrium dis-
tribution for fast motions,

E(A(e, Q) = KEV(Xe)[I OA(Xe)P2(fAe- ')]>f. (3.36)

Assuming that 'Ae wobbles in an axially symmetric way
about an axis mAe, and using the addition theorem ( 13)

we have

KP2(IAe- ')>f = KP2(iAe' rAe)>fP2(rMAe. e)

= SP2(JiIAe e), (3.37)

where Sis the order parameter defined in Eq. 3.31. From
Eqs. 3.36 and 3.37, it follows that

effQ) =-A Ae)1 - SCA(Xe)P2(mAe e )]

=A(Xe)[I I A (e)P2(IfMAe' )], (3.38)

and, from Eq. 3.5,

eff( = SUA(Xe) =(1 - al(Xe)) = I- a(e), ((3.39)

where czf( Xe) = 1-S + ai (Xe) . Similarly, for any given
orientation of the molecule in the laboratory frame, the
probe pulse samples the equilibrium orientational distri-
bution of the chromophore within the cone, and the ef-
fective extinction coefficient in the direction ofpolariza-
tion of the probe beam becomes

(pQ) = e°(X )[ 1-SoI(X)P2( iP *pf)]

I XI)Ap (=p p B,

I = A, B (3.40)

where

ae(ffX(p) = S(1 - al ( p))
aeff(XP) = S( I- oll( P)). (3.41)

Since Eqs. 3.38 and 3.40 have the same form as Eqs. 3.4,
3.6, and 3.7 we can immediately adapt the formalism of
Section 3.3 by replacing a by aeff and 'n by 'm. For a
circular absorber (a, = 1, all = 0)a elf= 1 - S. Thus, fast

motions within the excitation pulse cause a circular ab-
sorber to behave as if it had an out-of-plane component.
Clearly it is not possible to distinguish between a circular
absorber undergoing fast axially symmetric librational
motion during excitation and a rigid absorber with an

out-of-plane component if the time resolution of the ex-

periment is long compared to the time-scale of the fast
motions.

3.4. Rotational diffusion within the
excitation pulse

We now consider intense excitation pulses that are so

long that significant overall rotational diffusion occurs

within the pulse width. The general formalism to treat
such a problem has been developed in Section 2: we need
to solve Eqs. 2.2 and 2.4 subject to the appropriate
boundary conditions and then calculate the change in
absorbance using Eq. 2.7. We will consider only the sim-
ple case in which (1) the dynamics of A and B are the
same (LA = LB = £), (2) A and B undergo isotropic
rotational diffusion (L = DrV 2, where Dr is the rota-
tional diffusion coefficient of the molecule), and (3)
both A and B are ellipsoids-of-revolution absorbers with
the same symmetry axis (nf) at both the excitation and
probe wavelengths. Under these conditions, and using
Eq. 3.4 for EA(e, Q ), Eq. 2.2 becomes

PA( Xt) DrV (PA(, t) - EOA(e)

X [1 - UA(Xe)P2(fl ')II(M)PA( t), (3.42)

which must be solved subject to the initial condition
PA(M, 0) = peq(Q). We expand PA(M, t) in a series of
Legendre polynomials

PA(M, t) = Peq(Q) 2 al(Xe, t)P(n * e),
1=0

(3.43)

and determine the expansion coefficients a, by requiring
Eq. 3.43 to satisfy Eq. 3.42 (see below). We obtain the
normalized change in absorbance (f(t)) from Eq. 2.8
using Eqs. 3.6 and 3.7 for EA(P, Q) and EB(P, Q) and with
nAp = nBp = fi. Using the following identities

AnaiadSaoPooeeto
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fPeq( Q)P(' * e) dg = 610 (3.44a)

fpeq(Q)P2(n * p)PI(in * e)dQ= ('/5)5612P2(e )) (3.44b)

Eq. 2.8 may be rewritten as

f(t) = 1 -aO(Xe, t) + a2(x5e t)
5

x P2(e. jp) [ °a(Xp) °E(Xp)A(Xp] (3.45)

