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SUMMARY
o]
) Treatment of human erythrocyte membranes with a short (5 A) bifunctional
reagent produced only moncsubgtituted products of amino-phospholipids. Treat-
ment with longer reagents (9 A and 18 A) produced 24% and 33% of cross-linked
PE molecules, respectively. No cross-linked products containing PS molecules
could be isolated. These data are consistent with a view that PE and PS

molecules are largely located in lipoprotein complexes at the inner surface
of the membrane rather than in the lipid bilayer.

It has recently been reported (1) that 1,5-difluoro-2,4-dinitrobenzene, a
bifunctional arylating reagent, was able to crogs-link only 5% of the total
amino-phospholipids in human erythrocyte membrane. The remaining amino-phospho-
lipids were also modified by the reagent but the produets were monosubstituted.
The low yield of the cross-linked products was attributed to a possibility that
amino-phospholipids were largely found as components of lipoprotein subunits at
the inner surface of the membrane and only a small fraction was present in the
bilayer.

We have conducted similar experiments with human erythrocyte membrane using
three bifunctional reagents, FFDNB¥, FFDS and FDPC, having different distances
between the reactive centers, and have obtained with the latter two reagents a
higher yield (24-33%) and a different distribution of the cross-linked products

(2).

*Abbreviations: FFDNB, 1,5-difluoro-2,k-dinitrobenzene; DNP-, 2,4-dinitrophenyl
group; DPE, 2,k-dinitrophenylene group; FFDS, L,4'-difluoro-3,3'-dinitrodi-
phenylsulfone; FDPC, N-(3-fluoro-h,f-dinitrophenyl)-cystamine; PE, phosphatidyl
ethanolamine; PS, phosphatidyl serine; PC, phosphatidyl choline; Sph, sphingo-
myelin; isotonic buffer, 5 mM sodium phosphate-0.15M sodium chloride, pH 8.0.
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MATERTALS AND METHODS

Whole human blood or separated red blood cells were obtained from North-
eastern New York Red Crosg Blood Center, Albany, N. Y. Erythrocyte membranes
were prepared according to the method of Fairbanks et al. (3). Samples of PE
and PS were purchased from Sigma Chem. Co. Samples of FFDNB and FFDS were
obtained from Pierce Chem. Co. and FDPC was synthesized in this laboratory.
All other reagents used in this study were of analytical grade quality.

Treatment of lyophilized red blood cell membranes with bifunctionsl reagents.
Samples (100 mg) of lyophilized membranes were suspended in 5 mM sodium phosphate-
0.15 M sodium chloride, pH 8.0, buffer (100 ml) by magnetic stirring and were
treated with an 0.1% methanolic solution of the bifunctional reagent. The
solution of the reagent was added dropwise to a stirred reaction mixture during
a period of five minutes. Final concentration of FFDNB (mol. wt. 204) was 382
UM and that of FFDS (mol. wt. 34L) was 386 uM. These quantities of the two
reagents correspond to a 2.7:1 molar ratioc of the reagent to amino groups of PE
and PS in the membrane. After addition of the reagent the reaction mixture was
stirred at room temperature for 1 to 3 hours, then the contents were dialyzed
first against the isotonic buffer at room temperature and then against water at
4°C and 1lyophilized.

The third reagent, FDPC (mcl. wt. 336.2), as hydrochloride salt, was
dissolved in 5 ml water and the resulting solution was added dropwise to a
stirred membrane suspension. The final concentration of the reagent was 131 uM
(1:1 molar ratio of the reagent to amino groups of PE plus PS). After 1 to 3
hours of stirring 1 ml of B~mercaptoethancl was added, the contents were kept
at room temperature overnight, then dialyzed against water and against the
igotonic buffer. The membrane suspension in the buffer was stirred in air in
the presence of 50 uM o-phenanthroline and 10 uM CusO), (1) during several hours
and then dialyzed and lyophiligzed.

