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Excitation Transport and Trapping in a Synthetic Chlorophyllide 
Substituted Hemoglobin: Orientation of the Chlorophyll SI Transition Dipolet 

Richard S. Moog, Atsuo Kuki, M. D. Fayer, and Steven G. Boxer* 

ABSTRACT: Excitation transport in synthetic zinc chloro- 
phyllide substituted hemoglobin has been observed by pico- 
second time-resolved fluorescence depolarization experiments. 
In this hybrid molecular system, two zinc chlorophyllide 
molecules are substituted into the P-chains of hemoglobin, 
while deoxy hemes remain in the a-chains. The rate of ex- 
citation transfer between the two chlorophyllides is analyzed 
in terms of the distance and orientation dependences predicted 
by the Forster dipole-dipole theory. In this analysis, the P-P 
interchromophore geometry is assumed to be that of the de- 
oxyhemoglobin crystal structure. When combined with 

x e  substitutional incorporation of a chlorophyllide molecule 
into a host protein, combined with polarized spectroscopy, 
permits the observation of the oriented properties of the 
chromophore (Boxer et al., 1982). We present a time-resolved 
investigation of the orientation-dependent excitation transfer 
between the lowest singlet excited states (SI states) of two 
chlorophyllides specifically inserted into the same protein 
molecule. This synthetic molecular system was selected to 
allow the determination of the orientation of the transition 
dipole moment for the SI state relative to the chlorophyll 
molecular frame and to investigate the effect of the protein 
environment on the excitation transfer process. The orientation 
of the transition dipole is the cornerstone of all interpretations 
of polarized light spectroscopy, excitonic interactions, or 
resonance excitation transfer in natural chlorophyll-containing 
systems in terms of their molecular architecture. 

The transport of singlet excitation has been observed and 
studied in many polychromophoric systems. Random solutions 
(Gochanour & Fayer, 1981; Miller et al., 1983), micelles 
(Koglin et al., 1981; Ediger et al., 1984), monolayers (Tweet 
et al., 1964; Trosper et al., 1968), polymers (Stryer & 
Haugland, 1967; Seely, 1970), and naturally occurring proteins 
(Fairclough & Cantor, 1978) have all been subject to such 
investigations. In general these systems exhibit interchro- 
mophore distances and relative orientations which are either 
random, fluctuating, or unknown. Proteins are the exception, 
as they possess specific binding sites for their chromophores. 
The reconstitution of human semihemoglobins with two 
chlorophyllides takes advantage of this aspect of protein 
structure, providing a system of two chromophores separated 
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steady-state fluorescence depolarization data of the comple- 
mentary hybrid containing zinc chlorophyllide in the a-chains, 
these experiments provide the necessary information to de- 
termine the orientation of the SI transition dipole moment in 
the zinc chlorophyllide molecule. We also find that the 
fluorescence lifetime of the zinc chlorophyllide is 1.42 ns when 
the heme is in the deoxy state but 3.75 ns when the heme is 
ligated to carbon monoxide. This is explained by irreversible 
excitation transfer from the SI state of the zinc chlorophyllide 
to the lower energy excited states present in deoxy heme. 

by a sufficient distance so that exchange and excitonic in- 
teractions are absent (Kuki & Boxer, 1983). The well-defined 
tertiary and quaternary structure of the hemoglobin (Hb)' 
molecule ensures that the relative orientation of each inter- 
acting pair of chlorophyllides is constant. 

Previous work has shown that various chlorophyllides and 
zinc bacteriochlorophyllide a can be reconstituted into the 
heme pocket of apomyoglobin (apoMb) and that the binding 
is specific (Wright & Boxer, 1981). Zinc pyrochlorophyllide 
a (ZnPChla; Figure 1) also inserts specifically into the four 
heme pockets of human apohemoglobin (apoHb) and into the 
two empty heme pockets of semihemoglobin prepared with 
either a- or P-pockets retaining the native heme group. The 
resulting hybrid protein containing deoxy hemes in the a-chains 
and ZnPChla in the 0-chains, ai(deoxy)@$' (Figure 2), and 
the complementary hybrid afh1Pi(deoxy) are both tightly as- 
sociated as ad2 tetramers (Kuki & Boxer, 1983). The tertiary 
and quaternary structures of these proteins were shown by a 
variety of tests to be very similar to that of the native de- 
oxy-Hb, whose crystal structure is known. Possessing exactly 
two chlorophylls, and hence only one interfluorophore exci- 
tation transfer rate constant, these hybrids are the structures 
of choice for a time-resolved investigation. 

The protein a:(deoxy)P$', which is analyzed fully here, 
possesses an interfluorophore center-to-center separation of 
40.2 A. At 40 A, the interaction energy of the two chlorophyll 
transition dipoles is such that excitation transfer is expected 
to occur with a characteristic time in the neighborhood of 1.5 
ns. The exact value of the interaction energy, and hence of 
the transfer rate constant, is naturally dependent on the mutual 
orientation of the two transition dipoles. In this paper, this 
orientational dependence is used to determine the direction 
of the chlorophyllide SI transition dipole moment. The SI 
transition is also known as the Qy (peak wavelength -660 
nm) as theoretical calculations predict an approximately Y 
orientation. 

