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Abstract. The interactions of horse heart apocytochrome c 
with membrane interfaces were studied on membrane 
models including micelles of the anionic surfactant sodi- 
um dodecyl sulfate (SDS), the micelle forming lipid analogs 
dodecylphosphoglycol (C12PG), tetradecylphosphogly- 
col (C14PG), and dodecylphosphocholine (C12PN), and 
the negatively charged phospholipid 1-palmitoyl-2-oleoyl- 
sn-glycero phosphocholine (POPS) forming small uni- 
lamellar vesicles (SUV). The time-resolved fluorescence of 
the single t ryptophan residue (Trp-59) emission was mon- 
itored to characterize the modifications of  the conforma- 
tional equilibrium and of  the internal dynamics of  the 
protein, which can be brought about  by its binding to 
these model membranes. In most of  the cases, as for the 
protein in solution, the excited state lifetime distribution 
of the Trp emission was described by four discrete classes, 
whose relative proport ions and barycenters vary signifi- 
cantly in the different complexes formed. In the complex 
with POPS, however, the decay analysis showed only 3 
lifetime classes: the long lifetime class displayed a bary- 
center value smaller than that observed for the protein 
in aqueous solution but with a much higher proport ion,  
indicating a stabilization of this conformer in the mem- 
brane-bound form of the protein. A similar sensitivity of 
the Trp-59 excited state to deactivation by thermal colli- 
sions in water and in the protein/POPS complex was ob- 
served, indicating a probable location of  Trp-59 at the 
membrane/water  interface. The effects of protein binding 
to CI2PN,  C12PG and C14PG micelles on the long life- 
time class proport ion were similar to that of  POPS but, in 
addition, there was a large contribution of  a short lifetime 
component  which was absent in POPS vesicles. The bary- 
center values of  the excited state lifetime classes were 
comparable in these membrane systems, suggesting that 
Trp-59 is not  transferred to a non-polar environment. 

Abbreviations. AOT, sodium bis-(2-ethylhexyl)sulfosuccinate; C12PG, 
dodecylphosphoglycol; C14PG, tetradecylphosphoglycol; C12PN, 
dodecylphosphocholine; MEM, Maximum Entropy Method; NMR, 
nuclear magnetic resonance; POPS, 1-palmitoyl, 2-oleoyl-sn-glyc- 
erophosphoserine; SUV, small unilamellar vesicles; Trp, tryptophan 
Offprint requests to. J. Gallay 

Binding of apocytochrome c to SDS micelles strongly 
reduced the lifetime class barycenters and, in contrast to 
the other membrane systems, strongly favored the contri- 
bution of the shortest lifetime class at the expense of  the 
c 3 class. This suggests an interaction of  the Trp-59 with 
the sulfur containing head-group of  this surfactant. The 
indole ring mobility is reduced at the interface contacts. 
A fast Trp-59 mobility with a large amplitude is suggested 
in the complex with POPS by an initial anisotropy value 
lower than the expected one of 0.295 measured in vitrified 
medium. These observations can be correlated with the 
induction of  e-helical structure after interactions of apo- 
cytochrome c with membrane model systems (de Jongh 
and de Kruijff  1990). 

Key words: Apocytochrome c - Tryptophan - Time-re- 
solved fluorescence 

Introduction 

The intrinsic flexible nature of  apocytochrome c - a sin- 
gle t ryptophan containing protein - in aqueous solution 
was demonstrated by a recent time-resolved fluorescence 
study (Vincent et al. 1988). Despite this wide flexibility, 
both the excited state lifetime and the rotational correla- 
tion time distributions suggested the existence of  defined 
conformers slow to exchange in the nanosecond time 
scale. After a two-dimensional analysis by MEM, a cor- 
relation between the fastest flexibility and the excited 
state population displaying the shortest excited state life- 
time was suggested (Brochon and Livesey 1987). Such a 
flexibility is expected to be of great importance for the 
accommodation of  the apoprotein to changing environ- 
ments during the translocation from the cytoplasmic 
compartment  where it is synthesized to the mitochondri- 
on where the heme group is enzymatically bound (Hennig 
et al., 1983). Changes in the Trp-59 environment and in 
the overall protein structure have already been observed 
by steady-state fluorescence, CD and N M R  measure- 
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ments upon interaction of apocytochrome c with mem- 
brane models constituted with negatively charged lipids 
(Rietveld et al. 1985; Berkhout et al. 1987; de Jongh and 
de Kruijff 1990). It was therefore interesting to compare 
the dynamic behavior of this protein after binding to mem- 
brane interfaces with that in solution. A time-resolved 
fluorescence study of the interactions of horse heart 
apocytochrome c with membrane interfaces was there- 
fore undertaken. Membrane models including the anion- 
ic surfactant SDS, the micelle forming lipid analogs alkyl 
phosphoglycols or alkyl phosphocholine, and POPS 
SUV, were used to specify the modifications of the local 
conformational equilibrium and internal dynamics of the 
protein, brought about by its binding to these model 
membranes. 