Treatment of PE and PS with bifunctional reagents. Samples (10 mg) of PE and PS
were suspended separately in 20 ml of the isotonic phosphate buffer, pH 8.0, or
in 20 ml of 0.2% sodium bicarbonate prepared in ethanol-water mixture (1:1, by
volume) and treated with one of the bifunctional reagents using the same condi-
tions as those described for the treatment of the erythrocyte membrane. After
several hours of stirring at room temperature, the contents were concentrated
by rotary evaporation. The residues were dissolved in ethanol and subjected to
thin-layer chromatography (see below). The yellow bands corresponding to the
reaction products were isolated and quantitated by spectrophotometry and by
phosphorus analysis (5).

Thin-layer chromatography and quantitation of the modified asmino-phospholipids.
Thin-lsyer plates were prepared from a slurry of Silica G powder (18 g) and
Florisil (2 g) in 65 ml of water. This quantity was sufficient for three 20 x
20 cm thin-layer plates. The plates were activated by heating at 120°C for 20
min, then cooled at room temperature for 30 min before use. 100 ug to 10 mg
samples of the chloroform-methanol (2:1, by volume) lipid extract was applied
per plate and the chromatography was performed with chloroform-methencl-water
mixture (65:25:4, by volume) during 50 to 7O min. The yellow bands corresponding
to the reaction products of PE or PS were scraped from the TLC plates, extracted
with ethanol, the extract centrifuged, and the supernatant was used for spectro-
photometric quantitation of the reaction products. Appropriate derivatives of
the model compounds prepared from commercial PE and PS8 by treatment with the
three bifunctional reagents were used as markers for TLC and as standards for
spectrophotometry. Unreacted PE and PS were visualized on thin-layer plates by

ninhydrin spraying followed by brief heating at 90-95°C.
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RESULTS

The results obtained after treatment of the erythrocyte membrane with the
three reagents are shown in Fig. 1 and in Table I. With FFDNB only monosubs-
tituted products of PE and PS were isolated in 22% and 12% yield, respectively.
The second fluorine atom in these products was hydrolyzed to phenolic hydroxyl
groups whose ultraviolet absorption spectra were sensitive to pH (curves 1 and
2, Fig. 1). The yields of the reaction products were based on the total
contents of PE and PS in the membrane (9.6% and 2.6% by weight of the dry
membrane, respectively) (6).

With FFDS, a cross-linked product containing two PE molecules was isolated

in 24% yield. Its Rp value on thin-layer chromstograms and the ultraviolet

TABLE I. Lipid derivatives isolated from treated human erythrocyte membrane

Compound Rp EtOH max X 107% Yield
Amax (M~leem=1) (%)

(CH)DNP~PE 0.98 332 1.5 22
(OH)DNP-PS 0.5k 332 1.5 12
N ,N-DS-bis-PE 0.96 290 3.k 2L
W,N-DPC~bis-PE 0.30 320 3.2 33

Samples (100 mg) of intact or cholesterol-depleted erythrocyte ghosts
were suspended in 100 ml of 5 mM godium phosphate - 0.15 M godium chloride,
DH 8.0, buffer and treated with 0.1% methanolic solution of FFDNB or FFDS
(molar ratio of the reagemts to PE + PS was 2.7:1) or with an aqueous
solution of FDPC hydrochloride (molar ratio approximately 1:1). After comple~
tion of the reaction (1-3 hours) the contents were dialyzed and lyophilized.
Lipids were extracted with chloroform-methanol (2:1, by volume) and the ex-
tracts chromatographed on Silica G thin-layer plates with chloroform-methanol-
water (65:25:4, by volume). The bands corresponding to the reaction products
were isolated and quantitated spectrophotometrically. The reaction mixture
containing FDPC reagent was treated overnight with 1 ml B-mercaptoethanol,
dialyzed, and subsequently stirred in air in the presence of 50 uM o-
phenanthroline and 10 uM CuSOy. After dialysis and lyophilization, lipids
were extracted and analyzed by TLC and by spectrophotometry. The yields of
the products are based on the total contents of PE {9.6%) and PS (2.6%) of
the dry membrane (6).
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Figure 1 - Absorption spectra of the lipid derivatives isolated from treated
erythrocyte membranes. Spectra were recorded in ethanol. Curve 1,
82 uM (OH)DNP-PE; curve 2, 82 uM (OH)DNP-PE in basic ethanol, pH 10;

