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ABSTRACT: Thermal and dynamic properties of dehydroergosterol (DHE) in 1 -stearoyl-2-capryl-m- 
glycero-3-phosphocholine [C( 18):C( 1 O)PC] have been studied by differential scanning calorimetry (DSC) 
and multifrequency phase-modulation fluorometry. C(  18):C( 1O)PC is an asymmetric mixed-chain phos- 
phatidylcholine known to form highly ordered mixed interdigitated bilayers below the maximal transition 
temperature, T,, and partially interdigitated bilayers above T,. This lipid system is thus unique in assessing 
the interactions between sterols and interdigitated lipid bilayers. DHE is a fluorescent analogue of cholesterol 
shown in previous studies to behave like cholesterol in noninterdigitated symmetric diacylphosphatidylcholines. 
DSC data show that DHE exhibits similar characteristics to cholesterol [Chong & Choate (1989) Biophys. 
J. 55, 551-5561 in C(18):C(lO)PC bilayers. DHE abolishes the phase transition of C(18):C(lO)PC a t  27 
mol % compared to 25 mol % for cholesterol and decreases T,, the onset temperature (To), and the completion 
temperature ( T J ,  at a similar rate to cholesterol a t  about -0.25 "C per mole percent DHE. Fluorescence 
data show that the rotational motion of DHE can be described by a hindered anisotropic model. In the 
gel state of C( 18):C( 1 O)PC, the rotational correlation time of DHE decreases monotonically with increasing 
DHE content up to 24 mol %, suggesting that DHE causes a disordering/spacing effect on the packing of 
mixed interdigitated C( 18):C( 1O)PC bilayers. The rotational correlation time undergoes an abrupt increase 
from 24 to 27 mol 5% DHE. Abrupt changes in the DSC parameters were also observed in the neighborhood 
of 27 mol %, suggesting that major reorganization takes place around this concentration. The rotational 
data support the idea (Chong & Choate, 1989) that sterols may have a function in preventing lipids from 
forming highly ordered interdigitated structures in natural membranes. 

T e  existence of highly ordered interdigitated lipid bilayers 
in synthetic phospholipid vesicles has been shown through a 
variety of physical and chemical situations [reviewed in Huang 
and Mason (1986) and Slater and Huang (1988)l; however, 
whether lipid interdigitation exists in cellular membranes, 
though believed, for example, in sphingomyelins (Levin et al., 
1985), has not yet been proven for technical reasons. The 
presence of interdigitated bilayers which can result from 
asymmetric mixed-chain phospholipids would provide an ad- 
verse environment for cellular membranes, since optimal 
membrane functions usually require appropriate lipid fluidity 
(Singer & Nicolson, 1972). To investigate the possible ex- 
istence of interdigitation in biological systems, further char- 
acterization of model systems can be used. Initial studies of 
interdigitation have mainly focused on single-component 
systems, but in order to mimic real-life, studies should be 
extended to include other membrane constituents; one, in 
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particular, is cholesterol which can comprise a large amount 
of a cell and has been shown to have a great influence on 
membrane properties by altering fluidity. 

In this study, l-stearoyl-2-capryl-sn-glycero-3-phospho- 
choline [C(18):C(10)PC]1 was employed as the model inter- 
digitated lipid. C( 18):C( 1O)PC contains an sn-1 acyl chain 
which is twice the length of the sn-2 acyl chain. This type of 
asymmetric mixed-chain phosphatidylcholine is known to form 
highly ordered mixed interdigitated bilayers below the tran- 
sition temperature, T,, and relatively disordered partially 
interdigitated bilayers above the transition as shown through 
extensive studies (Mason et al., 1981; Huang et al., 1982, 1983; 
McIntosh et al., 1984; Hui et al., 1984; Xu & Huang, 1987; 
Mattai et al., 1987; Wong & Huang, 1989). The interactions 
of C(18):C(lO)PC with fatty acid spin-labels (Boggs & Ma- 
son, 1986) and with symmetric diacylphosphatidylcholine 
(Mason, 1988) have also been reported. 

Recently, Chong and Choate (1989) using differential 
scanning calorimetry (DSC) studied the thermal behavior of 
binary mixtures comprised of C( 18):C( 1O)PC and cholesterol. 
It was reported that incorporation of a low level (-25 mol 
%) of cholesterol is sufficient to abolish the phase transition 
of C( 18):C( 1O)PC. As a comparison, a high level of chole- 
sterol is needed to abolish the phase transition of noninter- 
digitated phosphatidylcholines of similar hydrocarbon chain 

I Abbreviations: C( 18):C( lO)PC, l-stearoyl-2-capryl-sn-glycero-3- 
phosphocholine; DHE, dehydroergosterol [ A5~'~9('1)52-ergostatetraen-3~- 
011; DMPC, dimyristoylphosphatidylcholine; DPPC, dipalmitoyl- 
phosphatidylcholine; DSC, differential scanning calorimetry; POPOP, 
1,4-bis(5-phenyl-2-oxazolyl)benzene; POPC, I-palmitoyl-2-oleoyl-~-a- 
phosphatidylcholine; DLPE, dilauroylphosphatidylethanolamine. 
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length (Ladbrooke et al., 1968; Hinz & Sturtevant, 1972; 
Estep et al., 1978). It was also found that cholesterol lowers 
both the enthalpy changes of the phase transition, AH, and 
the transition temperature, T, (Chong & Choate, 1989). Also, 
the decreasing rate of T ,  in  cholesterol/C( 18):C( 1O)PC is 
greater than that for cholesterol in DMPC, a noninterdigitated 
lipid bilayer under normal conditions. The high cholesterol 
sensitivity to the phase transition between interdigitated lipid 
bilayers was attributed to the fact that the formation of highly 
ordered interdigitated lipid bilayers requires stringent struc- 
tural conditions such as specific chain length differences and 
high molecular order. It was believed that in the presence of 
cholesterol, these stringent structural conditions are no longer 
satisfied as the result of a disordering effect of cholesterol on 
mixed interdigitated bilayers. However, calorimetric data 
provide very limited structural information. It is not yet clear 
how cholesterol disrupts the packing of C( 18):C( 1O)PC. 

