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ABSTRACT: X-ray diffraction analysis has been performed on a series of 1 -palmitoyl-2-dibromostearoyl- 
phosphatidylcholines (BRPCs) with bromine atoms a t  the 6,7-, the 11,12-, or the 15,16-positions on the 
sn-2 acyl chains. The diffraction patterns indicate that, when hydrated, each of these lipids forms liq- 
uid-crystalline bilayers at 20 OC. For each lipid, electron density profiles and continuous Fourier transforms 
were calculated by the use of swelling experiments. In the electron density profiles, high-density peaks, 
due to the bromine atoms, are observed. The separation between these bromine peaks in the profile decreases 
as the bromine atoms are  moved toward the terminal methyl of the acyl chain. For the 6,7- and 11,12- 
bromolipids, experimental Fourier transforms can be approximated by the sum of the transform of 1- 
palmitoyl-2-oleoylphosphatidylcholine (POPC) and the transform of two symmetrically placed peaks of 
electron density (the bromines). For the case of the 15,16-bromolipids, a better fit is obtained for the 
transforms of a model bilayer where the thickness of the methylene chain region of the bilayer is 3 8, greater 
than that of POPC. Our analysis indicates the following: (1) for each of these bromolipids, the bromines 
are well localized in the bilayer; (2) the distance of the bromines from the head-group-hydrocarbon boundary 
are  3.5, 8.0, and 14 A, for 6,7-, 11,12-, and 15,16-BRPC, respectively; (3) the bilayer thickness and 
perturbation to bilayer hydrocarbon chain packing caused by the bromine atoms depend on the position 
of the bromines on the hydrocarbon chain. 

A l t h o u g h  many important functions are associated with cell 
membranes, our understanding of these processes has been 
hampered by the lack of high-resolution techniques for de- 
termining the three-dimensional structure of membrane pro- 
teins (Eisenberg, 1984), and only recently has there been a 
complete X-ray crystallographic analysis of an integral mem- 
brane protein (Deisenhofer et al., 1985). Both X-ray and 
neutron diffraction have been applied to membrane proteins 
in partially ordered structures, for example, cytochrome bS in 
oriented stacks of membranes, and in these studies, the reso- 
lution is sufficient to locate the protein mass within the bilayer 
(Gogol & Engelman, 1984; Rzepecki et al., 1986). Low- 
resolution structural information on membrane proteins can 
also be obtained by nuclear magnetic resonance (Smith & 
Oldfield, 1984) and by fluorescence techniques, the latter 
having the advantage that fluorescence is inherently very 
sensitive. Three recent reports and reviews (London, 1982; 
Kleinfeld, 1985; Blatt & Sawyer, 1985) have described the 
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use of fluorescence quenching or fluorescence energy transfer 
to determine the structure, and other properties, of membrane 
proteins. These techniques have been most commonly used 
to determine the depth of protein-bound fluorophores within 
the membrane bilayer. 

To determine the depth of the fluorophore, a series of probes 
which have a quencher or energy acceptor attached to different 
positions of a hydrocarbon backbone is used. The spin-labeled 
fatty acids (London, 1982) or the anthroyloxy fatty acids 
(Kleinfeld, 1985; Blatt & Sawyer, 1985) are commonly used. 
These probes are incorporated into membranes which also 
contain the protein under investigation. The simple assumption 
is that the most efficient quenching or energy transfer will 
occur when the quencher or acceptor and the protein fluoro- 
phore are at the same depth in the membrane. The extrap- 
olation of this type of observation to a prediction of the depth 
of the protein-bound fluorophore requires that the depth of 
the quencher or acceptor be precisely known. The depths, in 
the membrane, of the spin-labeled fatty acid quenchers and 
the anthroyloxy-labeled fatty acid acceptors have been de- 
termined by a variety of techniques [reviewed in London 
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(1982) and Blatt & Sawyer (1985)l. Many of these tech- 
niques are rather indirect, have used higher probe concen- 
trations than are usually used in fluorescence measurements, 
and are not very precise. 

