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ABSTRACT: T h e  effect of cytochrome e peroxidase (CCP)  and apoCCP on the fluorescence and phos- 
phorescence of Zn and S n  cytochrome c (cyt e) and the effect of cyt c on the fluorescence and phosphorescence 
of Zn CCP were examined. We found the following: (1) The  fluorescence yields of Zn and S n  cyt c were 
quenched by about  20% by C C P ,  consistent with energy transfer between the two chromophores with a 
separation of about  1.8 nm. (2) T h e  phosphorescence spectrum of Z n  cyt c (but not Sn cyt e )  shifts by 
20 n m  to the blue upon complexation with either CCP or apoCCP; a t  the same time the phosphorescence 
lifetime of Z n  cyt c decreases from 12 f 2 to 6 ms with apoCCP addition. Z n  CCP phosphorescence decay 
increases from 8.3 to 9.1 ms upon addition of poly(L-lysine) used to mimic cyt c. I t  is concluded from these 
results that  binding of the redox partner or an analogue to Z n  CCP and Zn cyt c results in a conformational 
change. (3) T h e  respective phosphorescence lifetimes of Z n  and Sn cyt c were 13 and 3 ms in the absence 
of CCP and 1.6 and  1.1 ms in the  presence of CCP;  this corresponds to a quenching rate  due to CCP of 
519 and  570 s-I, for Z n  and  S n  cyt c, respectively. The  phosphorescence of Z n  CCP is also affected by 
native cyt c but is dramatically less than the complementary pair; the quenching rate constant is 17 s-'. 
(4) Poly(L-aspartate) decreased the phosphorescence lifetime of Zn cyt c and Sn cyt c; this result appears 
to be due to  interaction between closely bound cyt c derivatives. I t  is concluded that electron transfer (or 
exchange) occurs between the excited triplet state of metal derivatives of cyt c or CCP and closely bound 
porphyrins. In  addition, there a r e  conformational effects induced by binding of the redox partner. 

x e  complex between CCP' and cyt c represents one of the 
best studied of all redox pairs involving heme proteins and is 
one of a few redox pairs in which the three-dimensional 
structure of each of the partners has been determined (Poulos 
et  al., 1980; Takano et al., 1973). As a tool to study these 
heme proteins, several groups have prepared derivatives in 
which iron has been replaced by zinc or other closed-shell 
metals (Yonetani & Asakura, 1968; Vanderkooi et al., 1976). 
The porphyrins in these protein derivatives, unlike the parent 
hemes, are fluorescent and phosphorescent and can serve as 
reporters of the heme site. 

Conceptually, excited states can be considered as electronic 
isomers of the ground state with the difference that both singlet 
and triplet excited-state molecules are more reactive than the 
ground-state molecule. Specific interactions between excit- 
ed-state molecules and neighboring molecules include Cou- 
lombic interactions (through space) and electron-exchanp and 
-transfer reactions (requiring orbital overlap) (Turro, 1978). 
Coulombic interactions serve as a means to study the heme 
distances (Vanderkooi et  al., 1977), whereas electron-ex- 
change/transfer reactions provide a kinetic means to study how 
the protein and neighboring hemes influence the kinetics of 
relaxation from excited to ground states (Zemel & Hoffman, 
1981; Simolo et al., 1984; Ho et al., 1985: McLendon & 
Miller, 1985: Cheung et al., 1986; Peterson-Kennedy et al., 
1986). 

The conformational and electronic interactions between 
CCP and cyt c were studied in closed-shell metal derivatives. 
Two ions were substituted for iron in cyt c: Zn, which is 2+ 
charged, the same charge as ferrous iron, and Sn, which is 4+ 
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charged. In addition to different charges these two derivatives 
have different emission spectra and fluorescent and phos- 
phorescent lifetimes (Vanderkooi et al., 1976; Dixit et  al., 
1984), and therefore, they are expected to respond differently 
to CCP because the overlap integrals are different. The decay 
properties of the singlet excited state were monitored by 
fluorescence lifetime, spectra, and intensity measurements. 
The properties of the triplet state were examined either by 
phosphorescence or by delayed fluorescence, the latter arising 
from thermal equilibration of the triplet state with the singlet 
state (Dixit et al.. 1984). We also report on the interaction 
between cyt c molecules under conditions when the molecules 
are close together, i.e., bound to poly(L-aspartate). 

The luminescence properties of porphyrins indicate con- 
formational interactions between the polypeptide chains of 
CCP and cyt c and electronic interactions between the 
neighboring porphyrins. 

MATERIALS AND METHODS 
Materials. Type 111 and type V I  horse heart cyt c, glucose, 

coproporphyrin I ,  glucose oxidase (type VII), poly(r-lysine) 
(approximate M ,  25 000), poly(r-aspartate) (approximate M, 
20000), and catalase (bovine liver) were obtained from Sigma 
Chemical Co. (St. Louis, MO). Other reagents were of 
analytical grade. Distilled and deionized water was used 
throughout . 