'BXpa(Xp) A~X,

The corresponding absorption anisotropy is

r(t) = a2(Xe, t)
10 ao(Xe, t)

x [B( Xp)aB(XP) EA(Xp)aA(XP)] (3.46)

Eq. 3.46 is formally analogous to the result obtained for
short excitation pulses (Eq. 3.24) with the time depen-
dence now absorbed in the expansion coefficients
ao(Xe, t) and a2(Xe, t)

In order to obtain these coefficients we substitute Eq.
3.43 into Eq. 3.42. Setting n e = cos 0 and using the
orthogonality properties of Legendre polynomials, we

find

da,(Xe, t) -2 (Di,p + Ej,p(t))ap,(Xe t),

dt i

(3.47)

(1 2 1-2 2 3 1(1-1)
0 0 0 / 2 (21+ 1)(21- 1)(21- 3) (3.5 lb)

(1 2 (1+ 1)(l+2)(35c

(0 0 0 ) 2 (21+ 5)(21+ 3)(21+ 1)( )

Thus we have reduced the solution of the partial differ-
ential equation (3.42) to the solution of a set of coupled
ordinary equations for the expansion coefficients. From
Eqs. 3.47 to 3.51 we note that there is no mixing between
even and odd coefficients a,; sincef(t) and r(t) depend
only on ao(Xe, t) and a2(Xe, t) we need to solve Eq. 3.47
only for the even coefficients. For an isotropic system
that is initially in state A, the initial condition, from Eq.
3.43, is al(Xe, 0) = blo
For a square excitation pulse of width tp (I(t) = Io for

t < tp and =0 for t 2 tp), the solution ofEq. 3.47 for t < tp
can be written as

a(Xe, t) = e-(D+E)ta(X 0) = U-'e-Ua(Xe, 0), (3.52)

where X is a diagonal matrix containing the eigenvalues
ofD + E and U is a matrix whose columns are the corre-

sponding eigenvectors. In practice one must, of course,
truncate the matrix D + E. We found that truncation at
1 = 8 gives values for a, that are accurate to six significant
figures. Finally, for an excitation pulse of arbitrary
shape, Eq. 3.47 can be solved iteratively

a(Xe, t + bt) = (I - (D + E(t))bt)a(Xe, t). (3.53)

For t > tp the matrix elements of E are zero and the
solution of Eq. 3.47 simplifies to

a,(Xe, t) = e-1(1+l)D,(I-tp)a,( Xe, tp),
where

(3.54)

and the absorption anisotropy, from Eq. 3.46, becomes

D,, = 1(1+ 1)Dr,6i (3.48)

and

El,,(t) EA(Xe)I(t)bill- 2E+(ie)I(t)OA(Xe)

x fTPi(cOs )P2(coso)Pj,(cosa) sin 0de. (3.49)

The integral ofthe product ofthe three Legendre polyno-
mials in Eq. 3.49 can be expressed in terms of Wigner
3-j coefficients ( 13) as

rl ~~~~~12 1' 2
JPI(X)P2(X)Pll(x) dx = 2 O O O (3.50)

r(t > tp) = 1 a2(Xe tp)
10 ao(Xe, tp)

X[(B(Xp)UB(Xp) f(Xp) A( 6DAt-tp)

The above formalism can be readily extended to allow
for fast axially symmetric internal motions that occur

during excitation. Ifthe correlation time for internal mo-
tions is much shorter than the duration of the pulse, the
above expressions can be applied by simply scaling all
the a's by the order parameter of the internal motions
(i.e., by using eI'f(X) = S1(X), I = A, B in Eqs. 3.45,
3.46 and 3.49). If aeff = = S, Eq. 3.55 is identical to
Eq. 7 of Jones et al. ( 14) in their analysis of the absorp-
tion anisotropy measurements on hemoglobin.

