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Summary 

The aqueous solubilities of  the Na + and Ca 2 + salts and the free acid forms 
of  phosphorylcholine,  phosphorylethanolamine and D,L-phospho-ser ine ,  re- 
spectively, were found to be below the polar group concentrat ions calculated 
for bilayers of  the corresponding phospholipids. 

It has been stated that  the concentrat ion of  lipid head groups in bilayer 
membranes corresponds to a bulk electrolyte concentrat ion of  5 to 10 M [1, 
2]. However,  it has been unknown whether  this concentrat ion range is below 
or above the bulk solubility of  phospholipid polar groups in water. 

Table I contains the following data. The experimentally determined 
solubilities of  the Na + and Ca 2+ salts and the free acid forms of  phosphoryl- 
choline, phosphorylethanolamine and D ,L-phospho-serine, respectively; the 
apparent concentrations of  these polar group model  compounds  in the crystal- 
line state, as calculated from reported crystal densities; the apparent polar 
group concentrations in liquid crystalline bilayers of  the corresponding 
phospholipids, as calculated from published hydrat ion data. 

Polar group concentrations calculated for  phospholipid bilayers were 
between 4.6 and 5 M, and those calculated for the crystalline state of  the 
polar group model  compounds  were between 4.8 and 11 M. The aqueous 
solubilities of  the polar group model  compounds  were lower (0.04 to 4 M). 
These latter values probably were still too  high because these compounds,  
when compared with the corresponding phospholipids, contain one additional 
dissociating group on the phosphate moiety.  Such charged groups are pre- 
ferred sites of  hydrat ion [3]. 



T
A

B
L

E
 I

 

C
O

N
C

E
N

T
R

A
T

IO
N

 
V

A
L

U
E

S
 

O
F

 P
H

O
S

P
H

O
L

IP
ID

 
P

O
L

A
R

 
G

R
O

U
P

 
M

O
D

E
L

 
C

O
M

P
O

U
N

D
S

 

M
at

er
ia

ls
 a

n
d

 m
et

h
o

d
s 

w
er

e 
as

 f
o

ll
o

w
s.

 
2 +

 
.

.
.

.
.

.
.

.
.

 
r 

h
as

ed
 

M
at

er
ia

ls
. 

P
h

o
sp

h
o

ry
lc

h
o

li
n

e 
(C

a 
sa

lt
),

 p
h

o
sp

h
o

ry
le

th
an

o
la

m
m

e 
(a

ci
d

 f
o

rm
) 

an
d

 D
,L

-p
h

o
sp

n
o

-s
er

m
. e

 t
ac

la
 i

o
rm

) 
w

er
e 

p
u

rc
l.

_
 

fr
o

m
 S

ig
m

a,
 M

u
n

ic
h

, 
S

ar
v

a,
 H

ei
d

el
b

er
g

, 
an

d
 F

lu
k

a,
 N

eu
-U

lm
, 

re
sp

ec
ti

v
el

y
. 

T
h

e 
N

a 
sa

lt
 a

n
d

 t
h

e 
fr

ee
 a

ci
d

 f
o

rm
 o

f 
p

h
o

sp
h

o
ry

lc
n

o
li

n
e 

w
er

e 
p

re
p

ar
ea

 o
y

 a
am

u
o

n
 

o
f 

st
o

ic
h

io
m

et
x

ic
 a

m
o

u
n

ts
 

o
f 

N
a~

S
O

 4
 a

n
d

 H
2

S
O

 4
, 

re
sp

ec
ti

v
el

y
, 

to
 a

q
u

eo
u

s 
so

lu
ti

o
n

s 
o

f 
C

a 
2+

 s
al

ts
, 

fo
ll

o
w

ed
 b

y
 p

re
ci

p
it

at
io

n
 w

it
h

 p
ro

p
an

o
l-

2
. 