curve 3,

32 M N,N-DS-bis-PE; curve 4, 7.5 uM N,N-DPC-big-PE.

absorption spectrum which was insensitive to HY ion concentration in the L-10

pH range (curve 3, Fig. 1), was identical with that of the model compound,

N ,F-DS-bis~PE (e at

290 tm was 3.1 x 10% M~l.cm~! in ethanol). No cross-linked

product containing two PS molecules or a product containing one PE and one PS

molecule could be igolated.

The highest yield (33%) of the cross-linked product containing two PE

molecules was produced by the treatment of the membrane with ¥DDC reagent. Its

RF value on thin-layer plates and the ultraviolet absorption spectrum, which was

also insensitive to H' ion concentration in the 4-10 pH ranse (curve L, Fig. 1),

was identical to that of the model compound, N,N-DPC-bis-PE (e at 320 nm was

3.2 x 10% M~teem~1),

isolated.

No eross-linked products containing PS molecules could be

When agueous suspensions of either PE or PS were treated with one of the

three reagents both types of products, monosubstituted and disubstituted, were

isolated by thin-layer chromatography. The relative amounts of the two products
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depended on the molar ratio of the reagent to PE or PS used during the reaction.
For example, using a 0.l:1 molar ratio of FFDNB to PE or PS approximately 70%
of N,N-DPE-bis-PE (Xp,, in ethanol was 327 mm with an e value of 3.0 x 10%
M~l.ecm™!) and about 20% of N,N-DPE-bis-PS (A, in ethanol was 328 mm with an

£ value of 3.0 x 10% M"l.em™!) was isclated. With a 1.7:1 molar ratio of the
reactants approximately 30% of (OH)DNP-PE, 80% of (CH)DNP-PS and trace amounts

of the corresponding disubstituted products were isolated.

DISCUSSION

The low yield (5%) of the cross-linked products obtained from the amino-
phospholipids after treatment of the erythrocyte membrane with FFDNB (molar
ratio of FFDNB to amino groups of PE plus PS, 19:1; final concentration of
FFDNB in the reaction mixture, 2 mM) was attributed by Marinetti et al. (1)
to a predominant location of PE and PS molecules in the lipoprotein complexes
at the inner surface of the membrane rather than in the phospholipid bilayer.
In our cross-linking experiments of the membrane with the same reagent but under
different experimental conditions (molar ratio of FFDNB to amino groups of PE
plus PS, 3:1; final concentration of the reagent in the reaction mixture, 380
uM) we were unable to isclate cross-linked products but only monosubstituted
products (OH)DNP-PE and (OH)DNP-PS, in 22% and 12% yield, respectively. On the
other hand, when FFDNB was used for cross-linking of PE or PS in aqueous

suspensions, both monosubstituted and the cross-linked products were isolated.

Q\S/O
F F F NH'(CHz)Z-S-S-(CHg)Z’NHg
0N NOp
OpN NOo ¢ E OoN NO2

FFONB FFDS FDPC

Figure 2 - Amino group specific bifunctional reagents wgth differegt separations
between the two reactive centers. FFDNB, 5 A; FFDS, 9 A; FDPC (after

clegvage of B-mercaptoethylamine fragment and reoxidation, see Fig. Ly,
18 A.
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With a 0.4:1 molar ratio of FFDNB to PE or PS predeminantly cross-linked
products (70% of PE to PE and 20% PS to PS) were obtained. With a 1.7:1 ratio
predominantly monosubstituted products (30% from PE and 80% from PS) were
produced. The absence of the cross-linked products after treatment of the
membrane under conditions of low (3:1) molar ratio of the reagent to amino-
phospholipids supports the conclusion reached by Marinetti Eﬁ.il: concerning the
location of amino-phospholipids in the membrane (1).