M a t e r i a l s  and methods  

Chemicals  

Apocytochrome c, C12PN, C12PG and C14PG were 
generous gifts from W. Jordi and H. de Jongh in Prof. 
B. de Kruijff's laboratory (University of Utrecht, The 
Netherlands). SDS was purchased from Merck (Darm- 
stadt, RFA). POPS was from Avanti Polar Lipids (Birm- 
ingham, Ala) and was used as supplied. POPS SUV were 
prepared by sonication using a probe sonifier. The protein/ 
lipid ratio was ~ 1/20. Dimethyl glutaric acid (Merck, 
Darmstadt) was used as buffer at pH 7. 

Fluorescence measurements  

Total fluorescence and anisotropy decays were obtained 
from the polarized components I~( t )  and I ,h(t  ) on the 
experimental set-up installed on the SB1 window of the 
synchrotron radiation machine Super-ACO (Anneau de 
Collision d'Orsay) which has been described elsewhere 
(Kuipers et al. 1990). The storage ring provides a light 
pulse with a full width at half maximum (FWHM) of 

500 ps at a frequency of 8.33 MHz for a double bunch 
mode. The excitation wavelength was set at 300 nm 
(bandwidth 5 nm). The emission wavelength was set at 
350 nm (bandwidth 10 nm). A Hamamatsu microchannel 
plate R1564U-06 was utilized. Data for I~ ( t )  and I~h(t ) 
were stored in separate memories of a plug-in multi- 
channel analyzer card (Canberra) in a DESKPRO 286E 
microcomputer (Compaq). Accumulations were stopped 
when ~ 10 s counts were stored in the peak channel for 
the total fluorescence intensity decay. Time resolution 
was routinely ~30ps  per channel and 1024 channels 
were used. The instrumental response function was auto- 
matically monitored in alternation with the parallel and 
perpendicular components of the polarized fluorescence 
decay by measuring the sample scattering light at the 
emission wavelength. The automatic sampling of the data 
was driven by the microcomputer. 

Data analysis 

Data analysis of the total intensity decay was performed 
by the Maximum Entropy Method (Livesey and Brochon 

1987) using MEMSYS2 as a subroutine library (MEDC, 
Ltd). 

The principles of MEM as applied to time-resolved 
fluorescence are outlined in the following. With vertically 
polarized light, the parallel I~ (t) and perpendicular I~h (t) 
components of the fluorescence intensity at time t after 
the start of the excitation are: 

m 0 . 4  

I~(t)=½E~(t)* ~ ~ ~ y(%0, A) 
0 0 - 0 . 2  

• e -r/~ (1 +2A e -t/°) dr dO dA (1) 

and 
co oo 0 . 4  

I~h(t) = ~ (Z, O, A)  
0 0 - 0 . 2  

• e -t/~ (1 - A  e -t/°) dr dO dA (2) 

where E~ (t) is the temporal shape of the excitation flash, 
* denotes a convolution product and ~ (r, 0, A) represents 
the number of fluorophores with fluorescence lifetime r, 
rotational correlation time 0 and initial anisotropy A. 

If we are only interested in the determination of the 
total intensity decay parameters, we can considerably 
simplify the analysis by summing the parallel and perpen- 
dicular components: 

T( t )  = I~( t )+2 Ioh(t ) = E~(t)* ~ • (z) e -1#  dz (3) 
0 

(r) is 

0 . 4  

0 - 0 . 2  

the lifetime distribution given by: 

(% 0, A) dO dA. (4) 

In order to ensure our recovered distribution agrees with 
our data, we maximize S: 

s - -  - m - -  t v ' o g  d r  ( 5 )  
0 

where m (r) is the starting lifetime distribution flat in log r 
space and ~ (r) is the resulting distribution. 

