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Comparative structural aspects of cation binding to phosphatidylserine bilayers
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X-ray diffraction data recorded for monovalent and divalent cation complexes of a series of phosphati-
dylserines (PS) varying in chain length reveal a simple structural pattern. Only two bilayer structural types
differing in hydrocarbon chain tilt but with similar polar group conformations are observed for (i) anhydrous
acidic PS, (i) anhydrous K *-PS, and (iii) Li*, Mg?*, Ca’*, Sr?*, Ba’*, and Pr** complexes of ‘hydrated’
PS. The X-ray diffraction data suggest that PS becomes dehydrated on complexing with Li *, Mg2*, Ca?",
and other divalent cations and adopts either the chain untilted (form I) or tilted (form II) bilayer structure.

The physico-chemical properties of uncharged
zwitterionic phospholipids, notably phosphati-
dylcholine and phosphatidylethanolamine, have
been the subject of extensive studies. This ap-
proach has provided detailed information on their
phase behavior, their conformation and molecular
packing, and the dynamics of the phospholipid
molecules in these phases. This knowledge in turn
has led to a better understanding of the molecular
parameters that determine their phase behavior.
For phosphatidylcholine and phosphatidyl-
ethanolamine, it is now possible to assign dif-
ferences in chemical structure, more precisely dif-
ferences in the conformation and packing of the
head group [1,2], to macroscopically observable
differences in the phase behavior [3].

In contrast, anionic membrane phospholipids
such as phosphatidylserine (PS), phosphatidyl-
glycerol and cardiolipin have received much less
attention and precise details concerning the molec-
ular packing, conformation and motion of these
lipids are lacking. With respect to PS, physico-
chemical studies of both natural PS, with mixed
fatty acyl chains, and synthetic PS, with controlled
fatty acyl chains, have been concerned primarily

with the phase behavior of these lipids. For exam-
ple, bovine brain PS forms a lamellar, bilayer
phase exhibiting continuous hydration or swelling
{4,5). The structure and hydration of this bilayer
phase has been shown to be sensitive to the pres-
ence of monovalent and divalent cations [6-16]. In
particular, Ca’>* produces high melting ‘crystalline’
Ca?*-PS complexes [17-20].

More recently, the structure and properties of
chemically defined PS and details of the cation
induced changes have been studied using differen-
tial scanning calorimetry [20-25], ESR spin label-
ing [24,26] and *'P- and 2H-NMR [23]. Our own
studies have focused on the bilayer structure and
properties of a homologous series (di C;4.,—di
C.s.0) of synthetic diacyl-PS and the changes in-
duced by monovalent and divalent -cations
[25,27-29]. Using primarily DSC and X-ray dif-
fraction, we have shown that synthetic PS forms
swelling, continuously hydrated bilayers exhibiting
chain length dependent gel — liquid-crystal transi-
tions [25]. Monovalent cations such as Na* and
K™* have little influence on PS bilayer structure,
stability and chain packing; however, these ions
do shield the negatively charged bilayer surface
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resulting in an ionic strength-dependent reduction
in the aqueous separation of adjacent bilayers [27].
In contrast, the monovalent cation Li* [27,28] and
the divalent cations Mg2* and Ca®* [29], all with
relatively small ionic radii, form strong, high melt-
ing, dehydrated metal ion-PS complexes and in-
duce bilayer hydrocarbon chain crystallization. The
larger divalent cations Sr?* and Ba®*, while ex-
hibiting surface charge shielding and bilayer dehy-
dration, apparently do not form these strong com-
plexes with PS [29].