Sn cyt c and Zn cyt c were prepared from type 111 cyt c as 
previously described (Vanderkooi et al., 1976). Type VI cyt 
c was used when Fe cyt c is indicated. CCP was prepared from 
bakers' yeast according to the procedure of Yonetani and Ray 

' Abbreviations: cyt e, cytochrome e; Zn cyt c, cytochrome c in which 
the iron uas replaced by Zn: Sn cyt c, cytochrome e in which the iron 
\$a, replaced b) Sn; CCP, cytochrome c peroxidase; Zn CCP, cytochrome 
c' peroxidase in which the iron protoporphyrin IX was replaced by Zn 
protoporphyrin IX: apoCCP. apoprotein moiet) o f  CCP: apoc)t c. apo- 
proteiri moiety of c l t  c,  
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(1965). Zn protoporphyrin IX was prepared from proto- 
porphyrin IX as described by Leonard et al. (1974), and re- 
constitution of apoCCP with Zn protoporphyrin IX was carried 
out as described previously (Yonetani, 1967). 

The detection of delayed fluorescence and 
phosphorescence depends critically upon removing O2 from 
the sample. Oxygen was removed by including glucose oxidase 
(75 pg/mL), catalase (12.5 pg/mL), and 0.3% glucose in the 
sample, layering with mineral oil, and capping the cuvette 
(Dixit et al., 1984). Since residual oxygen or other impurities 
in the medium can cause quenching of phosphorescence, Zn 
coproporphyrin I was used as a standard, so that measurements 
using different buffers can be compared. Zn coproporphyrin 
I was prepared by stoichiometric addition of ZnC1, to co- 
proporphyrin I at pH 8.0. The sample was diluted to an optical 
density of 0.14 at 406 nm in 20 mM phosphate, pH 7.0, and 
enzyme systems described above were added. At 20 OC, a 
lifetime of 3.9 ms was obtained; this lifetime was essentially 
the same in all the buffers used in this study. For prompt 
fluorescence spectra, 0, was not removed from the sample. 

Prompt fluorescence spectra and intensity were obtained 
with a Perkin-Elmer 650 spectrofluorometer. A Perkin-Elmer 
LS-5 spectrofluorometer was used to measure delayed 
fluorescence and phosphorescence spectra and their decay 
profiles. The instruments were equipped with red-sensitive 
Hammamatsu 928 photomultipliers. Decay profiles of 
phosphorescence and delayed fluorescence were analyzed with 
single- and double-exponential functions by a nonlinear fitting 
routine. The temperature for measurement was 20 OC except 
where indicated. The absorption spectrum of the sample was 
taken before and after phosphorescence measurement, and no 
evidence of a change in absorption was evident. 

Fluorescence lifetime measurements used an excitation 
wavelength of 548 nm from a mode-locked argon laser 
pumping a cavity-dumped tunable dye laser. An emission 
monochromator was used to avoid Raman and other scattering 
artifacts. Fluorescence decay was followed by photon counting 
and computer fit by nonlinear analysis to a single-, double-, 
or triple-exponential decay function. 

Calculation of Coulombic Interactions. Forster theory was 
used to calculate distances between donor and acceptor 
(Forster, 1959). The distance Ro between donor and acceptor 
for which the energy-transfer and fluorescence rates are equal 
is given by 

Methods. 

Ro6 = (8.8 x 1 0 - 5 ) K 2 n - 4 6 ~ S o m ~ ~ ( ~ ) f ~ ( ~ ) X 4  dX (1) 

where K is the dipole-dipole orientation factor, n is the re- 
fractive index of the medium, tA is the extinction coefficient 
of the acceptor, fD is the normalized fluorescence intensity of 
the donor, and 'PD is the fluorescence quantum yield of donor. 
The value of K was taken to be 2/3; because the chromophores 
approximate D4* symmetry and K~ is proportional to R:, errors 
in K~ will not greatly affect Ro (Vanderkooi et al., 1980; Dale 
et al., 1979). The refractive index n was taken to be 1.4. 
When the energy transfer efficiency E is defined as 

where Fdonor and F are the fluorescence intensities in the 
presence and absence of acceptor, respectively, then the dis- 
tance R between the chromophores is 

(3) 
and the rate of transfer is 

E = (1 - Fdonor)/F (2) 

R = (E' - 1)'16Ro 

(4) 
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FIGURE 1: Delayed luminescence spectra of Zn cyt c and S n  cyt c. 
(A) (-) 10 p M  Zn cyt c; (--) plus 20 pM CCP. (Inset) (-) 15 pM 
Zn cyt c; (-e) plus 30 pM apoCCP. Excitation at 410 nm. (B) (-) 
10 pM Sn cyt c; (-a) plus 10 pM CCP. Excitation at 405 nm; Spectral 
slitwidths 10 nm; 20 mM potassium phosphate, pH 7.0; temperature 
22 "C; gate time 1 ms; delay time 0.1 ms. 

where rD is the observed lifetime in the absence of acceptor. 