In our ongoing studies of cytochrome b5, we have synthesized 
a series of brominated phosphatidylcholines (BRPC),’ with 
bromine atoms at  different positions on the sn-2 acyl chain 
(Markello et al., 1985; Everett et al., 1986). These lipids have 
been used to determine the depth, in the membrane, of the 
fluorescent tryptophan which resides in the membrane binding 
domain of the cytochrome. Other groups have also used 
brominated lipids as fluorescence quenchers (East & Lee, 
1982; Ludi et al., 1985; Jain & Maliwal, 1985). The use of 
BRPCs as quenchers overcomes many of the problems asso- 
ciated with other quenching species. The membrane can be 
made completely from BRPC, and so the problems of the 
location of the quencher in the lateral plane of the membrane 
are avoided. Partitioning between aqueous and membrane 
compartments (Everett et al., 1986) and movement from one 
monolayer to the other, which is seen with anthroyloxy fatty 
acids (Storch & Kleinfeld, 1986), will not occur, and finally, 
bromine atoms would be expected to be minimally perturbant 
of the membrane. In support of this last assumption, it was 
shown that dimensions of sonicated vesicles prepared from 
BRPCs were similar to those prepared from 1 -palmitoyl-2- 
oleoylphosphatidylcholine (POPC) (Markello et al., 1985). 
Although the precise mechanism of quenching of BRPCs is 
not known, they, like the spin-labeled quenchers (London, 
1982), act over a very short distance, in contrast to the 
long-range effects of the energy-transfer quenchers. As a 
result, a membrane-bound fluorophore will only be quenched 
by lipid molecules in its immediate environment. In our 
previous studies with cytochrome b5, we suggested that this 
property would enable the determination of the depth of 
tryptophans of this protein relative to the immediate lipid 
environment and so locate this protein relative to its “boundary 
lipid” (Markello et al., 1985). Finally, a major advantage of 
bromine as a quencher is its high electron density, which 
enables the position of bromine atoms in the membrane to be 
determined by X-ray techniques (Franks et al., 1978; Lytz et 
al., 1984). 

This report uses X-ray techniques to determine the bilayer 
structure and localization of the bromine atoms for three lipids 
with bromines at different positions along the hydrocarbon 
chains. The lipids studied are 1 -palmitoyl-2-dibromo- 
stearoylphosphatidylcholines (BRPCs) with the bromines lo- 
cated at the 6- and 7-positions (6,7-BRPC), l l -  and 12-pos- 
itions (1 1,12-BRPC), and 15- and 16-positions (15,16-BRPC). 
Our analysis indicates that all of these lipids form bilayers with 
the bromine atoms well localized in the hydrocarbon regions. 
The approximate distances of the pair of bromines from the 
bilayer centers are 11, 6.5, and 2 8, for 6,7-BRPC, 11,12- 
BRPC, and 15,16-BRPC, respectively. The dimensions of the 
bilayer also depend on the location of the bromine atoms. The 
bilayer widths are the same to within 1 8, for POPC, 6,7- 
BRPC, and 1 1,12-BRPC. However, the width of the 15,16- 
BRPC bilayer is about 3 8, wider than the POPC bilayer. 

These results confirm our previous conclusions as to the 
location of the tryptophans of cytochrome b5 (Markello et al., 
1985; Everett et al., 1986). In addition, we suggest that these 
brominated lipids could be used to *calibrate” other probe 

M C I N T O S H  A N D  H O L L O W A Y  

molecules which could then be used as “secondary” standards 
in depth measurements on membrane proteins. 