The purpose of the present study is to use a fluorescent 
cholesterol analogue to provide more information about how 
sterols affect the packing of interdigitated C( 18):C( 1O)PC 
bilayers. This goal is achieved by using binary mixtures 
comprising of C( 18):C( 1O)PC and dehydroergosterol 
[A5,7+9(1 1)*22-ergostatetraen-3P-ol; abbreviated as DHE). DHE 
is a naturally occurring fluorescent cholesterol analogue with 
physical and physiological properties resembling cholesterol 
(Archer, 1975; Rogers et al., 1979; Hale & Schroeder, 1982; 
Yeagle et al., 1982; Schroeder et al., 1987; Nemecz et al., 
1988; Bar et al., 1989; Chong et al., 1989). In this study, DSC 
was employed to ensure that DHE in C( 18):C( 1O)PC exhibits 
phase behavior similar to cholesterol in C( 18):C( 1O)PC 
(Chong & Choate, 1989). Then, multifrequency phase- 
modulation fluorometry was employed to obtain fluorescence 
anisotropy decay data of DHE in C(18):C(lO)PC as a function 
of DHE content at two temperatures. The anisotropy decay 
data allow the rotational correlation time and the limiting 
anisotropy to be determined. These parameters have provided 
more direct evidence for the sterol-induced disordering/spacing 
effects on mixed interdigitated C( 18):C( 1O)PC. A preliminary 
report of this work has appeared elsewhere (Kao & Chong, 
1989). 

MATERIALS AND METHODS 
Materials. DHE was obtained from Frann Scientific Inc. 

(Columbia, MO) and was purified by high-performance liquid 
chromatography according to Chong and Thompson (1986). 
C(18):C(lO)PC was synthesized by the method of Xu and 
Huang (1987). DMPC and DPPC were purchased from 
Avanti Polar Lipids (Birmingham, AL). Cholesterol was 
purchased from Nu-Chek Prep. Inc. (Elysian, MN). 1,4- 
Bis(5-phenyl-2-oxazoly1)benzene (POPOP) was purchased 
from Eastman Kodak Co. (Rochester, NY). Acrylamide 
purchased from Bio-Rad (Rockville Center, NY) was re- 
crystallized from ethyl acetate. DHE concentration was de- 
termined by using an extinction coefficient at  326 nm, in 
dioxane equal to 10600 M-km-' (Muczynski & Stahl, 1983). 

Preparation of Liposomes. DHE dissolved in dioxane and 
phospholipids dissolved in chloroform were mixed in propor- 
tions as indicated in the legends to the figures and tables. The 
mixtures were dried under vacuum overnight and then sus- 
pended in  50 mM KCI. The samples were heated to 37 OC 
[pure C(18):C(lO)PC T,  is 19.3 "C] for 20 min under ni- 
trogen and then vortexed for 5 min at 37 OC. The samples 
were then placed at  0 OC for 20-60 min to anneal. The 
freeze-thaw cycle was repeated 2 more times before the 
samples were stored at  4 OC for 48 h. Phospholipid concen- 
trations were determined by the method of Bartlett (1959). 
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A long-term low-temperature sample was stored for 29 days 
at -20 OC to determine if sample history is a factor affecting 
phase transition in interdigitated lipids. 

Calorimetric Measurements. Calorimetric measurements 
were made with a Hart Scientific differential scanning calo- 
rimeter (Provo, UT) which contains four ampules: three for 
samples and one as a reference. The samples were loaded 
above room temperature to prevent condensation forming in 
the calorimeter. The temperature was immediately brought 
down to 0 "C and held for 15 min before the heating scan was 
initiated. The sample was heated to 45 OC and then held for 
15 min before a cooling scan was conducted down to 0 "C. 
The samples were subjected to two heating and cooling scans. 
Both the heating and cooling scans were made at a scan rate 
of 15 "C/h. At this slow scan rate, the thermogram does not 
need to be corrected for instrument response. 

DPPC was used to calibrate the DSC in the event of ma- 
chine hysteresis since DPPC is known to exhibit an identical 
T, for the main phase transition on both heating and cooling 
(Lentz et al., 1978). Dried DPPC was suspended in 50 mM 
KC1 and vortexed at  50-60 "C to form multilamellar vesicles; 
1 mM DPPC solution was loaded into each sample ampule. 
The DPPC samples were scanned from 15 to 60 OC through 
two heating and cooling cycles. The differences between the 
heating onset temperature and cooling onset temperature are 
the machine hysteresis. DPPC results show that machine 
hysteresis is dependent upon the ampule in which the sample 
is loaded. The machine hystereses for the first, second, and 
third sample ampules were 0.923, 0.974, and 0.872 OC, re- 
spectively. The cooling temperatures were corrected with their 
respective values to give the true thermal hysteresis between 
the heating and cooling scans. 

