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SUMMARY 

Attenuated total  reflectance infrared spectra of films of vitamin D-  egg lecithin 
mixtures show low frequency shifts for the vitamin -OH stretching and the [POzl- 
stretching absorption of the phospholipid. These shifts maximize at a 2 sterol:I  
phospholipid ratio and appear to represent formation of a hydrogen-bonded complex 
of lecithin with vitamin D. Films of vitamin D trap nonpolar solvents, e.g., carbon 
tetrachloride, but  this phenomenon is not seen in phospholipid-vitamin D mixtures. 
The results are interpreted in terms of a possible interaction of vitamin D with phos- 
pholipids in cell membranes and the potential effects of such an interaction on calcium 
binding by membrane systems. 

INTRODUCTION 

Studies of sterol interactions with cell membranes have centered on the postu- 
lated interaction of cholesterol with phospholipidsl, 2. There is no direct evidence for 
such an interaction in cell membranes. However, the fact that  cholesterol is a major 
constituent of many membranes has prompted studies of cholesterol-containing 
monolayers3, 4 and other model membrane systems 8. These investigations have given 
rise to extensive speculation on the probable structure of cholesterol-phospholipid 
complexes in cellular membranes. 

Since vitamin D is a sterol structurally related to cholesterol, it occurred to us 
that  vitamin D phospholipid complexes might form in a manner similar to that  
proposed for cholesterol. Furthermore, the recent observation by FRASER AND 
KODICEK s that  vitamin D can compete with cholesterol for sites on the cholesterol- 
esterifying enzyme shows that  these structural similarities are reflected in biological 
systems which are fairly specific. 

Since we have already shown apparent hydrogen bonding of cholesterol to 
lecithin by  infrared techniques ~, we decided to investigate the possibility of lecithin- 
vitamin D interactions in the hope of obtaining some new insight into the role of these 
two lipids in membrane processes such as calcium transport.  Data  presented in this 
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paper suggest that vitamin D and lecithin do in fact interact by hydrogen bonding of 
the sterol hydroxyl to the nonesterified phosphate oxygens of lecithin. The possible 
importance of this interaction to calcium transport and the action of vitamin D is 
discussed. 

MATERIALS AND METHODS 

The techniques and materials used in this work were identical to those reported 
previously 7. Attenuated total reflectance spectroscopy of lipid mixture films was 
employed, using a Wilks model 12 at tenuated total reflectance attachment with the 
Perkin-Elmer 521 infrared spectrophotometer. The sample chamber was continuously 
flushed with dry air while spectra were being run. 

"Mixture films" consist of lipid mixtures dried on the at tenuated total reflectance 
crystal, while "addition films" consist of lipids dried separately on an at tenuated 
total reflectance crystal. Thus, in the latter case, addition spectra are obtained (see 
ref. 7). 

Synthetic dipalmitoyl lecithin was purchased from Mann Research Labs. 
Crystalline vitamin D-3 was obtained from Nutritional Biochemical. 

RESULTS 

The at tenuated total reflectance spectrum of vitamin D in the -OH stretching 
region is shown in Fig. I. This spectrum may be compared to that  obtained earlier with 
cholesterol 7. The hydroxyl group participates in intermolecular hydrogen bonding in 
the solid film. The -OH stretching absorption maximized at about 335 ° cm -1, some 
5o-6o cm -1 below the -OH stretching frequency for cholesterol films. Thus, inter- 
molecular association appears to be somewhat stronger for vitamin D than for cho- 
lesterol. Also, the -OH band is more symmetrical for the vitamin than for cho- 
lesterol. 

Fig. 2 indicates that  films of mixtures of vitamin D and egg lecithin show 
increased hydrogen bonding of the -OH group in the vitamin. These data represent 
I : I  molar mixtures, and the -OH stretching frequency of the mixture is shifted 
downfield by approximately IOO cm -~, compared to that  of the addition spectrum. 
The shoulder at 336o-3380 cm -1 seen in the mixture spectrum represents bound water 
in the lecithin 7. The -OH stretching absorption maximum of the vitamm-phospho- 
lipid mixture is very nearly the same as that  for cholesterol and lecithin, and in this 
respect, the interaction appears to be similar for the two sterols. 