S was subjected to the following constraint: 

~, (TkCalc -- Tk°bS)2 < M (6) 
k = l  0 -2 

where T k  ca l c  and Tk °bs are the k th calculated and ob- 
2 is the variance of the k th point served intensities, ak 

2 2 2 = ak,~ + 4 fl .... ak,~h, Wahl (1979). M is the total num- 
ber of observations and fl .... is a factor compensating for 
the difference in transmission by the emission monochro- 
mator of the parallel and perpendicular light. 

The center r~ of lifetimes over the a (r~) distribution is 
defined as: 

zj = Z ~ (r,) r i / Z  ~ (zi) (7) 
i i 

the summation being performed on the significant values 
of the ~ (r~) for the j class. C~ is the normalized contribu- 
tion of the lifetime classj. A lifetime domain spanning 150 
values, equally spaced on a logarithmic scale between 0.1 
and 20.0 ns, was routinely used in the analyses. 
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Fluorescence anisotropy decay 

In the analysis of the data as in Karplus's formalism 
(Ichiye and Karplus 1983), all the emitting species are 
assumed to display the same intrinsic anisotropy and ro- 
tational dynamics. If such were the case Eqs. (1) and (2) 
can be rewritten as: 

Ivv(t ) = ½Ex(t)* ~ e(z)e-t/~dr 1 + 2 fl(0)e-t/°d0 (8) 
0 

and 

I~h(t)-- lEa(t)* I c~(~) e-t/~d~ 1 -- fl(O)e-t/~dO (9) 
- g  o o 

with 

Ao= j" fi(O)dO (10) 
0 

where fl (0) is the rotational correlation time distribution 
and the other symbols have the same meaning as in (1). 
The a (z) profile is given from a first analysis of T(t) by 
MEM and is held constant in a subsequent and global 
analysis of I , .  (t) and I,h (t) which provides the distribu- 
tion fl (0) of correlation times (Brochon and Livesey 1991). 
100 rotational correlation time values, equally spaced in 
logarithmic scale and ranging from 0.01 to 50 ns were 
used for the analysis of fl (0). 

The barycenters of the correlation time distribution 
are calculated as: 

Z/~i (03 0~ 
Oj-  j (11) 

ZE(0,) 
i 

fii is the contribution of the rotational correlation time i 
to the class j. 

Interpretation of  the data 

The above expression of the anisotropy decay can be 
rewritten as: (15) 

A (t) = fll exp ( -  t/O 0 + f12 exp ( -  t/02)+ fi3 exp ( -  t/Or.) 

if f l l=(1-P~o,1)Ao ,  f l 2=P~ ,~ (1 -P~ ,2 )Ao  and f i~= 
Po~,l XP~,:Ao . 

In principle, if the resolution of the experiment is such 
that it allows the description of all the rotational motions, 
the initial effective value of the anisotropy (A oaf = Z flj) 
must be equal to the A o value measured in the absence of 
motion (A o = 0.295 at 300 nm in glycerol at - 38 °C; Vin- 
cent et al. 1988). If short rotations cannot be resolved, the 
extrapolated Aooff value can be different from the A o val- 
ue. If it is assumed that the A o value remains unchanged 
in the different membrane systems, the order parameter 
($1) associated to the subnanosecond motion o f  the indole 
ring can be indirectly calculated using the Aoa f and the 
A o values, as described by Levy and Szabo (1982). 

The cone semiangle (COmax) of the subnanosecond rota- 
tion of the fluorophore transition dipole (Kinosita et al. 
1977; Lipari and Szabo 1980) and the associated orienta- 
tional order parameter (S~) can be calculated from: 

(flz + fla)/Ao = S~ z = [cos O)max (1 -'}- COS 60rnax)/2]  2 . (16) 

The application of such a model to the Trp motion 
inside a protein is only for the sake of comparison, since 
the geometry of the motion remains unknown. 

The overall correlation of the rotating particle as a 
whole can be described simply in an equivalent sphere 
approximation model as: 

0 m = V h ~ / k  T (17) 

where V h is the hydrated volume of the particle, ~/ the 
solvent viscosity and T the temperature. From the corre- 
lation time value, the hydrated volume and the Stokes 
radius values can be calculated. 