Fluorescence Measurements. Fluorescence lifetimes and 
anisotropy decays of dehydroergosterol in C( 18):C( 1O)PC 
bilayers were determined at the Laboratory for Fluorescence 
Dynamics at the University of Illinois at Urbana-Champaign 
using a multifrequency phase and modulation fluorometer 
(Gratton & Limkeman, 1983). The light source was a He/Cd 
laser (Model 4240B, Liconix Inc., Sunnyvale, CA). The ex- 
citation wavelength used was 325 nm. The light was modu- 
lated by the use of two standing-wave acousto-optic modulators 
(Piston et al., 1989). For lifetime measurements, the excitation 
polarizer was set at 35O with respect to the vertical plane, and 
no emission polarizer was used. Phase and modulation values 
were determined relative to a POPOP (in ethanol) reference 
solution, which has a lifetime of 1.35 ns at 325-nm excitation. 
For anisotropy decay measurements, differential phase and 
demodulation ratio between parallel and perpendicular com- 
ponents were determined, upon vertical excitation (Weber, 
1978; Lakowicz et al., 1984). A Schott KV-389 cutoff filter 
was used for DHE emission for both the intensity decay and 
the anisotropy decay measurements. Phase (or differential 
phase) and modulation (or demodulation ratio) were deter- 
mined with the modulation frequencies ranging from 20 to 160 
MHz. The data were analyzed by using the nonlinear 
least-squares program provided by the Laboratory for 
Fluorescence Dynamics based on the scheme described else- 
where (Jameson & Gratton, 1983; Lakowicz et al., 1984, 
1985). Random errors of 0.2O for the phase angle and 0.004 
for modulation values were used in the least-squares fit. The 
goodness of the fit is judged by the reduced x2. The samples 
that were measured at 3.9 OC were not exposed to tempera- 
tures above the T,. To obtain comparable DSC and 
fluorescence data, each sample was measured at 3.9 OC first, 
and incubated at about 4 OC before measurement at 3 1.4 OC. 
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FIGURE 1: Typical heating DSC curves of C(18):C(IO)PC in the 
presence of DHE. Listed in the figure are the molar ratios of DHE 
in the mixture. The phospholipid concentrations of the measured 
samples are (a) 1.1 1 mM for pure C( 18):C( lO)PC, (b) 0.96 mM for 
1.10 mol %, (c) 1.26 mM for 2.02 mol %, (d) 0.95 mM for 3.03 mol 
%, (e) 0.92 mM for 9.41 mol %, (f) 1.01 mM for 22.06 mol %, and 
(g) 1.40 mM for 27.09 mol %. 400 pL of the lipid dispersions was 
used for each sample measurement, 
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FIGURE 2: Cooling DSC curves of DHE in C(I8):C(lO)PC. The 
phospholipid concentrations of the measured samples (a-f) are listed 
in Figure 1. 

The acrylamide quenching experiment was performed using 
a Greg 200 fluorometer (ISS Inc., Champaign, IL). 

RESULTS 
DSC Measurements. The heating DSC curves in Figure 

1 show the effect of increasing DHE content on the phase 
behavior of binary mixture of DHE/C( 18):C( 1O)PC dispersed 
in 50 mM KCI. The sharp endothermic transition peak of pure 
C( 18):C( 1O)PC at 18.8 OC is progressively broadened as the 
DHE amount is increased; this broadening is accompanied by 
a slight shift in T, to lower temperatures. The transition peak 
is abolished completely at  about 27 mol % DHE. Figure 2 
shows cooling DSC curves of DHE/C( 18):C( 1O)PC mixtures 
with increasing mole fraction of DHE up to 27 mol %. As 
with the heating data, the endothermic transition peak is also 
abolished at  27 mol % DHE. Figure 3a shows a decrease in 
the total enthalpy change, AH, as the DHE content is in- 
creased. At 27 mol '% DHE, the totally enthalpy change is 
virtually zero. An increase in DHE contenr results in a de- 
crease in apparent transition entropy (Figure 3b). Panels a 
and b of Figure 4 show the effect of increasing DHE content 
on the onset temperature, To, the maximum temperature, T,, 
and the completion temperature, T,, for heating and cooling 
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FIGURE 3: (a) Effect of increasing DHE content on the total enthalpy 
change of C( 18):C( 1O)PC. (b) DHE dependence of the apparent 
entropy change, PS, calculated by PS = AHIT,. "e.u" stands for 
"entropy unit". (+) Cooling; (m) heating. 
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FIGURE 4: (a) DHE heating dependence of T,, To, and T, in C- 
(18):C(IO)PC. (b) DHE cooling dependence of T,, To, and T, in 
C(18):C(lO)PC. (El) To; (+) T,; (X) Tc. 

scans, respectively. To and T, were determined by the method 
shown in Figure 2 of Xu et al. (1987). These values were 
corrected for machine hysteresis. In both ascending and de- 
scending temperature scans, T,, To, and T, decrease with 
increasing DHE. The decreasing rates are estimated to be 
-0.29 OC/mol % sterol for To, -0.23 "C/mol % for T,, and 
-0.19 "C/mol % for T,. The cooling rates are -0.32 OC/mol 
7% for T,, -0.27 OC/mol % for T,, and -0.23 "C/mol % for 
TO * 

A partial phase diagram of DHE/C(18):C(lO)PC binary 
mixtures was constructed by using the To of the heating and 
cooling scans. The phase diagram (not shown) is similar to 
that obtained for cholesterol in C( 18):C( 1O)PC (Chong & 
Choate, 1989). 