However, in contrast to the cholesterol-lecithin spectra, several other pertur- 
bations of the mixture spectra are obtained with vitamin D. These differences are 
shown in Fig. 3. For identification of these lecithin bands which are shifted in the pres- 
ence of vitamin D, at tenuated total reflectance spectra of L-~-glycerophosphoryl cho- 
line, lysolecithin and lecithin were obtained. These spectra are presented in Table I. 
From these data and those reported in the literature ~-n,29,3° the band assignments 
shown in Table II were made. From Fig. 3, then, it is seen that  the antisymmetric 
[PO2J- stretching frequency of lecithin (Table II) at 125o cm -1 is shifted downfield 
by about 20 cm -I. Furthermore, the symmetric [PO2~- stretching frequency at lO8O 
cm -1 seen as a separate peak in the addition spectrum now appears as a shoulder 
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distinctly decreased in intensify relative to the adjacent downfield band (C-O 
stretching). This obvious downfield shift in the [PO2]- stretching absorptions is 
expected from hydrogen bonding~?*, ~. 

TABLE I 

INFRARED BANDS ( c m  -1) IN LECITHIN AND LECITHIN DERIVATIVES 

Lec,th,n* L-~-Glyc,~rophosphoryl Lysolec,th,n*** 
chohne 

3375 (H20) 
33oo-31oo (weak, broad) 

318o-325o 
3 I I O  (weak)  
2928 (strong) 2928 (very weak) 2928 (strong) 
2860 (strong) 2860 (very weak 2860 (strong) 
173o (strong) 173o (strong) 
1475 (shoulder) 1475 (shoulder) 
i46o (strong) 146o (strong) 
141o (weak) 141o (weak) 
137o (weak) 134o (weak) 137o (weak) 
125o (strong) 1195 (strong) 1235 (strong) 
1165 (strong) I17O (medium) 
114o (shoulder) I I4O (weak) 
lO83 (strong) lO8O (strong) lO83 (strong) 
lO5O (strong) lO5O (strong) lO5 ° (strong) 
96o (strong) 97o (strong) 960 (strong) 
820 (medium) 823 (medium) 820 (medmm) 

* Solution in carbon tetrachloride drmd on KRS-5 crystal. 
** CdC12 salt pressed on KRS-5 crystal. 

*** Solutmn In 2 parts chloroform, I part methanol dried on KRS- 5 crystal. 

The shift in the antisymmetric EPOz]- band at 125o cm -1 with increasing vita- 
min D concentration is easily followed. This shift appears to maximize when the 
vi tamin D:lecithin ratio is somewhere between 2 and 3 to I, as shown in Fig. 4. On 
occasion this [P027- stretching frequency was observed to shift as low as 1225 cm -1 
with ratios of 2 as well as 3 to I. These data appear to indicate that  more than two 
vitamin molecules can at least partially interact with lecithin, but  it is clear that  
the large shift occurs between a ratio of I and 2 to I, with minimal further interaction 
after this stoichiometry is attained. Similar results were obtained for the shift of the 
- O H  stretching frequency (Fig. 4), and while the results are not nearly as definitive 
as those obtained with cholesteroF, again a stoichiometry of two vitamin D molecules 
to one lecithin appears to give maximal interaction. 

Fig. 5 shows a third area of the a t tenuated total  reflectance spectrum which is 
altered by  the interaction of lecithin with vitamin D. The intense peaks at 785 cm -1 
and 760 cm -x in the addition spectra are completely gone in the mixture spectra. 
However, these peaks do not represent absorption due to the phospholipid or sterol, 
but represent rather the C-C1 stretching from the solvent, carbon tetrachloride. 