The two chlorophyllides in the @-chains are related by a C, 
symmetry axis; thus, not only the chromophores but also their 
environments are identical. It follows that the product of a 

' Abbreviations: Hb, hemoglobin; Mb, myoglobin; ZnPChla, zinc 
pyrochlorophyllide a; FWHM, full width at half-maximum. 
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FIGURE I :  Structure of zinc pyrochlorophyllide a molecule. By 
convention,thc coordinate system of X and Y in-plane axes is as 
depicted. M denotes the unit vector of the transition dipole moment 
for the lowest excited singlet state. 
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FIGURE 2: Depiction of the hemoglobin hybrid containing two 
chlomphyllides and two hemes. &deoxy)@'. The square planes with 
white Centers in the &chains represent ZnPChlo and the heavy black 
dots in the olihains represent the Centers of the hemes. Adapted from 
Dickerson & Geis (1969). 

chlorophyll~hlorophyll excitation transfer event will be in- 
distinguishable from the reactant in almost all respects. The 
transfer process can be observed, however, by the well-known 
method of fluorescence depolarization in the viscous solution 
limit, where rotational relaxation is negligible (Albrecht, 1961; 
Dale & Eisinger, 1975). The anisotropy of the fluorescence 
is monitored following direct excitation of the chlorophyllide 
SI state with a pulse of linearly polarized light. The 
fluorescence anisotropy, r(t) ,  is defined as 

I , ( O  - r , (o  
In(o + 21,(0 

r ( t )  = (1) 

where III(t) and I l ( f )  are equal to the intensity of fluorescence 
observed through an emission polarizer oriented parallel and 
perpendicular, respectively, to the direction of polarization of 
the exciting pulse (Jablonski, 1961). At the moment of the 
exciting flash, only originally photoselected chromophores 
fluoresce, and the emission anisotropy is at its maximum value, 
the monomer anisotropy (ro). The anistropy then degrades 
in time by an exponential decay governed by the rate of the 
intraprotein excited-state population transfer to the other, 
originally unexcited, chromophore (Figure 3). At  a time 
sufficiently long so that the excited-state population has 

EXCITATION 

I N T E R N 4 L  
CONVERSION C O N V E R S I O N  

' ' I G R O U N D  STATE 11 
~ G U W  3: Kinetic scheme for the processs following excitation into 
the Si state of a single chlorophyllide in the complex. k r  is 
the observed fluorescence d a y  rate for monomeric ZnFChloMb (2.6 
X IO8 SKI) and includes radiative decay, internal conversion, and 
intersystem crossin The fluorescence lifetime observed in the hybrids 

equilibrated between the two fluorophores, a characteristic 
nonzero emission anisotropy, r,, is observed. 

That the timeresolved emission anisotropy is expected to 
have the theoretical form of an exponential decay to a nonzero 
base line can be understood as follows. at and fiZ are defined 
as the principal normalized transition dipoles for the fluor- 
escent transition on the originally excited chlorophyllide and 
the chlorophyllide in the other &chain, respectively. An in- 
traprotein excitation transfer event resulting in fluorescence 
from Mz will reduce the emission anisotropy below the mo- 
nomer value to the extent that the dot product fit.M2 is less 
than one. When the transfer anisotropy, is defined as 
the anisotropy of emission from the chromophore not initially 
excited, it is straightforward to show (Tao, 1969) that 

is rf = (k,)-l = [k, % + k, (Chl-heme)]-l. 

rlf2 = (2/5)Pz(k1dfz) (2) 

where P2 is the second Legendre polynomial. 
The emission anisotropy of a sample of a:(dwxy)&hl is 

given a t  any time by the population weighted average of the 
monomer and transfer anisotropies: 

Following a &function excitation, the excited-state populations 
of the originally excited fluorophore, pl(r), and of the originally 
unexcited fluorophore, p2( t ) ,  are given by (see Figure 3) 

(4) 

where k, is the rate constant for excitation transfer and kl is 
the rate constant for the decay of the singlet excited state. 
Inserting these expressions into eq 3 yields 

pl(0 = (1/2)[1 + exp(-2kt0l exp(-k,O 
~ 2 0 )  = (1/2)[1 - exp(-2kt0l exp(-k#) 

r( t )  = U / ~ ) @ O  - rl-3 exp(-W) + (1/2)(~0 + r1-d ( 5 )  

b2). 
from which we can make the identification r, = (l/2)(ro + 

The significant feature of the fluorescence anisotropy ex- 
periment is that both r. and k, contain information about the 
relative orientation of the lowest energy singlet transition dipole 
moment. We also find that the dwxy heme chromophores 25 
A away in the a-chains serve unexpectedly as excitation traps, 
shortening the fluorescence lifetime of ZnPChlo. The effec- 
tiveness of this excitation trapping is studied as a function of 
the state of the heme group. 
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The fluorescence lifetimes of a:&h' with the heme in the 
cyanomet and carbonmonoxy states were obtained by using 
single-photon counting equipment following excitation at 420 
nm with a 400-ps (FWHM) pulse of synchrotron light at the 
Stanford Synchrotron Radiation Laboratory (Munro et al., 
1979; Munro & Sabersky, 1980). An RCA 8852 photo- 
multiplier tube detected the magic angle polarized fluorescence 
at  90'. The lifetimes were obtained by deconvolution of the 
synchrotron pulse profile (measured at the detection wave- 
length, 670 nm) combined with nonlinear least-squares analysis 
(Shrager, 1970; Grinveld & Steinberg, 1974). 

Absorption spectra for Ro spectral overlap calculations (see 
Discussion) were taken on a Cary 2300 absorption spectrom- 
eter and were stored digitally. The chlorophyllide-protein 
extinction coefficients were recorded as extinction per chlo- 
rophyllide chromophore. The spectra to be used for Ro cal- 
culations were corrected for the presence of the heme moieties 
in the following manner. An absorption spectrum of deoxy- 
hemoglobin was recorded and stored in terms of extinction per 
heme chromophore. This spectrum was then subtracted from 
the a:(deoxy)p$' spectrum to provide an absorption spectrum 
due only to the chlorophyllide chromophores in the complex. 