MATERIALS AND METHODS 
Synthesis of Brominated Lipids. The different 1 -palmito- 

yl-2-dibromostearoylphosphatidylcholines were prepared and 
characterized as described previously (Markello et al., 1985). 
In brief, the corresponding octadecenoic acid was converted 
to the dibromide which was then used to reacylate 1- 
palmitoylglycerophosphocholine by the procedure of Boss et 
al. (1975). The 6- and 1 1-octadecenoic acids were obtained 
from Nu Check Prep Inc., Elysian, MN. The 15-octadecenoic 
acid was prepared from cis- 1 1 -tetradecenol (Sigma Chemical 
Co., St. Louis, MO) by two cycles of malonic ester synthesis. 
By differential scanning calorimetry, the 6,7- and 11,12- 
BRPCs had no phase transitions between 5 and 50 OC, whereas 
the 15,16-BRPC had a broad transition centered at 14 OC. 

X-ray Diffraction. Specimens for X-ray diffraction analysis 
were made by adding measured amounts of triply distilled 
water, in the range of 10-40% by weight, to dry lipid in a 
conical glass reaction vial. These suspensions were covered 
with nitrogen, sealed, and allowed to equilibrate at room 
temperature for at least 24 h. The specimens were then sealed 
in a quartz glass X-ray capillary tube and mounted in a pinhole 
collimation X-ray camera with three or more sheets of Kodak 
DEF-5 X-ray film in a flat-plate film cassette. The specimen 
to film distance was 10 cm, and exposure times were between 
5 and 15 h. All experiments were performed at ambient 
temperatures, 20 f 2 ‘C. Films were processed by standard 
techniques and densitometered with a Joyce-Loebl micro- 
densitometer, Model MK IIIC. The background curve was 
subtracted and integrated intensities, Z(h) ,  where h is the 
diffraction order, were obtained as previously described 
(McIntosh, 1980). For these experiments with unoriented 
suspensions, the structure amplitude, IF(h)l, for each order 
h was set equal to [h2Z(h)]’I2. Continuous transforms were 
calculated by use of the sampling theorem (Shannon, 1949; 
Worthington et al., 1973). For the BRPCs, the values of the 
structure amplitudes at  the origin of reciprocal space were 
calculated by the formalism of King and Worthington (1971). 
The phase angles and value of F(0)  used for POPC were 
equivalent to those determined for egg phosphatidylcholine 
(Torbet & Wilkins, 1976; McIntosh & Simon, 1986), since 
the intensity distribution and repeat periods are very similar 
for these two lipids. 

RESULTS 
For all lipids studied, POPC, 6,7-BRPC, 11,12-BRPC, and 

15,16-BRPC, the X-ray diffraction patterns consist of 4-6 
orders of a lamellar repeat period and a single broad wide- 
angle band centered at approximately 4.5 8,. This means that, 
at 20 OC, these lipids all form liquid-crystalline lipid bilayers 
(Tardieu et al., 1973). The repeat period and intensity dis- 
tribution both depend on the type of lipid and water content. 
Structure factors for a series of swelling experiments for 6,7-, 
1 1,12-, and 15,16-BRPC are shown as closed circles in Figure 
1. For each lipid, there are several sets of structure factors 
corresponding to repeat periods obtained at different water 
contents. For each of these lipids, the phase angles were 
determined, as done previously (McIntosh et al., 1983, 1984; 
Blaurock & McIntosh, 1986), by calculating continuous 
transforms (Shannon, 1949) for each data set, for each possible 
phase combination, and choosing the phase combination which 
gave the closest agreement among the transforms. The solid 
lines in Figure 1 are the mean of the transforms calculated 
for all data sets with the correct phase combination, and the 

I Abbreviations: PC, phosphatidylcholine; POPC, 1 -palmitoyl-2- 
oleoylphosphatidylcholine; BRPC, I-palmitoyl-2-dibromostearoy1- 
phosphatidylcholine; 6,7-, 11,12-, and 15,16-BRPC, BRPC with the 
bromine atoms at the designated positions. 
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FIGURE 1 : Structure factors and continuous Fourier transforms for 
6,7-, 1 l,l2-, and 15,16-BRPC. The circles represent observed structure 
factors for a series of swelling experiments-3, 5 ,  and 5 data sets for 
6,7-BRPC, 11,12-BRPC, and 15,16-BRPC, respectively. The solid 
curves are mean values of transforms for these data sets, and the dotted 
curves show i 1  standard deviation. 