I t  was discovered from this observation tha t  films of vitamin D t rap  solvent, but 
tha t  films of egg lecithin do not. Fig. 6 shows tha t  the vi tamin D-trapped solvent 
slowly escapes, and tha t  upon exposure to additional solvent, the 785-76o cm -1 
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Fig. I. At tenuated  total  reflectance infrared spectrum of v i tamin  D 3 in the  - O H ,  C - H  stretching 
region. 0.2 ml of a carbon tetrachlorlde solution of v i tamln  D (4 o mg/ml)  was  dried on a KRS-5  
a t tenuated  total  reflectance crystal  (Wilks). 

F ig  2. Interact ion of v ] tamln  D 3 wi th  egg lecithin ev idenced by  low-frequency shift of - O H  
stretching in the  mixture  spectrum (b). Mixture spectrum obtained from i i molar mixture  of 
v i tamin  D and leclthln in carbon tetrachlonde.  Addit ion  spectrum (a) obtained as described in T. 
The  5 × spectra represent  5-fold amphficatlon.  
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Fig. 3. Low-frequency  shift in [POs] -  s tretching frequencies of lec i thin in mixtures  wi th  v l t a m m  D 
a. Mixture  spectrum, b Addit ion  spectrum.  Spectra were obta ined as described before. Mixture 
spectrum (a) is of a 2" i (vitamin D:  lecithin) molar mixture.  

Fig.  4. Sto]chiometry  of v i tamin  D- l ec i th in  interaction.  Frequency  of max imal  absorption is 
p lot ted  versus ratio of the two hplds.  O . . . .  O ,  - O H  stretching; [ ] - - E l ,  [PO~]-  s tretching 
( i 2 5 o - i 2 2 5  cm-1).  
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doublet reappears. Thus, Fig. 5 shows that lecithin interaction with vitamin D 
eliminates this solvent trapping capability. 

Table III  presents data on the effects of polar lipids other than lecithin on the 
sterol -OH stretching frequency and on the solvent trapping. The -OH frequency 

TABLE II 

LECITHIN GROUP FREQUENCY ASSIGNMENTS 

Group Mode ~ (em -I) Ref. 

- O - H  (water) S t re tch  3375 
--C-H St re tch  3OlO I I ,  8 

H - C ~ H  S y m m e t r i c  s t r e t ch  2928 i i ,  8 

H- -C-H A n t m y m m e t r l c  s t r e t ch  2860 i I, 8 

C = O  St re tch  173o i i ,  8 

H - C - H  Bend  137o i I ,  8 

[PO2]-  A n t i s y m m e t r i c  s t r e t ch  125 o io, I I  
C - O - C  St re tch  1165 Table  I 
[PO~]- S y m m e t r i c  s t r e t ch  lO8O IO 
[C-O]P St re tch  lO5O IO 
N - [ C - C ] O  St re tch  97 ° IO 
[P-O]C St re tch  820 IO 

Frequency (crn ~) 

1 0 0 . %  T i i i l i i 

(b) 

Frequency (cm -I ) 

l O 0 ~ e T  1 I I i 

O%T O% 

Fig  5- Effect  of lec i th in  on so lven t  t r a p p i n g  b y  v i t a m i n  D. The  785-cm -1 and  769-cm -1 abso rp t ions  
are due  to  C--C1 s t r e t ch ing  in ca rbon  te t rachlor ide  (ref. 8 a n d  Fig. 6). a. Add i t ion  spec t rum.  
b. Mix tu r e  spec t rum.  