RESULTS 
Luminescence of Zn and Sn Cyt c in the Presence of CCP. 

The luminescence of Zn cyt c and Sn cyt c, attributable to 
prompt fluorescence, phosphorescence, and delayed fluores- 
cence, was examined after addition of CCP and apoCCP. In 
Figure 1, the delayed luminescence spectra of Zn cyt c and 
Sn cyt c at  room temperature are presented. In the case of 
Zn cyt c, the spectrum of the delayed fluorescence, with 
maxima at 588 and 648 nm, was not detectably altered by the 
addition of apoCCP or CCP (Figure 1A). The phosphores- 
cence maximum of Zn cyt c at 738 nm was shifted to 718 nm 
upon addition of CCP or apoCCP (Figure 1A and inset). No 
effect of apoCCP or C C P  was observed on the phosphores- 
cence and delayed fluorescence spectrum of Sn cyt c (Figure 
1B). 

The prompt fluorescence spectrum of Zn cyt c was not 
affected by the addition of CCP (not shown), but the intensity 
decreased by about 20%, whereas the addition of apoCCP had 
almost no effect (Figure 2A, inset). The decay of phos- 
phorescence of Zn cyt c was approximated by a single-expo- 
nential function with a lifetime of 12 f 2 ms in the absence 
of CCP (Figure 2A). In the presence of CCP two components 
were evident in the decay profile: the short component had 
a lifetime of 1.6 f 0.2 ms, whereas the long component had 
a lifetime corresponding to that of free Zn cyt c. As the 
concentration of CCP increased, the lifetime of the short 
component predominated. ApoCCP reduced the phos- 
phorescence lifetime of Zn cyt c to a lesser extent than the 
native enzyme: a t  excess concentrations of apoCCP the life- 
time was 6 f 0.3 ms (Figure 2B). The observed lifetimes of 
phosphorescence were not detectably different from the delayed 
fluorescence ones, either in the absence or in the presence of 
CCP, as expected for delayed fluorescence resulting from the 
thermal repopulation of the singlet state from the triplet state 
(Parker & Hatchard, 1961). The quenching of Zn cyt c 
phosphorescence by CCP and apoCCP was independent of 
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FIGURE 2: Effect of CCP and apoCCP on prompt fluorescence in- 
tensity and decay of delayed luminescence of Zn cyt c at room tem- 
perature. All solutions contained 20 mM phosphate buffer, pH 7.0. 
(A) I O  pM Zn cyt c (+), solid line is the computer best fit to the data 
for a single exponential with a lifetime of 12.9 ms (SE 0.004); same 
plus 3.3 pM CCP (A), solid line is the computer fit to a two-exponential 
decay function with a lifetime of 12.9 ms and amplitude of 0.4 and 
a lifetime of 1.8 ms and amplitude of 0.6; I O  pM Zn cyt c and I O  
pM CCP (a), solid line is the computer fit to two decay functions 
with lifetimes of 12.9 and 1.85 ms and amplitudes of 0.2 and 0.8, 
respectively. (Inset) Fluorescence intensity ( F I F O )  of 0.56 pM Zn 
cyt c and CCP (A) or apoCCP (m). (B) Decay of 10 pM Zn cyt c 
in the absence (+) and presence of 20 pM apoCCP (0) with the solid 
line representing the computer best fit of 12.5 and 6.1 ms, respectively. 
Excitation wavelength 549 nm; emission wavelength 588 nm; gate 
time 0.2 ms. 

buffer concentration in the range of 1-20 mM phosphate and 
independent of pH, between 6 and 7 .  On the other hand, the 
quenching effect was reversible after addition of 0.6 M KCI 
(not shown), a condition that causes the dissociation of the 
cyt c-CCP complex. The phosphorescence lifetime of Zn cyt 
c was not dependent upon the KCI concentration in the absence 
of CCP. 

Similarly to Zn cyt c, the prompt fluorescence intensity of 
S n  cyt c decreased by 220% upon addition of CCP; the 
quenching profile followed a normal saturation curve, and 
quenching was maximal a t  1:l molar concentrations of the 
proteins (Figure 3A). The mean single phosphorescence 
lifetime decreased upon addition of CCP (Figure 3B), but the 
data were not sufficiently accurate to resolve it into two ex- 
ponential functions. The lifetime was 3.0 f 0.2 ms in the 
absence of CCP and 1.1 f 0.1 ms at  saturating concentrations 
of CCP (Figure 3C). 