dotted lines represent plus and minus 1 standard deviation 
calculated at each point in reciprocal space. The transforms 
for 6,7-BRPC extend to higher values of reciprocal space than 
the other lipids, since more diffraction orders were recorded 
with this lipid. Notice that the shape of the transform varies 
considerably as a function of position of the bromine atoms 
on the hydrocarbon chains (Figure 1). 

Figure 2 shows typical electron density profiles for POPC, 
6,7-BRPC, 1 1,12-BRPC, and 15,16-BRCP. For each profile, 
the geometric center of the bilayer is a t  the origin, 0 A, and 
the high-density peaks centered at about A20 A correspond 
to the lipid head groups. Electron density profiles calculated 
by using all of the data sets presented in Figure 1 give the 
following values for the distance (mean f standard deviation) 
between head-group peaks: 40.0 f 0.9 A (n = 3 experiments) 
for 6,7-BRPC; 39.5 f 0.9 A (n = 5)  for 11,12-BRPC; 41.6 
f 0.3 8, (n = 5) for 15,16-BRPC; and 39.0 A (n = 1) for 
POPC. The medium electron density regions at  the outer 
edges of each profile correspond to the water layers between 
adjacent bilayers. The regions of the profiles between the 
head-group peaks and the center of the bilayer correspond to 
the lipid methylene chains. Clearly, the shape and relative 
density of the methylene chain regions depend on the position 
of the bromine atoms along the hydrocarbon chain. For the 
control POPC bilayer, with no bromine present, the methylene 
chain region is a t  an intermediate density between the head- 
group peak and the low-density trough in the geometric center 
of the bilayer which corresponds to the localization of the lipid 
methyl groups. For 6,7-BRPC, there are additional high- 
density peaks, presumably caused by the bromine atoms, lo- 
cated at about f 1 3  A. For 11,12-BRPC, the additional 
high-density peaks in the profile caused by the bromine are 
centered at about f 7  A. This profile is similar in shape to 
profiles calculated for l-palmitoyl-2-bromopalmitoyl-PC, 
where the sn-2 chain is brominated at either the C-9 or the 
C-10 position (Lytz et al., 1984). In the 15,16-BRPC profile, 

Angstroms 

FIGURE 2: Electron density profiles for POPC, 6,7-BRPC, 11,12- 
BRPC, and 15,16-BRPC. The geometric center of each bilayer is 
at the origin (0 A). 
the terminal methyl trough' is replaced by a broad peak cen- 
tered at  the origin. Thus, the location of the high-density 
bromine peaks is a function of the position of the bromine 
atoms on the hydrocarbon chain. 

To determine as accurately as possible structural changes 
produced by the incorporation of bromine, we performed 
modeling studies. The first objective was to see if the observed 
changes in continuous transform (Figure 1) could be modeled 
by simply adding electron density, due to the bromine atoms, 
at discrete positions in the POPC bilayer. The electron density 
distribution of the bromine atoms was modeled in a manner 
similar to that of Franks et al. (1978). It was assumed that 
the pair of bromine atom in each labeled hydrocarbon chain 
could be approximated by two Gaussian distributions of height 
B ,  width u, and distances +s and -s from the bilayer center. 
That is, the bromine atoms in the bilayer were approximated 
by an electron density function 

PBr(X) = B ex~l-[(x + s>/u12f  + B expH(x - s ) /u12f  (1) 

whose Fourier transform is 

FB~(;Y) = 2 ~ 2 / 7 u  exp[-(~xa)21 cos (27r~s) (2) 