Following the Karplus formalism (Ichiye and Karplus 
1983), if the fast rotational motion decays exponentially 
with a relaxation time 0 and reaches a plateau value P~, 
we have: 

A (t) = A o [(1 -- P~) exp (-- t/O) + P~o] exp (-- t/O,,) (12) 

where Or, is the overall rotational correlation time of the 
protein. 

If the fast rotational motion corresponds to a correla- 
tion function that separates into two time scales (01 and 
02), the expression of the anisotropy can be written as: 

A(t) = A o {[(1 - P~,l)exp ( -  t/O 0 + P~. 1][(1 - P~,2) 

. e x p ( -  t/02) + P~,2]} exp(-- t/Om) (13) 

with 01 ~ 02 ~ 0m. P~,~ are the plateau values of the corre- 
lation function describing these internal motions. A o is 
the intrinsic anisotropy measured in the absence of any 
rotational motion, related to the angle ~ between the 
absorption and emission dipoles: 

2[(3 c°s2 c~ - 1! 1 (14) 
A ° = 5  2 " 

Results 

Excited state lifetime distribution o f  Trp-59 
in apocytochrome c 

As found at pH 5, the total fluorescence intensity decay 
of Trp-59 of apocytochrome c is described at pH 7 by 
MEM analysis as resulting from the emission of four 
classes of excited state (Fig. 1). The fluorescence decay 
parameters are very similar to those previously found 
under the former pH conditions (Vincent et al. 1988). 
One can observe, as in other peptides or proteins possess- 
ing a Trp residue exposed to the solvent (see for examples 
John and J/ihnig 1988; Vincent et al. 1988; Kuipers et al. 
1990), lifetime classes with barycenters ~ 0.5 and ~ 3 ns, 
which are also present for Trp in buffer solution at pH 7 
(Szabo and Rayner 1980; Chang et al. 1983; Petrich et al. 
1983; Creed 1984) and which therefore may arise from 
similar kinds of interactions in the excited state as those 
assumed for Trp in solution (Table 1). In addition to these 
lifetime classes others are frequently detected in Trp fluo- 
rescence decays in proteins and can be attributed to 
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Fig. 1 a -e .  MEM recovered spectra of Trp-59 excited state lifetime 
distribution of apocytochrome c in solution (a) and in interaction 
with C12PN micelles (b) and POPS sonicated vesicles (e). Experi- 
mental conditions were: protein concentration 20 BM, temperature: 
20 °C, excitation wavelength: 300 nm, emission wavelength: 350 nm 

specific interactions with amino acid groups surrounding 
the Trp residue. 

The interaction of the apocytochrome c protein with 
all the membrane model systems leads to large modifica- 
tions of the excited state lifetime distribution. Mainly, in 
the complex of the protein with SDS, the relative concen- 
tration of the shortest excited state lifetime population is 
increased at the expense of the c3 class. A stronger 
quenching environment is also provided by the SDS mi- 
celles since a reduction of the barycenter values for each 
lifetime class is observed. This is mainly so for cl and c2 
classes. The presence of a sulfur atom seems to generate 
the occurrence of short lifetime species in high propor- 
tions (Table 1). 

For the cases of the alkyl phospocholine (C12PN) 
(Fig. 1) and alkyl phosphoglycerol (C12 and C14PG), 
even larger modifications of the lifetime distributions are 
detected (Table 1). With all these surfactants, the contri- 
bution of the longest class of excited state lifetimes is 
strongly increased. The maximum effect is observed for 
CI2PN: the relative proportion of the long component is 
increased by factor 4.25 (Fig. 1 and Table 1). This increase 
occurs mainly at the expense of the c 3 class. In the case of 
C12 and C14PG, the c 4 class is increased by only factors 
of 2 and 2.25 respectively (Table 1). For all these surfac- 
tant apocytochrome c complexes, the barycenter value of 
each lifetime class is strongly decreased, indicating that 
non-radiative processes are more efficient in these com- 
plexes as compared to apocytochrome c in water solu- 
tions. 

In the apocytochrome c complex with POPS (protein/ 
phospholipid ratio ~ 120), the situation is somewhat dif- 
ferent. An extremely short excited state lifetime (20 ps) 
was detected in the analysis (data not shown), but we have 
considered that it bore no physical significance owing to 
the large scattering of the sample and to the time resolu- 
tion of the measurements (32 ps). Therefore, the main ef- 
fect of apocytochrome c binding to POPS is that the 
shortest excited state lifetime class disappears to the ben- 
efit of the longest one (Fig. 1 and Table 1). 

