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ABSTRACT: Calorimetric and X-ray diffraction data are reported for two series of saturated mixed-chain
phosphatidylcholines (PCs), 18:0/n:0-PC and n:0/18:0-PC, where the sn-1 and sn-2 fatty acyl chains on
the glycerol backbone are systematically varied by two methylene groups from 18:0 to 10:0 (n = 18, 16,
14, 12, or 10). Fully hydrated PCs were annealed at —4 °C and their multilamellar dispersions characterized
by differential scanning calorimetry and X-ray diffraction. All mixed-chain PCs form low-temperature
“crystalline” bilayer phases following low-temperature incubation, except 18:0/10:0-PC. The subtransition
temperature (T;) shifts toward the main (chain melting) transition temperature (T,,) as the sn-1 or sn-2
fatty acyl chain is reduced in length; for the shorter chain PCs (18:0/12:0-PC, 12:0/18:0-PC, and 10:0/
18:0-PC), T is 1-2 °C greater than Ty, and the subtransition enthalpy (AH,) is much greater than for
the longer acyl chain PCs. T, decreases with acyl chain length for both series of PCs except 18:0/10:0-PC,
while for the positional isomers, 7:0/18:0-PC and 18:0/n:0-PC, T, is higher for the isomer with the longer
acyl chain in the sn-2 position of the glycerol backbone. The conversion from the crystalline bilayer L,
phase to the liquid-crystalline L, phase with melted hydrocarbon chains occurs through a series of phase
changes which are chain length dependent. For example, 18:0/18:0-PC undergoes the phase changes L,
— Ly — Py’ — L, while the shorter chain PC, 10:0/18:0-PC, is directly transformed from the L, phase
to the L, phase. However, normalized enthalpy and entropy data suggest that the overall thermodynamic
change, L. — L,, is essentially chain length independent. On cooling, the conversion to the L, phases occurs
via bilayer gel phases, Lg/, for the longer chain PCs or through triple-chain interdigitated bilayer gel phases,
Lg*, for the shorter chain PC 18:0/12:0-PC and possibly 10:0/18:0-PC. Molecular models indicate that
the bilayer gel phases for the more asymmetric PC series, 18:0/n:0-PC, must undergo progressive inter-
digitation with chain length reduction to maintain maximum chain—chain interaction. The Lg* phase of
18:0/10:0-PC is the most stable structure for this PC below T, The formation and stability of the triple-chain
structures can be rationalized from molecular models.
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’I;le lipid composition of biological membranes is generally
complex, with individual lipids differing from each other in
a number of ways, viz., variation in the functional groups in
the head-group region and variation in chain lengths at the
sn-1 and sn-2 positions of the glycerol backbone, as well the
degree of unsaturation of the acyl chains. With respect to the
acyl chains, the tendency is for the sn-1 position to consist of
saturated fatty acyl chains while the sr-2 position consists of
unsaturated, branched, or short saturated chains.

Earlier investigations of model phospholipid systems have
focused on phosphatidylcholines (PCs) containing identical
acyl chains in the sn-1 and sn-2 positions of the glycerol
backbone, and a number of studies have been reported using
differential scanning calorimetry (DSC), X-ray diffraction,
and spectroscopic and dilatometric methods (Chapman et al.,
1967; Levine et al., 1968; Tardieu et al., 1973; Mabrey &
Sturtevant, 1976; Janiak et al., 1976, 1979; Chen et al., 1980;
Fuldner, 1981; Ruocco & Shipley, 1982a,b; Nagle & Wil-
kinson, 1982; Cameron & Mantsch, 1982). With hydrated
1,2-dipalmitoyl-L-phosphatidyicholine (DPPC or 16:0/16:0-
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PC) as a classic example of a PC containing identical acyl
chains, the following picture emerges for the structural changes
accompanying the cooling of 16:0/16:0-PC from the liquid-
crystalline bilayer phase (L,) (Chen et al., 1980; Fiildner,
1981; Ruocco & Shipley, 1982a,b):

slow
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The liquid-crystalline bilayer phase (L) undergoes a transition
to a “rippled” gel phase (P4’) and then a further transition to
a tilted chain, bilayer gel phase (Lg’). The Ly phase is
metastable at low temperatures and undergoes a slow con-
version to a “crystalline” bilayer phase (L) characterized by
increased chain packing and dehydration (Chen et al., 1980;
Fiildner, 1981; Ruocco & Shipley, 1982a,b; Nagie & Wil-
kinson, 1982).

Recognizing the heterogeneity with respect to fatty acyl
composition in biological membranes, more recent studies have
concentrated on the physical properties of saturated mixed-
chain PCs where the fatty acids attached at the sn-1 and sn-2
positions differ in chain length (Keough & Davis, 1979; Chen
& Sturtevant, 1981; Stiumpel et al., 1981, 1983; Mason et al.,
1981a,b, 1983; Huang et al., 1983; Huang & Levin, 1983,
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Mclntosh et al., 1984; Lewis et al, 1984; Timmler et al., 1984;
Hui et al., 1984; Serrallach et al., 1984). For most PCs, at
least two transitions were observed corresponding to the pre-
transition and main transition. Generalizations have been
made with regard to the main transition temperatures. For
example, positional isomers with the longer chain in the sn-2
position on the glycerol backbone have higher transition tem-
peratures and enthalpies (Keough & Davis, 1979). Such
generalizations are not readily applicable to the low-temper-
ature transitions, since the appearance of such transitions is
a function of the thermal history of the sample.

Stiimpel et al. (1983) have reported calorimetric and X-ray
data on a number of identical-chain PCs, mixed-chain PCs,
and B-phosphatidylcholines, and crystalline phases were ob-
served for all lipids following low-temperature annealing.
However, the chain length difference between the sn-1 and
sn-2 positions was limited to four methylene groups. Structural
studies of more asymmetric mixed-chain PCs were examined
by Mclntosh et al. (1984) and Hui et al. (1984), with attention
focused primarily on the gel phases of these lipids. Recently,
Serrallach et al. (1984) have made a detailed study of hydrated
14:0/16:0-PC and 16:0/14:0-PC. These positional isomers
exhibit similar thermotropic and structural behavior. The
overall structural changes can be summarized as follows:
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After long-term incubation at low temperatures, a crystalline
bilayer phase, L., with an ordered chain packing mode is
present; between the subtransition and main transition, the
“rippled” gel phase, Py, is present while the liquid-crystalline
L, bilayer phase exists at high temperatures. On cooling, the
L, phase reverts back to the rippled phase P4/, and then a new
bilayer gel phase Ly is formed which converts to the L. phase
with a functional dependence on time and temperature. This
behavior is different from 16:0/16:0-PC, for which the L,
phase on heating transforms to an L phase before forming
the Py phase (see above).