The procedure was to determine if the parameters B, u, and 
s could be chosen so that when FB,(X) was added to the POPC 
continuous transform, Fmpc(X), it would produce transforms 
similar to the experimental transforms of Figure 1. The height 
of the Gaussian, B,  was chosen so that experimental and model 
transforms matched at the origin of reciprocal space. The 
parameters u and s were varied in increments of 1 and ' I 2  A, 
respectively, until the best match of experimental and con- 
tinuous transforms was obtained. This match was more sen- 
sitive to variations in s than to variations in a. Figure 3 shows 
the continuous transforms FBr(X) and Fpopc(X) and the total 
transform 

(3) F T , ( ; Y )  = FPOPC(;Y) -k FBr(X) 

that gave the best fits to the experimental transforms of Figure 
1. Figure 4 shows the model transforms, FT,(X),  compared 
to the experimental transforms for 6,7-BRPC, 11,12-BRPC, 
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o 0.02 0.04 0.06 0.08 0.10 0.12 

FIGURE 3: Continuous transforms for POPC (solid lines), bromine 
atoms in the bilayer (dotted lines), and total calculated transform, 
F T ~ ( X )  = Fppp~(X) + (dashed lines). In FB,(X), the distance 
of the bromine peaks from the bilayer center, s, is 11, 6.5, and 2 %, 
for 6,7-, 11,12-, and 15,16-BRPC, respectively. 

and 15,16-BRPC. For each of the three model transforms, 
D was 4 A. The best fits for F,,(X) to the experimental 
transforms were s = 11, 6.5, and 2 b; for 6,7-BRPC, 11,12- 
BRPC, and 15,16-BRPC, respectively. 

In general, this simple modeling procedure was able to 
approximate the shapes of the observed transforms for 6,7- 
BRPC and 11,12-BRPC (Figure 4). However, there was 
significant mismatch between the model and experimental 
transforms for 15,16-BRPC (Figure 4). That is, no choice of 
D and s was able to produce a model transform F,,(X) which 
matched closely the experimental transform for 15,16-BRPC. 
The most likely explanation for this discrepancy is that the 
width of the bilayer is greater for 15,16-BRPC than for POPC, 
as indicated by the electron density profiles (Figure 1). To 
test this idea, a second set of modeling experiments was per- 
formed. In this procedure, we set 

(Angstroms)-' 

F T ~ ( X )  = FBr(X)  + FsT(X) (4) 

where FBr(X) is the same function as defined in eq 2, and 
FST(X) is the Fourier transform of a one-dimensional electron 
density strip model (Worthington, 1969). Strip models have 
often been used in diffraction analysis of membranes and lipid 
bilayers (Worthington & Blaurock, 1969; Franks et al., 1982; 
King et al., 1984; McDaniel & McIntosh, 1986). The strip 
model we chose has five uniform density strips corresponding 
to the terminal methyl region in the center of the bilayer, two 
methylene chain regions, and two head-group regions. W e  
started with strip widths and densities similar to previous 
studies (Franks et al., 1982; King et al., 1984; McDaniel & 
McIntosh, 1986) and then varied the bilayer width by sys- 
tematically changing the thickness of the strip corresponding 
to the methylene chain region of the bilayer in increments of 

A. The electron densities and widths of the other strips 
were kept constant and are given in the legends to Figure 5.  
The bilayer parameters obtained from these calculations are 
shown in Table I .  Comparisons of the observed and model 
transforms as calculated from eq 4 are shown in Figure 5. We 

6,7 BRPC h 6,7 BRPC 

o 0.02 0.04 0.06 0.08 0.10 0.12 

FIGURE 4: Observed (solid lines) and calculated transforms, F T I ( X )  
(dashed lines), for 6,7-BRPC, 11,lZBRPC, and 15,16-BRPC. 