This coefficient is non-zero when 1' = 1, 1 ± 2 and has
values

O 0 (21+ 3)(21+ 1)(21- 1)

4. REORIENTATIONAL DYNAMICS AND
KINETICS AFTER EXCITATION
So far we have only considered the reaction (Eq. 2.1)
where a molecule in state A absorbs a photon and is
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excited into a long-lived state B. We now consider a
more complicated reaction scheme:

hp k2

A =B C.
k, k3

(4.1)

We will assume that the molecule is spectroscopically
identical in states B and C, i.e., EB(P, Q) = Ec(P, Q). The
normalized change in absorbance is given by

f(t)= '~X)EJEA(P, Q)PA(Qi, t) dg2
B ( Xp) - EOA(AP)[J

EB(P, 9)[PB(Q t) + pc(Q, t)] dg - EO (Ap) , (4.2)

where Pc(Q, t) is the time-dependent orientational dis-
tribution function in state C. p,(Q, t) (I = A, B, C) sat-
isfy the following set of equations

dPA, t) LAPA(Q, t) - A(e, 2)I(t)pA(Q, t) + k1pB(Q, t)

d( =)-LBPB(Q, t) + WA(e, Q)I(t)pA(M, t)

at

- (k1 + k2)P(B2, t) +k3pC(Q, t)

apc(Q, 1) LCpc(Q, t) + k2pB(Q, t) - k3pC(Q, t), (4.3)

p,(Q,t) FdQ0G1(QtIQ°%+) z P(ItIJO+)pj(S0, O+),
J=A,B,C

I = A, B, C (4.6)

where P(It JO') is the probability that a molecule at
time t is in state I, given that at t = 0 + it is in state J and
may be evaluated by setting the terms containing L I in
Eq. 4.5 to zero and solving the rate equations. We will
assume negligible thermal rate coefficient for the reac-
tionstepA-*B,i.e.,P(AtIAO+)= andP(BtIAO+)=
P(CtI AO') = 0. Using Eqs. 4.4 and 4.6 we have

PA(M, t) = dQoGA(QtIQoO )

X [PA(Qo, 0) + PB(Qo, 0o)P(AtI BO+)]

= dQoGA(Qt I QoO)peq (Qo)

x [e EA(e,Q°)1 + (1 - e-EA(eQ)Io)P(AtI B0+)]
= pA (Q) - 1 - P(At I BO+)]

x [ OGA(UtIgoo )PAq(Qo)(1 - e EA(e,Qo)JO)]

(4.7)

We now assume that the reorientational dynamics of B
and C are the same (LB = LC) and write

where Lc describes the reorientational dynamics of the
chromophore in state C. The coupled set of equations
(4.3) must be solved subject to the initial conditions
PA(M, 0) = Peq() PB(, 0) = Pc(Q, 0) = 0. In this
section we will consider the case where no reorienta-
tional dynamics or kinetics occurs during the pulse. The
orientational distribution of the chromophore in the
three states immediately after the pulse (t = 0+) is

PA(M, O) = PA(Q) exp(-EA(e, Q)I0)
PBM 0 ) = pA(Q)[I - exp(-EA(e, Q)Io)]
PC(S2, 0+) = O, (4.4)

where Io is the time integral of I(t). After the pulse Eq.
4.3 simplifies to

aPA(PQ t)
- LAPA(Q, t) + k,pB(Q, t)

at

PB(Q, t) - LBPB(Q, t)- (k + k2)pB(, t) + k3pC(Q, t)
at

ap('),t) - £CPC(Q2 t) +k2PB(Q, )- k3pC(2, 1)- (4.5)
at

Since the kinetics ofgoing from one state to another are
independent ofthe reorientational dynamics ofthe mole-
cules within each state, the solution to the coupled equa-
tions(4.5) may be written in terms of the Green's func-
tion of L, as

PB(M, t) + Pc(M, t)

= dQoGB(QttIoO )[PB(QO, ° )

X P(BtI BO+) + PB(QO, 0+)P(CtI BO+)]

= [1 -P(AtjBO+)]

x dOG (Qt QO0 )PAq( Qo)( 1 -e A(,Q) ),

where we have used

z P(ItIJo+)=
I=A ,B,C

(4.8)

(4.9)

Using Eqs. 4.7 and 4.8 in Eq. 4.2 we have

f(t) = [1 P(AtjB0)I ()
BO+)]