The fluorescence decays of Zn  and S n  cyt c are  both non 
single exponential (Figure 4). Addition of CCP reduces the 
lifetime; for example, the longest component of the decay of 
Sn cyt c was 1.7 ns in the absence of C C P  and 1.1 ns in the 
presence of CCP (Figure 4B,C). The longest lifetime of Zn 
cyt c, 3.8 ns in the absence of CCP,  was also proportionately 
reduced upon addition of CCP (not shown). The reasons for 
the nonexponential decay of fluorescence are unknown; how- 
ever, the fluorescence decay data support the steady-state 
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FIGURE 3: Effect of CCP on prompt fluorescence and decay of delayed 
luminescence of Sn cyt c at room temperature. The sample was 3.8 
pM S n  cyt c in 1 mM potassium phosphate buffer, pH 7.0. (A) 
Prompt fluorescence intensity was observed at 577 nm with 405 nm 
as excitation wavelength. Inner filter absorption was corrected as 
described by Calhoun et al. (1983). (B) Sn cyt c phosphorescence 
lifetime: excitation at  405 nm; emission at 710 nm; gate time 0.5 
ms. (C) Phosphorescence decay of Sn cyt c in the absence (0 )  and 
presence of 8 pM CCP (0). Solid lines are the computer fits to a 
single-exponential decay function with a lifetime of 3.0 and 1 .1  ms, 
respectively. 

measurement (compare with Figure 2 inset and Figure 3A) 
that CCP acts as an  acceptor for the prompt fluorescence of 
Zn and Sn cyt c. 

Luminescence of Zn and Cyt c in the Presence of Poly(L- 
aspartate). Models of CCP and cyt c based upon X-ray 
analysis suggest that cyt c interacts with CCP by binding 
through lysine residues to aspartate residues on CCP (Poulos 
& Kraut, 1980). Therefore, poly(L-aspartate) was used to 
mimic the electrostatic effect of CCP. Addition of excess (not 
shown) or substoichiometric amounts (1:2) of poly(L-aspartate) 
to Zn cyt c and Sn cyt c results in quenching of the prompt 
fluorescence and a decrease in the phosphorescence and de- 
layed fluorescence lifetimes by about 20% (Figure 5 ) .  Unlike 
the effect of CCP or apoCCP on Zn cyt c, the quenching of 
Zn cyt c phosphorescence in the presence of poly( L-aspartate) 
occurred without a detectable shift in the emission spectrum. 

At much lower ratios of poly(L-aspartate) to Zn cyt c or 
Sn cyt c (1:50), dramatic quenching of phosphorescence oc- 
curred that was relieved by additional poly(L-aspartate) 
(Figure 5B). In the same concentration range, a smaller 
decrease in prompt fluorescence occurred, which did not ex- 
actly parallel the phosphorescence quenching (Figure 5A). 
The quenching of both the prompt fluorescence and phos- 
phorescence of either Zn or Sn cyt c was reversed by addition 
of 0.6 M KCI, a condition that causes dissociation of cyt c from 
the negatively charged surfaces of poly(L-aspartate). 

Since quenching was maximal a t  substoichiometric ratios 
of poly(L-aspartate) to Zn cyt c or Sn cyt c, the quenching 
appears to arise from interactions between closely bound cyt 
c molecules. A question arises whether the quenching could 
be due to a reaction between neighboring excited triplet-state 
cyt c’s (T*-T*), a type of interaction that occurs in Zn hem- 
oglobin (Zemel & Hoffman, 1981). We observed that the 
computed lifetimes were the same when neutral density filters 
were used to attenuate the exciting light intensity by 0.5 and 
0.25 times, although the light intensity of the emission was 
proportionately decreased. Independence of exciting light 
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FIGURE 4: Zn and Sn cyt c fluorescence decay. (A) Fluorescence 
decay for Zn cyt c, 9.9 pM, in 10 mM potassium phosphate, pH 7.0. 
Excitation and emission wavelengths were 534.7 and 588 nm, re- 
spectively. Solid line through the data points represents the computed 
fit to three exponential functions: amplitude 0.021, lifetime 0.63 ns; 
amplitude 0.23, lifetime 2.4 ns; amplitude 0.1, lifetime 3.8 ns. The 
solid line below the data is the lamp function, on a logarithmic scale. 
(B) Fluorescence decay for Sn cyt c, 5.8 pM in 10 mM phosphate 
buffer, pH 7.0. Emission was monitored at 585 nm with excitation 
at 543 nm. The solid line is the computed fit to three exponential 
functions: amplitude 0.004, lifetime 1.7 ns; amplitude 0.023, lifetime 
0.7 ns; amplitude 0.025, lifetime 0.1 ns. (C) Fluorescence decay for 
the Sn cyt c-CCP complex. Profiles were taken at sample concen- 
trations of 5.8 and 10 pM for Sn cyt c and CCP, respectively. Ex- 
citation and emission wavelengths were as in (B). Solid line is the 
computed fit to three exponential functions: amplitude 0.021, lifetime 
0.63 ns; amplitude 0.26, lifetime 0.022 ns; amplitude 0.0068, lifetime 
1.1 ns. Lower traces for panels A-C show residuals that indicate the 
quality of the fit. 