As a function of temperature, the excited state lifetime 
values are decreased. In buffer, the minor long lifetime ~4 
value is decreased by 25% in the temperature range stud- 
ied, "c 2 and z3 values are decreased by 39 and 52% respec- 
tively. • 1 is not affected (Fig. 2). No change in the relative 
amplitudes are observed (Fig. 3). In POPS vesicles, the 

Table 1. Total intensity decay parameters of Trp-59 in horse heart 
apocytochrome c in aqueous solution and in interaction with sur- 
factant micelles and POPS SUV. Apocytochrome c concentration: 
20 ~tM in 0.01 M sodium phosphate buffer pH 7.04. Temperature: 

20 °C. Excitation wavelength: 300 nm (band width: 5 nm). Emission 
wavelength: 350 nm (band width: 10 nm). Data analyses were per- 
formed with MEM as a sum of exponentials (Livesey and Brochon, 
1987) 

Sample C1 C2 C3 C4- "Clins ) "C2(ns) "~3(ns) T¢(as) (T)(ns) 

Buffer 0.26±0.01 0.29±0.01 0.38_+0.03 0.08±0.03 0.56±0.01 1.66±0.01 3.43±0.14 5,67±0.46 2.38 
SDS (0.5%) 0.43_+0.04 0.30±0.05 0.20± 0.01 0,07+_0.01 0.30±0.11 0.97+_0.17 2.28±0.02 4.33±0.13 1.18 
C12PN (0.1%) 0.20+0.04 0.20+-0.03 0.27-t-0.04 0.34± 0,01 0.16+-0.04 0.85___0.05 1.93 ±0.12 5.22___0.01 2.50 
C12PG (0.1%) 0,23+-0.04 0.36_+0.04 0.25±0.02 0.16+_0.01 0.18 ±0.01 0.91± 0.06 2.25+-0.21 4.31+0.10 1.62 
C14PG (0.1%) 0,32 0.31 0,19 0.18 0.20 1.02 2.11 4.09 1.52 
POPS - 0.36+-0.02 0.39+-0.02 0.24_+0.04 - 0.82+0.12 2.53_+0.17 4.90±0.23 2.46 



C 
v 

E , i  

.= 

(1) 

" 0  

, m  

X 
O) 

10 

8 

6 

4 

2 

, I , I , I , 

I I I 

10 20 30 4 

temperature (°C) 

0 .50 

0 .40 

d 
0.30 

O~ 
"O  

2 0 .20 
, m  
w 
D .  

E 
0.10 

0 .00 

, I , I , I , 

I I I 

10 20 30  

temperature (°C) 

4 0  

187 

10 

e" 
v 

8 
E . m  

O) 
6 

4 
" 0  

'B 2 
X 
O) 

, I , I , I , 

• • • 

I I I 

0 10 20 30 4 

temperature (°C) 
Fig. 2. Variation as a function of temperature of the barycenter 
values of the Trp-59 excited state lifetime classes for apocytochrome 
c in buffer solution pH 7 (lower panel) and in interaction with POPS 
sonicated vesicles (upper panel) 
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tudes of the Trp-59 excited state lifetime classes of apocytochrome 
c in buffer solution pH 7 (lower panel) and in interaction with POPS 
sonicated vesicles (upper panel) 

decreases of the excited state lifetime values are 37, 32 and 
41% respectively (Fig. 2) and a change in the proportions 
of the excited state lifetime populations occurs (Fig. 3). 

Mobility of the Trp-59 residue in apocytochrome c 
in solution and in the complexes 

The fluorescence anisotropy decay measurements 
provide information about  the rotational dynamics of the 
Trp residue and about  the overall rotation of the whole 
particle on which the protein is bound. An example of an 
anisotropy decay and of its analysis by M E M  is provided 
in Figs. 4 and 5, respectively. In aqueous solution, as at 
pH 5 (Vincent et al. 1988), the apocytochrome e protein 
appears to be dimeric according to the value of the 
longest correlation time (Table 2). Two internal motions, 
characterized by short correlation times (01 and 02) differ- 
ing by almost one order of magnitude, are measurable. 
Moreover, the initial anisotropy at time zero (Ao ~rf = ~ /~)  

does not exhibit the A o value measured in vitrified medi- 
um (Vincent et al. 1988), indicating the existence of even 
faster motions of the Trp-59 residue in the picosecond 
time-scale. 