We have continued our calorimetric and X-ray diffraction
studies of mixed-chain PCs by examining two extensive series
where (a) the sn-1 fatty acyl chain is kept constant at 18:0
while the sn-2 chain is systematically decreased from 18:0 to
10:0 and (b) the sn-1 fatty acyl chain decreases from 18:0 to
10:0 while the sn-2 chain is fixed at 18:0. These two series
of positional isomers, 18:0/n:0-PC and 7:0/18:0-PC (n = 18,
16, 14, 12, or 10), are examined with respect to their structure,
metastability, and thermotropic properties.

MATERIALS AND METHODS

PC Synthesis. 18:0/18:0-PC was obtained in lyophilized
form (>99% purity) from Avanti Polar Lipids (Birmingham,
AL). Purity was checked by thin-layer chromatography using
the solvent system CHCl;/CH,OH/H,0O (65:25:4 v/v). The
mixed-chain PCs 18:0/#:0-PC and n:0/18:0-PC (n = 16, 14,
12, or 10) were synthesized according to the procedures of both
Gupta et al. (1977) and Mason et al. (1981a) using the cor-
responding lysophosphatidylcholines (lysoPCs) (Avanti Polar
Lipids, Birmingham, AL) and fatty acid anhydrides (Nu Chek
Prep, Elysian, MN). The former procedure for the acylation
of lysoPC involved the incubation of fatty acid anhydride (2.5
mol equiv relative to lysoPC compounds) in anhydrous chlo-
roform in the presence of (dimethylamino)pyridine (Aldrich,
Milwaukee, W) as a base for 48—60 h at room temperature;
the latter procedure used fatty acid anhydride (5 mol equiv)
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and pyrrolidinopyridine (Aldrich, Milwaukee, WI) as base,
with incubation for 1-3 h at 35-40 °C. (Dimethylamino)-
pyridine proved to be as effective a base as pyrrolidinopyridine.
The products were purified by Rexyn I-300 treatment, followed
by silicic acid column chromatography and crystallization from
acetone/chloroform (95:5 v/v).

The isomeric purity of these lipids was checked by phos-
pholipase A, cleavage of the fatty acid at the sn-2 position of
the glycerol backbone followed by gas-liquid chromatography
(GLC) analysis of the methyl esters of the acids according to
Morrison and Smith (1964). Both synthetic procedures gave
similar results with respect to acyl group migration (<5%)
when the longer fatty acyl chains (n = 18, 16, or 14) are on
either the sn-1 or the sn-2 position of the glycerol backbore.
However, for the more asymmetric PCs, 18:0/12:0-PC and
18:0/10:0-PC, synthesized according to the method of Gupta
et al. (1977), acyl migration was found to be 8-10%. These
PCs were therefore synthesized according to the method of
Mason et al. (1981a), resulting in <5% acyl migration, i.e.,
similar to that obtained for the other mixed-chain PCs.

Differential Scanning Calorimetry (DSC). Samples (1-3
mg) of PC were weighed into stainless-steel DSC pans, and
approximately 90% by weight of distilled deionized water was
added by using a Hamilton syringe. The pans were hermet-
ically sealed, and hydrated multilamellar dispersions were
formed by heating and cooling the sample several times above
and below the main transition temperature of the lipid in the
calorimeter. Samples were removed and stored at —4 °C until
use.

Calorimetric measurements were made with a Perkin-Elmer
(Norwalk, CT) DSC-2 differential scanning calorimeter at a
heating and cooling rate of 5 °C/min. The peak maximum
in the plot of excess heat capacity vs. temperature was taken
as the transition temperature, while the area under the peak,
calibrated with a gallium standard, gave the transition en-
thalpy. DSC measurements of dilute dispersions (0.04% PC)
of the mixed-chain PCs were also made with a Microcal MC-2
scanning calorimeter (Microcal, Amherst, MA) at a heating
rate of 1 °C/min. Transition temperatures and enthalpies for
the pretransition and main transition were in very good
agreement with values obtained by using the DSC-2 scanning
calorimeter.

X-ray Diffraction. For X-ray diffraction, hydrated mul-
tilamellar dispersions were prepared by adding weighed
amounts of PCs directly into 1-mm quartz capillary tubes
followed by centrifugation to ensure that the lipids reached
the bottom of the capillary. Distilled, deionized water was
added (50 wt %); the tubes were centrifuged, reweighed, and
then flame sealed. The sealed tubes were centrifuged several
times above the transition temperature of the lipids, with
regular inversions to ensure homogeneous mixing, and then
stored at —4 °C until use.

X-ray diffraction patterns were recorded by using photo-
graphic film and nickel-filtered Cu K, radiation (A = 1.5418
A) from an Elliott GX-6 rotating anode generator (Elliott
Automation, Borehamwood, U.K.). The X-rays were focused
into a point source using cameras with toroidal (Elliott, 1965)
and double-mirror (Franks, 1958) optics.

RESULTS

Differential Scanning Calorimetry (DSC) of Hydrated
(~90 wt % Water) Saturated Mixed-Chain PCs,
18:0/n:0-PC and n:0/18:0-PC (n = 18, 16, 14, 12, or 10)
18:0/n:0-PC. Fully hydrated samples of mixed-chain PCs
were stored for a minimum of 2 weeks, and in some cases
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FIGURE 1: DSC scans of 90% hydrated mixed-chain PCs, 18:0/n:0-PC
(n=18, 16, 14, 12, or 10), following low-temperature incubation at
—4 °C. (a) First heating scans; (b) cooling scans; (¢) immediate
reheating scans. Heating/cooling rates, 5 °C/min.
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several months, at —4 °C prior to transfer to the scanning
calorimeter. This time period was sufficient to allow con-
version from any metastable states into stable low-temperature
phases. In Figure la, DSC heating curves are presented for
the 18:0/n:0-PC series after low-temperature incubation.
Panels b and ¢ of Figure 1 show the corresponding cooling and
reheating curves obtained immediately after the initial heating.

Following low-temperature incubation for 6 months,
18:0/18:0-PC dispersions show three transitions: a well-defined
transition at 33.8 °C (AH, = 5.2 kcal/mol); a pretransition,
T,, at 51.0 °C (AH, = 1.3 kcal/mol); and a chain melting
transition, T, at 54.7 °C (AH, = 10.8 kcal/mol). On cooling,
as well as on subsequent reheating, only the pretransition and
chain melting transition are reversible. The endotherm at ~34
°C is a subtransition (7)) which has been observed previously
(Chen et al., 1980; Stiimpel et al., 1983; Finegold & Singer,
1984), but at temperatures 2-6 °C lower than the present
work. The generation of the subtransition in saturated,
identical, and mixed-chain PCs (Ruocco & Shipley, 1982b;
Serrallach et al., 1984) was shown to be time and temperature
dependent; both transition temperature, T, and enthalpy, AH,,
increase with incubation time, reaching limiting values after
prolonged incubation. The higher transition temperature and
higher enthalpy for the subtransition of 18:0/18:0-PC in the
present work suggest that sufficient time was allowed for
low-temperature conversion; however, it is conceivable that
even longer incubation could further increase both T, and AH,.