Steady-state fluorometry was performed by using a 1 cm 
quartz cell, with excitation provided by the vertically polarized 
continuous output of an Ar+-pumped R6G dye laser. Cresyl 
violet, used as a fluorescence quantum yield standard [0.445 
in methanol (Magde et al., 1979)], was excited at 568 nm 
while the chlorophyllide complexes were excited at 610 nm. 
All samples had an optical density of less than 0.05 at the peak 
of the red absorption band. In order to ensure constant illu- 
mination intensity over the relevant portion of the solution, 
the laser output was spatially expanded. Fluorescence was 
collected by a lens at 90' to the excitation direction and was 
focused through a polarizer at 54.7' from vertical onto the 
input slits of a Spex 1702 3/4-m monochromator. Under these 
conditions the l/n2 index of refraction correction for quantum 
yields is appropriate (Ediger et al., 1982). These spectra were 
corrected by comparison to the spectrum obtained from the 
output of a secondary-standard black body lamp. The intensity 
of light used to excite the sample was monitored by a Scientech 
power meter and was constant to within * O S %  over the time 
of a fluorescence scan. 

Experimental Procedures 
The hybrid chlorophyllide-substituted hemoglobins were 

synthesized as described previously (Kuki & Boxer, 1983). 
The time-resolved fluorescence depolarization measurements 

were made by using the fluorescence mixing technique (Go- 
chanour & Fayer, 1981; Ediger et al., 1984). The 1.06-pm 
output of a continuously pumped acousto-optically Q-switched 
and mode-locked Nd:YAG laser was frequency doubled, and 
the 532-nm component was used to synchronously pump a 
DCM dye laser at 400 Hz. The dye laser was cavity dumped, 
providing a single pulse of less than 50 ps (FWHM) at 660 
nm. This output was used to excite the sample, after appro- 
priate attenuation to avoid deviations from a cos2 initial ex- 
citation distribution. The onset of nonlinear excitation was 
easily detected as a decrease in the anisotropy of monomeric 
samples. At the excitation intensity used, most protein 
molecules have zero excitation, a small number have a single 
excitation, and effectively zero have both chlorophyllides ex- 
cited. The resulting fluorescence was isolated from scattered 
light with a narrow band interference filter (A,,, 672 nm, 
FWHM = 10 nm) and focused into an RDP type I sum 
generating crystal. A single IR laser pulse (FWHM = 125 
ps) was selected from the IR pulse train by a Pockels cell and 
also focused into the crystal. Fluorescence reaching the crystal 
time-coincident with the 1.06-pm pulse produced a short burst 
of light at 410 nm. This signal was isolated by a series of filters 
and detected by a photomultiplier tube (EM1 6256) and 
lock-in. The summing crystal was oriented so that only the 
component of the sample fluorescence polarized parallel to the 
1.06-pm polarization was summed. A half-wave plate was 
placed in the path of the 660-nm excitation beam so that the 
polarization of the excitation pulse could be set parallel, 
perpendicular, or at the magic angle relative to the IR pulse. 
This apparatus yields an emission anisotropy for Oxazine 725 
in glycerol of 0.39. The decay obtained at  magic angle po- 
larization [ZM(t)]  was used to determine the fluorescence 
lifetimes. 

The time evolution of the fluorescence anistropy was ob- 
tained by examining the polarized fluorescence intensities as 
a function of the delay between the arrival of the excitation 
pulse at the sample and the arrival of the IR pulse at the 
summing crystal. Data were obtained on several samples at 
a number of different delays. At a given position all three 
polarizations were measured successively by averaging each 
signal for 30 s. The sum 

was performed and compared to I M ( t )  for each time point; the 
data were accepted only if the two values were identical within 
the uncertainty. 

The deoxygenated protein samples were prepared by re- 
ducing a degassed stock solution of a;(cyanomet)PFh' with 
sodium dithionite and subsequent dilution with a degassed 
sucrose solution in 10 mM sodium phosphate, pH 7.0. The 
final concentration of sucrose was 19% (w/total w), and that 
of the dithionite was 0.05%. The samples were then loaded 
into a 1-mm path-length absorption cuvette in an inert at- 
mosphere box (p02  <1 ppm) and sealed. The samples were 
37 p M  in protein (tetramer) concentration. As the corre- 
sponding reduced concentration (4/ ,aRo3p, where p is the 
molecule number density) is 0.006, interprotein excitation 
transfer is completely negligible. Reabsorption reemission 
processes were also negligible as verified by the identical results 
obtained with protein samples of half this concentration. The 
absorption spectrum of the sample was monitored throughout 
each run to ensure that sample degradation was negligible. 

Results 
The results of the time-resolved measurements are presented 

in Figure 4. Each data point is the average of three to seven 
anisotropy determinations. The error bars represent corre- 
sponding standard deviations. The data have been corrected 
for minor rotational motion with a correlation time of 48 ns,2 
so that only the decay of anisotropy caused by excitation 
transfer is depicted. The anisotropy decay has the form of an 
exponential decay to a nonzero base line, as anticipated for 
this system. The theoretical curves for the anisotropy decay 
(in the limit of &function excitation) depend on the two pa- 
rameters k, and r, as follows: 

(7) 
The experimental anisotropy decay was fit to theoretical curves 
which included convolution with excitation and detection pulse 

r ( t )  = (ro - r m )  exp(-2ktt) + r ,  

The observed rotational relaxation time for Hb in water at 20 O C  

is 26 ns (McCalley et al., 1972), which is in full agreement with the 
prediction of the Stokes-Einstein equation for a spherical macromolecule 
with a hydrated volume of 110000 A'. T i e  viscosity of a 19% sucrose 
solution is 1.86 times that of water at 20 "C, so we expect a rotational 
relaxation time of 48 ns. 
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FIGURE 4: Fluorescence anisotropy of ai(deoxy)Pth'. The dots rep- 
resent the data and are the average of three to seven anisotropy 
determinations. The error bars are standard deviations of the mean. 
Theoretical curves A-C, calculated from the deoxy-Hb crystal 
structure and the scheme shown in Figure 3, cover the range of curves 
which provide fits to the data (see text). Curve A, for 6 = 95.5', z 
= -3': k,  = 5.2 X los s-l, r ,  = 0.237. Curve B, for 6 = 32O, z = 
-2': k, = 6.6 X lo* s-', r ,  = 0.253. Curve C, for 6 = 94', z = -2': 
k, = 4.2 X lo's-', r, = 0.227. All curves are based on R, = 39.7 
A. 

