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not have a cellulosic cell wall, it does have a cell membrane
that may be tying up protein of higher available lysine,
which is being liberated with drying. Although some of
these are rather severe heat treatments, the absence of any
appreciable quantity of reducing carbohydrates “protects”
the lysine from the expected Maillard reaction losses
(Adrian, 1975).

While the available protein lysine was increased in the
heat-treated samples, no clear correlations were noted
between in vitro protein digestibility and heating. Protein
in all dried samples was more digestible than proteins
extracted from wet algae. The results for the proteins of
freeze-dried, solar-dried, and drum-dried cells are com-
parable to those of Bouges (1972) and Durand-Chastel
(1972) as reported by Lipinsky and Litchfield (1974).
These reports provide evidence for 84% digestibility for
dried Spirulina maxima cells but contradict those reported
by Anusuya-Devi et al. (1981). They found that proteins
from freeze-dried and sun-dried Spirulina platensis had
a digestibility of ca. 70%, while fresh cell proteins were
roughly 83% digestible. While essentially the same in vitro
assay was used here as in their study (24-h incubation vs.
27 h, respectively), they started with n-hexane-extracted
cells. Also, they measured nondigested proteins by mi-
cro-Kjeldahl assay of TCA-precipitated proteins, while in
this study the precipitable proteins were dissolved in base
and analyzed by using the Lowry method.

Even with the differences noted for results from other
studies, the work herein shows that Spirulina cells may
be dried in any number of ways, with little, if any, loss in
protein digestibility or available lysine.

Cabinet-dried Spirulina was used as a dietary protein
source in two separate nutrition trials. For both poultry
and marine shrimp, growth and survival were equivalent

to control animals that were fed diets based on more tra-
ditional sources of protein (Magarelli, 1984).
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Protein Polymerization in Red Cell Menibranes

Jorge O. Bouzas and Marcus Karel*

Human red cell membranes were used as a model of an organized lipid protein system to investigate
protein damage during storage under dry conditions and controlled temperature, under air and nitrogen,
and after various physical and chemical treatments. It was found that these treatments affected protein
polymerization at time 0 and during storage. Enzyme damage depended not only on treatment and
storage condition but also on location within the membrane. Acetylcholinesterase, an externally oriented
enzyme, lost all its activity when treated with chloroform while retaining most of it when membranes
were only freeze-dried or sonicated and freeze-dried. During storage no further changes were observed.
G3PD, an enzyme bound to the inner membrane surface and oriented toward the crytosol, showed an
entirely different behavior. After treatment it retained most of its activity, and upon storage there was

a gradual decrease in activity.

Numerous reactions on proteins can take place when
processed by physical or chemical means. These reactions
induce undesirable changes in living cells and may decrease
the nutritional value and organoleptic quality of a pro-
tein-containing food. They occur often through the for-
mation of covalent cross-links between polypeptide chains
(Cheftel, 1977). Red cell membranes have been proposed
as a model for protein damage in tissues where proteins
and lipids are organized in a well-defined manner.

Department of Nutrition and Food Science, Massachu-
setts Institute of Technology, Cambridge, Massachusetts
02139.

Several different biochemical mechanisms have been
implicated in the polymerization of red cell membrane
proteins. Lorand et al. (1976) described a calcium-acti-
vated transglutaminase that catalyzed the cross-linking
through the formation of y-glutamyl-e-lysine bridges. A
second mechanism is the oxidation of sulfhydryls to form
intermolecular disulfide bridges. Another explanation for
the membrane protein cross-linking observed is Schiff base
formation by the reaction of amino groups with malon-
aldehyde, an end product of polyunsaturated fatty acid
peroxidation present in the membrane as various phos-
pholipids (Tappel, 1973), although other reactions are
possible, e.g., direct radical attack on the proteins
(Hochstein and Jain, 1981).
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In this study freeze-dried human red cell membranes
were used as a model of an organized lipid protein system
to investigate protein damage during storage under con-
trolled temperature and humidity conditions after various
physical and chemical treatments.