Like 18:0/18:0-PC, 18:0/16:0-PC also exhibits a subtran-
sition, a pretransition, and a main transition, but the broad
subtransition peak (AH, = 5.5 kcal/mol) occurs close to, and
overlaps, the pretransition. For 18:0/14:0-PC, the low-tem-
perature transition occurs about 6 °C higher than the pre-
transition observed on subsequent cooling and heating, and
with an enthalpy greater than that of the main transition. This
shift in the main transition temperature toward the subtran-
sition temperature continues for the next member of the series,
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18:0/12:0-PC. For 18:0/12:0-PC, a single broad transition
is observed at 18.5 °C with a large enthalpy (AH, = 15.2
kcal/mol). Cooling followed by reheating results in a transition
at 17.4 °C, with a considerable reduction in enthalpy, AH
= 7.6 kcal/mol, and no pretransition is observed. The final
member of this series, 18:0/10:0-PC, shows behavior different
from that observed with other members of this series. Ex-
tensive incubation of 18:0/10:0-PC gives a single transition
at 18.4 °C, AH = 9.1 kcal/mol (Figure 1a). On cooling, two
transitions are observed at 13.4 and 10.0 °C (combined en-
thalpy = 9.2 kcal/mol). Subsequent reheating gave a single
transition at 18.4 °C (AH, = 9.1 kcal/mol), and no pre-
transition is observed. Evidently, for this highly asymmetric
PC, a low-temperature phase exhibiting a subtransition is not
generated. It should be noted that 18:0/10:0-PC is the only
PC of the two series, 18:0/n:0-PC and n:0/18:0-PC (n = 10
— 18), which did not form a “stable” low-temperature sub-
phase. The reasons for this anomalous behavior are discussed
below (see Discussion).

Panels a and b of Figure 3 summarize the transition tem-
peratures and enthalpies, respectively, observed after low-
temperature incubation of the 18:0/n-0-PC series. The main
(chain melting) and pretransition temperatures and their re-
spective enthalpies were determined from the second heating
runs (Figure 1¢) while the corresponding values for the sub-
transition were determined from the first heating run after
low-temperature annealing (Figure 1a). Note that a sub-
transition is identified by its appearance on the first heating
run following incubation and its disappearance on the second
heating run. Some general trends in Ty, and T, are imme-
diately obvious from Figure 3a. T, decreases as the s#-2 chain
length is reduced from 18:0 to 12:0 and then increases slightly
for 10:0. A similar decrease of T}, with decreasing sn-2 chain
length is observed for the first three members of this series.
18:0/12:0- and 18:0/10:0-PC do not exhibit a pretransition.
T, also decreases with decreasing sn-2 chain length.

The corresponding enthalpy data in Figure 3b show a de-
crease of AH with shortening of the sn-2 acyl chain for the
first three members of the series, followed by increasing AH
values for the two shorter chain PCs, 18:0/12:0-PC and
18:0/10:0-PC. There were no significant changes in AH,, for
the three members of the series which exhibited a pretransition.
However, in contrast, AH, increases markedly with s»-2 chain
length reduction.

n:0/18:0-PC. Figure 2a—c shows DSC curves for the initial
heating, cooling, and reheating scans for the 7:0/18:0-PC
series. Hydrated 16:0/18:0-PC, like 18:0/16:0-PC described
above, shows three transitions after low-temperature incuba-
tion: a main transition at 49.3 °C (AH, = 9.2 kcal/mol) and
pretransition at 40.6 °C (AH,, = 0.54 kcal/mol), both being
reversible, together with a broad subtransition at 37.5 °C (AH,
= 4.4 kcal/mol) not well resolved from the pretransition. Only
two transitions are observed for 14:0/18:0-PC: a reversible
transition, 7T, at 38.2 °C (AH, = 7.9 kcal/mol) and a
transition at 26.4 °C (AH; = 3.2 kcal/mol) which disappears
on cooling and subsequent reheating. The lower transition is
clearly a subtransition, and for 14:0/18:0-PC, there is no
evidence for the existence of a pretransition on cooling and
reheating. For 12:0/18:0-PC after low-temperature incuba-
tion, a single broad transition at 24.1 °C with a large enthalpy
(AH, = 13.3 kcal/mol) is observed. The cooling scan shows
two transitions at 19.5 °C (AH = 5.2 kcal/mol) and 6.5 °C
(AH = 0.3 kcal/mol), while the reheating scan also shows two
transitions (11.3 and 23.4 °C) with similar enthalpies to the
corresponding exotherms. The lower transition is a pretran-
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FIGURE 2: DSC scans of 90% hydrated mixed-chain PCs, n:0/18:0-PC
(n =18, 16, 14, 12, or 10), following low-temperature incubation at
-4 °C. (a) First heating scans; (b) cooling scans; (¢) immediate
reheating scans. Heating/cooling rates, 5 °C/min.

sition, judging from its reversibility and low enthalpy, while
after incubation a “subtransition” occurs at 24.1 °C, with a
high enthalpy (AH, = 13.3 kcal/mol). The presence of a
pretransition for 12:0/18:0-PC is unexpected, since the general
trend is the disappearance of the pretransition with decreasing
chain length for both PC series (see Figure 3a) and 14:0/
18:0-PC does not show a pretransition. The formation of a
low-temperature phase with a transition temperature greater
than that of the main transition is also unusual for PCs, al-
though this behavior was observed with phosphatidyl-
ethanolamines (Wilkinson & Nagle, 1984; Seddon et al.,
1983). The highly asymmetric 10:0/18:0-PC shows a tran-
sition at 14.1 °C (AH, = 11.8 kcal/mol) after incubation; the
cooling scan gave a transition at 7.3 °C (AH = 6.5 kcal/mol),
while a single sharp transition, also with a much reduced
enthalpy, T,, = 12.4 °C (AH,, = 6.6 kcal /mol), is observed
in the heating scan following cooling.

The transition temperatures and enthalpies for the n:0/
18:0-PC series are plotted as a function of sn-1 chain length
in Figure 3a,b. The T, determined from Figure 2¢ decreases
with sn-1 chain length reduction; a similar reduction in 7}, with
chain length is observed for 16:0/18:0-PC and 12:0/18:0-PC.
A reduction in transition enthalpy (AH,) with sn-1 chain
length is also observed for the first four members of the series,
18:0/18:0-PC to 12:0/18:0-PC, while 10:0/18:0-PC has a
slightly higher enthalpy than 12:0/18:0-PC. The enthalpy of
the pretransition is essentially independent of sn-1 chain length.
There is a marked discontinuity between 14:0/18:0-PC and
12:0/18:0-PC in the dependence of AH; with chain length
(Figure 3b).