Table I: 
of R o  for Degenerate Excitation Transfer 

Fluorescence Lifetimes, Quantum Yields, and Values 

17f 
7f R, (quantum 

(ns) (A) yield) 

a $ ( d e o x y ) o p  1.42 j- 39.7 t 0.055 f 
0.05 1.0 0.005 

ZnPChlaMb 3.9 i 49.1 c 0.166 i 
0.2 0.2 0.005 

Chh/Et,O 6.09a 58 0.33 

7f117f 
(ns) 

26 i 
2 

23.5 f 
1.4 

18.5 

2.8 t 
0.4 

3.6 i 
0.3 

6.25 

a From Connolly e t  al. (1982). 

 shape^.^ The Fischer F-test with 90% confidence limits was 
used as the fitting criterion. The value of ro was restricted 
to 0.374 f 0.004, consistent with the observed value for ro for 
ZnPChlaMb, but the values for k, and r, were freely varying 
parameters. A few such fits are shown in Figure 4. The curves 
that fit the data can be described by a region of (kt,rm) space 
in which the uncertainties in k, and r, are coupled and are 
not independent. The values of k,  and r, within this region 
range from 4.0 X lo8 s-' and 0.221, respectively, to 7.1 X lo8 
s-l and 0.252, respectively. Due to the interdependence, 
however, arbitrary combinations of these two parameters 
within these ranges do not necessarily provide fits to the data. 

The measured values of the fluorescence lifetime, Tf, and 
the fluorescence quantum yield, qf, for ZnPChlaMb and 
a!(deoxy)Pfhl are listed in Table I. Ro, also listed, is the 
Forster excitation transfer parameter defined below (see eq 
10 and Discussion). Note that although both Tf and qf for the 
tetrameric deoxy hybrids are less than for the monomer, the 
radiative lifetime Tf /qf  is essentially equal in the two cases. 
This ZnPChla-protein radiative lifetime is 33% longer than 
the radiative lifetime for chlorophyll a in ethyl ether which 
is also presented in Table I for comparison. 

Since the experimental anisotropies are calculated according to eq 
1, theoretical curves for I l l(t) and I l ( t )  were first convolved with the 
measured excitation and detection pulse shapes and then combined as in 
eq 1 to yield the anisotropy decay curves. It is straightforward to show 
that the corresponding theoretical I , , ( t )  and I,(t) curves for the case of 
a resonant chromophore pair are 

Ill(t) = 2C[(1 + 2r,) exp(-k$) + 2(r0 - r , )  exp[-(kf + 2k,)t]] 

I,(t) = C[(2 - 2r,) exp(-kft) - 2(r0 -r-) exp[-(kf + 2k,)t]] 

where C is an appropriate constant of proportionality. A 

Table 11: Dependence of the Chlorophyllide Fluorescence 
Lifetime on the State of the Heme and Chlorophyll-to-Heme 
Excitation Transfer Rate Constants and R, Values 

a$(deoxyM? 1.42 4.4 X l o8  25.0 

aF(carbonmonoxy)op 3.75 -15 

a Calculated from the shortening of the lifetime relative to 
a%?. 
in the absence of the heme excitation trapping pathway (q = 
0.166). 

c#cyanomet)bP 3.19 4.5 x 107 20.2 

aWP 3.73 

Calculated by using the fluorescence quantum yield 

___ _____c._ . . . . . - ..... . . . . . . . . . ._ ._ . - 

The dependence of the chlorophyllide fluorescence lifetime 
on the state of the heme in the hybrid complex is shown in 
Table 11. The lifetime of the fully substituted tetramer 
afh'/3fhl is equal to that for the monomeric ZnPChlaMb listed 
in Table I. The lifetimes of the heme-containing complexes, 
on the other hand, change as the state of the heme is altered, 
in concert with changes in the Ro for chlorophyllide-to-heme 
excitation transfer as calculated from spectral overlap (see 
below). In order to investigate the possibility of heme-to- 
chlorophyllide excitation transfer, fluorescence excitation 
spectra of afhlpfh' and a;(deoxy)Pfh' were measured in the 
Soret region. The two spectra were essentially identical (within 
5% experimental error), confirming, as expected, that there 
could be no excitation transfer to the chlorophyllides from the 
hemes. 

Discussion 
The dipole character of the chlorophyllide fluorescent 

transition manifests itself in the orientation dependence of two 
separate physical interactions: the interaction of the chloro- 
phyllide with polarized light and the interaction of the two 
chlorophyllides with each other which gives rise to nonradiative 
excitation transfer. These two interactions will be analyzed 
in turn. The theoretical predictions for the orientation of the 
Q, transition dipole within the molecular frame are 6 = 92' 
(Chang, 1977), 6 = 8 9 O  (Weiss, 1972), 6 = -70' (Song et 
al., 1972), apd 6 = 8 4 . 5 O  (Petke et al., 1979) (see Figure 1 
for definition of 6). With the advent of the synthetic chlo- 
rophyllide substituted proteins (Boxer et al., 1982; Kuki & 
Boxer, 1983), it became possible to test these predictions ex- 
perimentally. 