However, it was possible to obtain cross-linked products of amino~phospholipids
after treatment of the membrane with bifunctional reagents having greater
distances between the reactive centers than FFDNB. The structures of the three
reagents used are shown in Fig. 2. The distances between the two fluorine atoms
in FFDNB, FFDS and FDPC are approximately 5 A, O & and 18 &. TFFDNB, the shortest
bifunctional reagent, was unable to cross-link amino-phospholipids but FFDS and
FDPC did cross-link PE molecules to the extent of 24% and 33%, respectively. No

cross-linked products between two PS molecules or between PE and PS could be

+
F F NHp-R, NH-R,
OzN OpN _hF O3N
Ri-NHz + = ||
F F F
NO2> /N\ NO2
o-o
(FFDNB) (1) (N~{F)DNP-Rj)
_0  NH-R NH-R)
~N OsoN
I HE, C
N'(F)DNP"R| + Rg-NHp —— ~ NH2-R2 —_—
F NH-Rp
NO2 NO2
(819 (NyN-DPE—R|-Rp )

Figure 3 - Two consecutive SNo-type reactions of FFDNB with amino groups of
phospholipids (Rl = Ry, = PE or PS) showing the nature of the transi-
tion states I and II.
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isolated. This result suggests that the distribution of PE and PS molecules
might be different in the membrane.

Cross-linking of the amino-phospholipids with the three reagents occurs by
two distinet mechanisms. FFDNB and FFDS are neutral molecules and are able to
penetrate the thickness of the membrane. Thelr reaction with amino groups of
phospholipids occurs by the mechanism outlined in Fig. 3. It consists of two
consecutive SNy-type reactions (7). The FDPC reagent is monofunctional and it
is positively charged. Therefore, it would not be expected to penetrate the
membrane as easily as the other two reagents. Its reaction with amino-phospho-
lipids is likely to be confined to the membrane surfaces. The reaction steps
of the FDPC reagent leading ultimately +to a cross-linked product are outlined
in Fig. 4. The cross-linking step occurs at the level of the oxidation of a pair

of neighboring sulfhydryl groups to a disulfide bond. This air-oxidation reaction

F NH-(CHZ)Z-S-S-(CHZ)E-NHZ
R-NHo +
OpN NO2
l—HF
R—HNK]:NH-(CH2)2‘-S-S-(CH2)2~NH2
0N NOp

\I/ REDUCTION

R—HN:[::]:NH-WHZE—SH
OpN NO2
iox«onlom
R_HNQNH—(CHZ,Z - S-S—(CHQ)Z—HNJCENH_R
OzN NO2 OsN NO2
Figure 4 - Reaction scheme leading to cross-linking of amino groups of phospho-

lipids (R = PE or PS) with FDPC reagent (see text for details).
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can be accelerated by grphenanthroline—0u2+ chelate as was shown originally by
Kobashi and Horecker (8) for oxidation of mercaptans to disulfides.

Several types of studies surmarized by Bretscher (9) have indicated that
phospholipids, like proteins, are distributed asymmetrically across the erythro-
cyte membrane. PC and Sph were predominantly found in the outer surface whereas
PE and PS were found in the inner surface of the membrane. The latter phospho-
lipids did not seem to be located in the lipid bilayer because very little cross-—
linked products could be isolated after treatment of the membrane with FFDNB (1).
The results obtained with the longer bifunctional reagents (FFDS and FDPC) showed
that PE molecules but not P8 molecules could be cross-linked. In order to
achieve such a cross-linking the lipoprotein complexes carrying PE molecules
must be able to approach one another in the membrane to within approximately
9 K since this was the distance between the reactive centers of the successful

cross~linking reagent.
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