The interactions with SDS micelles produce large ef- 
fects on the contributions to the anisotropy decay of the 
measurable rotational correlation times. The initial an- 
isotropy value reaches that observed for the apocy- 
tochrome c protein in vitrified medium (Vincent et al. 
1988), indicating that all the rotations are resolved in the 
complex, in contrast to the protein in buffer solution. The 
contribution of the subnanosecond rotation (01) is less 
important. The nanosecond motion (02), probably reflect- 
ing the local deformation motion of the peptide chain 
segment where the Trp-59 is located, is also strongly re- 
duced. All these effects contribute to the increase in the 
contribution of the long correlation time. The protein 
therefore becomes more rigid at the SDS micelle contact. 
However, the short correlation time values themselves 
exhibit similar values to those in solution. The overall 
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Fig. 5 a, b. M E M  recovered spec- 
tra o f  Trp-59 rotational correlation 
time distribution of  apocytochrome 
c in interact ion with SDS micelles 
(0.5%) (h). As described in Mate-  
rials and methods ,  a global analy- 
sis was per formed on  Ivv and I~h. 
The deviat ion functions for the fit 
on Ivv and Ivh are presented in in- 
sert (a) (left and right, respec- 
tively) 

Table 2. Fluorescence anisot ropy decay parameters  o f  Trp-59 in 
horse hear t  apocy tochrome  c in aqueous solut ion and in interact ion 
with surfactant  micelles and POPS SUV. Apocy toch rome  c concen- 
tration: 20 ~tM in 0.01 M sodium phospha te  buffer pH 7.04. Tern- 

perature:  20 °C. Excitat ion wavelength: 300 n m  (band width: 5 nm). 
Emission wavelength: 350 n m  (band width: 10 nm). Da ta  analysis 
were per formed with M E M  as a sum of  exponentials.  Fo r  com~ X and 
S 1 calculations, a A o value o f  0.295 was used (Vincent et al. 1988) 

Sample /31 /32 /33 0,(n~) 02(,~ ) 0,,(,,) A0off com~ ( ° ) S 1 

Buffer 0.091 0.103 0.070 0.29 1.79 13.6 0.264 34 0.77 
SDS 0.051 0.041 0.173 0.34 1.74 10.9 0.319 27 0.85 
C12PN 0.072 0.074 0.155 0.47 2.14 11.3 0.301 24 0.88 
C12PG - 0.081 0.168 - 3.07 41.0 0.249 20 0.92 
C14PG - 0.077 0.115 - 4.30 21.7 0.192 29 0.81 
POPS - 0.047 0.125 - 3.05 oo 0.172 34 0.76 
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Table 3. Calculation of the Stokes radii for the different apocy- 
tochrome c/surfactant complexes 

Surfactant R (~) 

None 23.5 
SDS 21.9 
CI2PN 22.2 
C12PG 34.1 
Ct4PG 27.6 

rotational correlation time value of the complex is de- 
creased slightly as compared to that of the uncomplexed 
protein. 

The dynamic state of the Trp-59, when the apocy- 
tochrome c is included in a complex with C12PN or 
C12PG, is significantly different from that in solution. 
The nanosecond flexibility (02) is slowed down. A fast 
motion is still present and measurable in C12PN, the 
initial anisotropy value (Aoaf) being equal to that mea- 
sured in vitrified medium (A0). In C12PG, the initial an- 
isotropy value (Aoef0 is smaller than the A o value. A very 
fast mobility is therefore likely to be effective, with a re- 
duced amplitude (Table 2). The different sizes of the com- 
plexes formed between the protein and the surfactants are 
described by the long correlation time values measured 
on the anisotropy decays (Table 3). The complex with 
CI2PG appears to be much larger than with the other 
surfactants. It should be mentioned that micelles of 
C10PG precipitated in the presence of the apocyto- 
chrome c protein, impeding any measurements on this 
sample. 