During the course of the X-ray diffraction stud-
ies of synthetic PS in the absence and presence of
cations, we have noticed some simplifying features
in terms of the bilayer structural characteristics.
Consideration of the chain length-dependent X-ray
diffraction data allows the influence of factors
such as hydration and cation binding on PS bi-
layer structure to be evaluated. Notably, there
appear to be two major ordered bilayer forms of
PS-cation complexes differing primarily in hydro-
carbon chain tilt,

Dihexanoyl (di Cq.,-PS, DHPS), didecanoyl (di
C.o.0-PS, DDPS), dilauroyl (di C,,.,-PS, DLPS),
dimyristoyl (di C,,.,-PS, DMPS), dipalmitoyl (di
Ci6.0-PS, DPPS), and distearoyl (di C,g.,-PS,
DSPS) phosphatidylserines were synthesized
according to the methods described in Refs. 30
and 31. The preparation of anhydrous acidic,
NH;, and K" salts of PS was described in Ref.
25. The preparation of Li*, Mg?*, Ca®*, Sr2*,
Ba®*, and Pr** salts from hydrated dispersions of
PS was as described previously [27-29]. Samples
were transferred to thin-walled glass capillaries
(internal diameter = 1 mm) and X-ray diffraction
data recorded at 20 + 1°C. Nickel-filtered CuK ,
X-radiation from an Elliott GX-6 rotating anode
generator (Ellott Automation, Borehamwood,
U.K.) was focused using a low angle X-ray camera
with toroidal optics [32]. For more details, see
original Refs. 25, 27-29.

Anhydrous PS, monovalent cation salts of PS
(M™*-PS), and divalent cation salts of PS (M2*-PS)
all exhibited lamellar diffraction patterns at 20°C.
The diffraction patterns showed a series of sharp
low angle diffraction lines with Bragg spacings in
the ratios 1:1/2:1/3:1/4... etc.,, from which
the bilayer periodicity is derived. In contrast, the
diffraction pattern observed in the wide angle

differed markedly for the different forms of PS
(see Refs. 25, 27-29 for details). This indicates
different lateral packing modes, with different (and
so far undefined) hydrocarbon chain packing
modes. In spite of significant variations in the
crystal form, when the bilayer periodicity, d, is
plotted as a function of PS-chain length, a rela-
tively simple structural pattern is observed (Fig.
1). The bilayer periodicities fall on (or close to)
two straight lines with different slopes and slightly
different intercepts on the ordinate axis.

As discussed previously [25], anhydrous acidic
PS can exist in two crystal forms. Form 1 shows a
linear dependence of 4 with chain length; data
from a linear regression analysis are summarized
in Table I. The value for the slope, representing
the increment per CH, group, is 2.8 A per CH,
group. Although this is somewhat greater than the
theoretical value of 2.52 A calculated for an ideal-
ized all-trans chain configuration, we believe that
the inclusion of data from the lower (C4., and
C 4.0) chain length PS (see Fig. 1) in the regression
analysis of the acidic PS and Li*-PS (see below)
series accounts for the anomolously high value of
the calculated increment in both cases (see Table
I). The two shorter chain PS and their metal ion
complexes may not exhibit strictly homologous
behavior to the longer chain compounds. In any
case, this increment demonstrates clearly that the
orientation of the fatty acyl chains is normal to the
plane of the bilayer in this type of PS bilayer.
Furthermore, the extrapolation to zero chain length
gives an intercept value of 11.3 A, corresponding
to the projected thickness of two glycerophos-
phorylserine groups. The d-values of the corre-
sponding anhydrous NH} -, and K *-salts of PS all

TABLE 1

SUMMARY OF THE LINEAR REGRESSION ANALYSIS
FOR DIFFERENT DATA SETS SHOWN IN Fig. 1

Intercept Slope r2e
Acidic PS (form I) 11.3 2.8 0.99
Acidic PS (form II) 13.6 21 1.00
Li*-PS complexes 13.2 2.7 0.99
Ca?*-PS complexes 12.9 22 0.99