Analysis of the r, Asymptote. At a time t >> 1/(2k,) the 
emission anisotropy of the sample reaches an asymptote, rm, 
which is related to the transfer anisotropy by r, = (1/2)(r,, 
+ rl+). Since the fluorescence lifetime of ai(deoxy)Pfhl is 
anomalously short (1.42 ns) for a zinc pyrochlorophyllide a 
protein, resulting in Tf - 1/(2kt), the asymptotic anisotropy 
is best obtained by a curve-fitting analysis of the entire data 
set to an exponential plus a base line. In fact the curve-fitting 
analysis (see Results) showed, as one would expect, that the 
uncertainties in the value of rm are coupled to the uncertainties 
in the value of k,. For this reason, the final analysis will be 
done by a simultaneous comparison of (k,,r,) as a function 
of 0 with the data. 

In Figure 5A the dependence of rl-.2 on 6, calculated from 
the crystal structure coordinates of deoxy-Hb? is displayed. 

Deoxyhemoglobin coordinates were obtained at the Computer 
Graphics Laboratory (University of California at San Francisco) with 
data from the Brookhaven Protein Data Bank (Bolton & Perutz, 1970). 
We thank Professors Langridge and M. F. Perutz for their generous 
assistance. 
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K =  

THETA 

FIGURE 5 :  Calculated dependences for (A) the  trarisfer anisotropy, 
rl+ and (B) K~ on the transition dipole orientation, 8, for &de- 

The orientation of the chromophores is taken from the 
deoxy-Hb crystal structure? see text. The experimentally determined 
value for rl+ is 0.10 i 0.03. The dashed lines indicate z = -5 ' ;  the 
dash/dot lines indicate z = +5' (see text). 

These values of rl-2 were calculated from a very slight 
modification of eq 2 which was required for consistency with 
the fact that the observed monomer anisotropy is not exactly 
215 but rather ro = 0.374 f 0.004. In this modification a 
minor transition dipole moment with an amplitude 2% that 
of the principal transition dipole moment is included at an 
in-plane orientation perpendicular to 0 (which defines the 
orientation of the major dipole), and the transfer anisotropy 
is calculated as [see Appendix of Kuki & Boxer (1983)l 

The brackets denote a weighted average over interacting major 
and minor dipoles on the two fluorophores. 

It is evident from Figure 5A that between one and four 
different values of 0 may give rise to the same value of r1-2. 
With ro = 0.374 f 0.004 and the observed rm, we have rl-2 
= 0.10 f 0.03. Using only the information in the rm asymptote 
and the assumed structure, we can immediately restrict the 
possible values for 0 to the ranges 18' < 0 < 38O, 92' < 0 < 
96O, and 141' < 0 < 144'. If we lift the restriction that the 
transition dipole must be exactly in the plane of the macrocycle 
determined by the deoxyhemoglobin crystal structure, we can 
arrive at one measure of the sensitivity of these conclusions 
to the assumption of exact homology in the chlorophyllide 
substitution. Additional curves were calculated for transition 
dipole orientations tipped f 5 O  out of the plane from the 
position specified by 0 (Figure 5A). By use of these very 
reasonable bounds for the flexibility of the heme binding site,' 
the ranges of possible values for 0 expand to 1 1 O < 0 < 46O, 

Forster's Dipole-Dipole Theory. The prediction of the 
Forster dipoldipole excitation transfer theory (Forster, 1948) 
can be expressed as 

where 

rl-2 = (2/5)(~2(&1-fiz)) (8) 

900 < e < 970, 1390 < o < 1460. 

kt = (1 / ~ ~ ) ( R o / R ) ~ [ ( ~ / ~ ) K * I  (9) 

The issue of the flexibility of the heme binding site is not a question 
of dynamical fluctuations but rather of the range of probable equilibrium 
geometries for the large macrocycle. Heme disorder in reconstituted Hb 
has been observed (LaMar et al., 1978); the N M R  spectra of the chlo- 
rophyllide-substituted hybrids analyzed here do not show any evidence 
of disorder in orientation about the macrocycle a-y axis (Kuki & Boxer, 
1983). 

and 

K z  = [&i*&2 - 3(&i.R)(&2.&)]* (1 1 )  

7f is the singlet excited-state lifetime due to all deactivational 
processes other than the excitation transfer process in question, 
R is the interchromophore separation, R is the corresponding 
unit vector, and K is the orientation dependence of the di- 
poldipole interaction energy. Equation 9 uses a dipolcAipole 
approximation to the interaction energy, and as such the 
center-to-center distance R is appropriate. fD(v), tA(v),  qf, and 
NAv are the corrected fluorescence spectrum normalized as 
lfD(v)dv = 1, the absorption spectrum in units of extinction 
coefficient per fluorophore, the observed fluorescence quantum 
yield in the absence of the acceptor, and Avogadro's number, 
respectively. n is the index of refraction, and the Ro values 
reported here are based on the index of refraction of the bulk 
sucrose solution, n = 1.36 (see below for further discussion). 