X-ray Diffraction of Hydrated (~50 wt % Water)
Saturated Mixed-Chain PCs, 18:0/n:0-PC and
n:0/18:0-PC (n =18, 16, 14, 12, or 10)

Following low-temperature incubation, DSC demonstrated
the formation of at least two, and at most four, phases for
mixed-chain PCs, depending on the length of the variable
chain. In this section, we have characterized by X-ray dif-
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FIGURE 3: Variation of transition temperatures (a) and transition
enthalpies (b) as a function of acyl chain length reduction in the sn-1
and sn-2 positions of the glycerol backbone for the two series of
mixed-chain PCs, 18:0/n:0-PC and n:0/18:0-PC (n = 18, 16, 14, 12,
or 10). (A) Main transition temperature, 7., and enthalpy, AH;
(O) pretransition temperature, T}, and enthalpy, AH,; (®) subtran-
sition temperature, T, and enthalpy, AH,. (Calorimetric parameters
derived from initial and reheating scans of Figures 1 and 2.)

fraction the structures that gave rise to the various phase
changes shown in Figures 1 and 2.

18:0/n:0-PC. The four phases observed for 18:0/18:0-PC
by DSC (Figure 1a) are typical of a PC with identical satu-
rated chains in the sn-1 and sn-2 positions. For example,
16:0/16:0-PC also showed three endothermic transitions after
low-temperature incubation (Ruocco & Shipley, 1982b). In
Figure 4a—d, X-ray diffraction patterns at -4, 41, 50, and 65
°C are presented for fully hydrated 18:0/18:0-PC. The X-ray
sample was incubated at —4 °C for ~6 months prior to the
recording of the diffraction pattern at -4 °C.

The diffraction patterns at the four temperatures are in-
dicative of lamellar geometries (see low-angle region) but differ
from each other in the wide-angle region, indicating different
chain packing modes. At —4 °C, the low-angle region shows
eight diffraction spacings in the ratio 1:'/,:!/5:!/, etc. corre-
sponding to a bilayer periodicity, 18:0/18:0-PC bilayer plus
intercalated water, d = 65.5 A (Figure 4a). The wide-angle
region shows three strong reflections at 4.44, 4.19, and 3.90
A (arrowed), together with an additional reflection at 6.80 A.
This is indicative of a crystalline bilayer phase, L., with specific
lateral intra- and intermolecular interactions. This type of
crystalline bilayer phase was also observed for 16:0/16:0-PC
(Fiildner, 1981; Ruocco & Shipley, 1982a,b) and other pos-
itional isomers (Stiimpel et al., 1983; Serrallach et al., 1984),
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FIGURE 4: X-ray diffraction patterns of the different phases obtained for identical and mixed-chain PCs at 50% hydration. (a-d) L., L4,
P4/, and L, phases of 18:0/18:0-PC at -4, 41, 50, and 65 °C; (e) Ls* phase of 18:0/10:0-PC at -4 °C; (f) L. phase of 14:0/18:0-PC at -4
°C; (g) Ly phase of 18:0/14:0-PC at 7 °C following cooling; (h) P4 phase of 18:0/16:0-PC at 38 °C; (i) L, phase of 16:0/18:0-PC at 55

°C; (j) Lg* phase of 18:0/12:0-PC at 8 °C.

where the acyl chains have crystallized laterally into an ordered
chain packing mode described by one of the specific, complex
subcells (Abrahamsson et al., 1964, 1978). 18:0/18:0-PC at
41 °C shows five lamellar low-angle reflections, characteristic
of a bilayer structure, d = 68.1 A (Figure 4b). The wide-angle
region shows two reflections: a sharp band at 4.26 A and a
more diffuse and almost overlapping band at 4.03 A (arrowed).
This wide-angle pattern is characteristic of an Ly bilayer gel
phase with tilted hydrocarbon chains (Tardieu et al., 1973;
Janiak et al., 1979). The diffraction pattern of 18:0/18:0-PC
at 50 °C, between the pretransition and main transition tem-
peratures, shows bilayer geometry in the low-angle region (d
= 70.3 A), with a single wide-angle reflection at 4.18 A
(arrowed) indicative of hexagonal chain packing (Figure 4c).
A similar diffraction pattern is observed for 16:0/16:0-PC and
14:0/14:0-PC between the pretransition and main transition
temperature (Janiak et al., 1976, 1979) and is representative
of a two-dimensional rippled bilayer gel phase. This rippled
bilayer phase is characterized at lower water content by ad-
ditional weak reflections in the low-angle region due to the
ripple structure. At 64 °C, above the chain melting transition,
four lamellar reflections, d = 66.9 A, are observed while the
wide-angle region shows a broad diffuse band at 4.5 A (ar-
rowed; see Figure 4d). This diffraction pattern is characteristic
of the liquid-crystalline L, bilayer phase with melted hydro-
carbon chains. On cooling, both the main transition and
pretransition are reversible (see Figure 1), and the X-ray
diffraction pattern below T, is identical with that of the rippled
gel phase (cf. Figure 4c). This gel phase transforms to the
tilted gel phase, Ly (cf. Figure 4b), on further cooling to 25
°C and eventually forms the crystalline L. phase on low-tem-
perature incubation.

The phases giving rise to the endothermic and exothermic
transitions shown in Figures 1 and 2 for the series of mixed-
chain PCs were also characterized by X-ray diffraction.
Diffraction patterns representative of other L, Ly, P4, and
L, phases, selected from different mixed-chain PCs, are shown
in Figure 4f-i. Also shown in Figure 4e,j are the X-ray dif-
fraction patterns of a novel interdigitated, three chains per head
group bilayer gel phase, Lg* (Mclntosh et al., 1984; Hui et
al., 1984), recorded for 18:0/10:0-PC and 18:0/12:0-PC. In
Table I, a summary of the diffraction spacings for the wide-
angle region and the bilayer repeat distance, d, at appropriate
temperatures is presented for the two series. The different

phases, identified from the diffraction patterns, are also
presented in Table I.

On low-temperature incubation, the 18:0/n:0-PCs form
crystalline phases as the sn-2 chain length decreases from 18:0
to 12:0. These phases, although similar, are not exactly iso-
morphous as is evident from the different wide-angle spacings
observed for each PC (see Table I). The most asymmetric
member of the series, 18:0/10:0-PC, shows a single wide-angle
reflection at 4.1 A (arrowed), which is incubation time in-
dependent (see Figure 4¢). This single reflection, together with
a short bilayer repeat distance of 53.6 A, is characteristic of
the Lg* phase reported recently for 18:0/10:0-PC (McIntosh
et al., 1984; Hui et al., 1984). Both DSC and X-ray mea-
surements indicate that the Ly* phase of 18:0/10:0-PC does
not transform into a crystalline phase at low temperature.
Above the chain melting transition temperature, liquid-crys-
talline L, phases are observed for all the 18:0/n:0-PCs (see
Figure 4d,i). Below T, a number of different gel phases,
which are either tilted, L" (Figure 4b,g), rippled, P4’ (Figure
4c¢,h), or triple chain, Ly* (Figure 4e,j), are present, and the
structures adopted by these different gel phases are chain
length dependent (see Table I). In most cases, the gel phases
convert into stable crystalline bilayer phases on incubation at
low temperature.

