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Abstract-Human plasma apolipoprotein A-I (apoA-I) and apolipoprotein C-I (apoC-I) were investi- 
gated by time-resolved fluorescence decay and depolarization. The tryptophyl fluorescence of apoA- 
I undergoes a double-exponential decay with lifetimes of 1.07 and 3.43 ns which remain unchangcd 
over the range of apoA-I concentration studied. 

The time-resolved fluorescence of both native and denatured forms of apoC-I exhibits an unusual 
tryptophyl fluorescence decay that was best fit to a triexponential function with lifetimes at 3.7 'f 0.2. 
1.1 +- 0.1 and 0.1 ns at 2 "C. The native and denatured forms of apoC-I had rotational correlation 
times of 1.42 and 1.19 ns at 20°C respectively. A shorter rotational correlation time associated with 
the internal tryptophan motions was not observed or resolved. 

The decay of tryptophyl fluorescence in apoC-I/DPPC/cholesterol complex at 20°C is also triexponen- 
tial with lifetimes at 4.94, 1.28 and 0.21 ns, which are longer than those of the uncomplexed 
forms. Two rotational correlation times of 28.32 and 0.59 ns at 20°C were resolved by fluorescence 
depolarization measurements. The long rotational time remained constant with temperatures above 
30°C. Also, the temperature dependence of the order parameter, S2,  resembled a lipid phase transition 
curve with a transition midpoint at 38°C. The tryptophan and thus apoC-I are found to be affected 
by the bulk changes in the lipid 

INTRODUCTION 

Tryptophan (Trp)$ is the only common amino acid 
containing a bicyclic aromatic group, indole, which 
is highly hydrophobic. It displays an intense fluo- 
rescence (af up t o  0.2) (Lumry and Hershberger, 
1978) and may be excited at 290 nm without serious 
interference from other amino acids of a protein. 
The fluorescence characteristics of indole, and thus 
tryptophan, are sensitive to its environment. The 
emission shifts to red as the solvent becomes more 
polar (Lumry and Hershberger, 1978; Mataga et 
a[ . ,  1964). Therefore, fluorescence of tryptophan in 
proteins may serve as a probe for their 3-dimen- 
sional structures, particularly when their crystal 
structures are not available (Beechem and Brand, 
1985; Creed, 1984). Furthermore, the modification 
of tryptophan fluorescence in proteins by lipids may 
also serve as a valuable probe for lipid-protein inter- 
actions. In its association with lipids, the external 
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tryptophyl group of a protein may enter it morc 
hydrophobic environment. and its mobility may bc 
reduced. The fluorescence may shift to a shorter 
wavelength as well as exhibit a different decay 
behavior. Additional information on protein motion 
is provided by the fluorescence anisotropy. 

The plasma lipoproteins are water-soluble 
lipid-protein complexes which transport lipids that 
by themselves are insoluble in aqueous solutions. 
They are composed of apoproteins, phospholipids, 
triglycerides, cholesterol and cholesteryl esters in 
various proportions (Scanu et a l . ,  1982) and are 
thought to play an inlportant role in the atheroscler- 
otic process and cardiovascular diseases (Tall and 
Small, 1980; Castelli et al . ,  1977; Rosseneu et af., 
1984). In this investigation, we apply high resolution 
time-resolved fluorescence spectroscopy and depo- 
larization study to probe the structure and dynamics 
of human plasma apoproteins and the lipid complex 
of apoprotein C-I. 

Contributions have been made by Jonas and 
coworkers (Jonas et al . ,  1982) to the study of the 
fluorescence of apoC-I before and after its inter- 
action with lipids. From their results and the study 
by Tall and Small (Tall and Small, 1980), a detailed 
picture of interactions between proteins and lipids 
in a lipoprotein complex has evolved. The results 
by Jonas and coworkers suggest that although a 
lipoprotein complex may undergo a phase tran- 
sition, the proteins are not affected. The model they 
propose is one in which a boundary lipid layer 
shields the protein from bulk lipid changes. How- 
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ever,  according to  a structural model of high density 
plasma lipoprotein (HDL) proposed by Shen et a/ . ,  
(1977), the  apolipoproteins are packed in the outer 
surface of a monolayer of cholesterol and phospho- 
lipids. Our experimental results are  in general 
agreement with this model. Moreover,  many differ- 
ences exist between the complexes used in our  study 
and those used by Jonas (Jonas et al.. 1982) which 
may account for the seemingly contradictory results. 

Our studies began with the time-resolved 
measurement of tryptophyl fluorescence lifetimes of 
the multitryptophyl human plasma apolipoprotein 
A-I (apoA-I) and then progressed to  the measure- 
ments of the fluorescence decay and depolarization 
of the single tryptophan in human plasma apoC-I 
in three forms: native, denatured, and its complex 
with dipalrnatoylphosphatidylcholine (DPPC) and 
cholesterol. 

MATERIALS AND METHODS 

ApoA-I, apoC-I. and apoC-IIDPPCicholesterol com- 
plex were generously provided by the Lipoprotein Core 
Laboratory of the Program Project USPHS HL-18577 
directed by one of us (AMS). DPPC from Sigma Chemical 
Co.. St. Louis, MO, 2-(methylthio)ethanoI and guanidine 
hydrochloride (99%, GndHCI) from Aldrich Chemical 
Co., Milwaukee, WI, were used without further purifi- 
cation. All inorganic reagents used were analytical grade 
and all solvents were spectroscopic grade. 