intensity on the decay function discounts this mechanism, as 
it predicts a dependency upon light intensity. Additionally, 
the computed lifetimes and concentration dependence of 
quenching were nearly the same when Zn cyt c was partially 
replaced by Fe cyt c (10 HM Zn cyt c replaced by the mixture 
1 rM Zn cyt c and 9 pM Fez+ or Fe3+, other conditions are 
the same as described in the legend of Figure 5). Since the 
excited state of Fe cyt c is very short (much less than a 
millisecond), the similar quenching profile for Zn  cyt c and 
Fe cyt c is also incompatible with the T*-T* scheme. 
Therefore, under the conditions of the low light intensity of 
these experiments, the T*-T* reaction does not account for 
the observed quenching profiles. 

Luminescence of Zn CCP in the Presence of Cyt c or 
Poly(L-lysine). No effect of ferric or ferrous cyt c on the 
prompt fluorescence yield or spectrum of Zn CCP was ob- 
served a t  room temperature. 
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FIGURE 5: Poly@-aspartic acid) effect on Zn cyt c and Sn cyt c 
luminescence at room temperature. Zn (0) and Sn (0) cyt c, each 
5 pM, in 10 mM potassium phosphate, pH 7.0, were titrated with 
poly(L-aspartic acid) in the molar ratios indicated. For prompt 
fluorescence (A), excitation wavelengths of 423 and 396 nm and 
emission wavelengths of 585 and 575 were used for the Zn and Sn 
derivatives, respectively. Phosphorescence liftimes were measured 
with 423 and 405 nm as excitation and 587 and 707 nm as emission 
wavelengths for Zn and Sn cyt c, respectively (B) .  
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FIGURE 6: Luminescence of Zn CCP in the presence of cyt c at room 
temperature. (A) Excitation spectra of 0.9 pM Zn CCP (1) and 0.9 
fiM Zn CCP with 1.8 pM cyt c (2); emission wavelength 600 nm. 
(B) Fluorescence emission spectra of 5 pM Zn CCP (1) and delayed 
luminescence of 5 pM Zn CCP (2) and 5 pM Zn CCP plus 10 pM 
cyt c (3): delay time 0.2 ms; gate time 2 ms; excitation wavelength 
555 nm; half-maximal band-pass 10 nm. (C) Delayed luminescence 
with 555 and 600 nm as excitation and emission wavelengths, re- 
spectively: (+) 5 pM Zn CCP, computer fit 8.4 ms; (@) 5 pM Zn 
CCP with 5 pM cyt c, computer fit 7.4 ms. 

The Zn CCP excitation spectrum (Figure 6A) and emission 
spectra (Figure 6B) of phosphorescence (maximum at 738 nm) 
and delayed fluorescence (maximum a t  602 and 655 nm) were 
likewise not detectably affected by the addition of cyt c, but 
the lifetime decreased from 8.4 f 0.4 to 7.4 f 0.3 ms upon 
addition of native cyt c (Figure 6C). These effects were the 
same, irrespective of the oxidation state of the iron of cyt c.  
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FIGURE 7:  Reaction scheme. So, S,, and T, represent ground, excited 
singlet, and excited triplet states, respectively. Dotted lines represent 
nonradiative transitions, and solid lines represent radiative transitions. 

Because the heme of cyt c is covalently bound to the protein, 
it is impossible to test the effect of apocyt c on the lumines- 
cence of Zn CCP. The phosphorescence lifetime increased 
from 8.4 f 0.3 to 9.1 f 0.3 ms upon addition of molar excess 
poly(L-lysine), which was used to mimic the positively charged 
surface of cyt c (not shown). The increase is reversed by the 
addition of 0.6 M KCI, which did not affect Zn CCP phos- 
phorescence in the absence of cyt c. There was no effect of 
substoichiometric concentrations of poly(r-lysine), unlike the 
case of poly(L-aspartate). 

DISCUSSION 
The transitions that we will discuss are defined in Figure 

7, with solid lines denoting radiative transitions and dotted lines 
indicating nonradiative transitions. 