(Angstroms)'' 

I V  

0 0.02 0.04 0.06 0.08 0.10 0.12 
(Angstroms )-' 

FIGURE 5 :  Observed (solid lines) and calculated transforms, FT2(X) 
(dotted lines), for 6,7-BRPC, 11,12-BRPC, and 15,16-BRPC. Electron 
density strip models were used to calculate FT2(X) .  All models have 
five uniform density strips corresponding to the terminal methyl region, 
two methylene chain regions, and two head-group regions, with electron 
densities of 0.25, 0.32, and 0.44 electron/A3, respectively. For 6,7- 
and Il,lZBRPC, the widths are 7, 11, and 10 A for the terminal 
methyl, methylene chain, and head-group regions, respectively. For 
15,16-BRPC, the widths for these three strips are 7, 12.5, and 10 A. 

used the values of D and s as shown in Figure 3. The closest 
agreement between experimental and model transforms is 
obtained when the total bilayer thickness, db, is equal to 49, 
49, and 52 8, for 6,7-BRPC, 1 1,12-BRPC, and 15,16-BRPC, 
respectively. For each of these lipids, the total bilayer 
thickness, as estimated by the electron density strip models, 
is about 10 A larger than the head-group peak separation in 
the electron density profile (Figure 2). Thus, both the electron 
density profiles and this model calculation indicate that the 
bilayer thickness depends on the location of the bromine atoms, 
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Table I: Bilayer Dimensions 
bromine distance from 

hydrocarbon bromine distance head-group/hydrocarbon 
thickness, dhc from bilayer center, s boundary, (dh,/2) - s 

lipid bilayer thickness, db (A) (4 (A) (A) 
POPC 
6,7-BRPC 
1 lI12-BRPC 
15.16-BRPC 

49 
49 
49 
52 

29 
29 
29 
32 

11.0 
6.5 
2.0 

3.5 
8.0 

14.0 

with the bilayer being widest in 15,16-BRPC, where the 
bromines are near the terminal methyl end of the chain. 

DISCUSSION 
Both the electron density profiles (Figure 2) and the model 

calculations (Figures 3-5 and Table I) provide three pieces 
of information which should be useful for experiments where 
brominated lipids are used as probes. First, the bilayers formed 
from BRPCs are similar in structure to bilayers made from 
unbrominated lipids, such as POPC. As measured both by 
head-group peak separation in the electron density profile and 
as total width of the strip models (Table I), the bilayer 
thicknesses for POPC, 6,7-BRPC, and 11,12-BRPC are ap- 
proximately the same, to within about 1 A, whereas 15,16- 
BRPC forms bilayers which are about 3 8, thicker. Second, 
the bromine atoms appear to be well localized in the bilayer 
interior. Discrete peaks appear in electron density profiles for 
6,7-BRPC and 11 ,12-BRPC which are caused by the presence 
of the bromine atoms (Lytz et al., 1984). For 15,16-BRPC, 
a single high-density bromine peak is observed centered at the 
geometric center of the bilayer. In this case, bromine labels 
from apposing monolayers are close enough that the individual 
peaks for each monolayer are not resolved in the profile. The 
modeling calculations indicate that for 15,16-BRPC the bro- 
mine labels are only about 2 8, from the geometric center of 
the bilayer (Table I), so that the bromines from apposing 
monolayers are separated by 4 A, less than the resolution of 
the electron density profiles, d/2hm,, N 7 8,. The modeling 
studies quantitatively show that the bromine labels are well 
localized, as they indicate for each of the three lipids that the 
half-width of the bromine peak is about 4 A. Lytz et al. (1984) 
calculated, on the basis of the radius of Br and the distance 
between adjacent positions on the hydrocarbon chains, that 
the projected width of the pair of bromine atoms on each chain 
should be about 3.9 8,. Third, this analysis gives accurate 
estimates for the location of the bromine labels for the three 
lipids (Table I). The electron density profiles and model 
calculations are in general agreement on the location of the 
labels. However, the modeling calculations give more reliable 
estimates of the positions of the labels since in the electron 
density profiles the label peaks overlap in the case.of 15,16- 
BRPC, as discussed above, and the head group and bromine 
peaks partially overlap in the case of 6,7-BRPC (Figure 2). 
The model calculations are also preferable in comparing the 
structural parameters for the different lipids, since the profile 
for 6,7-BRPC is at a higher resolution than the other profiles. 
In Table I, the right-hand column gives the distance from the 
center of the Gaussian distribution for each pair of bromine 
atoms (eq 1) to the edge of the boundary between the head- 
group and methylene chain regions in the electron density strip 
model. The location of this boundary relative to the bromolipid 
molecules is difficult to define precisely, although previous 
extensive model studies have shown that, for dioleoyl- 
phosphatidylcholine in the liquid-crystaltine phase, the 
boundary occurs near the C-2 carbon (King & White, 1986). 