Fig. 6. Release  of so lven t  t r a p p e d  b y  v i t a m i n  D wi t h  t i m e  (a) a n d  r eappea rance  of 785-76o doub le t  
u p o n  add i t ion  of so lven t  (b). Unlabe led  spec t ra  are t h e  series s t a r t i ng  w i t h  (a). The  spec t ra  were 
recycled eve ry  5 m i n  as shown.  For  (b), one drop of ca rbon  te t rachlor ide  was  added  to  t h e  l ipid 
film and  t h e  sur face  was  f lushed w i t h  N~ before r u n m n g  t h e  spec t rum.  
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results are identical to those obtained with cholesterolL Furthermore, with the ex- 
ception of dipalmitoyl lecithin, the ability of the vitamin to t rap solvent can be seen 
to correlate with interaction of the lipids with the vitamin D hydroxyl group. Except  
for the saturated lecithin, lipids which produce an - O H  shift eliminate the solvent 
trapping effect while those which do not alter the - O H  stretching have no effect on 
solvent trapping. 

T A B L E  I I I  

VITAMIN D - O H  STRETCHING FREQUENCY IN LIPID MIXTURES 

Lzpzd -OH maxzmum Solvent 
(cm -1) trapped 

Egg  lec i th in  3260-324o No 
Lyso lec l th ln  326o-323o No 
Cetyl  t r l m e t h y l  a m m o n i u m  bromide  331o No 
Cetyl  t r i m e t h y l  a m m o n m m  chloride 3280 No 
T n s t e a n n  335o Yes 
Dlce ty l  p h o s p h a t e  335 ° Yes 
Dxpalmltoyl  leci thin (synthet ic)  325 ° Yes 

In the course of these studies we observed that  while egg lecithin t rapped no 
solvent, synthetic dipalmitoyl lecithin was even more effective than vitamin D at 
retarding solvent loss. Thus, this capability to t rap solvent molecules is related to 
the unsaturation in the hydrocarbon side chains of the phospholipids. Furthermore, 
there is some structural difference between vitamin D and cholesterol which enables 
the vitamin to t rap solvent. These results are helpful in interpretation of the molecular 
organization of the lipid molecules in the solid film. 

DISCUSSION 

The concomitant shifts of the - O H  and [PO~]- stretching frequencies suggest 
direct interaction between the two groups. This interaction is apparently hydrogen 
bonding of the vitamin to the non-esterified phosphate oxygens in lecithin. Maximum 
Interaction appears to occur at a 2 sterol: I phospholipid ratio, as with cholesterol. This 
stoichiometry suggests that  each vitamin D molecule hydrogen bonds with one of the 
phosphate oxygens in lecithin. The data in Table I are essentially identical to those 
obtained with cholesterol, and the conclusions concerning possible interaction with 
the choline nitrogen are therefore the same v. 

The magnitude of the - O H  shift for vitamin D is no greater than that  for 
cholesterol, even though the free phosphate oxygens are involved in the former and 
not in the latter. Since the net negative charge on the free phosphate oxygens would 
be expected to be greater than that  on the phosphate ester oxygens, this result sug- 
gests that  the O-H.  -. 0 bond distance in the vitamin D system is somewhat greater 
than that  in the cholesterol system. Although data of this sort are difficult to quanti- 
tate, one can estimate that  the O - H . - . O  bond distance must be of the order of 
2.65-2.80 A for both  systems 12, with the vitamin-lecithin system approximating the 
higher value, and the cholesterol-lecithin nearer to the lower value. 
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The ability of lipids to trap solvent appears to be due to the molecular architec- 
ture in the hydrocarbon portion of the lipids, as evidenced by  the difference between 
saturated and the unsaturated lecithin. This property of the system is most easily 
interpreted if one postulates that  the lipids are organized in spherical or quasi-spheri- 
cal micelles in solution, as illustrated in Fig. 7. This suggestion is not new, and molec- 
ular-weight determinations for lecithin are known to give values suggesting extensive 

xX x XX x 
x XxX x 

"~ ~x~-O x x v xx-~x / 
X X xx X xXx x 

X XX X x X x 

DRYING 

(o) 

~ ~ X  XxX xXx X 

X X X X 

DRYING D 

(b) 