Samples for spectroscopic measurements were prepared 
according to the procedure of Matz and Jonas (Matz and 
Jonas, 1982). Lyophilized apoA-I and apoC-I were dis- 
solved in 0.02 M (pH 8.0) or 0.01 M (pH 8.1) ammonium 
bicarbonate buffer. A 2-3 M aqueous solution of GndHCl 
was used for the denaturation study of apoC-I. The tem- 
perature dependence of the viscosity of 3.0 M GndHCl 
from 2C6O"C was measured on a MGW Lauda Viscometer 
B at 10°C intervals by delivering a 15 m e  volume of the 
denaturant in a Cannon-Fenske S14 tube and taking the 
average of five values as the viscosity at each temperature 
(Table 2). A plot of lnq vs l/T, with q in cp, for 3.0 M 
GndHCl gave a slope of 1.47 x 103 and a y-intercept of 
- 4.970. 

Concentrations of samples were determined spectro- 
scopically with the following extinction coefficients: c ~ " , ~ ~ , , ,  
= 11.5 X 10' g~ I cm' (Matz and Jonas. 1982) for apoA- 
I and E ~ ~ ~ ~ ~ , ~  = 8.65 x 10' g-' cmL for apoC-I (Osborne 
ei a l . ,  1977). All apoA-I solutions used had concentrations 
ranging from 2.6 x 10 M (0.072 mgi 
me to 0.445 mgime). In this concentration range from 
.3-15% of the apoA-I was oligomeric (K,,,,,,, = 3.3 x 10" 
M - ' )  (Vitello and Scanu, 1976). ApoC-I has a K;,,,,,, = 
1.5 x lo4 M - '  (Osborne er al . ,  1977) and is monomeric 
at low pH. 

We investigated one set of three pooled fractions of 
apoC-I complex with DPPC-cholesterol. The complex had 
the following composition (in mol ratio); cholesterol- pro- 
tein = 1.15 : I ,  DPPC-cholesterol = 13 : 1, and 
DPPC-protein = 15 : I .  Vesicles of DPPC-cholesterol 
(15 : 1) were used as a blank and were found to have no 
detectable fluorescence. 

Absorption measurements were performed on a Cary- 
219 spectrophotometer equipped with a temperature-con- 
troiled sample chamber, and steady state fluorescence 
spectra were recorded with a Perkin-Elmer MPF4 Spectro- 
fluonmeter with a corrected spectra attachment. Time- 
resolved measurements were performed with a single-pho- 
ton counting instrument described previously (Chang et 
al., 1985). The excitation wavelength for apoA-I was 295 

M to 1.6 x 

5 1 nm and the emission wavelength was selected by a 
320 nm cutoff filter. An Amperex XP2020Q photomulti- 
plier tube was used as the detector in some of the earlier 
experiments on apoA-I which had an instrument response 
function with a FWHM of = 300 ps. A Hamamatsu model 
R1654U-01 microchannel plate (FWHM 90 ps) was used 
in the remainder of the experiments. The two detectors 
gave identical fluorescence decay parameters for apoA-I. 

For depolarization studies. apoC-I samples were excited 
by vertically polarized light at 295 nm and detcctcd 
through a J-Y monochromator (Model f I 1 0 )  set at 350 nm 
with a 250 nm optimized ion-etched holographic grating 
through slits with an 8 nm bandpass. For the apoC-I/ 
lipid complex, the emission was observed through I6 nln 
bandpass slits centered at 350 nm. A quartz depolarizcr 
was used in fluorescence collection from vesicle saniplcs 
because the long rotation times do not allow for tail match- 
ing of the parallel and perpendicular decay curvcs col- 
lected for anisotropy measurements and the grating pola- 
rization dependence would complicate the analysis of 
anisotropy data. For apoC-I in both its native and  
denatured states. grating polarization depcndence was 
accounted for by tail matching the parallel and perpendicu- 
lar curves. 

Fluorescence decay curves detected through a polarizer 
set at magic angle, 54.7", were fit to a sum of exponentials 
(Eq. I ) :  

K(r)  = A,exp(-th,) + A,exp(-f/~J 
+ A ?exp( -h3) + . . .(I) 

Polarized emission data were analyzed by simultaneously 
fitting pairs of parallel and perpendicular curves to convol- 
utions of the appropriate combinations of model functions 
for K ( / )  and r ( t )  with parameters varied iteratively tu 
minimize xf. The quality of the fits was judged according 
to how well the statistical tests of x i  and the number of 
runs in the set of generated residuals were satisfied. A 
more detailed description is given in Cross and Fleming 
(Cross and Fleming, 1984). 

As we discovered by the simulations discussed later in 
this paper, even though the anisotropy decays fit well to 
a single exponential function for native and denatured 
apoC-I, r ( r )  = r(O)exp(-//T,). we believe that a short 
component exists but is not resolved. Therefore. the par- 
ameters we obtain by fitting to single exponential ani- 
sotropy decay law. will now be defined by the parameters 
r(O+) and T, to describe the overall reorientation of the 
protein. In case of vesicle-bound C-I where the anisotropy 
decay was better fit by a double exponential function. the 
overall reorientation parameters are represented as r,(O) 
and 7,'. Therefore, r,(O) and 7,. are equivalently r(0t) 
and T ~ .  The r (O+)  or rl(0). together with a given limiting 
r (0 )  (Levy and Szabo, 1982) is then used to evaluate thc 
order parameter, given by Eq. 2: 

which gives an indication of what motions arc present in 
addition to the overall reorientation. The smaller the 5''. 
the less hindered the probe. The magic angle fluorescence 
decay parameters were free to vary in the fits of native and 
denatured apoC-I and were fixed in the apoC-IIDPPCi- 
cholesterol complex decays. 