MATERIALS AND METHODS

Erythrocyte membranes were prepared from human,
outdated blood preserved in citrate-phosphate—dextrose
anticoagulant solution without regard to blood type, pro-
vided by the American Red Cross (Blood Services,
Northeast Region), following the procedure of Steck and
Kant (1974). All procedures were performed at 0—4 °C.
Red cells were washed 3 times with phosphate-buffered
saline (PBS) (150 mM sodium chloride, 5 mM sodium
phosphate, pH 8.0) and hemoylzed in hypotonic solution,
5 mM phosphate, pH 8.0. The ghosts were pelleted by
contrifugation at 22000g maximum for 10 min in an angle
head rotor and resuspended in 5 mM sodium phosphate,
pH 8.0. Sodium azide (0.02%) was added to the ghost
preparation to avoid microbial growth. These membranes
retain most of the functional and structural characteristics
and afford the advantages of reproducible composition and
ready accessibility. Membranes were then treated as
follows: (a) Red cell membrane were cooled at -4 °C,
frozen in liquid nitrogen, and lyophilized in a Virtis lab-
oratory freeze-drier with no external heating at 100 uHg
and at a condenser temperature of —25 °C for 24 h. (b)
In an attempt to affect membrane organization, red cell
membranes were treated with chloroform. A mixture (1:1
v/v) was agitated for 5 min in a shaker at room temper-
ature. Chloroform was removed in a flash evaporator.
Samples were freeze-dried as in (a). (c) A probe-type
sonicator (Sonifier Cell Disruptor W-350, Heat System
Ultrasonics, Plainview, NY) was used to disrupt red cell
membranes. Samples were sonicated for 10 min (10% duty
cycle; output control 5, 0 °C) under nitrogen. Sonicated
samples were immediately cooled at —4 °C, frozen in liquid
nitrogen, and lyophilized as in (a).

The effects of these procedures were evaluated by
transmission electron microscopy. Time 0 samples were
treated with polylysine and then fixed by immersion in
2.5% glutaraldehyde (4 °C, 30 min) followed by 1% OsO,
in 0.1 M sodium cacodylate buffer (5-10 min, room tem-
perature). Fixed membranes were dehydrated in ethanol
series, dried through the CO, critical point, and examined
in a JEM 100B transmission electron microscope.

Samples were stored under dried air in desiccators
containing anhydrous calcium sulfate (drierite), at 37 °C,
in the dark. Samples incubated under nitrogen were in-
cluded as controls. After storage, samples were rehydrated
to the initial concentration and the following studies were
performed.

Protein Analysis. Protein cross-linking was assessed
by agarose-SDS-PAGE (Steck, 1972; Girotti, 1976). Prior
to electrophoresis, samples were treated as follows (Fair-
banks et al., 1971): 100 uL of reconsituted red cell mem-
branes was added to 100 uL of a solution containing 2.0%
SDS, 20% sucrose, 20 mM Tris-HCl (pH 8.0), 2 mM
EDTA, and 80 mM DTT. The mixture was incubated for
1 h at 37 °C. Aliquots of these solutions were placed at
the top of the gels (50 ug of protein/mL) by using pyronin
G (1 mg/mL) as the tracking dye. The 3% polyacryl-
amide—0.4% agarose gels were used in this part of the
study. Spectrophotometric scanning at 550 nm after
staining the gels with Coomassie brilliant blue was used
for quantitative determination of each fraction in an Hi-
tachi Perkin-Elmer UV-visual gel scanner with a 3390A
Hewlett-Packard integrator. Total protein was evaluated
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Figure 1. Scanning of the protein electrophoretic profile of
untreated red cell membranes (before freeze-drying). (Gel
scanning at 550 nm; Hitachi Perkin-Elmer gel scanner, Model
H 200-0662; Hewlett-Packard integrator, Model 3390A.)

by using the modification of the Lowry method described
by Markwell et al. (1978).