Fig 7 Diagrammatic illustration of solvent molecules (x) trapped by saturated lecithin (b) and 
failure of egg (unsaturated) lecithin to trap solvent. The unsaturation in egg lecithin (a) produces 
"k inks"  m the side chains and this reduces close packing of the mlcelles, forming a more porous 
lomc barrier than that  formed by the saturated leclttun. 

association even at high dilutionlS, 14. Our suggestion is that  during solvent removal 
and film formation on the attenuated total  reflectance crystal, this micellar structure 
is retained. Solvent molecules may then be encapsulated within the micelles because 
of their inability to penetrate the spherical ionic barrier formed in the micelle. This is 
a process analogous to the well-known retardation of evaporation of water by  a lipid 
monolayer. Such encapsulation would be expected to be very effective if the distance 
between the polar portions of adjacent molecules are on the same order of magnitude 
as the molecular diameter of the solvent molecules. Forces tending to separate the 
polar ends of the lipids would reduce the solvent trapping. It  is well known from mono- 
layer studies that  unsaturation in the side chain of phospholipids considerably reduces 
the close packing of the molecules 15-17. Egg lecithin contains siguificant amounts of 
unsaturated hydrocarbon chain. Furthermore, surface potential studies show that  
unsaturated lecithin does not interact as strongly with divalent cations as does the 
saturated lecithin *. The interpretation in Fig. 7 shows diagramatically how these facts 
may explain the solvent-trapping capabilities of the two lecithins studied here. 

It  is thus suggested that  the molecules essentially retain the micellar organiza- 
tion as they are dried on the at tenuated total  reflectance crystal. If this is correct, it 
implies that  in the dried film the micelles pack together "back to back" with the hy- 
drocarbon chains of one micelle approaching and packing together with those of an- 
other. The net molecular organization achieved by  this process would resemble the 
postulated organization for lipids in cell membranes, that  of the lipid bilayer. There- 
fore, the observation of solvent trapping in the dried film of lipids gives us some infor- 
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mation about the organization of the molecules in the film and reinforces the belief 
that their organization in some respects resembles that of cellular membranes. 

For rationalization of the solvent-trapping capability of vitamin D relative to 
that of cholesterol, we may turn to molecular models. Fig. 8 shows space-filling models 
of vitamin D and cholesterol. The most predominant feature which distinguishes the 
two is the decrease in bulk in the vitamin molecule at the polar end. In fact, the vitamin 
may be considered to be a slightly bent "wedge" with the hydroxyl group at the point 
of the wedge. 

.5 

,N 

Fig 8 C P K  (Eahng)  space-f i lhng models  of v i t a m i n  D (right) a n d  cholesterol  (left) showing  t h e  
g rea te r  bu lk  of cholesterol  a t  t he  polar  end  of the  molecule.  The  bend  m the  v i t a m i n  D molecules  
arises because  of t he  ex tens ion  of the  con juga ted  ~ s y s t e m  equa tor ia l  to t he  cha i r  fo rm of r lng  C. 

Although it is not known whether vitamin D or cholesterol form micelles in 
organic solvents, the fact that  the vitamin traps solvent in dried films suggests that  
this may be the case. One would expect that  a wedge-shaped molecule would be ca- 
pable of forming a tightly packed quasi-spherical micelle, with the polar groups inward 
and in close proximity to one another. On the other hand, the more bulky polar end 
of cholesterol will prevent close approach of the hydroxyls to one another. Thus, the 
vitamin may form a inicelle with an effective polar barrier to solvent loss. Since the 
-OH stretching absorption of the vitamin maximizes some 5o-60 cm -1 below that  of 
cholesterol (Fig. I), the data appear to support the above idea. The loss of the solvent- 
trapping capability in mixtures of egg lecithin and vitamin D thus suggests that  the 
vitamin D micelles do not form, which is expected if the phospholipid and sterol are 
aligned "side by side" in a mixed mlcelle as suggested earlier ~. 