The interaction of the apocytochrome c protein with 
vesicles of POPS reduces the contribution and the rate of 
the nanosecond flexibility (02) (Table 2). However, a large 
contribution of faster motion(s) is likely to be effective 
since the initial anisotropy value (A oaf) is the lowest ob- 
served in all the samples studied. The higher mobility of 
the Trp-59 residue in the complex with POPS than in the 
complexes with the other surfactants, is demonstrated by 
the large wobbling angle value which appears to be as 
large as that in buffer solution (Table 2). The overall cor- 
relation time of the complex cannot be measured and is 
represented on the analysis by an infinite value. 

Discussion 

The high flexibility of apocytochrome c in aqueous solu- 
tion is further demonstrated by the anisotropy decay of 
Trp-59: fast rotational motions of the indole ring and 
deformation motions of the peptide chain are observed at 
pH 7, as they were at pH 5 (Vincent et al. 1988). However, 
despite this flexibility, Trp-59 appears to be involved in 
discrete sets of interactions with other parts of the protein 
as suggested by the existence of only four discrete excited 
state populations. The persistence of local structure is 
also suggested by the ability to measure the long rotation- 
al correlation time of the protein, indicating the existence 
of hindrances to the internal motion of Trp-59. 

Upon binding of the protein to organized lipid assem- 
blies, modifications of the balance of the already existing 
conformational substates occur in addition to the ap- 
pearance of new lifetime classes arising from interactions 
with the host lipid. 

Two distinct types of membrane models can be sepa- 
rated according to their effects on the excited state life- 
time distribution. In the first one (SDS), a strong increase 
of the contribution of the shortest excited state lifetime 
class is observed. In the second one, comprising the POPS 
vesicles and the monoalkyl PN and PG micelles, there is 
an increase of the contribution of the long lifetime class. 
The short lifetime contribution remains either constant 
or suppressed in POPS. 

Several arguments suggest that in the SDS micelles, 
the Trp-59 is located in the polar head group region of the 
micelle and not embedded into the alkyl chain. The re- 
duction of the mean excited state lifetime value accompa- 
nied by an equivalent fall in the fluorescence intensity 
(Snel et al. 1991) can be explained by the proximity of the 
sulfur atom in the polar head groups of SDS, which can 
strongly favor non-radiative deactivation processes 
(Cowgill 1967; Steiner and Kirby 1969). Short range inter- 
actions between the excited state aromatic ring and the 
sulfur atom may occur, thereby facilitating the dissipation 
of the excitation energy. 

The interactions of the apocytochrome c protein with 
surfactant micelles appears to be quite different from that 
of an integral membrane protein: the M13 coat protein 
(Datema et al. 1987). In the complex with SDS, this last 
protein did not present the above-described shift of the 
lifetime distribution towards short lifetime. On the con- 
trary, there was a large contribution (50%) of a long 
excited state lifetime (~ 5.5 ns) as in deoxycholate mi- 
celles (Johnson and Hudson 1989). The Trp fluorescence 
emission maximum in the complex of the protein with 
SDS was at ~ 330 nm, indicative of an apolar medium, in 
line with the location of the Trp-26 in a highly hydropho- 
bic aminoacid sequence. These data show that Trp-26 
may therefore be embedded into the surfactant alkyl 
chains. By contrast, the sequence of apocytochrome c 
presents a large number of polar amino acids in proxim- 
ity to the Trp-59. In SDS, the value of the emission 
maximum was ~ 338 nm (Rietveld et al. 1985). Similar 
moderate blue shifts of the Trp fluorescence emission 
maximum were observed upon incorporation of proteins 
such as myelin basic protein and several peptide hor- 
mones into reverse micelles of AOT in isooctane (Nicot 
et al. 1985; Gallay et al. 1987), despite the fact that the 
peptides were located in the aqueous micelle interior as 
shown by the accessibility of the Trp residue to water 
soluble reagents. The blue shift in the emission spectrum 
can therefore be due to a polarizability effect in these 
reverse micelles as it could also be in the present mem- 
brane systems. 

All these observations strongly suggest that in SDS 
micelles the Trp-59 is located close to the polar head 
groups and that the interactions with the polar group 
induces the dominant non-radiative process. Photo- 
chemically induced dynamic nuclear polarization proton 
NMR experiments have also indicated a localization of 



190 

the Trp-59 residue in the interface of the SDS micelle 
(Snel et al. 1991). 