X (<e'B(P, Q(t))[l - exp(-EA(e, Q(O+))Io)]>>
- KEA(P, Q(t))[l - exp(-EA(e, Q(O+))Io)]>) (4.10)

where we have used the definitions in Eqs. 2.13 and 2.14
for the correlation functions. The form of Eq. 4.10 is
identical to that of Eq. 2.22 multiplied by a factor that
depends upon the reaction mechanism and is in fact the
fraction of molecules that were excited and have not de-
cayed back to A. For absorbers that are ellipsoids ofrevo-
lution, the formalism in section 3.2 follows through for
the evaluation of the correlation functions and f(t) is
given by Eq. 3.19 multipled by ( 1 - P(AtI BO +)). Since
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the kinetics influence f(t) via a multiplicative factor, it
follows that the absorption anisotropy is independent of
the kinetics and is still given by Eq. 3.20.
When k3 = 0, the kinetic equations in Eq. 4.5 may be

solved analytically to yield

P(AtjI BO+) = -k + k2 1 - e-(k+k2)') (4.11)

For a circular absorber rigidly fixed in an isotropically
diffusing macromolecule, when the excitation polariza-
tion is parallel to the probe polarization (e = jp), using
Eqs. 4.10 and 3.19 and setting a = 1 and the reorienta-
tional correlation function equal to exp -6D,t), we find

+k2 +
k e-(kl+k2)t]" k, + k2 k, + k2 ]

x [I -aO(Xe) + e 6D,t (4.12)

where ao( Xe) and a2( Xe) are given by Eqs. 3.17 and 3.18.
This result is identical to Eq. 10 of Hofrichter et al. ( 15)
who showed experimentally that the change in absor-
bance is influenced both by the rotational diffusion of
the molecule (which changes the projection of the ab-
sorption dipole onto the probe beam), and the kinetics
(which changes the fraction of molecules in the various
states). The anisotropy decay, however, in the limit
where the pulse-width is short compared to the rota-
tional diffusion time of the molecule and the decay time
of the excited state B, is insensitive to the kinetics and
depends only on the rotational diffusion ofthe molecule.

expand p,( Q, t) in a series ofLegendre polynomials with
time-dependent coefficients,

PA(Q, p((Q) 2: al(X ,nt)P,(n e

PB( Peq(Q) : b(X , nt)P(n *e)
Pc(Q, t) = Pec(Q) 2: Ci(Xe, t)PO(i *. (5.3)

We have assumed that A, B, and C have the same sym-

metry axis (nf). Using Eqs. 3.4, 3.6, and 3.8 and 5.3 in
Eq. 5.2 and using the identities in Eq. 3.44 we recover

Eqs. 3.45 and 3.46 for the normalized change in absor-
bance and the absorption anisotropy; the expansion coef-
ficients ao( Xe, t) and a2( Xe, t) now depend on the excita-
tion intensity and the reorientational dynamics of the
chromophore as well as the rate coefficients in the ki-
netic scheme.
We now proceed to solve for these expansion coeffi-

cients. Substituting Eqs. 3.4 and 5.3 in Eq. 4.3, setting
= DrV,2, and using the orthogonality properties of

Legendre polynomials we have

d
dt

(a(Xe t) (a(Xe, t)
b(Xe t) = M(t) b(Xe, t)

C(Xe, t) C(Xe, t)

/-[D + E(t)]
E(t)
0

a(Xe, t)
X b(Xe, t)

C(Xe, t)

k, I
-[D + (k, + k2)I]

k2I

0

k3I
-[D + k3 ]

(5.4)

5. ROTATIONAL DIFFUSION AND KINETICS
DURING EXCITATION

In this section we will consider the general case ofa finite
excitation pulse-width, allowing for both rotational dif-
fusion and kinetics during excitation. We will consider
the reaction scheme of Eq. 4.1 and assume, as before,
that B and C are spectroscopically identical. We will fur-
ther assume that the reorientational dynamics in the
three states are identical (L = L; Pq(Q) = Peq( Q ); I =
A, B, C). Thus,

PA(Q t) + P(Q t) + Pc(Q t)=Peq(Q) (5.1)

and Eq. 4.2 simplifies to

f(t)= 1-
J[eB(P, ) -'EA(P, Q)IPA(Q, t) dQ

. (5.2)

