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A carotenoid-protein complex has been characterized from aqueous liver extracts of male Wistar rats fed
0.2% (wt/wt) B-carotene, but not from the livers of control rats that did not receive any B-carotene. The
carotenoid-protein complex was precipitated from the aqueous 100,000g supernatant fraction between 0
and 50% saturation with ammonium sulphate (AS). lon exchange chromatography of the AS fraction on
a DEAE-sephacel column resulted in the elution of a major yellow fraction that had a characteristic
carotenoid absorption spectrum, having a primary peak at 460 nm, with two shoulders at 432 nm and 489
nm. This absorption spectrum was not abolished by treatment with NaBH,, indicating that it is not a
flavoprotein. The carotenoid component of the complex was quantitatively extracted with hexane only
after denaturing the complex with an equal volume of ethanol or acetone. The organic extract exhibited
the characteristic absorption spectrum of B-carotene. The carotenoid-protein complex was successfully
reconstituted by incubating the dissociated chromophore with its endogenous apoprotein fraction from rat
liver but not with bovine serum albumin. Subcellular distribution of the carotenoid-protein complex showed
that 84% of the recovered B-carotene was localized in the mitochondrial and lysosomal fractions, while
the nuclear, microsomal, and cytosolic fractions had negligible amounts of B-carotene. These results imply
that a significant portion of the carotenoid-protein complex exists in the membrane fraction of the liver
cell. Thus, a carotenoid-protein complex may be involved in liver storage and/or transport of B-carotene.

(J. Nutr. Biochem. 4:569-575, 1993.)

Introduction

B carotene, a photosynthetic pigment, and other carot-
enoids have recently been reported to exert biological
actions in animals distinct from their role as precursors
of vitamin A,' without the toxicity associated with high
vitamin A doses.>? B-carotene is enzymatically con-
verted to vitamin A in the liver and intestines.*-* Very
little or no intact B-carotene is normally absorbed by
rodents, pigs, and chickens”® unless it is fed in substan-
tially large quantities.>-!' In contrast, humans, ferrets,
horses, and certain breeds of cattle are capable of ab-
sorbing intact dietary B-carotene and storing quantifi-
able amounts in the liver and other organs.”'213 In these
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studies, B-carotene~fed animals had higher concentra-
tions of B-carotene in all the tissues and in serum, rela-
tive to controls. The transportation of absorbed B-
carotene by low density lipoproteins has been re-
ported.!*!> However, the mechanism of tissue uptake,
storage and transport of intact B-carotene in a mamma-
lian system is not fully understood.

A carotenoid-binding protein has been identified
from the cytoplasmic membrane of the heterotrophic
cyanobacterium, Synecocystis sp., strain PCC6714.16-7
Carotenoproteins containing the carotenoids in stoi-
chiometric proportions as prosthetic groups have been
isolated from certain crustacea in the form of glycopro-
teins.'®'® A carotenoid-protein complex was isolated
from the pulp of Mangifera indica.> So far, no carot-
enoid-protein complex has been reported for mammals.
The inability to characterize such a protein complex
from mammalian tissues so far has probably been due
to formulating a proper aqueous medium for the extrac-
tion of such a carotenoid-protein complex.

In this paper, we present evidence for the partial
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characterization of a carotenoid-protein complex from
fresh livers of B-carotene—fed male Wistar rats.

Methods and materials
B-carotene feeding

Male Wistar rats (NCI, Bethesda, MD USA) weighing ap-
proximately 200 g were used in this study. B-carotene beadlets
containing 10% (wt/wt) B-carotene and placebo beadlets con-
taining no B-carotene were gifts from Hoffmann-La Roche
and Co., Basel, Switzerland. The experimental diet was made
by mixing 20 g of B-carotene beadlets with 980 g of rat chow
(Linguard F. Klein, Co., Inc., Baltimore, MD USA) to give
a final B-carotene concentration of 0.2% (wt/wt) in the diet.
This diet was fed to the experimental animals for 12 weeks,
whereas the control rats were fed regular rat chow supple-
mented with 2% (wt/wt) placebo beadlets. At the end of the
feeding period, all rats were killed by aortic exsanguination
under pentobarbital anesthesia (50 mg/kg, IP), and the livers
were isolated after perfusion with ice-cold 0.85% (wt/vol)
saline. Each liver was analyzed for the carotenoid-protein
complex and for B-carotene as described below.

Preparation of aqueous extracts

The “homogenization buffer” (pH 6.5) was made up of the
following constituents: 50 mM morpholinoethane sulfonic acid
(MES), 1 mM EDTA, 20% glycerol, 0.2% n-octyl $-D-gluco-
pyranoside (OBDG), 5 mM 3-[(3- chloramidopropyl)
dimethylammonio-1-propane sulfonate (CHAPS), 0.5% Tri-
ton X-100, butylated hydroxytoluene (BHT) at a concentra-
tion of 50 pg/mL, 2 mMm phenylmethylsulfonyl fluoride
(PMSF), aprotinin and leupeptin, each at a concentration of
1 pg/mL. All manipulations were carried out under F40 Gold
fluorescent light in an ice bath. Each fresh liver from both
experimental and control groups was homogenized with a
polytron homogenizer (Brinkman Instruments, Westbury, NY
USA) in 20 volumes of the homogenization buffer. This ho-
mogenate was centrifuged at 100,000g for 1 hr, and the super-
natant fraction was saved. The pellet was sonicated with
another 10 vol of homogenization buffer in a sonicator (Heat
Systems-Ultrasonics, Inc., Plainview, NY USA), and the son-
icate was again centrifuged at 100,000g for 1 hr. This superna-
tant fraction was combined with the first supernatant fraction
and stored at 4° C for further studies.