The difficulty of choosing a value for the limiting ani- 
sotropy of tryptophan. r(O), in apoC-1 must be addressed 
briefly here. The fluorescence anisotropy of Trp is compli- 
cated by the overlapping 'L, and 'L,, transitions in the 
2W-300 nm region. The limiting anisotropy is dependent 
on the ratio of the two excited states present and thus the 
wavelength of excitation. Valeur and Weber (Valeur and 
Weber, 1977). in a wavelength dependence study of r (0)  
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of Trp in propylene glycol at -58°C determined the value 
of r(0) to be 0.22-0.24 at 295 nm and 0.304.31 at 3(x) nm. 
We determined r (0)  to be 0.23X at 295 nm by averaging the 
sum of r , ( 0 ) + r 2 ( O )  values from the fluorescence depolariz- 
ation studies of apoC-I/DPPC/cholesterol complexes at 
5-6S"C. This value is chosen for our evaluation (vide infru) 
which agrees well with that reported by Valeur and Weber, 
but is appreciably higher than the value of 0.194 reported 
by Lakowicz and his coworkers (Lakowicz el at.. 1983) for 
N-acetyltryptophanamide excited at 295 nm. 

RESULTS AND DISCUSSION 

Time-resolved fluoreycence of apoproteins 

Apolipoproteiri A-I .  The measured fluorescence 
decay o f  apoA-I at 20°C fit best to a double expon- 
ential function with a x 2  of 1.11 and Z ,  of -2.73: 

K(t) = 0.44exp(-t/3.43 ns) 

+ 0.56 exp( 4 1 . 0 7  ns) (3) 

Considering apoA-I has four tryptophans, each of 
which could very likely have non-exponential 
decays, the above result seems too simple. In fact, 
glucagon, which contains one tryptophan in its 29 
amino acids, exhibits a similar result at 20°C (Tran 
et a/ . ,  19x2): 

K(t) = 0.63 exp( -t/3.5 ns) 

+ 0.36exp(-t/l.lns) (4) 

One explanation for the good fit of this 'simple' 
model is that all four tryptophans are in very similar 
local environments. According to  Baker and his 
coworkers (Baker et a / . ,  1975). 13 helical regions 
were identified by a CPK space-filling model in the 
polypeptide chains of 245 amino acids residues of 
apoA-I. and tryptophans are in the following four 
positions: Trp-8, Trp-48, Trp-69 and Trp-112. All 
four tryptophans are considered to  be towards the 
carboxyl end of helical regions 8-29, 33-51, 67-87 
and 105-112. Chou-Fasman analysis of the primary 
structures predicts the following secondary structure 
for the tryptophan-containing regions: a p-turn seg- 
ment from residues &9 and a-helical regions from 
residues 37-50, 67--82 and 105-123 (Scanu et al., 
1975). No crystal structure is available for apoA-I, 
so we cannot be certain of the local environment 
details of these tryptophans. 

From concentrations ranging from 0.072 to 0.445 
mgimP. we observed little change in the decay par- 
ameters and the position of emission maximum at 
334 nm of apoA-I. This may indicate that the trypto- 
phans. perhaps deeply imbedded in the tertiary 
structure, are relatively insensitive to  dimerization 
or oligomerization. This is in accord with the results 
of Mantulin and coworkers (Mantulin et af., 1986). 
These authors found little influence of aggregation 
of apoA-I on fluorescence quenching by oxygen or 
acrylamide, and quenching rates substantially lower 
than for free tryptophan in solution. Fluorescence 

parameters may be independent of protein concen- 
tration because the dimer and oligomers elongate 
by end-to-end association according to one model 
(Barbeau et a/., 1979) and therefore environments 
of tryptophyl residues in apoA-I remain unper- 
turbed in the dimer or oligomers. 

Apolipoprotein G I .  ApoC-I at pH 8.1 (and at 
pH 3.0 where apoC-I is monomeric) displays a very 
unusual fluorescence decay, one that fits to a sum 
of three exponentials with a x: of 1.20 or better 
(Fig. 1). The lower residuals in Fig. 1 from of the 
triple exponential fit are more random than the 
upper residuals of the double residuals of the double 
exponential tit. Table 1 lists the temperature depen- 
dence of the three lifetimes of native apoC-I. The 
most surprising component is one with a short life- 
time of 100-150 ps. The intermediate component of 
apoC-I has a lifetime of - 1.10 ns and the long 
lifetime component of 5.00 ns is longer than that of 
many other small proteins at the same temperature, 
e.g., glucagon and apoA-I (vide supra). Our results 
are similar to  those reported previously by Jonas 
and her coworkers (Jonas et al., 1982) who found 
that the decay of fluorescence of apoC-I at 15°C 
was best fitted into a tri-exponential with a x2 of 
1.8 to  4.3: a short one of 0.2-0.6 ns contributing 
50-70%. an intermediate one of 2.5-3.3 ns contribu- 
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Figure 1. Fluorescence decay of native apoC-I at 20°C in 
0.01 M NH,HCO, at pH 8.1 (Ac, = 295 nm, A ',,, = 350 
nm). Residuals of fits to both double and triple exponen- 
tial decay functions are shown. The residuals of the worse 
fit to the double exponential function K(r)  = 0.45 exp(-ri 
0.69 ns) + 0.55 exp(-t/3.63 ns) (x' = 2.90 and Z, = 
-7.29) are shown on top. The residuals of the better tit 
to the triple exponential function. K ( t )  = 0.30 exp(-riO. 12 
ns) + 0.34 exp(-t/t.25 ns) + 0.36 e ~ p ( ~ r i 4 . 0 4  ns) (x' = 

10.5. 2, = 1.20) are shown below. 
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ting 2C-40% and a long one of 6.0-7.5 ns contribu- 
ting less than 16% of the initial amplitude. 