The time-dependent orientational distribution functions
(p,(Q, t)) satisfy Eq. 4.3 and the orientation-dependent
extinction coefficients for ellipsoid-of-revolution ab-
sorbers are given by Eqs. 3.4, 3.6, and 3.8.
We will now follow the formalism of section 3.3 and

where a, b, c are vectors whose elements are the time-de-
pendent coefficients a,, b,, and c,, respectively; I is the
unit matrix and D and E(t) are matrices that describe
the rotational diffusion and excitation, respectively, with
elements given by Eqs. 3.48 and 3.49. The set ofcoupled
differential equations defined in Eq. 5.4 need to be
solved subject to the initial conditions a,(O) = 610,
b,(O) = c,(O) = 0. Since f(t) and r(t) depend only on
coefficients with = 0 and = 2 and, as discussed in
section 3.3, there is no mixing between the even and odd
coefficients, we need to solve only for the even coeffi-
cients a,,bi,c(I=0, 2, 4, * .

For a square excitation pulse of width tp, the time de-
pendent matrix in Eq. 5.4 becomes M(t) = Mo for t < tp
and the solution to Eq. 5.4 may be written as

a(Xe, t) a(Xe. 0)
\i (a(Xe, 0)

b(Xe, t) = e'°j b(Xe, 0) = U-le U b(Xe, 0)
C(XAe, t) c(Xe, 0) \C(Xe, 0)

(5.5)

and for an excitation pulse of arbitrary shape Eq. 5.4
may be solved iteratively:

(a(Xe, t + at) \ Ia(Xe, t)
b(Xe, t + Zit) = [I + M(t)5t] b((e, t) . (5.6)
C(Xe, t + at) C(Xe, t)
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After the pulse (I(t) = 0) the coupled equations (5.4) dc2(Xe, t) - kb (X ) (6D k
simplify to dt e t

dao(Xe, t) k1a0(Xe t)

dt

da2(Xe, t) =-6Dra2(Xe, t) + kib2(Xe, t)

dt

dbo(X t) =-(k1 + k2)bo(Xe, t) + k3CO(Xe, t)

db2(Xe, t) - (6Dr + k1 + k2)b2(Xe, t) + k3C2(Xe, t)

dt

dco( Xe, t)_

dt -k2b0( X\e, t) k3C0(Xe, t)

Ifk3 -) 0, then Eq. 5.7 may be solved analytically to yield

ao(Xe, t) = ao(Xe, tp) + k + k bo(Xe, tp)( 1 - e-(k+k2)(t-tp))
a2(Xe, t)

= [a2(Xe, tp) + k b2(Xe, tp)( I - e-(k+k2)(t

x exp(-6D,(t - tp)) (5.8)

where a,( Xe, tp) and b,( Xe, t,) are the values of the coeffi-
cients at the end ofthe pulse. The anisotropy decay after
the pulse becomes

r(t>tp)=-jj Xtp) + b2(Xe, tp)( 1 - ek(k+k2)(t
L I -ao( Xe,tp)-k' k bo(Xe, tp)( 1 -e-(kl+k2)(

!P) )

It-tp))

[ B(Xp) e°(X ) ]exp(-6D,(t - tp)). (5.9)

An interesting consequence of the above result is that
there is a change in the absorption anisotropy after exci-
tation with a finite pulse that is due to both kinetics and
rotational diffusion of the macromolecule. This is be-
cause at the end ofthe pulse states B and C are populated
with different orientational distributions; since B and C
are spectroscopically identical but decay at different
rates, there is a change in the orientational distribution
of the photoproduct resulting in a change in the anisot-
ropy. If k, = 0 (no change in the total population ofB +
C after the pulse) or k2= 0 (C is never populated), the
anisotropy decay simplifies to the result obtained in Eq.
3.55 and decays only when the macromolecule reorients.