The calculated dependence of the K~ term, which may range 
from zero to four, on the orientation 0 is shown in Figure 5B. 
Again we include curves calculated for transition dipoles tipped 

Value ofRo. The value of the K~ anisotropy factor cannot 
be immediately extracted from the observed excitation transfer 
rate constant k, before a discussion of the value of the isotropic 
excitation transfer parameter, R,. The Forster parameter Ro 
can be obtained either from an experimental study of truly 
randomly oriented molecules or from spectral parameters and 
eq 10. Studies on Rhodamine 6G in random solution have 
shown that the value of & calculated from the spectral overlap 
accurately reproduces the experimental value (Gochanour & 
Fayer, 1981). The calculated Ro for ZnPChla-ZnPChla ex- 
citation transfer in the a:(deoxy)@yh' system is 39.7 * 1 .O A; 
the principal sources of the uncertainty arise from the absolute 
fluorescence quantum yield and extinction coefficient. This 
value is significantly shorter than the Ro for ZnPChlaMb, 
which in turn is significantly shorter than that for chlorophyll 
a in ethyl ether (Knox, 1975; see Table I). Several factors 
are relevant here. The trivial factor is that the Ro value 
measures the excitation transfer rate relative to all other 
deactivational processes; since 7[ is shorter for zinc than 
magnesium porphyrins, and 7f is further abbreviated in 
a:(deoxy)/3fhi, the corresponding Ro must be shorter simply 
to maintain the same actual transfer rate constant. To elim- 
inate this effect, we present the values of R2/7r, which we will 

out-of-plane for all values of 8.'j 

The higher transition multipole moments are commonly neglected 
when the fluorophores in question have strongly allowed dipole moments 
and when the interchromophore separation is several times the molecular 
diameter ( -5X in our case). We have applied Chang's extended mon- 
opole method (1 977) to the deoxy-Hb @-8 interchromophore geometry 
and obtain an estimated k,  which is 27% smaller than that based on the 
dipole-dipole approximation. We emphasize that this rather striking 
estimated difference is very sensitive to the mutual orientation of the two 
chromophores and to the transition monopole distribution within them. 
For example, the calculated monopole- and dipole-based transfer rates 
differ by less than 5% for most orientations at a 40.2-A separation 
(provided that K~ > 0.1). That the dipole-dipole approximation may need 
correction even at 40 8, can be understood by considering the next higher 
multipole interaction, which is the quadrupole-dipole. In the case of 
alloyed- dipole and quadrupple-m?ments, we have k ,  (K/R' + 
Q(Ml,M2,R) /R4)2 ,  where Q(MI.M2,R) is a quadrupole-dipole strength 
and orientation factor. The first term containing Q drops off as R-', so 
the ratio of this term to the dipole-dipole term drops off only as fast as 
KI. We caution, however, that the quantitative calculation of the cor- 
rection is based on Chang's semiempirical wave functions for Chl a and 
that the magnitudes and orientations of the transition quadrupole mo- 
ments are highly sensitive to the details of the wave functions. In  the 
absence of firm evidence on these magnitudes and orientations, we have 
chosen not to include any estimated corrections in our analysis. 
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FIGURE 6: Mapping of the orientations of the SI transition dipole 
moment which provide fits to the observed anisotropy decay for 
a;(deoxy)@". The horizontal axis is the in-plane orientation, 8, and 
the vertical axis is the out-of-plane component in degrees. The black 
areas indicate the deduced orientations see text for fitting procedure). 

in R, has no significant effect on the ranges of 0 which fit the data. 

call the isotropic excitation transfer coupling strength, in Table 
I. R 2 / r r  is suitably independent of the rates of parallel 
nonradiative decay channels. We then find that the &de- 
oxy)@fh' system exhibits an isotropic coupling strength of only 
44% of the chlorophyll a value and ZnPChlaMb exhibits a 
coupling strength only slightly stronger at 56% of the chlo- 
rophyll a value. Thus, the rate of excitation transfer at any 
distance will be slower in these protein systems than would 
be predicted from the Ro value for chlorophyll a in organic 
solvent (ethyl ether). 

The calculated isotropic coupling strength of the same 
chromophore in two different environments will vary if the 
natural radiative lifetime, the absorption dipole strength, the 
overlap of normalized absorption and emission band shapes, 
or the index of refraction differs in the two cases (eq 10). 
Previous investigations on the solution properties of chloro- 
phyllide-substituted heme proteins (Boxer & Wright, 1979; 
Wright & Boxer, 1981; Kuki & Boxer, 1983) have shown that 
their absorption and emission spectra in the Qy region differ 
only slightly from the corresponding spectra of the chromo- 
phore in ethyl ether or methylene chloride.' The combination 
of the quantitative differences in extinction coefficient, band 
shapes, and natural radiative lifetimes, however, is sufficient 
to cause the factor of 2 reduction in the isotropic coupling 
strength, and hence in the expected excitation transfer rate 
constant. Such variations in the isotropic Ro6/rr should be 
expected in natural chlorophyll-containing proteins as well. 

The index of refraction we have used in these calculations 
is that of the bulk solution and not some higher value that 
might be estimated for the index of refraction in the interior 
of the protein. The question of the appropriate index of re- 
fraction to use in the calculation of & in intraprotein excitation 
transport has not been previously resolved (Stryer, 1978; Dale 
& Eisinger, 1975). Various authors have employed different 
values, ranging from 1.33 to 1.5 (Fairclough & Cantor, 1978; 
Tao et al., 1983; OHara  et al., 1981). We have analyzed this 
problem (see Appendix) and have concluded that the appro- 
priate index of refraction to use is that of the bulk solution. 
This result is applicable to other cases of dilute solution in- 
tramolecular excitation transfer as well. 

Orientation of the Transition Dipole Moment. The 
ZnPChla-ZnPChla excitation transfer rate constant at 40.2 

The R, for this system is 39.7 & 1.0 A . Note that the uncertainty 

Table 111: Center-to-Center Interchromophore Separations 
for Deoxy-Hb4 

at-% 34.8 A 0, -6, 36.4 A 
61-02 40.2 A a1 -62 24.8 A 

A is thus determined to be (using eq 9) k ,  = (3/2~2)[(6.5 f 
1.0) X lo8] s-l. In combination with the calculated dependence 
of K~ on 6 (Figure 5B), the rate constant k, as a function of 
6 is completely determined. The ranges of 6 which provide 
fits to the time-resolved anisotropy of cu!(deoxy)@th' are de- 
picted in Figure 6. Also shown are the orientations, 8, which 
fit the data provided that a z component of up to f5' is 
included. The region 139 ' < 6 < 146' deduced from the 
consideration of rm alone is eliminated while the two remaining 
possible ranges are narrowed. Note that the region 93' < 6 
< 97' is essentially consistent with the theoretical predictions. 
It is a coincidence that orientations of 6 - 36' and 6 - 95' 
possess both very similar dot products f i l e f i 2  and K~ factors 
for the a:(deoxy)/3fh' geometry and are thus indistinguishable 
on the basis of emission anisotropy measurements of this 
protein alone. 