The possibility that the short lifetime was caused 
by scattered light was ruled out for two reasons; (1) 
it was present even when fluorescence was selected 
with a monochromator centered at  55 nm red of 
the excitation wavelength and (2) the weight and 
lifetime remain constant by varying either the pos- 
ition of cuvette or the sample concentration. 

Other proteins which have been measured to have 
tri-exponential fluorescence decays are bovine pho- 
spholipase A2 (PLA2) (Ludescher er al., 1985) and 
tuna myoglobin with a bound heme (Hochstrasser 
and Negus, 1984). The fluorescence decay of tuna 
myoglobin fluorescence is double exponential in the 
absence of the heme, and the third component of 
31 ps is thought to  originate from energy transfer 
from tryptophan to  the heme. This explanation does 
not apply in our case because there is no acceptor 
such as the heme group in apoC-I. Explanations for 
the complex decay of PLAz include (1) quenching 
of the different conformations of tryptophan by vari- 
ous side groups in its vicinity, (2) formation of 
exciplexes, and ( 3 )  solvent relaxation. These possi- 
bilities have not been thoroughly investigated 
(Ludescher et al., 1985; Tanaka and Mataga, 1987). 

The presence of tightly bound lipid that could not 
be stripped off during the preparation of apolipo- 
protein from human serum may be another reason 
why we observe the very short component. ApoC- 
I underwent a relatively harsh delipidation process 

by a mixture of chloroform-methanol. ApoA-I 
which was delipidated by ethanol-ether but purified 
by a similar column procedure as apoC-I was found 
to  contain less than 0.1% of lipid phosphorus (C. 
Edelstein, unpublished results). Therefore, it is 
improbable that 0.1% residual lipid would account 
for a short component that accounts for 30% of the 
initial emission amplitude. 

Denatured apolipuprotein C-I. Denatured apoC- 
I in 3.0 M GndHCl also displayed a decay that fit 
to  a sum of three exponentials with a x: of 1.20 or 
better. The weights and lifetimes were similar to 
those of native apoC-I except that the long lifetime 
component was slightly shorter in the denatured 
form. The average lifetime, <T> = (A17, + A 2 ~ 2  
+ A37,J. of the denatured state is comparable to 
that of the native state at nearly all temperatures 
(Table 1B and Fig. 2). We see this result in spite of 
the possible effects of GndHCl which include the 
quenching effect of the denaturant and the opening 
up of the protein and increased exposure of trypto- 
phan to  the solvent environment. 

The intriguing fact that both native and denatured 
apoC-I display such complex fluorescence decays 
indicates that the tertiary structure is not contrihu- 
ting to  the complexity of the decay. Possible quench- 
ing effects of neighboring amino acids (Met-38 and 
Arg-39) on Trp-41 were then investigated to see 
whether the primary sequence could be the source 
of the short lifetime component. The fluorescence 
of indole was quenched with different concen- 

Table 1. Time-resolved fluorescence lifetimes of ApoC-I at 12 ns scale 

(A) Native ApoC-I 

5 0.40 5.12 0.27 1.31 0.33 0.13 2.42 6.04 
20 0.35 3.94 0.31 1.16 0.34 0.10 1.75 4.89 
31 0.30 3.31 0.41 1.13 0.29 0.11 1.41 4.52 
44 0.30 2.74 0.50 1.05 0.30 0.13 1.21 4.49 
61 0.05 2.87 0.63 0.84 0.32 0.17 0.85 6.38 

(B) Denatured ApoC-I in 3.0 M GndHCl 

5 0.46 4.45 0.25 1.27 0.29 0.15 2.41 5.33 
20 0.43 3.48 0.25 1.02 0.32 0.09 1.78 4.46 
32.5 0.33 2.90 0.38 1.18 0.29 0.15 1.45 4.99 
44 0.20 2.59 0.49 1.11 0.31 0.15 1.11 5.46 
61 0.04 3.24 0.63 0.98 0.33 0.20 0.81 7.50 

(C) ApoC-IiDPPClcholesterol complex 

20 0.42 4.94 0.41 1.28 0.17 0.21 2.64 6.05 
30 0.38 4.63 0.42 1.23 0.20 0.19 2.33 5.88 
40 0.34 4.44 0.44 1.31 0.22 0.29 2.16 5.78 
50 0.30 3.81 0.45 1.17 0.24 0.18 1.71 5.34 
60 0.16 3.15 0.53 1.01 0.31 0.20 1.10 5.90 

Note: All lifetimes ( T ~ ,  T ,  and T ~ )  are reported in ns. A , ,  A, and A, are the preexponential factors 
for each corresponding lifetimes such that A, + A, + A, = 1.00. 