The dimensions presented in Table I provide further in- 
formation on the structure of these liquid-crystalline bilayers. 

For instance, consider the distance of the bromine atoms from 
either the bilayer center or the head-group/hydrocarbon 
boundary. The difference in both of these distances between 
6,7-BRPC and 11,12-BRPC is 4.5 A, or an incremental dis- 
tance of 0.9 8, per CH2 group. This is in excellent agreement 
with the results of Lewis and Engleman (1983), who measured 
bilayer thickness of liquid-crystalline PCs, one series with both 
acyl chains saturated and the other series with both acyl chains 
monounsaturated. For both of these classes of lipids, they 
found an increment in bilayer thickness of about 0.9 8,/CH2 
group [see Figure 3 of Lewis & Engleman (1983)l. Thus, for 
both 6,7-BRPC and 11,12-BRPC, the thickness per CH2 of 
the sn-2 chain group is typical for liquid-crystalline bilayers. 

The situation is more complicated in the case of 15,16- 
BRPC for two reasons. First of all, the bilayer thickness is 
greater for 15,16-BRPC than for 6,7-BRPC, 11,12-BRPC, or 
POPC. Second, the difference in distance between the position 
of the bromines in 15,16-BRPC and in 6,7-BRPC (or 11,12- 
BRPC) is different as measured from the bilayer center than 
as measured from the head-group/hydrocarbon boundary (see 
Table I). For example, the difference in distance between the 
bromines in 11,lZBRPC and 15,16-BRPC is 4.5 8, as mea- 
sured from the bilayer center and 6.0 8, as measured from the 
head-group/hydrocarbon boundary. The most likely reason 
for this difference is that in 15,16-BRPC there is less disorder 
in the hydrocarbon chain packing from the head group to the 
bromine atoms than there is from the bromine atoms to the 
center of the bilayers. The data are not sufficient to completely 
specify the chain packing in 15,16-BRPC. However, by using 
some reasonable assumption, we can make a rough calculation 
of the incremental width per CH2 group in 15,16-BRPC. We 
assume the following: (1) the head-group conformation is 
similar for all of the bromolipids, so that the head-group/ 
hydrocarbon interface is in the same position along the sn-2 
chain for 6,7-, 11,12-, and 15,16-BRPC; (2) the hydrocarbon 
chains do not interdigitate in the center of the bilayer; (3) the 
distance between apposing terminal methyl groups is twice the 
separation of adjacent methylenes, since, in the liquid-crys- 
talline state, the volume of a CH3 group is about twice the 
volume of a CHI group (Blaurock & Nelander, 1979); and 
(4) the centers of the mass of the bromine atoms for 6,7-, 
11,12-, and 15,16-BRPC are a t  carbons 6.5, 11.5, and 15.5, 
respectively. Using our previous result that the increment per 
CH2 group is 0.9 A/CH2 for both 6,7- and 1 I,12-BRPC, we 
can set up equations to determine the increment per CH2 for 
15,16-BRPC. As measured from the bilayer center, the sep- 
aration between bromine peaks for 6,7-BRPC and 15,16- 
BRPC is given by 