T
h

e 
N

 +
 

an
d

 C
a 

2+
 s

al
ts

 o
f 

p
h

o
sp

h
o

ry
le

th
an

o
l-

 
am

in
e 

an
d

 D
,L

-p
h

o
sp

h
o

-s
er

in
e 

w
er

e 
is

o
la

te
d

 i
n 

th
e 

sa
m

e 
w

ay
 a

ft
er

 a
d

d
it

io
n

 o
f 

st
o

ic
h

io
m

et
ri

c 
am

o
u

n
ts

 
o

f 
N

aO
H

 
o

r 
C

aC
12

, 
re

sp
ec

ti
v

el
y

, 
to

 t
h

e 
fr

ee
 a

ci
d

 f
o

rm
s.

 A
ll

 
co

m
p

o
u

n
d

s 
w

er
e 

re
cr

y
st

al
li

ze
d

 f
ro

m
 w

at
er

/p
ro

p
an

o
l-

2
 

m
ix

tu
re

s 
u

n
ti

l 
h

o
m

o
g

en
ei

ty
 

w
as

 a
ch

ie
v

ed
 b

y
 t

w
o

 c
ri

te
ri

a:
 a

 s
in

gl
e 

sp
o

t 
in

 p
ap

er
 c

h
ro

m
at

~
2

~
ap

h
y

 
an

d
 a

 f
re

e 
p

h
o

sp
h

at
e 

va
lu

e 
o

f 
le

ss
 t

h
an

 1
%

 o
f 

th
e 

v
al

u
e 

fo
r 

to
ta

l 
p

h
o

sp
h

at
e 

co
n

te
n

t 
(s

ee
 b

el
o

w
).

 T
h

e 
fl

am
e-

p
h

o
to

m
et

ri
c 

an
al

y
si

s 
o

f 
th

e 
v

ar
io

u
s 

N
a 

an
d

 C
a 

sa
lt

s 
ga

ve
2+

sa
ti

s-
 

fa
ct

o
ry

 v
al

ue
s,

 w
it

h
 t

h
e 

ex
ce

p
ti

o
n

 o
f 

th
e 

C
a 

2+
 s

al
t 

o
f 

p
h

o
sp

h
o

ry
le

th
an

o
la

m
in

e 
w

h
ic

h
, 

af
te

r 
p

re
p

ar
at

io
n

 b
y

 t
h

e 
ab

o
v

e 
p

ro
ce

d
u

re
, 

co
n

ta
in

ed
 

o
n

ly
 0

.2
 t

o
o

l 
C

a 
p

er
 

to
o

l 
o

f 
to

ta
l 

p
h

o
sp

h
at

e.
 

D
et

er
m

in
at

io
n

 
of

 s
o

lu
b

il
it

y
. 

A
n

 e
x

ce
ss

 o
f 

th
e 

so
li

d
 c

o
m

p
o

u
n

d
 

to
 b

e 
te

st
ed

 w
as

 k
ep

t,
 w

it
h

 o
cc

as
io

n
al

 s
h

ak
in

g
, 

in
 a

q
u

eo
u

s 
su

sp
en

si
o

n
 u

n
ti

l 
sa

tu
ra

ti
o

n
 w

as
 

re
ac

h
ed

 (
4 

d
ay

s,
 a

t 
th

e 
d

es
ir

ed
 t

em
p

er
at

u
re

).
 

S
o

li
d

 m
at

er
ia

l 
w

as
 r

em
o

v
ed

 b
y

 c
en

tr
if

u
g

at
io

n
. 

A
li

q
u

o
ts

 o
f 

th
e 

su
p

er
n

at
an

t 
so

lu
ti

o
n

s 
w

er
e 

as
sa

y
ed

 f
o

r 
fr

ee
 a

n
d

 f
o

r 
to

ta
l 

p
h

o
sp

h
at

e 
co

n
te

n
t,

 a
s 

in
d

ic
at

ed
 b

el
o

w
. 

D
ec

o
m

p
o

si
ti

o
n

 
w

as
 b

el
o

w
 

2%
 i

n 
al

l 
ca

se
s,

 W
h

en
 t

h
e 

co
n

te
n

t 
o

f 
fr

ee
 p

h
o

sp
h

at
e 

is
 t

ak
en

 a
s 

a 
m

ea
su

re
 o

f 
d

ec
o

m
p

o
si

ti
o

n
. 