Figure 5a shows schematically the structural changes ex-
hibited by the 18:0/n:0-PC series at 50% hydration. As noted
above, 18:0/18:0-PC shows a subtransition which is distinctly
separated from the pretransition by 20 °C. Four distinct
phases are observed on heating. Note that on cooling the
transformation to a crystalline L, phase occurs via a tilted gel
phase, Ly. As the hydrocarbon chain length in the sn-2
position of the glycerol backbone is reduced by two methylene
groups (18:0/16:0-PC), the subtransition and pretransition
overlap (see Figure 1), and only three phases are observed by
X-ray diffraction on heating (for the P, phase, see Figure 4h);
note the absence of an L’ gel phase on heating and its ap-
pearance on cooling below the pretransition. The L, phase
eventually transforms to the low-temperature crystalline phase,
a behavior similar to that observed for 18:0/18:0-PC. The
structural transformations of 18:0/14:0-PC are identical with
those of 18:0/16:0-PC. As the hydrocarbon chains become
more asymmetric, for 18:0/12:0-PC the number of structural
transformations on heating and cooling is reduced. The
crystalline L, phase changes to the liquid-crystalline L, phase



MATTAI ET AL.

— O My O p”

it

LA

/}f////’/w

3292 BIOCHEMISTRY

ing

and decreas
(—) represents
- phases.

Sing
n packing;
jons to L

chai
s. Dashed arrows represent slow conversions to

melted chain

ed chain packing; and (~), represents

s. (a) 18:0/m:0-PC and (b) n:0/18:0-PC (n = 18, 16, 14, 12, or 10). (=) represents crystalline
rder

URE 5: Schematic representation of the structural changes exhibited by 50% hydrated mixed-chain PCs with increasin
ally diso

rotation,

temperature:



MIXED-CHAIN PHOSPHATIDYLCHOLINE BILAYERS

Table I: Wide-Angle Diffraction Spacings and Bilayer Periodicity of
50% Hydrated 18:0/n:0-PC and n:0/18:0-PC (n = 18, 16, 14, 12, or
10) at Several Temperatures following Incubation at -4 °C

temp wide-angle bilayer
PC (°C) phase reflections (A) periodicity (A)

18:0/18:0-PC -4 L, 4.44, 4,19, 3.90 65.5
41 Ly 4.26, 4.03 68.1
50 Py 418 70.3
65 L, 4.55 66.9
45 Py 418 70.5
25 Ly 4.26, 4.03 68.0
18:0/16:0-PC -4 L, 5.24, 4.57, 3.94 64.1
30 Py 429 71.3
38 Py 429 71.9
52 L, 4.57 68.8
352 Py 4.28 71.6
16 L4 4.35,4.23 70.2
18:0/14:0-PC -4 L, 4.54, 4,29, 4.01, 3.76 66.3
24 Py 421 70.0
35 L, 4.50 68.5
200 Py 4.19 70.2
7° Ly 4.25, 4.06 63.4
18:0/12:0-PC -4 L, 4.53, 4.24, 3.76 64.4
25 L, 4.50 66.0
8 Ly 41l 54.7
18:0/10:0-PC -4  Lg* 4.11 53.6
25 L, 4.48 62.3
s Lyt 4dl 53.9
18:0/18:0-PC -4 L, 4.44, 4.19, 3.90 65.5
41 Ly 4.26, 4.03 68.1
50 Py 4.18 70.3
65 L, 4.55 66.9
45¢ Py 4.18 70.5
25¢ Ly 4.26, 4.03 68.0
16:0/18:0-PC -4 L, 5.09, 4.52, 3.97, 3.73 62.8
36 L 4.51, 4,23, 3.79 63.5
42 Py 426 71.4
55 L, 4.54 66.5
377 P4 4.22 71.9
222 LY 441, 427 71.4
14:0/18:0-PC -4 L, 4.50, 4,20, 3.86 62.6
30 Py 4.21 67.5
45 L, 4.51 66.2
287 Py 421 67.5
8¢ L4 4.48, 4.20 68.0
12:0/18:0-PC -4 L, 4.56,4.27, 4.0, 3.8 65.8
13 L, 4.56, 4.27, 4.0, 3.8 65.8
32 L, 4.51 64.5
13¢ P4 4.28 76.0
10.0/18:0-PC -4 L, 4.56, 4.15, 3.82 54.0
22 L, 4.51 65.5
5 Lg*(2) 423 558

4 Following cooling from the L, phase.

at 18.5 °C without the formation of intermediate gel phases.
The diffraction pattern obtained on cooling to 8 °C shows a
single wide-angle reflection at 4.1 A together with lamellar
reflections in the low-angle region, d = 54.7 A (see Figure 4;).
This diffraction pattern is identical with that observed for the
highly asymmetric 18:0/10:0-PC (see Figure 4¢). Below 13.6
°C, 18:0/12:0-PC exists in an interdigitated L* phase (see
Figure 4j) which is transformed to the crystalline L. bilayer
phase at low temperatures, Finally, for the most asymmetric
member of the series, 18:0/10:0-PC, no crystalline phases are
observed even after months of low-temperature incubation.
Instead, the triple-chain interdigitated structure, Lg* (Figure
4e), is the most stable structure below the main transition, and
only the reversible phase change, Lg* <> L,, is observed.
n:0/18:0-PC. The X-ray diffraction data for the m:0/
18:0-PC series are summarized in Table I, and the structural
changes are shown schematically in Figure 5b. All members
of the n:0/18:0-PC series are transformed into crystalline
phases at low temperature. Individually, 16:0/18:0-PC showed
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similar phase behavior to its positional isomer 18:0/16:0-PC;
a subtransition is observed (see Figure 2a) which is superim-
posed on the pretransition, and only three different phases,
L, P#, and L, (see Figure 4i), are observed on heating (Figure
5b). On cooling, the L, phase is formed from a metastable,
tilted gel phase. There is no observable pretransition for
14:0/18:0-PC (see Figure 2¢), and the X-ray diffraction data
showed a structural transformation at 26.4 °C from an L,
phase (see Figure 4f) to an untilted gel phase. We have not
determined whether this is a rippled gel phase, but the intensity
distribution of the lamellar reflections and the single 4.21-A
wide-angle reflection are similar to the rippled gel phases
formed by other PCs. The rippled gel — L, transformation
is reversible, and on cooling to lower temperatures, a tilted-
chain bilayer gel phase is observed at 15 °C. Apparently, an
untilted gel phase is first converted to a tilted gel phase before
transformation to the crystalline phase, although no calori-
metric evidence for the gel-gel transition is observed (see
Figure 2b). 12:0/18:0-PC, like its positional isomer 18:0/
12:0-PC, is transformed to the L, phase directly from a
crystalline L, phase. However, on cooling and reheating
(Figure 2b,c), a pretransition is observed, and the X-ray
diffraction pattern at 13.0 °C is probably that of a rippled gel
phase (d = 76.0 A). The transformation to the crystalline
phase is relatively fast below the pretransition temperature of
6.5 °C, and hence, the gel phase structure, from which the
L. phase is formed, has not been determined. The crystalline
phase of the most asymmetric member of the series, 10:0/
18:0-PC, has an unusually short bilayer repeat distance of 54.0
A, compared with 65.8 A for the L, phase of 12:0/18:0-PC.
This L, phase is converted to the L, phase above 14.1 °C; on
cooling below 7.3 °C, a gel phase with untilted hydrocarbon
chains and a short repeat distance of 56.0 A, similar to that
observed in Figure 4e for the triple chain, interdigitated three
chains per head-group gel phase, Lg*, is observed. This phase
is metastable and converts to the L phase at low temperatures.