(5) 12.5(0.9 A/CH2) - 3.5Y = 9 A 
and the separation between bromine peaks for 1 1,12-BRPC 
and 15,16-BRPC is given by 

7.5(0.9 A/CH2) - 3.5Y = 4.5 A (6) 

where Y is the increment per CH2 group for 15,16-BRPC as 
measured from the bilayer center. Note that, following as- 
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sumption 3, we have added an extra CH2 increment to cor- 
respond to the distance between the terminal methyl group 
and the bilayer center. Both eq 5 and eq 6 are solved by Y 
= 0.64 A/CH2. Next, consider the separation between bro- 
mine peaks relative to the head-group/hydrocarbon interface. 
Using the calculated value of 0.9 A/CH2 for both 6,7- and 
11,12-BRPC, we find that for both of these lipids the interface 
is located between carbons C-2 and C-3. Assuming the in- 
terface is in the same location for 15,16-BRPC, we calculate 
that 6,7-, 11,12-, and 15,16-bromine atoms are 3.9, 8.9, and 
12.9 CH2 groups from the interface. Therefore, if we let Z 
= the increment per CH2 group of the 15,16-bromine atoms 
from the head-group/hydrocarbon interface, the difference 
in distance from this interface for 6,7- and 15,16-BRPC is 
given by 

12.92 - 3.9(0.9 A/CH2) = 10.5 A 

12.92 - 8.9(0.9 A/CH2) = 6.0 A 

(7) 

and for 1 1,12- and 15,16-BRPC is given by 
(8) 

Both eq 7 and eq 8 are solved by Z = 1.09 A/CH,. Thus, 
these calculations lead to a packing model for 15,16-BRPC 
where the increment per CHI group from the head group to 
the bromine atoms is about 1.1 A/CH2, whereas the increment 
per CH2 group from the bromine atoms to the bilayer center 
is only about 0.6 A/CH2. These numbers can be compared 
to the increments for a typical liquid-crystalline lipid of about 
0.9 A/CH, (Lewis & Engelman, 1983) and for a gel-state lipid 
of 1.25 A/CH2. Thus, in 15,16-BRPC, there is relatively 
ordered packing from the head group to the bromine atoms, 
with quite disordered chain packing in the center of the bilayer. 
The more orderly (more “gel-like”) packing for most of the 
hydrocarbon chain region would explain why 15,16-BRPC 
forms a wider bilayer and melts at a higher temperature in 
comparison to POPC, 6,7-BRPC, and 11,12-BRPC. 

Our observations on bilayer widths as a function of position 
of the bromine labels can be related to previous studies. Barton 
and Gunstone (1 975) found, for a series of positional isomers 
of 1,2-dioctadecenoyl-sn-phosphatidylcholines, that the main 
transition temperature, enthalpy of transition, and spin-lattice 
relaxation times depend strongly on the position of the double 
bond. They found enhanced molecular motion about the 
middle of the chain and, in particular, found that the degree 
of disorder of the lipid chains is greater when the double bond 
is in the 9,lO-position than when it is in the 4,5- or 15,16- 
positions (Barton & Gunstone, 1975). Previous studies on 
bilayers have shown that the bilayer width decreases above 
the phase transition, over and above that decrement due to 
a change in the angle of tilt of the lipid chains to the bilayer 
normal, as the chains become more disordered (Seelig & 
Seelig, 1974; Zaccai et al., 1979), and that lipids with un- 
saturated chains are more disordered (Levine et al., 1972) and 
have a smaller bilayer width than bilayers of fully saturated 
lipids (Lewis & Engelman, 1983). Therefore, our observation 
that the bilayer width for 15,16-BRPC is greater than that 
of either 6,7-BRPC or 11,12-BRPC is expected from the 
placement of the perturbing bromine atoms closer to the end 
of the acyl chain rather than near the middle of the chain. 

Registry No. 6,?-BRPC, 81 138-96-7; 11,12-BRPC, 961 10-16-6; 
15,16-BRPC, 961 10-17-7. 
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