Fluorescence of apolipoproteins 349 

o LO UI m UJ YI w 70 
T u c u u 7 u I E  (C) 

Figure 2. Temperature dependence of average lifetimes 
<T> = ( A , T ~  + AZ7, + A,T,) of native (+-f), denatured 

(*-*), and complexed (0-0) apoC-I. 

trations of 2-(methylthio)ethanoI (2-MTE) showed 
that 2-MTE was not a good quencher ( K O  = 0.03 
x 10' s-'). The quenching effect of a neighboring 
arginine group on tryptophan fluorescence was then 
investigated using two model peptides, oligopeptide 
1-10 from ACTH ( A ,  = 0.67, T, = 3.70 ns and T~ 
= 1.12 ns) and a-MSH ( A ,  = 0.58, I, = 3.49 ns 
and T~ = 1.46 ns), both display distinctly double 

exponential behaviors with no short 100 ps compon- 
ent present. 

Secondary structure may still account for the 
unusual decay behavior. According to Osborne and 
coworkers (Osborne et al . ,  1977), the mean residual 
ellipticity reaches a plateau of approximately 3000 
by 1.5 M GndHCI. However, one cannot necessarily 
conclude that apoC-I is 'denatured' (a complete 
random coil) at this point (Tanford, 1968). In fact, 
the CD spectrum (Osborne et al . ,  1977) does not 
resemble one of a complete random coil. However, 
one must note also that Reijngoud and Phillips did 
not observe any thermal denaturation of the entire 
C apoprotein fraction (C-I, C-11, C-111, . . .) from 
which they concluded that C proteins were essen- 
tially random coiled in their native state (Reijngoud 
and Phillips, 1984). Because apoC-I reaches a pla- 
teau at a relatively low concentration of GndHCl 
(1.6 M)  as compared to globular proteins (6.0 M) ,  
the 57 amino acid chain may have residual second- 
ary structure. The Trp residue of apoC-I may exist 
in several different conformations which are 
quenched by surrounding side chains. The source 
of three different components in the fluorescence 
decay may be due to these different conformations, 
however, the identity of these quenchers is not 
known at this moment. 

Table 2. Fluorescence anisotropy results: temperature dependence 

(A) Native ApoC-I* 

5 
20 
31 
44 
61 

0.14 1.84 1.50 0.83 
0.14 1.42 1.02 0.84 
0.14 1.06 0.76 0.84 
0.13 0.69 0.59 0.83 
0.14 0.56 0.43 0.84 

(B) Denatured ApoC-I (3.0 M GndHCI) 

T("C) r(O+) <T>(ns) ?(cp) q(GndHCl)lr)(H,O) s,(ns)t g 

5 0.15 1.93 1.38 0.92 2.09 0.84 
20 0.15 1.23 1.05 1.03 1.19 0.83 
32.5 0.14 0.99 0.85 1.12 0.88 0.82 
44 0.13 0.58 0.71 1.20 0.71 0.80 
61 0.13 0.57 0.56 1.31 0.56 0.81 

(C) ApoC-IlDPPClcholesterol complex 

5 
20 
30 
40 
50 
65 

0.20 46.89 0.03 0.95 0.86 
0. I9 28.32 0.04 0.59 0.81 
0.19 23.45 0.05 0.46 0.79 
0.17 25.45 0.06 0.86 0.70 
0.14 29.40 0.07 0.67 0.58 
0.13 22.61 0.18 0.09 0.53 

*In 0.01 M NH,HCO, at pH 8.1. t ~ ,  represents lifetime values corrected for viscosity 
changes. $For all order parameters (P), a value of r(0) of 0.238 was used. 
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Figure 3. Fluorescence anisotropy decay of apoC-I (paral- 
lel and perpendicular curves) under conditions given in 
Fig. 1. With the scaling factor of the parallel curve, a = 
1.33, we obtain the following single exponential anisotropy 
function: r(f) = 0.14 exp(-r/l.40 ns) with goodness of fit 
judges by x3 = 1.21 and Z ,  = -2.19. Magic angle par- 
ameters as well as the shift parameter were allowed to 

vary. 

ApoC-IIDPPClcholesterol complex. As with 
native and denatured C-I, the C-IiDPPCicholesterol 
complex also exhibited complex decay kinetics that 
fit to a triple exponential function (Table 1). The 
vesicle-bound C-I had the longest average fluo-life- 
time, <T>, and thus the highest quantum yield of 
the three states of apoC-I (Fig. 2 ) .  The increase is 
probably due to the transferring of tryptophan to a 
more hydrophobic environment. According to Jonas 
and coworkers on the basis of their CD experiments, 
the a-helical content of apoC-I increases from 34 to 
74% upon binding to a lipid (Jonas et al., 1982). 

Temperature dependence of fluorescence decay, 
K( t ) .  All three states of apoC-I; native, denatured 
and bound, had the weight and lifetime of the long 
component decrease with increasing temperature as 
shown in Table 1. The weight of the long component 
diminished from = 30% to only = 1%. However, 
the long component was still present at high tem- 
peratures despite its miniscule percentage because 
of the poorer fits to a double exponential, x: > 2.0. 
The lifetime of the long component was not accurate 
when it was obtained with a weight 5 5 % .  