DIScuUsSION

Calorimetric studies of two series of saturated mixed-chain
PCs, 18:0/m:0-PC and m:0/18:0-PC, show that the temperature
and enthalpy of the main transition are dependent on the
length of the fatty acyl chains and their distribution on the
glycerol backbone. The transition temperature (7,) pro-
gressively decreases as the chain length decreases from 18:0
to 10:0 for the series 7:0/18:0-PC (Figure 3a). A similar
decrease in T, with chain length is also observed for the first
four members of the series, 18:0/n:0-PC (n = 18, 16, 14, or
12), but the T}, for 18:0/10:0-PC is 1 °C higher than that for
18:0/12:0-PC (Figure 3a). For both series, the transition
enthalpies (AH,,) also decrease with chain length reduction
for the longer acyl chain lipids; however, the shorter chain
lipids (18:0/12:0-PC, 18:0/10:0-PC, and 10:0/18:0-PC) have
a higher transition enthalpy than the preceding members of
their respective series (Figure 3b).

A comparison of the two series of PCs, 18:0/7:0-PC and
n:0/18:0-PC, showed that the PC with the longer fatty acyl
chain in the sn-2 position of the glycerol backbone has the
higher T}, (see Figure 3a); the exception is for n = 10, where
18:0/10:0-PC has a Ty, higher by 6 °C than its positional
isomer, 10:0/18:0-PC. The length and distribution of the fatty
acyl chains and their effects on the T}, of mixed-chain PCs
have been noted previously (Keough & Davis, 1979; Mason
et al., 1981b; Huang et al., 1983; Chen & Sturtevant, 1981,
Stiimpel et al., 1983) and are related to optimal packing of
the hydrocarbon chains for maximum van der Waals contact
(see below).
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The chain length distribution also affects the pretransition
temperature significantly, but not the transition enthalpy (see
Figure 3a,b). Pretransitions are observed for 18:0/18:0-PC,
18:0/16:0-PC, and 18:0/14:0-PC, but not for the lower
members of this series, with T, progressively decreasing with
chain length. Pretransitions were also observed for 16:0/
18:0-PC and 12:0/18:0-PC but, surprisingly, not for the in-
termediate member of the series, 14:0/18:0-PC. A comparison
of T, for the only two positional isomers which gave pre-
transitions, 18:0/16:0-PC and 16:0/18:0-PC, suggests that the
PC with the longer fatty acid in the sn-2 position of the glycerol
backbone has a higher T,

Crystalline bilayer phases are formed at low temperatures
for both series, 18:0/n:0-PC and n:0/18:0-PC, except 18:0/
10:0-PC. Previous studies of symmetric and asymmetric PCs
have shown the formation of crystalline, dehydrated phases
at low temperatures (Chen et al., 1980; Fiildner, 1981; Ruocco
& Shipley, 1982a,b; Stiimpel et al., 1983; Serrallach et al.,
1984; Finegold & Singer, 1986). Crystalline phases have also
been observed with other saturated chain phospholipids in-
cluding phosphatidylethanolamine (Chang & Epand, 1983;
Wilkinson & Nagle, 1984; Seddon et al., 1983) and phos-
phatidylglycerol (Wilkinson & MclIntosh, 1986; Blaurock &
MclIntosh, 1986). We now show that the subtransition en-
thalpy (AH,) and temperature (7,) are dependent on the fatty
acyl chain length and the distribution of fatty acids on the
glycerol backbone (see Figure 3). As the length of the hy-
drocarbon chain is reduced on the sn-2 position, at least, the
subtransition enthalpies increase (see Figure 3b). The tem-
perature at which the subtransition occurs is also chain length
dependent. In general, T, decreases as the chain length in
either the sn-1 or the srn-2 position is reduced (note that
16:0/18:0-PC is an exception; see Figure 3a). Note also that
T, is gradually shifted toward T, as the chain length is de-
creased and occurs slightly above the main transition tem-
perature of the more asymmetric PCs, 18:0/12:0-PC, 12:0/
18:0-PC, and 10:0/18:0-PC. Similar behavior has been ob-
served for symmetric PCs with T being higher than T, for
12:0/12:0-PC (Finegold & Singer, 1986). The crystalline
phases for these PCs are therefore more stable than all their
gel phases. While the kinetics of formation of the crystalline
phases were not examined in detail, the PCs with shorter
hydrocarbon chains on either the sn-1 or the sn-2 positions are
more rapidly converted to the L. phases; for example, for
18:0/12:0-PC, 12:0/18:0-PC, and 10:0/18:0-PC, the conver-
sion occurred within a few hours at -4 °C compared to several
days for the longer chain PCs.

Crystalline L, phases, stabilized by specific chain packing
modes, are observed for all the mixed-chain PCs, with the
exception of 18:0/10:0-PC. While the wide-angle reflections
are not identical for the different PCs, the presence of two
reflections at 4.4-4.5 and 3.8-3.9 A is a common feature of
all the L phases (see Table I). These two reflections were
also observed for the L, phases of 16:0/16:0-PC (Fildner,
1981; Ruocco & Shipley, 1982a,b), 14:0/16:0-PC, and
16:0/14:0-PC (Serrallach et al., 1984), suggesting a similar
chain packing mode for all PCs in their annealed phases. The
L, — L, conversion occurs through a number of phase changes
which are chain length dependent. 18:0/18:0-PC is trans-
formed on heating from the L, phase to the “distorted” hex-
agonal or orthorhombic chain packing mode of the Ly phase;
further heating produces the hexagonal chain packing mode
of the rippled Py’ phase and finally chain melting to the L,
phase. The positional isomers 18:0/16:0-PC and 16:0/18:0-PC
show broad subtransitions which superimpose on the pre-
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transition (Figures 1 and 2); presumably, the L, phases of these
lipids are transformed to Ly’ phases (similar to that observed
for 18:0/18:0-PC, although not resolved in the X-ray dif-
fraction experiments) and are then rapidly transformed into
a rippled gel phase followed by the L, phase (see Figure 5a,b).
As the chain length is further reduced by two methylene groups
(18:0/14:0-PC and 14:0/18:0-PC), the L, phase directly
transforms to the rippled gel phase followed by the L, phase
on heating, The direct conversion of the L, phase to the Py’
phase without formation of the intermediate L’ gel phase has
been previously observed for 14:0/18:0-PC by solid-state NMR
(Lewis et al., 1984). For the shorter chain PCs, 18:0/12:0-PC,
12:0/18:0-PC, and 10:0/18:0-PC, only the single transfor-
mation L, — L, is observed.