The aTh'&(deoxy) system possesses a different relative 
geometry of the fluorescent macrocycles and thus offers a way 
to resolve the remaining ambiguity. The steady-state an- 
isotropy of this protein is r = 0.289 f 0.005 (Kuki & Boxer, 
1983). From the spectral properties one obtains Ro = 40.6 
f 0.6 A. The steady-state anisotropy of the afh'P!(deoxy) 
system is then calculated to be r = 0.285 f 0.008 if 6 = 95' 
f 2', or r = 0.289 f 0.055 if z components of f5' are also 
included. On the other hand, if 6 = 36' f 9', then the 
steady-state anisotropy would be r = 0.216 f 0.025, or if z 
= f 5 O  is included, r = 0.216 f 0.052. Therefore, only the 
orientation 6 = 95' f 2' is consistent with the full set of 
anisotropy data measured in these chlorophyllide-substituted 
hybrids. This result is in accord with the predicted theoretical 
values near 6 = 90' (Chang, 1977; Weiss, 1972; Petke et al., 
1979). 

Abbreviated Fluorescence Lifetimes. The fluorescence 
lifetimes of the a!&h' complex is markedly dependent on the 
state of oxidation and ligation of the heme iron (Table 11). 
Evidently, the hemes in the a-chains 25 A (see Table 111) from 
the chlorophyllides in the P-chains are not spectators but in- 
stead provide a pathway for the deactivation of the chloro- 
phyllide singlet excited state. The relative triplet yields of 
ZnPChlaMb and a!(deoxy)Pfh' have also been determined by 
separate transient absorption grating experiments [this method 
is described by von Jena & Lessing (1979) and Fayer (1982)l. 
The triplet yield of the former is 2.8 times that of the latter, 
which is exactly the ratio of their singlet lifetimes. This 
provides confirmation that a single new pathway exists for the 
deactivation of the S ,  state of ZnPChla in a!(deoxy)@fh', 
rather than a modification of the intersystem crossing rate 
constant. 

We propose that the lifetime shortening is due to excitation 
transfer from the ZnPChla to low-lying excited states of the 
heme followed by rapid [<<1 ps; see Adar et al. (1976)l dis- 
sipation by internal conversion in the heme. This interpretation 
is the only one consistent with all the lifetime data. The 
fluorescence lifetimes of ZnPChlaMb, ctfh'pfh', and the methyl 
ester of ZnPChla in methanol are all in the range 3.7-4.0 ns. 
These are very typical values for zinc chlorins, and the poly- 
peptide environment per se is evidently not a major pertur- 
bation. The fluorescence lifetime of cu:(deoxy)Pfh', on the 

The circular dichroism spectra, on the other hand, are wholly altered other hand, iS 1.42 f 0.05 ns. As the tertiary and quaternary 
structures of afh'/3fh' and c&deoxy)@Fh' appear to be very when the chlorophyllides are inserted into the protein pockets. 
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similar (Kuki & Boxer, 1983), it is the presence of the heme 
in the ferrous deoxy state that is implicated. 

The ai(cyanornet)Pfh' hybrid exhibits a smaller though 
significant lifetime shortening, and this hexacoordinate ferric 
state may differ in tertiary and quaternary structure from the 
deoxy version. On the other hand, the hexacoordinate (and 
ferrous) ai(carbonmonoxy)/3$h' hybrid exhibits a normal 
3.75-11s lifetime. The distinguishing feature of the carbon 
monoxide ligated heme indeed appears to be neither its hex- 
acoordination nor its ferrous state but rather its lack of very 
low-intensity and low-energy absorption features present in 
the deoxy and cyanomet forms. 

Though the heme group has no strong absorption bands at 
longer wavelengths than 600 nm, lower energy excited states 
consisting of excitations of the iron d electrons or charge- 
transfer states nevertheless do exist. Some of these states in 
deoxy heme possess the quintuplet character of the ground 
state and are coupled to the ground state by weak transition 
dipoles as evidenced by the series of absorption bands (t < 
1000 M-' cm-') extending from 600 to 910 nm (Eaton & 
Hofrichter, 1981). These low-energy states can accept the 
excitation of the ZnPChla through a dipole-dipole resonant 
excitation transfer mechanism. Excitation transfer by an 
exchange mechanism is conceivable, as the edge-to-edge in- 
terchromophore separation is less than 25 A.8 However, the 
Forster & parameter for the ZnPChla to deoxy heme energy 
transfer is 25.0 f 0.6 A, as calculated by spectral overlap; thus, 
the dipoledipole mechanism alone (e.g., with K* = 1.1) is quite 
sufficient to explain the observed lifetime abbreviation. 