Following Parker (1968), eq 5-8 define respectively the 
quantum efficiency of prompt fluorescence (af), triplet-state 
formation (9J, phosphorescence (a,), and delayed fluorescence 
(@e): 

k f  a‘ = 
k f  + k ,  + k ,  + kqf  

k ,  at = 
k f  + k ,  + k ,  + k,‘ 

9, = k ,  + k ,  + ke  + kqP (7) 

where k,f and kqP are the rate constants for the quenching of 
the Si and T, excited-state molecules, respectively, by an 
exogeneous quencher (CCP being the quencher in the pairs 
Zn  cyt c-CCP and Sn cyt c-CCP or cyt c in the pair Zn 

The observed fluorescence ( T ~ )  and phosphorescence ( 7,) 

lifetimes are related to the rate constants by eq 9 and 10. 

(9) 

CCP-cyt c). 

1 
k r  + k ,  + k ,  + k,‘ 7‘ = 

(10) 
1 

k ,  + k ,  + k ,  + kqP 
T, = 

The determined and calculated values of quantum efficiencies, 
rate constants, and lifetimes are presented in Table I. 

Distance Calculations between Cyt c and CCP. Zn cyt c 
and Sn cyt c were quenched by CCP; Zn CCP was not 
quenched by cyt c. The fluorescence emission of Zn proto- 
porphyrin in C C P  was a t  602 nm, and there was negligible 
spectral overlap with cyt c absorption. Spectral overlap did 
exist between the emission of Zn  or Sn cyt c (a type of me- 

Table I: Quantum Efficiencies, Lifetimes, and Rate Constants for 
Processes in  Zn Cyt c. Sn  Cyt c, Zn Cyt c-CCP. and Sn Cyt 
c-CCP“ 

Zn cyt c 
0.055’ 
0.9’ 
0.0044‘ 
0.0044’ 
0.0 I4 
3 x 

0.35 
6.3 
3.0 X 10’ 
1.5 X 10’ 

1.8 x 107 

64.7 

Zn cyt c-CCP 
0.044 
0.72 

0.00204 
0.0015 

1.8 X 10’ 
0.44 

3.0 X 10’ 

5 x 10-4 

2.4 x 10-9 

41 

1.5 x 107 

8.4 x 107 
64.7 

519 

Sn  cyt c 

0.01 2‘ 
0.95’ 
4 x 10-3’ 
0.0014b 
0.003 
1 .7  X lo-’ 
7 x 106 
1.5 

5 . 5  x IO’ 
41 

2.2 x 107 
297 

Sn cyt c-CCP 
0.0077 
0.61 

5.8 X 
0.001 1 

7.0 X I O 6  
1.4 

5.5 x IO* 

9.3 x 10-4 

1 . 1  x 10-9 

41 

2.2 x 107 
297 

570 
3.2 X I O 8  

Conditions given under Materials and Methods. Temperature: 
20-22 “C. bValues taken from Dixit et al. (1984). 

soporphyrin with emission a t  588 and 578 nm, respectively) 
and CCP. The rate constants, k:, of energy transfer from the 
singlet excited state .sf Zn cyt c or Sn  cyt c to CCP are 8.4 
X I O 7  and 3.2 X lo8 s-I, respectively (Table I) .  On the basis 
of spectral overlap between Zn or Sn cyt c and CCP and the 
calculated kqf  value, the distance between the porphyrin on 
the cytochrome c derivatives is 1.8-1.9 nm according to the 
Forster theory (eq 1). The Forster theory assumes point 
sources, and therefore, it is not clear whether this refers to the 
edge-to-edge or center-to-center distance. Molecular models 
based upon crystallographic studies suggest that 1.8 nm is the 
closest approach of the two heme edges and 2.5 nm for the 
two iron atoms (Poulos & Kraut, 1980; Poulos & Finzel, 
1984). The relative long distance between the two redox 
centers correlates well with the one measured by Leonard and 
Yonetani ( 1974) between protoporphyrin apoCCP and fer- 
ric/ferrous cyt c using a fluorescence/tryptophan phos- 
phorescence at  77 K technique (1.7-2.0 nm). Nuclear mag- 
netic resonance studies (Gupta & Yonetani, 1973) also showed 
that cyt c and CCP hemes in the complex are relatively far 
from each other (>2 .5  nm), assuming the electronic relaxation 
time of the high-spin iron in CCP to be ca. 