On cooling, the L, — P, transition is readily reversible for
the PCs which show a rippled gel phase. However, the con-
version to the L, phase does not occur from the rippled gel
phase. The X-ray diffraction data show that the L  phases
of 18:0/18:0-PC, 18:0/16:0-PC, 18:0/14:0-PC, 16:0/18:0-PC,
and 14:0/18:0-PC are formed from tilted bilayer L4’ gel phases
(see Figure 5a,b). The formation of crystalline phases from
tilted gel phases at low temperature has been previously re-
ported for 16:0/16:0-PC (Ruocco et al., 1982a,b) and 16:0/
14:0-PC and 14:0/16:0-PC (Serrallach et al., 1984). The
precise structure of these tilted gel phases is dependent on chain
length and chain distribution on the glycerol backbone. Hy-
drocarbon chain tilt occurs in PCs, in part at least because
the choline head group, lying parallel to the bilayer plane
(Franks, 1976, Biildt et al., 1978; McIntosh, 1980), has a
larger surface area than the two chains.

The chain length dependence of the tilted gel phase is related
to the conformational inequivalence of the two acyl chains
(Hitchcock et al., 1974; Elder et al., 1977; Pearson & Pascher,
1979); the initial segment of the sn-2 chain is perpendicular
to the sn-1 chain, and neutron diffraction (Biildt et al., 1978;
Zaccai et al., 1979) has established that the sn-1 chain is longer
than the sn-2 chain by approximately three methylene groups
in the center of the bilayer for identical chain PCs. The
difference in chain length becomes more pronounced as the
length of the sn-2 acyl chain is reduced; for 18:0/16:0-PC and
18:0/14:0-PC, these differences are five and seven methylene
groups, respectively. To maximize van der Waals contacts in
the gel phase, there must be progressive interdigitation of the
acyl chains across the center of the bilayer for the 18:0/n:0-PC
series (n = 18, 16 or 14), as indicated from other studies of
mixed-chain PCs (Chen & Sturtevant, 1981; Mason et al.,
1981b; Huang et al., 1983; Hui et al., 1984). This point is
illustrated in the molecular models of bilayers for the 18:0/
n:0-PC series, shown in Figure 6a—-c. In the absence of in-
terdigitation, an energetically unfavorable chain packing sit-
uation would occur with voids created toward the terminal
methyl groups.

For 16:0/18:0-PC and 14:0/18:0-PC, the chain length
difference between the sn-1 and sn-2 chains at the center of
the bilayer is plus one methylene and minus one methylene
group, respectively. This would allow for minimum interdi-
gitation with better packing in the bilayer for these PCs in their
gel phase. For other members of the two series, interdigitation
allows for better molecular packing, but it has the disadvantage
of placing the terminal methyl group adjacent to methylene
groups in the bilayer (see Figure 6a—c). This would disrupt
chain packing in this region of the bilayer, since the volume
of a methyl group is approximately twice that of a methylene
group (Tardieu et al., 1973). Huang et al. (1983) have shown
by Raman spectroscopy that 18:0/14:0-PC, for example, has
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(a) (b) (c) (d) (e)

18:0/18:0-PC 18:0/16:0-PC 18:0/14:0-PC 18:0/12:0-PC 18:0/10:0-PC

FIGURE 6: Molecular models [based on the structure of 14:0/14:0-PC; see Pearson and Pascher (1979)] of gel phase bilayers for the 18:0/n:0-PC
(n =18, 16, 14, 12, and 10) series, showing progressive acyl chain interdigitation with chain length reduction and the eventual formation of

the triple-chain structure.

a greater gauche bond population near the terminal methyl
groups, implying greater disorder in this region of the bilayer.
This concept was suggested originally by Keough and Davis
(1979) for mixed-chain PCs on the basis of calorimetric data.
The difference in transition temperature between the positional
isomers (e.g., 18:0/16:0-PC and 16:0/18:0-PC, and 18:0/
14:0-PC and 14:0/18:0-PC) could be manifestations of the
different degrees of interdigitation. The PCs with the greater
requirement for interdigitation have the lower transition tem-
perature and enthalpy, in agreement with the calorimetric data
for these positional isomers (see Figure 3a,b). The tilted gel
phase, L, is the metastable state for the longer chain PCs
(n = 18, 16, or 14). It is conceivable that the L; phase of
12:0/18:0-PC is also formed from a tilted but partially in-
terdigitated gel phase, since the sn-1 chain extends into the
bilayer about three methylene groups less than the s#-2 chain.

The three chains per head-group gel phase, Lg*, is the
metastable state for 18:0/12:0-PC, while it is the stable phase
for the most asymmetric of the mixed-chain PCs, 18:0/10:0-
PC. The Lg* structure of 18:0/10:0-PC is possible because
the two apposing decanoyl chains at the sn-2 position have an
effective length of 17 C-C bonds; this length, together with
the 2-A separation of the terminal methyl groups, is exactly
matched by the length of one stearoyl chain in an all-trans
conformation and ailows for maximum chain~chain interaction

[see Figure 6e and Mclntosh et al. (1984) and Hui et al.
(1984)]. The larger enthalpy and entropy change observed
for this asymmetric PC (Figure 3b) on chain melting is pre-
sumably due to the strong chain—chain interactions of the Lg*
phase. Although the Lg* phase is the most stable gel phase
of 18:0/10:0-PC, we note that it exhibits two exothermic
transitions on cooling (see Figure 1b), suggesting the formation
of some intermediate between the L, and Lg* phases. The
stability of the Ly* phase was also noted for the highly
asymmetric ether-linked 1-eicosyl-2-dodecyl-rac-glycero-3-
phosphocholine (Mattai et al., 1987) with a similar asymmetry
of eight methylene groups between the sz-1 and sn-2 chains.

In contrast, the Ly* phase of 18:0/12:0-PC is metastable
and is transformed to an ordered phase at low temperature.
The reason for this metastability is the increased length of the
sn-2 chains (Figure 6d); 2 dodecanoyl chains spanning the
bilayer in the triple-chain structure have an effective thickness
of 21 C—C bonds plus 2 A between terminal methyl groups.
This is about four C—C bonds longer than the length of the
stearoyl chain. The resulting Lg* structure does not permit
optimum van der Waals interaction, since methylene groups
of the sn-2 chains toward the head-group region do not have
adjacent sn-1 methylene groups for interaction (cf. Figure
6d,e). Low-temperature incubation transforms this metastabie
gel phase to a stable, two chains per head-group L. phase.
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Finally, the diffraction pattern for 10:0/18:0-PC below the
L, phase is similar to those of 18:0/10:0-PC and 18:0/12:0-PC
in their Lg* phases. It is not apparent why 10:0/18:0-PC
should form a triple-chain structure, since its formation would
considerably reduce chain—chain interaction and create voids
toward the head-group region of the bilayer. Recent ESR
spin-label studies by Boggs and Mason (1986) also suggest
an interdigitated gel phase structure for 10:0/18:0-PC, as well
as for 18:0/10:0-PC and 18:0/12:0-PC.