Fluorescence depolarization results 

Reorientation time, 7,. The anisotropy and reori- 
entation times of native, denatured and vesicle- 
bound apoC-I are given in Table 2 .  Analysis by 
simultaneous fitting of the parallel and perpendicu- 
lar curves (Cross and Fleming, 1984) indicates that 
the anisotropy decay is well fit by a single exponen- 
tial in almost every case for native and denatured 
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+s.o 1 i 
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. . .I . .  
1 ~ * l ' l ' l ' l ' l ' i  
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Figure 4. Fluorescence anisotropy decay of apoC- 
I/DPPC/cholesterol under the same conditions given in 
Fig. 3 except at 30°C. With a = 1.0 we obtain the following 
double exponential anisotropy function: r(l) = 0.19 
e ~ p ( ~ r i 2 3 . 7 4  ns) + 0.06 exp(-r/0.45 ns) with a goodness 
of fit judged by xz = 1.15 and 2, = 3.98. Magic angle 
parameters were fixed while the shift parameter was 
allowed to vary. The residuals of the double exponential 
fit (lower set) are compared to those of a single exponen- 

tial fit (upper set) (x: = 1.70 and 2, = -0.53). 

apoC-I (x' < 1.20) and by a double exponential 
for vesicle-bound apoC-I (Figs 3 and 4) .  A single 
exponential r(t) representing only the overall reori- 
entation time is unusual for a protein of 57 amino 
acids because internal motion is evident from X-ray 
crystallography, molecular dynamics calculations, 
and NMR studies for proteins of similar molecular 
weight. Glucagon, a 29 amino acid hormone, fits 
well to the double exponential (Eq. 5) (Tran et al., 
1982) as does ACTH (39 amino acids) (L. Chen, J. 
W. Petrich and G .  R. Fleming, unpublished results) 
and oligopeptide 1-24 from ACTH (Ross et al., 

r(t) = r,(O)exp(--lhrl) + r2(0)exp(-tkrr,) ( 5 )  

However, as shown by the simulation presented 
in Table 3, the particular anisotropy parameters 
for apoC-I in solution make detection of a short 
component in the anisotropy very difficult. With the 
dynamic range of the current studies (lo4 counts in 
the maximum channel) we could not detect a 100 
ps anisotropy decay if its critical amplitude is less 
than 0.10. With 8 x lo-' peak counts such a compon- 
ent could be detected in the simulations but instru- 

1981). 
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Table 3. Single exponential r ( t )  fits to simulated double exponential anisotropy functions 

Simulation parameters Single r(r)  fit 

Peak Tr r2(0) 5, 

z, __ Sample counts r,(O) (ns) (& 40) (4 xz 
~- ___- 

c-I' 10E4 0.14 1.42 0.05 0.10 0.16 1.24 0.96 -1.96 
10E4 0.14 1.42 0.10 0.10 0.18 1.06 1.26 -2.86 
10E4 0.14 1.42 0.15 0.10 0.20 0.92 1.82 -4.42 
30E4 0.14 1.42 0.10 0.10 0.18 1.07 1.78 -3.62 
80E4 0.14 1.42 0.05 0.05 0.15 1.29 1.25 -0.85 
80E4 0.14 1.42 0.05 0.10 0.16 1.23 1.47 -2.26 

C-1IDPPCIChol.t 10E4 0.22 20.52 0.05 0.10 0.23 18.01 1.08 -3.40 
IOE4 0.22 20.52 0.10 0.10 0.23 16.16 1.83 -3.81 

* K ( t )  = 0.36 exp(-r/3.98 ns) + 0.30 exp(-r/1.24 ns) + 0.34 exp(-r/0.14 ns). 
t K ( r )  = 0.41 exp(-r/5.05 ns) + 0.40 exp(-t/l.3$ ns) + 0.19 exp(-r/0.24 ns). 

mental drift may make this difficult in practice. By 
contrast a short component may be detected more 
easily in vesicle bound apoC-I, i.e. the lengthening 
o f  the slower component unmasks the presence of 
the shorter one. The detection of the shorter com- 
ponent in the data of vesicle bond apoC-I and the 
report by Jonas et af. (Jonas er a [ . ,  1982) of a fit to  
r(t)  = 0.09 exp(-t/3.6 ns) + 0.12 exp(-t/0.2 ns) for 
apoC-I in 0.1 N acetic acid at 15°C makes the pres- 
ence of a short component likely in the solution 
data, but we are unable to  confirm this directly. 

The available experimental evidence suggests that 
apoC-I approaches a random coil structure in sol- 
ution (Reijngoud and Phillips, 1984). In this case it 
is inappropriate to model the anisotropy as that of 
a spherical macromolecule, with or without internal 
flexibility. It  is not possible to separate overall and 
internal motions as is done in large globular proteins 
(Lakowicz et a l . ,  1983: Chang et a l . .  1983; .Cross 
and Fleming, 1986). An alternative approach is to  
use theories developed for diffusional motion in 
polymers (Perico and Guenza, 1986). Although such 
an approach ignores many molecular aspects of the 
problem, we have shown that the theory provides 
a rather good rationalization of chain length and 
probe location effects on the anisotropy of a series 
of ACTH fragments (Chen, Petrich and Fleming 
unpublished results). 

In the theory of Perico and Guenza the peptide 
is modeled as N beads (N  = number of amino acid 
residues) with N-1 segments of 3.8 A in length. 
The probe tryptophan is at position 41. The theory 
enables direct calculation of the anisotropy . For 
comparison with the experimental time constant we 
calculate <T,> = 47 P2(t)dt where P,(t) is ensemble 
averaged second Legendre polynomial of the angle 
between the probe segment vector at time zero and 
time r .  The chief parameter of the theory is the 
stiffness parameter, g which is related to the persist- 
ence length, p via 
PAP 47:3-C 

P , L  
1 1-g 

where 1 is the segment length, 3.8 A. The values of 
g listed in Table 2 are obtained by matching the 
calculated <T,> with the experimental T,. Details of 
the calculation can be found in Perico and Guenza 
(1986) and Chen et af. (Chen, Petrich and Fleming, 
unpublished results). 