2 r2 coefficient of determination, a value of 1 representing a
perfect fit.
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Fig. 1. Plot of bilayer periodicity, d, as a function of chain
length for (i) anhydrous phosphatidylserine bilayers: v, acidic
PS (L, L); O, acidic PS (DL, L); O, NH}-PS (1,1); +, NH}-PS
(DL, 1); v, K*-PS (1, L), and (ii) complexes formed from hy-
drated phosphatidylserine (L, L), bilayers: X, Li*-PS;0,
Mg2*-PS; @, Ca2*-PS; W, Sr2*-PS; a, Ba®*-PS; @, Pr®*-PS.
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lie close to the regression line of form I of acidic
PS (Fig. 1), suggesting that these anhydrous salts
have a similar chain orientation (i.e. perpendicular
to the bilayer surface) and polar group conforma-
tion. In addition, Li* forms crystalline bilayer
complexes with hydrated PS of different chain
length [27,28]. The bilayer periodicities of the Li*-
PS complexes are also similar to those of the acidic
PS, form I (Fig. 1). From the linear regression
analysis (Table I), values for the increment (2.70 A
per CH, group) and intercept (13.2 A) are in good
agreement with those of crystal form I, again
suggesting structural similarity with respect to hy-
drocarbon chain tilt and polar group conforma-
tion.

Under certain conditions, acidic PS can crystal-
lize into a different form II [25] with different
bilayer periodicities (see Fig. 1). From the linear
regression analysis of the chain length dependence,
for form II of acidic PS the increment is 2.1 A per
CH, group (Table I) indicating that, in contrast to
form 1, the hydrocarbon chains are tilted with
respect to the bilayer normal. The intercept of
form II (13.6 A) is slightly (but probably not
significantly) greater than that of form I. Ca?*
forms crystalline bilayer complexes starting with
hydrated PS of different chain lengths [29]. The
bilayer periodicities of the Ca?*-PS are similar to
those of the acidic PS, form I (Fig. 1). From the
linear regression analysis (Table I) both the incre-
ment (22 A per CH, group) and the intercept
(12.9 A) show good agreement with the corre-
sponding values for the acidic PS, form I1. These
data strongly suggest that on Ca’* complex forma-
tion, PS becomes dehydrated and a tilted chain
bilayer structure is formed. The behavior of the
Mg?2*-PS complexes is more complicated. Mg?*-
DMPS and Mg2*-DPPS exhibit bilayer periodici-
ties similar to those of the corresponding Ca’*
complexes (i.e. type II structures, see Fig. 1),
whereas the bilayer periodicities of Mg2*-DLPS
and Mg2*-DSPS would appear to form type I
structures (see Fig. 1). Although the complex chain
length dependence is difficult to rationalize, it is
clear that only the two types of bilayer structure
(forms I and II) are favored.

Regression analysis for the individual acidic PS, Li*-PS and
Ca?*-PS data are given in Table L.



346

Finally, DPPS complexes with Sr?*, Ba’*, and
Pr’* exhibit bilayer periodicities of 57.0, 57.7 and
58.5 A, respectively [29]. These values are indica-
tive of the type I structure, rather than the type 11
bilayers formed by both Mg?*- and Ca’*-DPPS.

In summary, (i) two bilayer structural forms
differing in hydrocarbon chain tilt but probably
with similar polar group conformation are favored
by PS in the absence and presence of monovalent,
divalent and trivalent cations; (1) the contribution
of approx. 6 A per polar group to the bilayer
thickness suggests that the polar group has the
configuration with the phosphoserine group lying
approximately parallel to the bilayer surface, simi-
lar to phosphatidylethanolamine and phosphati-
dylcholine [1,2], in both the absence and presence
of different cations (However, it should be stated
that other possible conformations and packing
arrangements of the PS head group are consistent
with this value of the intercept. Further crystallo-
graphic, diffraction and NMR methods will be
necessary to define the interfacial packing arrange-
ment.); (iii) starting with hydrated PS, Li*, Mg?™,
Ca?*, Sr?*, and Ba’* produce essentially dehy-
drated complexes of two main structural types (see
above), albeit with different hydrocarbon chain
packing modes [27-29]; and (iv) these effects on
PS bilayer hydration and chain packing induced
by different cations may help explain their mode
of action at membrane interfaces.
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