A
n

al
y

ti
ca

l 
p

ro
ce

d
u

re
s.

 T
h

e 
so

lv
en

t 
sy

st
em

 f
o

r 
p

ap
er

 c
h

ro
m

at
o

g
ra

p
h

y
 

co
n

si
st

ed
 o

f 
is

o
b

u
ty

ri
c 

ac
id

/1
 M

 a
m

m
o

n
ia

, 
(5

: 
3,

 v
/v

).
 D

et
ec

ti
o

n
 

w
as

 b
y

 t
h

e 
n

in
h

y
d

ri
n

 
an

d
/o

r 
th

e 
H

an
es

-I
sh

er
w

o
o

d
 r

ea
g

en
t 

[7
].

 F
re

e 
p

h
o

sp
h

at
e 

w
as

 d
et

er
m

in
ed

 
b

y
 a

 c
o

lo
ri

m
et

ri
c 

as
sa

y
 [

8
].

 T
h

e 
am

o
u

n
t 

o
f 

to
ta

l 
p

h
o

sp
h

at
e 

w
as

 d
et

er
m

in
ed

 
b

y
 t

h
e 

sa
m

e 

as
sa

y
 [

8
] 

af
te

r 
~L

qh
in

g 
w

it
h

 M
g

(N
O

s)
 2

 [
9

].
 

C
al

cu
la

ti
o

n
s.

 C
o

n
ce

n
tr

at
io

n
 

v
al

u
es

 f
o

r 
th

e 
cr

y
st

al
li

n
e 

st
at

e 
o

f 
th

e 
m

o
d

el
 c

o
m

p
o

u
n

d
s 

w
er

e 
ca

lc
u

la
te

d
 b

y
 d

iv
is

io
n

 o
f 

th
e 

re
p

o
rt

ed
 

cr
y

st
al

 d
en

si
ti

es
 b

y
 

(m
ol

ec
uL

ar
 w

ei
g

h
t 

x 
1

0
-s

).
 I

n
 t

h
e 

ca
se

 o
f 

p
h

o
sp

h
o

ry
lc

h
o

 ~
l!

ne
, 

th
e 

cr
y

st
al

 d
en

si
ty

 h
as

 a
p

p
ar

en
tl

y
 

so
 f

ar
 n

o
t 

b
ee

n
 r

ep
o

rt
ed

, 
an

d
 t

h
e 

re
p

o
rt

ed
v

al
u

e 
fo

r 
L

-~
-g

ly
ce

ry
l-

 
p

h
o

sp
h

o
ry

lc
h

o
li

n
e 

[1
0

] 
h

as
 b

ee
n

 u
se

d
 i

n
st

ea
d

. 
P

o
la

r 
g

ro
u

p
 c

o
n

ce
n

tr
at

io
n

s 
o

f 
li

p
id

 b
il

ay
er

s 
w

er
e 

ca
lc

u
la

te
d

 b
y

 d
iv

is
io

n
 o

f 
5

5
.5

 b
y

 t
h

e 
n

u
m

b
er

 
o

f 
w

at
er

 m
o

le
cu

le
s 

in
 t

h
e 

in
n

er
 a

n
d

 t
h

e 
m

ai
n

 h
y

d
ra

ti
o

n
 

sh
el

ls
 [

5
].

 T
h

e 
h

y
d

ra
ti

o
n

 
v

al
u

es
 u

se
d

 h
ad

 b
ee

n
 d

et
er

m
in

ed
 

b
y

 d
eu

te
ro

n
 

m
ag

n
et

ic
 r

es
o

n
an

ce
 s

p
ec

tr
o

sc
o

p
y

. 
S

im
il

ar
 v

al
u

es
 h

av
e 

b
ee

n
 o

bt
~

i,
~

ed
 b

y
 a

 v
ar

ie
ty

 o
f 

o
th

er
 m

et
h

o
d

s 
[1

1
].