Enzyme Assays. Enzyme activity reactions were fol-
lowed at a controlled temperature of 25 °C.

G3PD Activity. Enzyme activity was followed by
measuring the increase in absorbance at 340 nm due to
NADH formation between the first and second minutes
of reaction as recommended by Steck and Kant (1974).
Equal volumes (100 uL) of 10-fold diluted red cell mem-
branes and Triton X-100 (0.2% v/v) were added to a 1-cm
semimicrocuvette and preincubated for 1 min (25 °C).
Sodium pyrophosphate, 30 mM, adjusted to pH 8.4 with
HCl and made 4 mM in cysteine just before use, was added
to bring the volume to 0.82 mL, followed by 0.03 mL of
sodium arsenate, 0.04 M, and 0.05 mL of 3-NAD, 20 mM.
The 0.1 mL of glyceraldehyde 3-phosphate, 15 mM, pH
7, was added, the solution mixed, and the reaction followed
spectrophotometrically.

AChE Activity. The procedure was based on the
methods of Ellman et al. (1961), Steck and Kant (1974),
and Moore et al. (1981). The enzyme activity was mea-
sured by following the yellow color produced from thio-
choline when it reacts with dithiobis(nitrobenzoate) ion.
It is based on the coupling of these reactions:

acetylthiocholine — thiocholine + acetate
thiocholine + dithiobis(nitrobenzoate) — yellow color

Aliquots of 100 uL of red cell membranes were preincu-
bated for 5 min at 25 °C in 1-cm cuvettes with an equal
volume of Triton X-100 (0.2% v/v). Sodium phosphate
buffer (pH 7.4) was added to make 2.8 mL, 0.2 mL of
dithiobis(nitrobenzoic acid) (DTNB), 10 mM, in 10 mM
sodium phosphate buffer (pH 7.0) containing 3 mg of so-
dium bicarbonate per 8 mg of DTNB and 0.2 mL of ace-
tylthiocholine chloride, 12.5 mM, were then mixed in, and
the reaction was followed spectrophotometrically at 412
nm.

RESULTS

Protein Analysis. Figure 1 shows an electrophoreto-
gram of untreated red cell membranes, before freeze-dry-
ing. Numerical designation for major polypeptides follows
that from Fairbanks et al. (1971). As shown in Figure 2,
protein polymerization was estimated as the sum of high
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Figure 2. Scanning of the protein electrophoretic profile of
freeze-dried red cell membranes showing high molecular weight
protein (HMWP) formation after storage (37 °C, no light, under
dry air) for (a) 1 and (b) 5 days. (Gel scanning at 550 nm; Hitachi
Perkin-Elmer gel scanner, Model H 200-0662; Hewlett-Packard
Integrator, Model 3390A.)

molecular weight protein fractions (HMWP) appearing
before band 1 and represented in Figure 3 as a function
of storage time.

Determination of total protein by the modified Lowry
assay gave constant values for all samples during incuba-
tion time, except for the 4.5-day chloroform-treated sam-
ples, which showed an average 20% loss. This amount,
assumed to be formation of insoluble polymers, was used
to correct determinations by gel scanning as indicated in
Figure 3. It is important to note, however, that it was not
possible to correct for a protein fraction observed on top
of the gel, which has to be assumed to correpond to high
molecular weight protein fractions.

Disappearance of bands 1 and 2 was also estimated and
represented in Figure 4, with the insoluble protein loss
correction included in Figure 4b. No significant differences
were found in the amount of band 3. Experiments under
nitrogen showed negligible polymerization with no sig-
nificant disapperance of bands 1 and 2.