A 12 mol % DHE/C( 18):C( 1O)PC sample which was in- 
cubated for 29 days at -20 OC exhibited no new transition 
peak. The thermodynamic parameters derived from this 
sample were almost identical with those derived from other 
samples (data not shown). Thus long-term incubation at low 
temperatures of DHE/C( 18):C( 1O)PC mixtures results in no 
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Table I: Analysis of Fluorescence Emission Decay of Dehydroergosterol in C(18):C(10)PCa 
temp ("C) mol % DHE 71 (ns) fi 72 (ns) x' (7) (ns) 

3.9 1 1.40 f 0.05 0.86 0.93 3.16 f 0.75 1.69 1.65 
2 1.43 f 0.06 0.88 0.95 3.55 f 1.09 1.59 1.69 
5 1.33 f 0.02 0.93 0.98 5.27 f 0.91 0.55 1.62 
9 1.04 f 0.09 0.63 0.80 2.40 f 0.32 2.37 1.54 

15 1.14 f 0.04 0.72 0.86 2.74 f 0.21 0.59 1.58 
24 1.22 f 0.06 0.82 0.92 3.18 f 0.74 I .69 1.57 
21 1.06 f 0.43 0.75 0.89 2.84 f 0.29 1.52 1.52 
35 0.81 f 0.08 0.45 0.67 1.99 f 0.14 1.96 1.46 

31.4 2 0.66 f 0.05 0.87 0.95 1.70 f 0.52 0.39 0.80 
5 0.70 f 0.01 0.96 0.99 3.68 * 1.08 1.06 0.81 

20 0.58 f 0.06 0.60 0.76 1.23 f 0.12 0.28 0.84 
24 0.69 f 0.02 0.91 0.98 2.73 f 0.58 1.28 0.82 
27 0.73 f 0.01 0.90 0.97 2.43 f 0.32 0.76 0.90 
35 0.77 f 0.01 0.92 0.98 3.25 * 0.42 0.93 0.97 

L DHE content (mol%) 

'/2 = 1 -fi and CY* = 1 - C Y , ,  

I I I I 

DHE content (mol%) 
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FIGURE 5: (A) DHE heating dependence of T,  (+), To (El), and T, 
(X)  in DMPC multilamellar vesicles. (B) Effect of increasing DHE 
content on the total enthalpy change of DMPC multilamellar vesicles. 
(C) Typical heating DSC curves of DMPC in the presence of DHE. 
The phospholipid concentrations of the measured samples are (a) 1.1 1 
mM for pure DMPC, (b) 3.68 mM for 1.00 mol %, (e) 4.13 mM for 
2.10 mol %, (d) 6.30 mM for 6.30 mol %, (e) 3.77 mM for 13.01 mol 
%, and (f) 3.24 mM for 25.00 mol %. 400 p L  of the lipid disperions 
was used for each sample measurement. 

new phase, unlike pure C(l8):C(lO)PC (Boggs & Mason, 
1986). 
In order to compare the thermal behavior of DHE/C- 

( 1  8):C( 1O)PC with that in noninterdigitated lipid bilayers, a 
series of DSC scans for DHE in dimyristoylphosphatidyl- 
choline (DMPC) were carried out (Figure 5C). Unlike DHE 
in C(18):C(IO)PC, a pretransition peak is observed in 
DHE/DMPC at about 15 OC. This pretransition peak is 
abolished by 3 mol % DHE. It is noticed that the main phase 
transition peak for DHE/DMPC is slightly asymmetric 
whereas that of DHE/C( 18):C( 1O)PC is relatively more 
symmetric. Both systems show a decrease in T, with increase 
in DHE content, but with significantly different rates: -0.15 
OC/mol% sterol for DHE/DMPC (Figure 5A) and -0.23 to 
-0.27 OC/mol% sterol for DHE/C(18):C(lO)PC. The phase 

Fraction Numbei 

0 2 4 6 8 1 0  1 2  1 4  
Fraction Number 

FIGURE 6: Elution profile of 12 mol % DHE in C(18):C( 1O)PC on 
a Sepharose CL-2B column (1 X 3.2 cm) at (a) 24 O C  and (b) 4 "C. 
The column was eluted with 50 mM KCI. 200-~L fractions were 
collected and aliquots measured for fluorescence intensity at bX = 
325 nm. 

transition of DMPC is abolished at  about 25 mol % DHE 
(Figure 5B). Note that Hale and Schroeder (1982) reported 
that 42 mol % DHE is needed to abolish the phase transition 
of DPPC. 

Column Chromatography. The elution profiles of 12 mol 
% DHE in C(l8):C(lO)PC after a Sepharose 2B column 
carried out below the T,  (4 "C) and above the T,  (27 "C) 
are shown in panels a and b, respectively, of Figure 6. Note 
that the transition temperature range of 12 mol % DHE in 
C(18):C(IO)PC is about 8-18 OC (Figure 4). They axis is 
the fluorescence intensity of DHE. A single sharp peak is 
observed at both temperatures, demonstrating that the vesicle 
size remains almost unchanged both above and below the 
transition temperature and that no DHE micelles are no- 
ticeable. 