 

C
o

n
ce

n
tr

at
io

n
 o

f 

S
at

u
ra

te
d

 a
q

u
eo

u
s 

so
lu

ti
o

n
s 

(e
x

p
er

im
en

ta
l,

 
2

0
 ° 

C
)*

 
C

ry
st

al
li

n
e 

su
b

st
an

ce
s 

(c
al

cu
L

at
ed

) 

Li
qu
id
-c
ry
st
al
li
ne
 

li
pi
d 
bi
la
ye
rs
 (
ca
lc
ul
at
ed
) 

S
u

b
st

an
ce

 
C

at
io

n
 

C
o

n
cn

. 
S

u
b

st
an

ce
 

C
at

io
n

 
C

o
n

cn
. 

S
u

b
st

an
ce

 
C

at
io

n
 

C
o

n
cn

. 
(
M
)
 

(
M
)
 

(
M
)
 

P
h
o
s
p
h
o
r
y
l
-
 

H 
+ 

3.
0 

L-
a-
gl
yc
er
yl
- 

H 
+ 

4
.
8
 

E
g
g
 

*
*
 

4.
6 

ch
o

li
n

e 
N

 +
 

0
.4

 
p

h
o

sp
h

o
ry

l-
 

le
ci

th
in

 
C

a 
2+

 
0

.8
 

ch
o

li
n

e 
[ 1

0
] 

[ 5
] 

P
h

o
sp

h
o

ry
l-

 
H

 +
 

1
.4

 
P

h
o

sp
h

o
ry

l-
 

H
 +

 
1

1
 

E
g

g
 p

h
o

sp
lm

- 
**

 
4

.6
 

et
h

an
o

!~
m

ln
e 

N
 +

 
4

.0
 

et
h

an
o

la
m

in
e 

ti
d

y
le

th
an

o
l-

 
[1

2
] 

am
in

e 
[5

] 

D
,L

-P
h

o
sp

h
o

- 
H

 +
 

0
.1

5
 

D
,L

-P
h

o
sp

h
o

- 
H

 +
 

8
.2

 
B

o
v

in
e 

p
h

o
s-

 
N

 +
 

5
.0

 
se

ri
n

e 
N

a +
 

1
.2

 
se

rl
u

e 
• H

 ~
 O

 
p

h
at

id
y

l-
 

C
a 

2+
 

0
.0

4
 

[1
3

] 
se

ri
n

e 
[ 

5]
 

*
S

o
lu

b
il

it
y

 v
al

u
es

 w
er

e 
10

 t
o

 2
0

%
 h

ig
h

er
 a

t 
3

7
 ° 

C
 a

n
d

 b
et

w
ee

n
 

2
0

 t
o

 5
0

%
 l

o
w

er
 a

t 
0

°C
. 

*
*

N
o

t 
in

d
ic

at
ed

 i
n

 r
ef

. 
5.

 



644 

From the data of  Table I it is apparent  that  the lipid polar group con- 
centrations of  bilayer membranes are above the bulk saturation concentrations 
of the corresponding polar group model  compounds.  This near-crystalline solu- 
tion state of  the polar groups might conceivably restrain phospholipid bilayer 
fluidity. Indeed, some correlation between the present solubility data and 
known polar group effects on bilayer fluidity is possible. The addition of  calcium 
ions to phosphatidylserine or phosphatidic acid bilayers soldifies the bilayer 
structure, including the hydrocarbon portion, and shifts T c temperatures to 
higher values [4]. This might correspond to the 30-fold lower solubility of  the 
Ca ~+ salt of  D,L-phospho-serine relative to the Na + salt (Table I). The very low 
solubility of  the Ca 2+ salt of  phosphoric acid, which is a primitive model  com- 
pound for the polar group of phosphatidic acid, is well known. The free acid 
form of  phosphatidylserine fails to form fluid bilayers in excess water, where- 
as the Na + salt readily does [5]. It might be a possible analogy that the free 
acid form of  D ,L-phospho-serine was about  8-fold less soluble than the Na ÷ 
salt (Table I). 

More generally, the present results might be related to the principle of op- 
posing forces by which micelle formation can be thermodynamical ly  described 
[6].  The oversaturated bilayer polar groups will tend to dissolve in excess 
water, this repulsive force being more than compensated for by the attractive 
force originating from the positive ent ropy term of hydrophobic  interactions 
between the lipid fat ty  acyl chains. 
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