Effects of ApoCCPICCP Binding to Zn Cyt c and S n  Cyt 
c: “Confornzational” and “Electronic” Effects on Phos- 
phorescence. The binding of CCP or apoCCP to Zn cyt c 
causes a 20-nm shift in the phosphorescence spectrum of the 
latter (Figure 1 and inset). The spectral shift (from 738 to 
7 18 nm) is identical in the presence or absence of the heme 
in CCP; therefore, it must arise from a change in the envi- 
ronment of Zn cyt c porphyrin induced by the polypeptide 
chain of CCP. One explanation for the shift to lower emission 
maximum would be an increased torsion or bending of the Zn 
cyt c porphyrin ring in the protein, which does not seem to 
affect the shorter lived fluorescence. Interestingly, Sn cyt c 
has no such detectable shift in the phosphorescence emission 
upon binding of C C P  (Figure 1B). We note that Hoard 
(197 1) differentiates between the stereochemistry of model 
Zn and Sn  porphyrins. The Sn  porphyrin molecule in the 
crystal state is C,, (with tetragonal symmetry), but the pre- 
cisely determined parameters are fully compatible Rith D4,, 
symmetry for the unconstrained molecule. However, Zn 
porphyrins are square-pyramidal five-coordinated structures 
(CdL). The chemical sensitivity of Zn cyt c compared to Sn 
cyt c is also manifested by (a) quick photodecomposition in 
the presence of oxygen and (b) relative ease of removal of the 
metal from the Zn chelates (Vanderkooi et al., 1976). Both 
phenomena could be related to strain at  the nitrogen-Zn bond 

s. 
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of CCP, respectively. We can calculate that the rate constant 
of the back-reaction becomes 41 s-l in Zn and Sn cyt c in the 
presence of CCP. (Sn cyt c and Sn cyt c-CCP have the same 
k,  = 41 s-l, as C C P  does not shift the phosphorescence 
spectrum maximum). Because the back-rate is very slow, we 
can neglect the effect of quenching of the singlet state on the 
phosphorescence lifetime, irrespective of whether the spectra 
changed or not. 

It was observed that upon incremental additions of poly- 
(L-aspartate) to Zn cyt c or Sn cyt c the phosphorescence 
lifetime recovered before the fluorescence yield (Figure 5 ) .  
This experimentally shows that quenching of fluorescence does 
not account for the phosphorescence quenching. The difference 
in the recovery profiles for phosphorescence lifetime and 
fluorescence yield may be due to different distance depen- 
dencies for singlet and triplet transfer. 

Effects of Cyt c Binding to Zn CCP: Conformational and 
Electronic Effect on Phosphorescence Rate Constants. The 
phosphorescence lifetime of Zn CCP decreased from 8.4 to 
7.4 ms in the presence of cyt c (Figure 6C). This change 
corresponds to a quenching rate constant, k,P, of 17 s-‘. 
However, in the presence of the polycation poly(L-lysine), the 
lifetime of Zn CCP increased from 8.4 to 9.1 ms. This rather 
small effect could be due to shielding of the Zn CCP porphyrin 
from quenchers in the medium. If cyt c offers the same 
protection, then the rate constant kqP is 25.2  s-l (for the de- 
crease in lifetime from 9.1 to 7.4 ms). This value is comparable 
to the rate of electron transfer from the triplet state of Zn CCP 
to cyt c within the complex [k ,  = 25 s-l for tuna cyt c (Liang 
et al., 1986) or k,  = 17 s-l for horse cyt c (Ho et al., 1985)l. 

Comparison of the Binding of CCP to Z n l S n  Cyt c with 
Cyt c Binding to Zn CCP. In each case of triplet quenching 
(the Zn/Sn cyt c triplet quenching by CCP and by their 
respective ground-state molecules or Zn CCP triplet by cyt 
c), spectral overlap between the triplet-state emission and the 
absorption of the acceptor either does not exist or is very small. 
Therefore, long-range transfer of the dipolar type is excluded, 
and an electron exchange or transfer is the likely mechanism 
of quenching. The quenching of phosphorescence means that 
electron transfer/exchange can occur over long distances in 
the extended lifetime of the triplet excited state; this inter- 
pretation is in agreement with that of other workers (Simolo 
et al., 1984; Peterson-Kennedy et al., 1986; Ho et al., 1985; 
McLendon et al., 1985). Because in our work the disap- 
pearance of the reactant was monitored, we cannot differen- 
tiate between electron exchange and electron transfer with fast 
electron recombination in the ground state. The two mech- 
anisms could be distinguished by transient absorption or 
electron paramagnetic resonance measurements. In similar 
systems, quenching of Zn cyt c by cyt b5 was attributed to 
electron transfer (McLendon et al., 1985). 

The rate constant for the quenching of Zn CCP by cyt c, 
kelect = 20 s-l, is dramatically smaller than for the comple- 
mentary pair Zn cyt c-CCP with kelect = 458 s-l. The por- 
phyrin in CCP is protoporphyrin IX, which has a vinyl group, 
and the porphyrin in cyt c is a mesoporphyrin type; this dif- 
ference may be enough to change the energy levels to make 
transfer more favorable in one direction. The protein poly- 
peptide chain is also implicated in the directionality. Intra- 
molecular electron-transfer assymetry has recently been ob- 
served in the model system of cyt c-ruthenium complex, where 
ruthenium complex is specifically bound a t  the imidazole 
moiety of a surface-exposed histidine (Bechtold et al., 1986). 
This has been interpreted in terms of fast conformational 
changes of the protein that affect the electron-transfer di- 