Enzyme Activity. Using the activity of the fresh
membrane preparation (not freeze-dried), as a reference
value, we plotted the remaining activity of acetylcholin-
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Figure 3. High molecular weight proteins (HMWP) formation
during storage of red cell membranes (same conditions as in Figure
2) after (@) freeze-drying, (@) Cl;CH treatment and freeze-drying,
and (A) sonication and freeze-drying. Arbitrary units represent
the relative proportion of each fraction obtained by gel scanning
and calculated as a percentage of the total integrated area.
Corrections for the chloroform-treated samples were based on the
following data: total protein before incubation = 2.11 mg/mL;
total protein, day 4.5 = 1.72 mg/mL; percent HMWP detected
= 20.

esterase (AChE) (Figure 5) and glyceraldehyde-3-phos-
phate dehydrogenase (G3PD) (Figure 6) as a function of
storage time and treatment conditions. Both enzymes
showed clearly the effect of treatment, but only G3PD
showed a storage effect.

DISCUSSION

As shown in Figure 7, untreated red cell membranes
maintain the structural integrity, characteristic of eryth-
rocytes, but when they were freeze-dried (Figure 8), so-
nicated (Figure 9), or chloroform treated (Figure 10), no-
ticeable changes were observed.

Freeze-drying caused disruption into large fragments
(22.3 um), which seem to be highly folded, while sonica-
tion resulted in the formation of very small vesicles
(=0.5-0.25 um). The effect of chloroform was totally
different, membranes shrunk from about 4 to 2 um in
diameter.

Protein polymerization was affected by these morpho-
logical changes. First, HMWP were detected in time 0
freeze-dried samples that had been either sonicated or
chloroform treated (Figure 3) but not in only freeze-dried
samples. Second, HMWP formation rate was also affected
by the initial treatment. Chloroform-treated freeze-dried
samples resulted in significantly faster HMWP formation,
followed by only freeze-dried samples. It is surprising that
sonication resulted in negligible protein polymerization.
The formation of HMWP correlated well with the decrease
in bands 1 and 2 (Figure 4). We should note that in the
present work using freeze-dried red cell membranes no
losses were detected in band 3, in contrast to the work of
Funes and Karel (1984), who studied protein polymeriza-
tion in red cell membrane aqueous solutions.

HMWP’s were not dissociated by SDS, reflecting the
formation of covalent linkages, since the detergent breaks
all classes of noncovalent bonds. The treatment with DTT
(dithiothreitol) before agarose-SDS-PAGE reflects also
that the cross-links are not disulfide bonds.
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Figure 4. Protein losses from bands 1 and 2 (0) and high mo-
lecular weight protein (HMWP) (@) formation during storage
(same condition as in Figure 2) after (a) freezing-drying, (b) C1;CH
treatment and freeze-drying, and (c) sonication and freeze-drying.
Arbitrary units are as in Figure 3. Corrections for chloroform
treated samples were based on the following data for bands 1 plus
2: total protein before incubation = 2.11 mg/mL; total protein,
day 4.5 = 1.72 mg/mL; percent bands 1 plus 2 = 31. The amount
of HMWP detected was corrected as indicated in Figure 3.
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Figure 5. Acetylcholinesterase (AChE) remaining activity during
storage (same conditions as in Figure 2) after (®) freeze-drying,
(m) Cl,CH treatment and freeze-drying, and (A) sonication and
freeze-drying.
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Figure 6. Glyceraldehyde-3-phosphate dehydrogenase remaining
activity during storage (same conditions as in Figure 2) after (®)
freeze-drying and (A) sonication and freeze-drying.

The increase in HMWP was affected by the atmosphere
under which samples were stored. Increases were observed
only when samples were exposed to air: no polymers were
found in samples stored under nitrogen, suggesting a
correlation between HMWP and lipid oxidation reported
by several authors, e.g., studies on rat liver microsomes and
intact heptocytes by Koster and Slee (1980) and Koster
et al. (1982) and again in red cell membranes exposed to
hydroperoxides (Koster and Slee, 1983) and to lipid ves-
icles (Alloisio et al., 1983). The formation of HMWP has
been shown to be closely associated with the lipid oxidation
process, since lipid oxidation inhibition results in lack of
formation of HMWP’s (Koster and Slee, 1983). Moreover,
Hochstein and co-workers (Jain and Hochstein, 1979, 1980;
Corry et al., 1980; Rice-Evans and Hochstein, 1981) have
stated that the formation of HMWP’s is subsequent to
peroxidation of membrane lipids, although they suggest
that other polymerization reactions are also possible.
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what organizational changes occurred at the molecular level
that explain the different protein polymerization patterns
observed in this study.