Fluorescence Lifetime. The measured phase delay and 
modulation data were fitted to the exponential decay law: 

z ( t )  = Cai exp(-t/Ti) 

where I ( t )  is the fluorescence intensity, ai is the preexponential 
factor, and ri is the fluorescence lifetime from the ith com- 
ponent. Table I shows the best fitted decay parameters as a 
function of DHE content in C(18):C(lO)PC at 3.9 OC (<T,) 
and at 31.4 OC (>T,,,). Note in Table I thatf;: = a i ~ i / C ~ j ~ j  
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Table 11: Analysis of Fluorescence Anisotropy Decay of 
Dehydroergosterol in C( 18):C( I0)PC' 

temp mol % 
("C) DHE r,  = r, 0, (ns) r7 Y2 
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Table 111: Quenching Rate Constant, k*, as a Function of DHE 
Content at 3.9 O c a  

3.9 1 0.07 f 0.02 1.81 f 0.89 0.08 f 0.01 3.39 
2 0.06 f 0.01 1.66 f 0.38 0.07 f 0.00 0.55 
5 0.08 f 0.01 1.14 f 0.70 0.08 f 0.01 2.64 
9 0.10 f 0.01 0.68 f 0.39 0.08 f 0.01 1.66 

20 0.10 f 0.00 0.41 f 0.20 0.10 & 0.02 1.18 
24 0.13 f 0.01 0.20 f 0.26 0.19 f 0.17 1.87 
27 0.11 f 0.01 0.86 f 0.27 0.09 f 0.00 0.99 
35 0.11 f 0.00 0.68 f 0.21 0.09 f 0.01 0.82 

31.4 2 0.13 f 0.01 0.39 f 0.15 0.18 f 0.02 0.65 
20 0.09 f 0.01 0.81 f 0.25 0.14 f 0.00 0.76 
24 0.09 f 0.01 1.00 f 0.24 0.15 f 0.01 0.32 
27 0.10 f 0.01 0.48 f 0.24 0.15 f 0.02 1.36 
35 0.08 f 0.01 0.71 f 0.27 0.13 f 0.00 1.08 

O 8 ,  is fixed to 10000 ns. 

: I  g 1.5  

DHE content (mol%) DHE conlent (mol%) 

FIGURE 7: Effect of increasing DHE content on the rotational cor- 
relation time O2 at (a) 3.9 O C  and (b) 31.4 O C  of DHE in C(18):C- 
(I0)PC vesicles. A,, = 325 nm. The uncertainties of the data have 
been shown in Table 11. 

whereh is the fraction of the total fluorescence intensity de- 
rived from the ith component. DHE emission in C(18):C- 
(1 0)PC is best described by a double-exponential decay over 
the entire concentration range examined. 

The average lifetime, (7) = (r1)f1 + ( ~ ~ ) f ~ ,  is also listed 
in Table I. The (7) increases with increasing DHE content 
at  31.4 "C but decreases with DHE content at  3.9 "C. In 
contrast, Schroeder et al. (1987) reported 7 is almost invariant 
with DHE content in the fluid state of 1-palmitoyl-2-oleoyl- 
phosphatidylcholine (POPC). 

Anisotropy Decay Measurement. The data of differential 
phase and demodulation ratio are fitted by the equation ( r ( t )  
= rle-f/ol + r2e-f/e2. In fitting the data, we fixed 81 = 10 000 
ns and let r ,  become the floating parameter. In this case, r ,  
is essentially the limiting anisotropy r,. It is judged from the 
reduced x 2  that, among other models tested, the equation r ( t )  
= rm + r2e-f/e2 best fits the data. Table I1 lists the fitted 
limiting anisotropy and rotational correlation times, 82,  for 
increasing DHE concentration in C( 18):C( 1O)PC. Table I1 
shows that the rm at 3.9 "C remains relatively constant near 
0.1 despite the increase in DHE. Figure 7a demonstrates the 
values from Table I1 for the effect of DHE content on 82  at 
3.9 "C. The 8 2  decreases monotonically from 1.8 ns at 1 mol 
% to 0.2 ns at 24 mol %, where at 27 mol % the 82 increases 
to 0.8 ns and decreases again above 27 mol %. 

Table 11 also shows the effect of DHE above the phase 
transition of C( 18):C( 1O)PC on the rm. Again, r ,  was found 
to be around 0.1. Figure 7b exhibits a steady increase in 82,  

as DHE content is increased from 0.39 ns at  2 mol % DHE 
until 0.99 ns for 24 mol 7% DHE. At 27 mol %, the 82 abruptly 
decreases to 0.47 ns. After 27 mol % DHE, O2 steadily in- 
creases. 

mol % DHE K,(M-') r0 (ns) k* (ns-l M-I) 
1 0.22 1.65 0.13 
2 0.27 1.69 0.16 
5 0.23 1.62 0.14 
9 0.23 1.54 0.15 

20 0.22 1.41 0.16 
"The fluorescence intensities at 375 nm were recorded and corrected 

for background signals and for volume changes. A,. = 325 nm. 

Acrylamide Quenching. The fluorescence intensity 
quenching of DHE in C( 18):C( I0)PC by acrylamide at 3.9 
OC give a linear Stern-Volmer plot at [acrylamide] <2 M for 
all the DHE/C( 18):C( 1O)PC samples examined (data not 
shown). Using the average lifetime listed in Table I and 
assuming a dynamic quenching mechanism, we can calculate 
the quenching rate constant, k*, by using the equation F"/F 
= 1 + k*~,[acrylamide]. The resulting k* values are listed 
in Table 111. k* is almost invariant (0.13-0.16 ns-' M-') with 
DHE content, indicating that the accessibility of DHE to 
acrylamide does not change significantly as the DHE content 
varies. 