We note that the substantial impact that the state of a heme 
group 25 8, away has on the chlorophyllide excited-state 
lifetime may have many naturally occurring analogues. Ex- 
citation transfer from antenna pigments to low-lying, weakly 
absorbing states of cytochromes occurring naturally in pho- 
tosynthetic membranes may well limit the lifetime of the ex- 
cited state within the antenna complex. Because these low- 
lying features depend strongly on redox potential and ligation, 
changes in fluorescence lifetimes observed during titrations 
may be the consequence of changes in the rate of this excitation 
trapping. Another potential excitation trap is provided by the 
broad, low-lying absorbance associated with chlorophyll anion 
and cation radicals in vitro and the radicals of various chlo- 
rophyll or pheophytin electron donors or acceptors in vivo. The 
extinction coefficients of these features in the relevant wave- 
length region are typically considerably larger than those for 
heme. Furthermore, the likely proximity of such anions and 
cations to the chromophore(s) whose lifetime is (are) being 
measured may allow very efficient excitation trapping (note 
that radical excited states are typically extremely short-lived). 
It is possible that such excitation trapping may explain the 
very short excited-state lifetimes of the primary electron donors 
in several species when the primary electron acceptor is re- 
duced (Holten et al., 1978; Schenck et al., 1981). 

Conclusion 
The observed migration of excitation energy within the 

chlorophyllide-substituted hemoglobin system can be com- 
pletely and quantitatively explained by the use of Forster's 
resonant excitation transfer theory. In this system the depo- 
larization of fluorescence is due to excitation transport between 
the chlorophyllides, while the lifetime shortening is due to 
excitation trapping by the lower energy heme states. From 

* Zemel & Hoffman (1981) have shown that an exchange mechanism 
did not participate during the triplet lifetime of the related zinc photo- 
porphyrin IX substituted hemoglobin. 

a detailed analysis of the observed ZnPChla-to-ZnPChla ex- 
citation transfer rate constant, a Qy transition dipole orien- 
tation of 0 = 95 f 2' relative to the molecular frame of the 
chlorophyllide is deduced. The analysis includes consideration 
of transition dipoles with out-of-plane components up to f 5 O .  

We do not know for certain whether or not the chlorophyllide 
may be rotated in-plane relative to the native heme but do not 
consider a substantial rotation to be likely in light of the 
considerable similarity in their molecular structures. However, 
it should be emphasized that the 0 value reported above is 
based on the assumption that the chlorophyllide replaces the 
heme substitutionally. This assumption will be checked when 
the necessary crystal structures are completed (Boxer et al., 
1982). 

Appendix 
The index of refraction that appears in Forster's equation 

(eq 10) has been consistently interpreted as the index of re- 
fraction of the intervening medium in previous discussions of 
intraprotein excitation transfer (Stryer, 1978; Dale & Eisinger, 
1975; Fairclough & Cantor, 1978; Cantor & Schimmel, 1980). 
We will show that in fact the refractive index factor in Forster's 
equation is correctly interpreted as that of the bulk solution. 

While the relation between the dielectric constant (t) and 
the index of refraction, t = n2, may be numerically valid for 
the frequencies of transitions considered here, the use of this 
relation in the derivation of eq 10 (Forster, 1948, 1965; Cantor 
& Schimmel, 1980) obscures the question at hand. Forster's 
equation has been derived for the case of a homogeneous 
dielectric. The case of dilute solution intraprotein excitation 
transfer is distinguished by its inhomogeneity. To a first-order 
approximation, we have an inhomogeneous dielectric consisting 
of a region surrounding the chromophore in which the local 
polarizable matter is very high in protein concentration and 
the bulk solution in which the protein concentration is very 
low. While there is no question that the intramolecular di- 
pole-dipole energy should be attenuated by the dielectric 
constant appropriate for the immediate vicinity of the chro- 
mophores, this dielectric constant has already been accounted 
for by the use of experimentally determined extinction coef- 
ficients and radiative lifetimes. In fact the n4 factor appearing 
in eq 10 arises from the need to cancel extra factors implicit 
in the spectral overlap integral. Thus, the resolution of this 
question is obtained by examination of the dependences of the 
absorption cross-section and the Einstein A coefficient upon 
the dielectric constant and index of refraction. 

The relevant equations for the extinction coefficient and 
Einstein A coefficient are (Dexter, 1953; Lax, 1952; Strickler 
& Berg, 1962) 

and 

where p2(v) is the absolute square of the transition dipole 
matrix element including Franck-Condon factors. The es- 
sential feature is that in these equations, as in the excitation 
transfer equations, the t factor reflects predominantly the 
polarizability of the immediate protein environment which 
attenuates the electric fields at the site of the chromophore. 
It is evident that the product of the two spectral parameters 
above already contains the necessary factor. On the other 
hand, the index of refraction factor appears in eq A1 and A2 
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from a consideration of the density of final photon states and 
the macroscopic speed of light in the bulk solution. Equation 
10, originally derived for homogeneous dielectrics, may thus 
be applied to dilute protein solutions by simply correcting for 
the n4 factor which reflects the average polarizability of the 
bulk solution. Dexter’s derivation of eq 9 and 10 involves the 
same cancellation of the dielectric constant factor for the case 
of a homogeneous dielectric (Dexter, 1953). Dow has similarly 
argued that local field effects (which are not included here 
or by Dexter) are accounted for in the experimental deter- 
mination of the spectral overlap integral (Dow, 1968). 

The index of refraction of a dilute aqueous solution ( n  = 
1.33) is less than that appropriate for the interior of the protein 
( n  = lS ) ,  which can be estimated from the specific refractive 
index increment of hemoglobin [O. 198 cm3 g-’ (Sober, 1970)] 
by calculation of the protein’s molecular polarizability. This 
latter value is appropriate if, for example, a solid crystal of 
the protein is under study. More commonly, the protein 
concentration is very dilute, and the use of the higher refractive 
index results in an underestimation of the excitation transfer 
rate constant. We conclude that, to a good approximation, 
the equation for Ro derived in the case of a homogeneous 
continuous dielectric is applicable to the case of dilute solution 
intramolecular excitation transfer provided that the absorption 
and emission spectra are recorded under the conditions of the 
energy-transfer measurement and the index of refraction of 
the bulk solution is employed. 
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