6. CONCLUDING REMARKS

We have developed a comprehensive and unified theory
of the absorbance of dynamic systems in which an in-
tense excitation pulse produces a photoselected initial
population. We have considered a variety of situations
and complications (e.g., reorientational motion that is
slower, faster, or on the same time-scale as the duration
of the excitation pulse, the influence of internal motions
and chemical kinetics, deviations ofthe absorption prop-

erties of the chromophore from linear or circular. Many
of the results derived here have already proved useful in
the analysis of experimental data on heme proteins (5,
14, 15).
In this paper we have attempted to reach a compro-

mise between simplicity and generality. For example,
the short intense excitation pulse results for the absor-
bance change (Eq. 3.19) and the absorption anisotropy
(Eq. 3.20), while valid for arbitrary reorientational dy-
namics, are based on the assumption that the chromo-
phores are ellipsoid-of-revolution absorbers. The treat-
ment of general ellipsoidal absorbers, presented in the
Appendix, is restricted to isotropic overall diffusion. The
theoretical framework, developed for linearly polarized
excitation and probe pulses, can be extended to include
circularly polarized or unpolarized light pulses by appro-
priately modifying the definitions of the orientation de-
pendent extinction coefficients in section 3. Our discus-
sion of chemical kinetics was based on a simple illustra-
tive reaction scheme with two spectrally distinct species,
but the approach can be readily generalized to treat more
complicated situations. Thus, in addition to presenting a
variety of explicit results that can be used to interpret
experimental data, this paper serves as a useful guide to
treating complex photoselection problems.

APPENDIX
Here we derive an expression for the change in absorbance and anisotropy decay when an isotropically diffusing absorber of arbitrary shape is
excited with a short pulse oflinearly polarized light. Eq. 2.23 describes the change in absorbance when the molecule is excited from state A to state B,
and the reorientational dynamics in the two states is identical. The extinction coefficients in the direction ofpolarization ofthe excitation and probe
beams are:
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EA(e, Q) = EOA(Xe) z ai( Ae)(i * e)2

0AP0f(Xp) asi(Xip)(n^j p)

EB(P, Q) e°( Ap) Ef3(Xp)(fi (Al)

where 'ni (i = 1, 2, 3) are orthogonal axes fixed on the absorber and 2ai = z ,i = 3. Combining Eqs. 2.23 and Al we get

1 /.2 1,f( t) = ° ( A ) ° (X) \2 (e°(X p)0j(XAp) ((Xp)aj(Xp))(n,i(t) I)2[- exp(-c' (Xe)Io ai(Xe)(nji(O ) e ) ) (A2)

For an isotropic system, the change in absorbance is proportional to the fraction of molecules excited. An additional term that decays with the
rotational correlation time ofthe molecule is introduced as a result ofphotoselection. Analogous to the solution for a uniaxially symmetric absorber
(Eq. 3.19) we may rewrite Eq. A2 as a sum of two terms:

f(t) = 1 - y + zP2(e p) exp(-6D,t) (A3)

with the absorption anisotropy given by

r(t) 2(1 )exp(6Drt). (A4)

(1 - y) is the normalized change in absorbance observed at the magic angle and is thus the fraction ofmolecules that are excited. z is proportional to
the linear dichroism introduced in the sample; the linear dichroism decays exponentially for an isotropically diffusing absorber. y and z are

functions of the excitation intensity and depend upon the properties of the absorber at the excitation and probe wavelengths. We now proceed to
solve for y and z. Since y is the fraction of molecules in state A that are not excited, we have

Y (exP( (Ae)Io z ai(Xe)(ie))

1 C2r
= J dd J sin 0 dO exp(-c0A(Xe)Io[ a(,e) COS2 0 + a2(Xe) sin2 0 COS2 + a3(Xe) sin2 0 sin2 k]). (A5)4r

We evaluate z by setting e 1 and t = 0+ in Eqs. A2 and A3 and equating the results to yield

f(O+)= -y+z

=(( (X (c((Xp)f3j(Xp) c ((Xp)aj(Xp))(n(O)( 2[
e I exp-c)A(Xe)Io a,(Xe)(f(Oi*))])