DISCUSSION 
The DSC results show similar effects of DHE vs cholesterol 

on the phase behavior of C( 18):C(lO)PC. The phase transition 
of C( 18):C( 1O)PC can be abolished by about 27 mol % DHE 
(Figures 1 and 3); similarly, incorporation of about 25 mol 
% cholesterol eliminates the phase transition in the calorimetric 
scan of C( 18):C( lO)PC/cholesterol mixtures (Chong & 
Choate, 1989). Furthermore, the rates for the decrease in T,, 
To, and T, [Figure 4 in this paper and in Chong and Choate 
(1989)] in both systems (DHE vs cholesterol) are also similar 
(about -0.25 "C/mol % sterol). This is additional evidence 
showing that DHE resembles cholesterol in their physical and 
physiological properties as previously described in the intro- 
duction. Moreover, the decreasing rates of T,, To, and T, with 
increasing DHE content in C( 18):C( 1O)PC are significantly 
different from those of DHE in DMPC (Figure 5 ) :  -0.15 
OC/mol% DHE for DHE in DMPC and about -0.25 OC/mol 
% DHE for DHE in C( 18):C( 1O)PC. From this point of view, 
the phase transition of interdigitated lipids [e.g., C( 18):C- 
(1O)PCl is more sensitive to DHE than the phase transition 
of noninterdigitated lipids (e.g., DMPC). A similar conclusion 
has been obtained in the case of cholesterol in C(18):C(lO)PC 
(Chong & Choate, 1989). 

On the basis of calorimetric data on C(18):C( 1O)PC/ 
cholesterol mixtures, Chong and Choate (1989) proposed that 
cholesterol molecules insert into the mixed interdigitated 
structure of C( 18):C( 1O)PC and disrupt the coupling between 
the opposing leaflets in the highly ordered bilayer of C- 
(18):C(lO)PC at T < T,. In the present study, phase mod- 
ulation fluorometry was employed to verify earlier results on 
similar C( 18):C( lO)PC/DHE mixtures. The differential phase 
and demodulation method allows the rotational correlation 
time and the limiting anisotropy to be determined. These 
parameters reflect the volume available for DHE rotation and 
the hindrance experienced by DHE. 

The rotational correlation time O2 of DHE in C(18):C- 
(I0)PC at 3.9 OC decreases monotonically with increasing 
DHE content up to 24 mol % DHE (Figure 7a). Since the 
rotational correlation time is inversely proportional to the 
rotational rate, it can be concluded from Figure 7a that the 
rotation of DHE becomes faster as the content of DHE is 
increased up to 24 mol % due to the disordering/spacing effect 
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by DHE on the packing of originally highly ordered mixed 
interdigitated bilayers. This conclusion is in good agreement 
with that previously suggested by the DSC results in the case 
of cholesterol in C( 18):C( 1O)PC (Chong & Choate, 1989). 
The agreement suggests that this effect of disordering is not 
specific for cholesterol; any bulky, rigid, cholesterol-like 
molecules may disrupt the highly ordered mixed interdigitated 
bilayers to a similar extent. Although previous Raman 
spectroscopic studies (Huang et al., 1982, 1983) show that the 
hydrocarbon chains of pure C(18):C( 1O)PC in bilayers are 
highly ordered, even more ordered than the acyl chains of 
DMPC in the gel state, the data shown in Figure 7a and Table 
I1 indicate considerable rotation for DHE in the gel state of 
C( 18):C( 10)PC/DHE mixtures (Figure 7a). For example, 
1 mol % DHE in the gel state of C(18):C(lO)PC shows a 
rotational correlation time of 1.8 ns (Figure 7a and Table 11), 
whereas 0.9 mol 7% DHE in the gel state of DMPC has a 
comparable value of 1.4 ns (Smutzer, 1988b). This result 
echoes a recent study by Wong and Huang (1989), who used 
Fourier-transform infrared spectroscopy to show that the 
zigzag planes of the acyl chain of pure C(18):C(lO)PC at 
temperature < T,  have appreciable motions at  atmospheric 
pressure and that only raising pressure higher than 5.5 kbar 
will completely damp the motion of the acyl chain. The results 
shown in  the present study also suggest that at  1 atm, there 
is empty space around DHE for its rotation even in highly 
ordered interdigitated bilayers. It should be mentioned that 
it is not known yet whether C( 18):C( 1O)PC maintains a highly 
ordered mixed interdigitated lipid bilayer in the presence of 
DHE. However, this is probably true for the cases at low DHE 
concentrations (e.g., 1 mol 9%) since the calorimetric param- 
eters (Figures 1-4) show little differences between pure C- 
(1 8):C( 1O)PC and C( 18):C( 1O)PC containing 1 mol 5% DHE. 

Since pure C(18):C(lO)PC is in a disordered (Wong & 
Huang, 1989) partially interdigitated state at  31.4 OC, the 
increase in O2 with increasing DHE content between 2 and 24 
mol % at 31.4 OC (Figure 7b) reflects an ordering effect on 
membranes by DHE. In summary, DHE has a dual function 
on C( 18):C( 1O)PC: an ordering effect on lipid hydrocarbon 
chains at  temperature > T,  and a disordering/spacing effect 
at  temperature <T,. This situation is similar to cholesterol 
in symmetric diacylphosphatidylcholines (Cortijo et al., 1982). 