The stiffness parameter obtained for native apoC- 
I is 0.84 and corresponds to a persistence length of 
about 6 residues. The denatured protein is slightly 
more flexible with a persistence length of 4-5 resi- 
dues. The denatured sample appears t o  become 
slightly more flexible a t  higher temperatures imply- 
ing that denaturation may be more complete a t  the 
higher temperatures. The stiffness factor for the 
native protein is temperature independent within 
our experimental error indicating that whatever sec- 
ondary structure is present in the vicinity of the 
tryptophan remains constant throughout 561°C 
temperature range. Scanu and coworkers (Scanu et 
af., 1975) on the basis of Chou-Fasman parameters 
suggested that one long stretch of a-helix may occur 
from residues 33-53 and two shorter helical seg- 
ments are predicted from residues 7-13 and 18-25. 
Tryptophan occupies position 41, in the center of 
the long helical region. However, it is not clear that 
the helices will be formed in isotropic solutions (as 
opposed to  lipid). Our data indicate a small decrease 
in rigidity on denaturation consistent with destruc- 
tion of some secondary structure. When a larger 
data base of persistence lengths has been accumu- 
lated it may be possible to  relate the values to 
structural types, but at present this is not possible. 

The temperature dependence of the reorientation 
times of the native and denatured samples are 
shown in Fig. 5. Since the persistence length has no 
temperature dependence in the native sample and 
a small dependence in the denatured sample, the 
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Figure 5 .  Reorientation time (I,) vs temperature for 
native (+-+) and denatured (0-0) apoC-I. The solid lines 
are the theoretical Stokes-Einstein curves based on the 

experimental 7, at 20°C. 
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Figure 6. Reorientation times (73 vs temperature for com- 
plexed apoC-I. The solid lines are the theoretical 
Stokes-Einstein curves based on the experimental T, at 

20°C. 
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Figure 7. Order parameter (S2) vs temperature of native 
( X-x).  denatured (0-O), and complexed (:k-*) apoC-I. 

Limiting r (0)  is assumed to be 0.238 (Acx = 295 nm). 

data should scale with qlkBT. The figure shows 
that this holds to the precision of our data. The 
temperature dependence of the order parameter, 
9, for the native and denatured samples is shown 
in Fig. 7. The order parameter is temperature inde- 

pendent for the native protein and shows a slight 
decrease from 0.63 to 0.59 [r(O) = 0.2381 with 
increasing temperature (541°C) for the denatured 
sample. Both results are completely consistent with 
the conclusions from the Perico and Guenza theory 
calculations: the native sample has a temperature- 
independent flexibility, whereas the flexibility of the 
denatured sample increases slightly with tempera- 
ture. 

The fluorescence anisotropy decay of apoC-I/ 
DPPCIcholesterol was fitted by a double exponen- 
tial function at all temperatures studied (5-65°C) 
(see Fig. 4). The greatly increased value of the 
long decay component now makes detection of the 
shorter component much easier. 

Investigators who have observed a double expon- 
ential r( t )  decay for various proteins, usually 
resolved a short component of several hundred pico- 
seconds with a weight greater than 0.10 (Jonas et 
al . ,  1982; Tran et al., 1982; Ross et al . ,  1981). We 
observed the internal motion of a time scale of a 
few hundred picoseconds but with a weight smaller 
than 0.10 (except at 65°C). This is probably due to 
the increased restriction of the tryptophan when the 
protein is imbedded into the lipid. 

The reorientation times of apoC-IIDPPCicholes- 
terol remain nearly constant at temperatures above 
30°C which suggests a volumelshape change as the 
complex undergoes melting (vide infra). 

Temperalure dependence of the order parameter, 
P, of ApoC-IIDPPClcholesterol. Only apoC-I1 
DPPCIcholesterol has an order parameter that 
depends significantly on temperature (Fig. 7 ) .  If 
one assumes a 'cone model' for the motion of our 
transition dipole moment of the probe in which it 
is allowed to move freely within a cone with fixed 
semi-angles and cone axis fixed with respect to the 
body fixed frame of the protein, the relation 
between S and the cone semi-angle is (Lipari and 
Szabo, 1982): 

s = 1/2COSf3,( 1 + COS8,,) (7)  
On the basis of r(0)  at 295 nm being 0.238, the cone 
angle of rotation (4) for tryptophan in vesicle bound 
apoC-I begins at 18 at 5°C and increases to 36 at 
65°C. 