' 7(1( ~ -X)2P2 il e) + 1i e x ( e1 )2Ia( ~ ) f

=I-y- 3(°(X) 0(X)(If (p ( Xp)(X) -( (Xp )a1(X ))P2(ip * e) exp(-e(Xe)o z ai(- e)(& e))) (A6)

where we have used Eq. A5. Therefore,

3( (Xp)2(-c (eB(Xp)i(Xp) Xp)ai(Xp))P2(nj- e) exp( e(X)A I ai(Xe)(fi e)2))* (A7)

Eqs. A5 and A7 are the principal results of this appendix.
In the limit of low intensities (IO -* 0) it can be shown that

E(Xe)Io z ai(Xe)(iii AI-f(Xe)I0I ai(Xe)( EA(Xe)Io (A8)

and

X(c(Xp)-fj(Xp) c0(Xp)aj(Xp))P2(ni )[l1-en(Xe)I ee
B A I(XOA ( XX))I02)(2a2(f\e.()i\

= 2 0 X)EA(Xe)IO 2
(Xp)ai(Xp))a(Xe)(P2(ni + 1),

= ° (Xe)Io ° °E(X (\X (p)ai(Xp))aj( P2(( n
C e)P2(

wher wehav usd te fattat(X r n iotroic ystm)< O.Usin <P(m e)P(mee)> P2e- )(Xmi >)/5=Pnmemn)e)yeld
where we have used the fact that for an isotropic system KJP2> 0. Using KP2(rhiz - e)P2(thj.- )) = P2(e?. e)P2(fini. iiij)/5 =P2(inii1 inij)/5 yields

850 Biophysical Journal Volume 64 March 1993850 Biophysical Journal Volume 64 March 1993



4 EO (X)I nOXI~~-ELX)IX)a(
Z

A e~)- OE0X)2 j
(Xp) EO )a49A(X,)E)aj(XP))P J2e)j

=45o( A)_e) °( A) z( e °( p),0j( p) - c A( p) aj( p) )aj(e) [ 2 °i-2 ( AIO0)

and, since z ai = , = 3, we get

2 EA( XO)0 [. Al
Z15 e°(X) )- e °( X [E (X )es(Xp) - EA(Xp)ai(Xp))ai(Xe) - 3(EOB(Xp)-eA(Xp)) (All)

In the limit of low excitation intensities, the absorption anisotropy becomes

r(t,' ~0) 1 [2~ (e~(p)f3,Xp) - E0(Xp)aj(Xp))aj(X) 2]x(D)r(t. IO -o °) = 12[ : (, OB(xp)oi( ° A( PA)p)i e) _ ]exp(-6D,t)
215i ~EB(Xp) - 'EOA(xp)

21p/1 / (BE0(Xp)3(Xp) - EA(Xp)aj(Xp))aj(Xe)
\P2/ e(Xp)- 4(Xp) )exp(-6Drt). (A12)

Therefore, for a linear absorber (a, = #I = 3; a2 = a3 = /2 = /33 = O) we get r(O+) = 0.4 and for a circular absorber (a, = a2 = #I = /32 = 3/2; a3 = (33 =
O) r(O+) = 0.1. Eq. A12 shows that, in general, the absorption anisotropy depends upon the isotropic extinction coefficients e°( Xp) and e°( Xp). If
ai(Xp) = #i(Xp), i.e., the shape and orientation of the absorber is unchanged in going from state A to state B, then Eq. A 12 simplifies to

r(t, IO -* 0) = 2 P2(2 ( )( exp(-6Drt), (A13)

and the dependence on the extinction coefficients disappears. Ifthe molecule is a circular absorber in state A, i.e., a1 = a2 = 3/2 and a3 = 0, then Eq.
A 12 reduces to

r( t, IO --- O) =
2
P2(

I
\3 eOB(Xp)(#,3( Xp) + 02(Xp)) - 3eA(Xp)) exp(-6Drt)

I °3(XP °(PX)B exp(-6D,t). (A14)

Therefore if the molecule is a circular absorber in state A and has no out-of-plane component in state B (i.e., /3 = 0) then Eq. A 14 shows that the
limiting anisotropy r(O+) = 0.1 independent of the relative values of /31 and /2.

We thank William Eaton for suggesting this problem.

Receivedfor publication 8 April and in finalform 20 October
1992.
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