A more detailed description of the rotation of DHE requires 
the knowledge of the direction of the emission dipole moment. 
Smutzer et al. (1986) mentioned that the emission transition 
dipole is likely to lie nearly colinear with the long axis of the 
sterol. If the long axis of the sterol is the cylindrical symmetry 
axis (Chong et al., 1985), the limiting anisotropy of DHE in 
highly ordered mixed interdigitated C( 18):C( 1O)PC would 
have a high value approaching the fundamental anisotropy ro 
[ro = 0.36 (Smutzer et al., 1986), or 0.385 (Fischer et al., 
1985), or 0.37 at 325-nm excitation (Chong & Thompson, 
1986)]. Surprisingly, the limiting anisotropy values obtained 
in this study are much lower than the ro values. In fact, all 
the obtained limiting anisotropy values are below 0.13 (Table 
11). It should be pointed out that when the emission dipole 
moment is perpendicular to the cylindrical symmetry axis of 
the chromophore and the cylindrical symmetry axis is per- 
pendicular to the lipid bilayer normal, as is the case for pe- 
rylene, the limiting anisotropy should be low (Zannoni et al., 
1983; Chong et al., 1985). It is likely that DHE resembles 
the situation of perylene, in which the emission transition dipole 
is perpendicular to the cylindrical symmetry axis of the 
chromophore which is nearly perpendicular to the bilayer 
normal. In this case, r,  should equal 0 .19  where S is the order 
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parameter. The finding that r,  is below 0.13 (Table 11) may 
indicate that the order is essentially complete, and in this 
situation, the rotational rate should be more informative 
(Chong et al., 1985). If this is true, two rotations for DHE 
should be observed: the in-plane and out-of-plane rotations. 
The differential phase and demodulation ratio data are best 
fitted by the equation r ( t )  = r,  + r2e-'/02, suggesting that only 
one of the dominating rotations is recovered in our measure- 
ments. (Note that r, is greater than r2 + r - . )  Since the 
out-of-plane rotation is usually slower, the observed rotational 
correlation time, 02, should correspond to the out-of-plane 
rotation. The fast in-plane motion may be recovered by ex- 
tending the modulation frequency beyond 160 MHz. The 
out-of-plane motion requires free volumes around the fluoro- 
phore; thus, the rotational correlation time O2 shown in Table 
I1 and Figure 7 should reflect the changes in volume expe- 
rienced by DHE. Thus, the data shown in Figure 7a can be 
taken to indicate a disordering/spacing effect with increasing 
DHE content. 

The presence of two DHE lifetime components (Table I) 
in lipid bilayers may represent two different environments as 
suggested by Nemecz and Schroeder (1988), who pointed out 
that the lifetime of the shorter component (the major com- 
ponent) increases as the environmental polarity increases. Our 
data in Table I show that at 3.9 OC the lifetime of the shorter 
component decreases with increasing DHE content, thus im- 
plying that the polarity around DHE decreases as DHE 
content increases (Nemecz & Schroeder, 1988). The changes 
in the polarity around DHE may be due to the changes in the 
vertical position of chromophore (the ring structure of DHE) 
with respect to the surface of C(18):C(lO)PC. For example, 
sterol may be partially exposed in the aqueous medium at low 
concentrations and insert more deeper into the bilayer at high 
concentrations due to the disordering effect by sterols. 
However, the quenching data (Table 111) argue against this 
possibility since the accessibility of DHE to acrylamide, in 
terms of the quenching rate constant k*, seems to remain 
constant in the concentration region of 1-20 mol % DHE. An 
alternative explanation to the lifetime changes with DHE 
content is that DHE can form DHE-enriched domains in 
C( 18):C( 1O)PC. The number and the size of the DHE-en- 
riched domain may increase with increasing DHE content. 
The immediate environment around DHE must be different 
in different domains. Note that the formation of DHE-en- 
riched domains in phospholipid bilayers has been previously 
suggested (Smutzer & Yeagle, 1985; Chong & Thompson, 
1986). 

Both the DSC and fluorescence data clearly show that 
something happened at about 27 mol 7% DHE. The DSC peak 
is abolished at about 27 mol %. The rotational correlation time 
derived from fluorescence studies has an abrupt change be- 
tween 24 and 27 mol %. The peculiar phenomena at about 
27 mol 7% may be attributed to the reorganization of DHE in 
C( 18):C( lO)PC, in a manner similar to the interpretation on 
the changes in physical parameters near 20-30 mol % in 
noninterdigitated lipid membranes. Formation of chole- 
sterol-rich areas, cholesterol-cholesterol dimers, or chole- 
sterol-phospholipid complexes was previously suggested to 
explain peculiar changes in physical parameters near 20-30 
mol 7% sterol [reviewed in Houslay and Stanley (1982) and 
Hui (1988) and references cited therein]. Schroeder et al. 
(1987) noted that the limiting anisotropy and the rotational 
rate of DHE in the fluid state of POPC small unilamellar 
vesicles undergo abrupt changes near 33 mol 7% DHE. POPC 
under normal conditions is a noninterdigitated lipid. The 
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FIGURE 8: Model illustrating the disordering/spacing effect of in- 
creasing amounts of DHE in mixed interdigitated C( 18):C( 1O)PC 
bilayers. The wavy lines represent disordered acyl chains. 

peculiar phenomena at about 27 mol % DHE in C( 18):C- 
( 1O)PC cannot be attributed to fluorescence self-quenching 
since the peculiar behavior was also observed in DSC curves 
which are not governed by fluorescence properties. 