A common model of lipoproteins consists of apo- 
proteins that reside on the periphery of the lipid 
vesicle and do not participate in the physical changes 
of the bulk lipid. Jonas (Jonas et al., 1982) reported 
that the fluorescence anisotropy of tryptophyl resi- 
dues in apoC-IIDMPC complexes (hex = 285 nm) 
was linear and paralleled the behavior of monomeric 
and oligomeric apoC-I in solution. Their results 
support this model since the change in mobility and 
order of lipid domains in the vesicle that occur 
during the phase transition do not affect significantly 
the properties of the tryptophan residues in the 
protein domains. Reijngoud and coworkers (Reijn- 
goud et al., 1982) also claimed that the association 
of apoA-I onto 1-myristoyl-sn-glycero-3-phosphat- 
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idylcholine has little effect of lipid dynamics. As 
demonstrated in Fig. 7, the order parameter of 
apoC-I/DPPC/cholesterol displays a much stronger 
temperature dependence than the order parameter 
of free apoC-I. If one does not fit the order par- 
ameter to a straight line, the data resembles that of 
a vesicle melting curve with a T,,, of i= 38°C. Jonas 
and Mason reported the T, to be 41°C for DPPC 
(Jonas and Mason, 1981). The tryptophan of apoC- 
I appears to be sensitive to the melting behavior of 
the bulk lipid. Lakowicz and coworkers (Maliwal et 
a[ . ,  1985) also found that the motions of the Trp 
residue to be sensitive to the fluidity of its environ- 
ment when apoC-I and apoC-I1 are complexed with 
SDS or DMPC. 

One reason for the difference between our fin- 
dings and those of Jonas (Jonas er al., 1982) may 
lie in the different phospholipid used in our vesicle. 
DPPC has a longer hydrophobic chain and forms a 
more stable vesicle than DMPC (Jonas and Mason, 
1981). Our vesicles also have a lower lipid : protein 
mole ratio (DPPC : protein = 15 : 1) than that used 
by Jonas and her coworkers (DMPC : protein = 
25 : 1). These differences may also account for our 
differing observations on the change in the average 
lifetime and quantum yield of tryptophan fluoresc- 
ence from free apoC-I to the bound state. They 
found a decrease in both the lifetime and quantum 
yield when apoC-I was complexed to DMPC 
whereas we found an increase in these quantities in 
the DPPC complex. 

Another difference in the two studies is our intro- 
duction of cholesterol into the complex. Previous 
workers in this area suggest that the addition of 
cholesterol to lipid vesicles is not likely to influence 
the fluorescence behaviors of apoC-I appreciably 
(Matz and Jonas, 1982; Vanderkooi et al . ,  1974). 
However, others (Levine and Wilkins, 1971) have 
demonstrated. that cholesterol increases disorder in 
the liquid-crystalline state while it decreases dis- 
order in  the gel state of a phospholipid. If such is 
the case, then the increased disordering effect with 
increasing temperature is magnified by the presence 
of cholesterol. 

One point we should not overlook is the possi- 
bility that the drop in r(O+) with temperature may 
not be due to tryptophan detecting increased dis- 
order, but rather due to tryptophan shifting from 
the hydrophobic environment and becoming more 
exposed to the bulk solvent. It is possible that 
changes in the relative energies of the two first 
excited singlet states of tryptophan, 'La and ILh, 
may change the initial anisotropy. However, by 
measuring the fluorescence maximum of the com- 
plex from 5 to 65"C, no shift was observed. The 
fluorescence maximum remained at 338 nm which 
is 8 nm blue-shifted from the fluorescence maximum 
of native apoC-I and 13 nm blue-shifted from the 
fluorescence maximum of denatured apoC-I. There- 
fore, tryptophan in the complex form remains in 
its hydrophobic environment throughout the phase 

transition. 
Jonas (Jonas et al.,  1983) more recently com- 

pleted a study on the ordering effects of apolipopro- 
teins have on phospholipids. By observing the fluo- 
rescence anisotropy of diphenylhexatriene in apoC- 
I/DMPC complexes, they concluded that apolipo- 
proteins significantly stabilize vesicles as shown by 
the 5°C increase of the T,,, of the vesicle when the 
protein was added. Their recent findings are in 
general agreement with ours that apoC-I may sense 
an ordering effect of the lipid environment of the 
vesicle. 

CONCLUSIONS 

ApoA-I, though containing four tryptophans, has . 
a double exponential decay that is insensitive to its 
concentration which may indicate that either trypto- 
phans are buried or the oligomerization occurs by 
a process such as end-to-end association so that it 
does not perturb their environment. 

The theory of Perico and Guenza, developed for 
semi-flexible polymers gives a good description of 
the tryptophan anisotropy decay in both native and 
denatured apoC-I solutions. This suggests that 
apoC-I has a flexible structure in solution, although 
the native form is slightly more rigid than the 
denatured form, implying some a-helical structure 
in the region of Trp-41. 

The tryptophan of apoC-I in the oligomeric form 
was shown to be less accessible to quenching (Jonas 
et al., 1982). Our results, though not contradictory 
to the quenching studies, show that the fluorescence 
lifetimes are indifferent to concentrations 0.024 mgl 
mC and 0.16 mglme. One may conclude that though 
tryptophan enters into a more hydrophobic bulk 
environment, it remains relatively restrained in its 
different conformations which persist even in the 
apoC-I/lipid complex. 

Although the addition of 3.0 M GndHCl did alter 
the anisotropy and the fluorescence spectrum of 
apoC-I, it did not change the qualitative form of 
the fluorescence decay function. The result suggests 
that, even though no tertiary structure remains in 
apoC-I under this condition, some secondary struc- 
ture may remain to hold the tryptophan in several 
different conformations, each with a different life- 
time. 

In the complexes of apoC-I/DPPC/cholesterol, 
we were able to detect the phase transition (Tm= 
38°C) by the temperature dependence of both the 
order parameter, S2, and the reorientation time, T ~ .  
in their fluorescence anisotropy. The results suggest 
that the environment of apoC-I is much affected by 
the transition of the lipid from the liquid-crystalline 
state to the gel state of the vesicle, and imply that 
apoproteins may be in direct contact with lipids in 
lipoproteins. 
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