The postulated arrangement of the vitamin and phospholipid is shown dia- 
grammatically in Fig. 9. The vitamin D molecules aligned parallel to the lecithin 
hydrocarbon chains pack in such a way as to insert the hydroxyl groups into an area 
no more than 2.8 A from the phosphate oxygens. This arrangement has the capacity 
for at least two sterols per lecithin. 

Why vitamin D interacts with the free phosphate oxygens, while cholesterol 
does not, may be presumed to be the result of the molecular dimensions and shape of 
the sterols. Perhaps because of the greater bulk of the polar end of cholesterol, this 
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sterol simply cannot fit into the space available in the matrix area of the free phos- 
phate oxygens. 

In any case, it is clear tha t  vitamin D can and does influence the [POs]- group 
of lecithin when the molecules are aligned as they might be in a cellular membrane. 
The physiological significance, if any, of this fact is not known. However, the apparent 
similarity of the experimental system to postulated cell membrane structure prompts 
some speculation. I t  should first be noted that  it is unlikely, although not impossible, 
that the present system reflects a molecular model for the so-called "physiological" 
effect of vitamin D in curing rickets and maintaining normal blood calcium levels. 

R' 
! 
0 

O--H---O =--- P - -=O---H--O 
H OOH ~ 2 S l I ~  I 

° 

1 
- -  + R 

(a) (b} 

Fig. 9. Proposed a r rangement  of l ec i th in -v i t amin  D complex, a. A 2 : I complex, showing hydrogen 
bonding  of sterol to the  leci thin phosphate ,  b " E n d - o n "  view of the  phospha te  oxygen-hydroxy l  
] n terac t lon  

NORMAN AND DE LUCA 2~ discovered, and BLUNT et al. 2~ identified, a new chemical form 
of vitamin D, 25-hydroxycalciferol, which is faster acting than the parent vitamin is, 
and which apparently represents an active metabolite. Further, a general interaction 
of vitamin D with lecithin in cell membranes is too gross a system to provide a satis- 
factory rationale for the response of animals to doses of less than a/zg of vitamin D. 

However, the present system may have relevance to the well-known toxic 
effects of pharmacologic doses of vitamin D19, ~°. I t  has been suggested frequently 
that  phospholipids bind calcium and other divalent cations at the surface of cell mem- 
branes. I t  is believed that  while normal serum calcium levels are of the order of 
2.5 mM, intracellular free calcium concentrations are much lower than this. This ap- 
pears to be the result of the fact that  cellular membranes as well as proteins and other 
macromolecular constituents extensively complex intracellular calcium21, ~*. The inter- 
action of vitamin D with phospholipids in the manner suggested in Fig. 9 would 
have the effect of displacing ions bound to phospholipids by partial neutralization of 
the negative oxygen through the -OH dipole. The net result in a cell membrane would 
be reduced binding of divalent cations such as calcium. In the presence of excess 
vitamin D, such an effect could produce a significant alternation in calcium binding by 
the cell membranes. I t  has been known for some time that  large amounts of vitamin D 
do alter calcium binding by subcellular organelles. For example, mitochondria treated 
with the sterol are caused to release bound calcium sooner than the control mito- 
chondria ~3. In addition, vitamin D-treated microsomes bind less calcium than un- 
treated microsomes ~4. Further, in addition to the metabolite of vitamin D, large 
amounts of unmetabolized vitamin are always found in the cellular membranes when 
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rats are given large doses of the sterol ~. This is evidence that the presence of vitamin D 
at concentrations greatly in excess of those required for "normal" action can reduce 
the binding of calcium by membranous systems. ZULL et al. 25 concluded earlier that 
these effects of the vitamin were nonphysiological and at best represented a model 
system for the primary action of the vitamin. Whether reduced uptake of calcium 
by cellular membranes in  vivo brought about by pharmacological levels of vitamin D 
is related to the toxic action of the vitamin can only be speculated upon at the pres- 
ent. In any case, it is clear that the results presented here do suggest a mechanism 
whereby vitamin D may alter calcium binding by membrane systems. 
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