On the basis of the data presented in this paper, the in- 
teraction of DHE with mixed interdigitated C( 18):C( 1O)PC 
lipids can be depicted in Figure 8. The conclusion that DHE 
causes a disordering effect on the packing of the mixed in- 
terdigitated bilayers echoes the idea (Chong & choate, 1989) 
that sterols may have a function in preventing lipids from 
forming highly ordered interdigitated structures in natural 
membranes. However, whether C( 18):C( 1O)PC maintains an 
interdigitated structure in the presence of DHE and whether 
DHE interdigitates with C(18):C(lO)PC remain to be ex- 
plored. 

Registry No. C(l8):C(lO)PC, 1751 1-04-5; DHE, 516-85-8. 
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ABSTRACT: Three cDNAs, designated IIA3, I I A ~ v ,  and IIA4, coding for P450s in the CYP2A gene subfamily 
were isolated from a Xgtl 1 library prepared from human hepatic mRNA. Only three nucleotide differences 
and a single amino acid difference, Leulm - His, were found between IIA3 and I I A ~ v ,  indicating that they 
are probably allelic variants. IIA4 displayed 94% amino acid similarity with IIA3 and IIA3v. The three 
cDNAs were inserted into vaccinia virus, and recombinant viruses were used to infect human hepatoma 
Hep G 2  cells. Only IIA3 was able to produce an enzyme that had a reduced CO-bound spectrum with 
a A,,, at 450 nm. This expressed enzyme was able to carry out coumarin 7-hydroxylation (turnover number 
of 15 min-l) and ethoxycoumarin 0-deethylation. cDNA-expressed IIA3v and IIA4 failed to incorporate 
heme and were enzymatically inactive. Analysis of IIA proteins in human liver microsomes, using antibody 
against rat IIA2, revealed two proteins of 49 and 50 kDa, the former of which appeared to correlate with 
human microsomal coumarin 7-hydroxylase activity. A more striking correlation was found between IIA 
mRNA and enzyme activity. The rat antibody was able to completely abolish coumarin 7-hydroxylase activity 
in 12 liver samples. In addition, kinetics of coumarin metabolism in two livers were monophasic over the 
substrate concentration tested. K ,  values obtained from human liver (2.3 pM) were similar to those obtained 
from lysates of hepatoma cells expressing IIA3 (3.6-7.1 pM). These data establish that the CYPZA3 gene 
product is primarily responsible for coumarin 7-hydroxylase activity in human liver. The level of expression 
of this activity varied up to 40-fold between livers. Levels of IIA mRNA also varied significantly between 
liver specimens, and three specimens had no detectable mRNA. 

Cy tochrome  P45Os' are the principal enzymes involved in 
the metabolism of foreign compounds including drugs, car- 
cinogens, plant metabolites, and environmental contaminants. 
Nine P450 gene families exist in mammals (Nebert et al., 
1989). The CYP2 family is composed of eight subfamilies, 
some of which contain a number of P450s. The enzymes 
within these subfamilies catalyze the oxidation of numerous 
chemicals. Many of these enzymes are also species-specific. 
Species specificity can be illustrated by analyzing the me- 
tabolism. of androgenic steroids. These reactions are not 
thought to be of physiological importance but may simply 
reflect the similarities in basic structures of steroids and 
plant-derived chemicals or stress metabolites, phytoalexins. 
P450s in rodents oxidize testosterone at numerous positions 
(Waxman, 1988) whereas human P450s produce primarily the 
6@-hydroxytestosterone metabolite (Waxman et al., 1988). On 
the basis of these and other known species-specific metabo- 
lisms, it is becoming more important to characterize human 
P450s. Indeed, several P450 forms have been purified from 
human liver specimens (Distlerath & Guengerich, 1987). This 
direct approach is rather difficult for most laboratories due 
to the dearth of human liver specimens, the genetic heterog- 
eneity between different livers, and the difficulty in purifying 
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these enzymes, particularly those present at low levels. 
Human P450s can also be characterized through cDNA 

cloning and expression. Antibodies and cDNA probes against 
rat P450s and P450 mRNAs, respectively, can be used to 
isolate the cDNAs from human liver libraries. Due to se- 
quence similarities and multiplicity of P450s within gene 
subfamilies, a single rodent probe can identify multiple human 
cDNAs. 

Previously, we used the rat IIAl cDNA (Nagata et al., 
1987) to isolate a cDNA from a human liver Xgtl 1 library. 
The complete sequence of IIA3 was recently reported by us 
(Yamano et al., 1989b) and others (Miles et al., 1989). In 
the present report, the sequences of two additional variants 
of IIA3, one of which has an amino acid substitution, desig- 
nated I I A ~ v ,  and a cDNA corresponding to a second gene 

The nomenclature used in this report is that described by Nebert et 
al. (1989). The proteins and mRNAs are designated IIA3, I I A ~ v ,  and 
IIA4. The IIA3 cDNA, characterized in the present study, appears to 
be an allelic variant of that cDNA isolated in an earlier report (Yamano 
et al., 1989b). Since the deduced protein sequences of these two cDNAs 
are identical, we chose not to designate them with different names in the 
present report. The IIA3v cDNA displays only three nucleotide differ- 
ences and one amino acid difference with the IIA3 cDNA characterized 
in this study; therefore, these cDNAs also are probably allelic variants. 
However, since IIA3v contains an amino acid difference (LeulM, - His) 
and could not be expressed into active P450, we chose to call it a variant 
(IIA3v variant). The genes encoding IIA3/IIA3v and IIA4 mRNAs are 
designated CYPZA3 and CYP2A4, respectively. 
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