Thus, the gel phases, Ls” and Lg*, interdigitate, albeit
differently, as a consequence of chain length asymmetry at
the sn-1 and sn-2 positions. It is expected that partial inter-
digitation, at least, should also occur in the other phases (L.,
Py, and L,) for the asymmetric PCs in order to maximize
chain—chain interactions.

The structural conclusions permit a rationalization of the
thermodynamic data (Figure 3a,b). The main transition en-
thalpy decreases with decreasing chain length for both PC
series provided that T, results from the structural phase
change Py — L,. The increase in transition enthalpies with
decreasing acyl chain length for 18:0/12:0-PC and 18:0/
10:0-PC (and perhaps 10:0/18:0-PC) is due to the interdi-
gitated L,* phase converting to the melted chain L, phase.
Finally, the total enthalpy and entropy changes for the con-
version L, — L, and have been calculated for all the PCs
forming a crystalline phase and normalized by expressing them
per CH, group per molecule. The results for the four members
of the series 18:0/n:0-PC (n = 18, 16, 14, or 12) are as follows:
AH (keal/mol) = 0.54, 0.49, 0.52, and 0.58, and AS (cal mol™!
K™ = 1.7, 1.6, 1.6, and 2.0; while for the series n:0/18:0-PC
(n=18,16, 14,12, or 10), AH = 0.54, 0.47, 0.40, 0.51, and
0.49,and AS = 1.7, 1.5, 1.3, 1.7, and 1.7, respectively. Given
the possibility that we may not have generated the maximum
enthalpy for the subtransition, the normalized enthalpy and
entropy data suggests a similar overall thermodynamic change
(AH ~ 0.5 kcal/mol; AS ~ 1.7 cal mol™ K) for the L, —
L, conversion, although the number of phase changes involved
decreases with chain length (see Figure 5a,b).
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ABSTRACT: Sulfated glycoprotein 2 (SGP-2) is the major protein secreted by rat Sertoli cells. Pulse—chase
labeling shows that SGP-2 is synthesized as a cotranslationally glycosylated 64-kDa precursor that is modified
to a negatively charged 73-kDa form before intracellular cleavage to the mature 47- and 34-kDa subunits.
A plasmid cDNA library was constructed from immunopurified mRNA, and a recombinant clone containing
the entire protein coding sequence of SGP-2 was isolated. The 1857-nucleotide cDNA consists of a 297-
nucleotide 5’ noncoding segment, a 1341-nucleotide coding segment, and a 219-nucleotide 3’ noncoding
sequence. The 5" noncoding region contains five ATG codons followed by four short open reading frames.
The derived SGP-2 sequence has a molecular weight of 51 379 and contains six potential N-glycosylation
sites. Proteolytic processing sites for the preproprotein were determined by amino-terminal sequencing of
the isolated SGP-2 subunits. Northern blots show a wide tissue distribution for the 2.0-kb SGP-2 message,
and computer sequence analysis indicates a significant relationship between SGP-2 and human apolipoprotein

A-L

Sertoli cells are the somatic component of the seminiferous
epithelium. Because of their close association with developing
germinal cells and their secretory nature, Sertoli cells are
thought to provide both physical and biochemical support to
the process of spermatogenesis. The formation of tight-
junctional complexes between adjacent Sertoli cells creates an
effective “blood~testis” barrier and results in a tubular fluid
composition that is defined primarily by Sertoli cell secretion
products (Waites, 1977).

Analysis of proteins from cultured cells has shown that the
majority of secreted protein synthesis is directed toward the
production of a single sulfated glycoprotein referred to as
SGP-2! (previously DAG protein; Kissinger et al., 1982;
Sylvester et al., 1984). SGP-2 is a disulfide-linked heterodimer
whose reduced subunits migrate with mobilities of 47 and 34
kDa in SDS-polyacrylamide gels. SGP-2 contains 23.7%
carbohydrate, and the N-linked oligosaccharides are exten-
sively sulfated (Griswold et al., 1986). After secretion, SGP-2
can be detected by immunofluorescence on the acrosome and
distal tail portion of mature spermatozoa (Sylvester et al.,
1984). Although the precise function of SGP-2 has not been
defined, the binding of the protein to spermatozoa and the
extent to which it is produced in Sertoli cells and epididymis
suggest that SGP-2 may play a critical role in spermatogenesis.

In this paper, we present evidence that Sertoli cells syn-
thesize SGP-2 as a single preproprotein that is then post-
translationally modified and cleaved before secretion to the
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Washington State University.

* Address correspondence to this author.

extracellular space. We present the nucleotide sequence of
a cDNA that encodes the entire amino acid sequence of the
SGP-2 precursor and examine the synthesis of SGP-2 mRNA
in testis and other tissues.

MATERIALS AND METHODS

Cell Culture and Labeling Conditions. Sertoli cell cultures
were prepared from 20-day-old rats as previously described
(Dorrington & Fritz, 1975; Kissinger et al., 1982). Cells were
plated onto 60-mm Falcon dishes and were maintained at 32
°C in Ham’s F-12 medium supplemented with 0.1 mM di-
butyryl-cAMP. The medium was changed after 2 days, and
the cells were labeled after the fourth day of culture. Cells
were pulsed-labeled with 200 uCi of [*S]methionine in 0.5
mM of F-12 medium that lacked unlabeled methionine. At
the end of each chase period, cells were lysed in 1.5 mL of
buffer A (0.5% Triton X-100, 0.5% sodium deoxycholate, 150
mM NaCl, 50 mM Tris, pH 7.5, 5 mM EDTA, 0.5 mM
phenylmethanesulfony! fluoride) and frozen at -20 °C. The
medium from the 1- and 4-h chase cells was centrifuged at
2000g to remove cellular debris and was frozen at —20 °C.
Long-term labeling of Sertoli cell secreted proteins was
achieved by incubating Sertoli cell cultures with 5 mL of

! Abbreviations: SGP-1, sulfated glycoprotein 1; SGP-2, sulfated
glycoprotein 2; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethyl-
enediaminetetraacetic acid; DTT, dithiothreitol; cAMP, adenosine cyclic
3,5’-phosphate; X-gal, 5-bromo-4-chloro-3-indolyl 8-D-galactopyranoside;
IPTG, isopropy! 8-D-thiogalactopyranoside; PTH, phenylthiohydantoin;
SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis;
NBRF, National Biomedical Research Foundation; PIR, Protein Iden-
tification Resource; kDa, kilodalton(s).
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