Abbreviations Used: MDA, malonaldehyde; TEM,
transmission electron microscopy; SDS, sodium dodecyl
sulfate; PAGE, polyacrylamide gel electrophoresis; G3PD,
glyceraldehyde-3-phosphate dehydrogenase; AChE, ace-
tylcholinesterase; HMWP, high molecular weight protein;
DTT, dithiothreitol; DTNB, dithiobis(nitrobenzoic acid).

Registry No. AChE, 9000-81-1; G3PD, 9001-50-7; chloroform,
67-66-3.
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Lipophilization of «,,-Casein. 3. Purification and Physicochemical Properties of

Novel Amphipathic Fatty Acyl Peptides

Zahurul Haque' and Makoto Kito*

Fatty acyl peptides (A) were obtained from lipophilized «,;-casein containing covalently attached caprylic
(8:0), lauric (12:0), myristic (14:0), palmitic (16:0), stearic (18:0), oleic (18:1), and linoleic (18:2) acids.
The secondary structure was essentially the same regardless of the ligand size. Monomer weight was
about 3500 and aggregation numbers were 3 (A3), 6 (Ag), 12 (A},), and 24 (A,,); the trimer was the most
predominant. The driving force for initial aggregation (A;) was spontaneous, but further aggregation
seemed to be influenced by the ligand size; longer ligands led to larger aggregates. Surface tension
(dyn/cm) decreased with the increase in ligand length, being lowest for 18:0-A. Surface tension
equilibrium was attained within 60 min only when the ligand length was 18 carbons. The critical micelle
concentration in 5 mM phosphate buffer, pH 6.8, was 1.5, 1.3, 1.2, 2.3, 1.8, and 1.7 M for 12:0-A, 14:0-A,
16:0-A, 18:0-A, 18:1-A, and 18:2-A, respectively. Foaming activity was higher when the ligand length
was greater, and the foam density seemed to decrease with an increase in ligand length and in unsa-

turation.

Amphipathicity and micelle forming ability of proteins
and peptides are properties that are being increasingly
appreciated. The importance of hydrophobic interactions
for the entry of certain peptides into cells has been noted
(Uchida et al., 1980). Cytochrome b;, a mitochondrial
membranal enzyme, has been well investigated (Fleming
et al., 1978) and appears to contain a hydrophobic taillike
region distinctly separate from the hydrophilic milieu. A
number of workers have reported the in vivo posttrans-
lational covalent attachment of fatty acids to proteins
(Henderson et al., 1983). Biologically active polypeptides

Research Institute for Food Science, Kyoto University,
Uji, Kyoto-611, Japan.

'Present address: Department of Food Science, Cornell
University, Ithaca, NY 14853.
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have also been noted to contain covalently linked fatty
acids (Carr et al., 1982).

It has previously been shown that fatty acids may be
attached covalently to proteins by relatively mild methods
(Haque and Kito, 1982, 1984), and the chemical, functional,
and conformational effects of “lipophilization” (Haque et
al., 1982; Haque and Kito, 19873a,b) have also been shown.
However, a clearer understanding of the effect of lipo-
philization would ensue if the subject of study were pep-
tides. On the other hand, even though previous work
(Haque and Kito, 1983b) has shown Lys-32 and/or -34 to
be the most reactive nucleophile in «,;-casein, confirmation
was desirable. And finally, the bulk purification of highly
amphiphilic peptides containing fatty acyl anchors has not
been attempted. Most efforts have been made using
preparative HPLC (Tanabe et al., 1979), and conventional
methods of peptide purification, such as ion exchange or

© 1984 American Chemical Society