In addition to the changes in the excited state lifetime 
distribution, a decrease in the barycenter values of  the 
excited state lifetime classes was observed. This can be the 
result of the induction of protein secondary structure at 
the micelle interface with water (Rietveld et al. 1985; de 
Jongh and de Kruijff  1990). A more compact structure of 
the protein in partially a-helical form should bring the 
Trp-59 indole ring closer to specific aminoacid side 
chains, making more efficient their quenching potencies. 

In the other membrane systems, a strong contribution 
of  the long excited state lifetime populat ion is observed, 
comparable to what has been reported for the M13 coat 
protein (Datema et al. 1987; Peng et al. 1990). The strong 
contribution of  this lifetime class may indicate a less po- 
lar or polarizable surrounding medium. The close simi- 
larity between temperature effects on the excited state 
lifetime barycenters observed in solution and in POPS 
vesicles strongly suggest that the Trp-59 is not  shielded 
from collisions with solvent molecules or protein groups 
when bound to the membrane bilayer. This would sug- 
gest a location of Trp-59 at the membrane surface, where 
the polarizability is lower than in bulk solution. More- 
over, the absence of  very long excited state lifetime classes 
such as observed in model a-helical peptides (Vogel et al. 
1988), precludes the existence of transmembrane helices 
of  peptide segments bearing the Trp-59 residue. This is in 
agreement with former data - moderate blue-shift of  
the emission wavelength maximum of  Trp-59, relatively 
weak increase in fluorescence intensity upon interaction 
with PS vesicles and low efficiency of quenching by selec- 
tivity brominated phospholipids (Rietveld et al. 1985; 
Berkhout et al. 1987) - which suggested that Trp-59 is not 
penetrating the hydrophobic region of the bilayer. 

The electrostatic interactions were shown to have an 
important  contribution of  ordering the peptide chain ac- 
cording to recent CD measurements (de Jongh and de 
Kruijff  1990). A correlation appears to exist between the 
induction of protein secondary structure elicited by the 
interaction of the protein with membrane models and the 
excited state lifetime distribution, the higher the amount  
of  helical structure, the higher the contribution of the 
short excited state lifetimes. 

The correlation between secondary structure and dy- 
namic parameters in surfactant micelles is even more ev- 
ident. The strongest restriction in the Trp fast motion 
occurs for the C12PG/apocytochrome c complex in 
which the highest content of  ~-helical structure has been 
found by CD measurements (de Jongh and de Kruijff  
1990). The contribution of  the intermediate motion, 
probably reflecting the deformation motion of the pep- 
tide segment bearing the Trp-59 residue, is reduced in the 
complexes. The strongest effect is observed in C14JPG 
micelles. 

In POPS vesicles, the protein intermediate flexibility 
(02) is reduced in rate and in amplitude. However, there 
is not effect on the amplitude of the fast internal rotat ion 
of Trp-59 in the POPS/apocytochrome c complex as com- 
pared to the protein in solution, as suggested by the much 
lower A 0 elf value than the expected A 0 one (A o -- 0.295 at 

excitation wavelength, Vincent et al. 1988). The indole 
ring seems therefore to be as free to move in the complex 
with POPS membrane as in water solution. This suggests 
that the Trp-59 region is not located in a a-helix. 

In conclusion, we have found large modifications of 
the dynamics of  apocytochrome c in different time scales 
when the protein is transferred from water to a mem- 
brane interface. The conformational equilibrium between 
local substates of the protein, corresponding to a slow 
process in the fluorescence time scale is modified, as well 
as faster processes such as internal rotation of the indole 
ring and segmental flexibilities. There is a correlation 
between the induction of ordered secondary structure of 
the protein and its internal dynamics: a high content of 
a-helical structure corresponds to a restricted fast inter- 
nal motion but the segmental flexibilities which are re- 
duced in rate, are still of  large amplitude. It appears from 
the different parameters that at least the Trp-59 does not 
penetrate into the lipid alkyl chain but rather stays at the 
membrane  or the miceUe interface. Direct interactions 
with the SDS polar head groups is demonstrated. The 
interaction between apocytochrome c and POPS systems 
appears to preserve the fast dynamics of the indole ring. 
A location at the membrane surface of the part  of the 
protein bearing the Trp-59 is compatible with the reduc- 
tion of the fast phospholipid motion and the large disor- 
ganization of  the lipid acyl chain (Jordi et al. 1990). 
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