and perhaps readier proton attack a t  the nitrogen atoms. 
Our experiments showed that C C P  quenches the fluores- 

cence of Zn cyt c and Sn cyt c, shifts the phosphorescence 
maximum of Zn cyt c, and quenches the phosphorescence of 
both derivatives. The rate constant kqP for the quenching of 
Zn cyt c and Sn cyt c phosphorescence by CCP is 5 19 and 570 
s-l, respectively (Table I) .  ApoCCP itself partially quenches 
Zn cyt c phosphorescence (Figure 2B). From these observa- 
tions we conclude that the phosphorescence quenching of Zn 
cyt c is composed of a “conformational” effect as well as an 
“electronic” effect, with different rate constants. As apoCCP 
does not affect the fluorescence yield of Zn cyt c (Figure 2A, 
inset), we assumed that the yield of the triplet state, at, is 
unchanged for Zn cyt c and the Zn cyt c-apoCCP complex. 
Using this approximation, we obtain the relationships 

kp@t 

@ P  
kconf = - - k p  - k ,  - ke (1 1) 

and 

where kWnf expresses a rate constant for quenching of Zn cyt 
c by apoCCP (without the heme present) and kelect is the rate 
constant for the electronic effect. For the Zn cyt c-CCP 
couple, the electronic rate constant has a value of 458 s-l, 
whereas the rate constant for the conformational effect is 61 
s-1. 

Effect of Poly(L-aspartate) on Zn Cyt c and Sn Cyt c. 
Bcause of the suggestion that aspartates on CCP interact with 
lysines on cyt c upon complexing, we studied the effect of 
poly(L-aspartate) on Zn cyt c and Sn cyt c. The interaction 
of these proteins with poly(L-aspartate) (Figure 5) was com- 
plex: at very low ratios of poly@-aspartate) to cyt c, quenching 
of prompt fluorescence and a decrease in phosphorescence 
lifetime occurred. Upon increasing the ratio of poly(L-as- 
partate) to the cyt c derivative, both parameters increased; it 
therefore appears that the interaction is occurring between 
closely bound cyt c molecules. Because spectral overlap occurs 
between the absorption and emission spectra of these cyt c 
derivatives, a mechanism for the fluorescence quenching could 
be singlet energy transfer of the long-range Forster type. For 
the phosphorescence quenching we excluded a T*-T* reaction 
and conclude that the triplet excited-state Zn and Sn cyt c can 
interact with the ground-state molecule. Because the central 
metals are closed shell, electron transfer/exchange must involve 
only the electrons of the porphyrin ring. 

In principle, the quenching of the fluorescence of Zn cyt 
c and Sn cyt c by CCP or by the ground-state donor molecule 
[as in the presence of  poly(^-aspartate)] could affect the 
phosphorescence lifetime, because thermal repopulation of the 
singlet state from the triplet state provides another decay route 
for the triplet (Figure 7). This back-reaction rate constant, 
k,, is 6.3 and 41 s-I for Zn cyt c and Sn cyt c, respectively 
(Table I).  For the case of CCP binding to Zn cyt c, the 
phosphorescence spectrum of the Zn porphyrin shifts to the 
blue upon addition of CCP (Figure 1); therefore, the back- 
reaction rate changes. The following equation gives the re- 
lationship between rate constants and spectral energy differ- 
ences: 

where E’ and E” are the differences in energy between the 
fluorescence emission maximum and the phosphorescence 
emission maximum of Zn cyt c in the presence and absence 
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rectionality. In this case, the pathways for reduction and 
oxidation of the same center are probably different, whereas 
the driving forces are equal for both ways. A conformational 
difference between the redox partners is indicated by the 
change in the phosphorescence spectrum of Zn cyt c, but not 
Zn CCP, when the redox partner binds; therefore, the binding 
of cyt c does not affect the porphyrin environment of Zn CCP 
in the way that CCP interacts with the porphyrin of Zn cyt 

In summary, this study on the fluorescence and phos- 
phorescence of metal (Zn and Sn) derivatives of cyt c and CCP 
reconfirms with fluorescence quenching measurements earlier 
estimations of the rather long distance between the two protein 
chromophores. Phosphorescence quenching data show that 
the two heme proteins are influenced both by conformational 
effects, induced by binding of the redox partner, and by direct 
electronic effects of neighboring porphyrins. Electronic effects 
are observed in these couples: Zn cyt c-CCP, Sn cyt c-CCP, 
and Zn CCP-cyt c. Electronic effects are also observed be- 
tween excited-state and ground-state Zn cyt c and Sn cyt c 
molecules when they are bound to poly(L-lysine). Confor- 
mational effects can be clearly distinguished from electronic 
effects, and the respective rate constants have been assigned. 
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