Isolation of the carotenoid-protein complex

The pooled supernatant fraction from the liver was saturated
with 0-50% with ammonium sulfate (AS) and centrifuged at
25.,000g for 30 min. The yellow pellet fraction was dissolved in
3.5 mL of the homogenization buffer and dialyzed extensively
against the “‘elution buffer,”” which differed from the homoge-
nization buffer in that only 5% glycerol was included and
CHAPS and OBDG were omitted. The dialysate was stored
at 4° C for spectrophotometric, chromatographic, and electro-
phoretic studies and for quantitative analyses.

The ammonium sulphate fraction was further fractionated
on a DEAE-Sephacel column (1.5 cm X 25 cm bed; Sigma
Chemical Co., St. Louis, MO USA), equilibrated in the elu-
tion buffer (homogenization buffer containing 5% glycerol
with CHAPS and OBDG omitted). The column was initially
washed with two bed-volumes of the elution buffer containing
10 mM NaCl, and then with two bed-volumes of the same
buffer containing 100 mM NaCl. Finally, the elution buffer
containing 350 mM NaCl was used at a flow rate of 0.4 mL
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per minute. The carotenoid-protein complex was eluted from
the column as a yellow band. The fractions corresponding to
the yellow band were pooled and concentrated by the use of a
speed vacuum concentrator (Forma Scientific, Inc., Marrieta,
OH USA), and stored at 4° C for further studies.

Subcellular distribution of the carotenoid-protein
complex

This was investigated by the fractionation of each liver in
detergent-free homogenization buffer, pH 6.5, according to
the method described by Mayne and Parker.!' Care was taken
to add the appropriate amounts of the detergents to each
subcellular fraction to solubilize the protein complex only
after it was isolated and subjected to 0-50% AS fractionation.
Similarly, for the isolation of the total extractable complex,
a portion of each liver was homogenized with the homogeniza-
tion buffer and the 100,000g supernatant fraction was sub-
jected to 0-50% AS fractionation. Each AS fraction was
dissolved in a small volume of homogenization buffer and
analyzed for B-carotene absorption spectrum. Furthermore,
the lipid extract of an aliquot of each AS fraction was analyzed
for B-carotene by high pressure liquid chromatography
(HPLC) as described below.

Quantitative analyses

Total proteins in the crude AS extract and the DEAE-Sepha-
cel concentrated fraction were measured by the Pierce-bicin-
choninic acid method (Pierce, Rockford, IL USA). Total
carotenoid concentration of liver tissue was extracted by ho-
mogenizing 1.0 g of liver with 20 volumes of chloroform:meth-
anol (2:1, vol/vol) and filtering under vacuum over anhydrous
sodium sulfate on a sintered glass filter. For the crude AS
extract and the partially purified protein, B-carotene extrac-
tion was achieved by shaking 1 mL aliquot with an equal
volume of ethanol or acetone before extracting with 8 mL of
hexane. The organic extracts were evaporated under nitrogen
and redissolved in 1 mL of hexane. B-carotene concentration
was assayed by a reversed phase HPLC method, using Gilson
HPLC Systems (Gilson Medical Electronics, Inc., Middleton,
WI USA). Separation was achieved on a C-18 column (ODS-
5 n; 0.46 x 10 cm) with a mobile phase of methanol-water
97:3 (vol/vol) containing 0.5% ammonium acetate for the first
8 min and 100% methanol thereafter for the elution of B-
carotene. Mobile phase was delivered at a flow rate of 1 mL/
min and at a pressure of 2000 psi. The detection of B-carotene
was monitored with a Kratos Model 783 detector (API Analyt-
ical Kratos Div., NJ) at 460 nm. Authentic B-carotene (Hoff-
mann La-Roche) had a retention time of 11.5 min under these
conditions, and, based on the area under the curve for this
external standard, the tissue concentration of B-carotene was
determined. The recovery of added B-carotene to the liver
homogenate was 95 + 3 (average of five independent analy-
ses). However, no correction has been applied int the reported
values. All absorption spectra were monitored in a Shimadzu
uv-160 Recording Spectrophotometer (Shimadzu Corp.,
Kyoto, Japan).

Gel electrophoresis

The yellow fraction that was eluted from the DEAE-Sephacel
column was electrophoresed on an 8-12% linear gradient
polyacrylamide vertical gel (BioRad Laboratories, CA) in the
presence of sodium dodecyl sulfate (SDS-PAGE) essentially
as described by Lemmli and Favre,?! and stained with Coomas-
sie Brilliant Blue.
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Release of the apoprotein component of the complex

Four mL of the carotenoid-protein complex was treated with
an equal volume of ice-cold absolute ethanol or acetone,
shaken gently and left on ice for 30 min, and the mixture was
centrifuged at 1300g for 10 min. The supernatant (organic)
fraction was removed while the pellet (protein) fraction was
dissolved in 4 mL. homogenization buffer, and the protein was
reprecipitated with an equal volume of ice-cold ethanol or
acetone as before. This pellet was redissolved in 4 mL homoge-
nization buffer and represented the apoprotein component of
the complex.

The chromophore

The organic extracts from the above procedure were evap-
orated under nitrogen and redissolved in 400 pL acetone. This
fraction represented the chromophore of the complex. Both
the apoprotein and the chromophore fractions were stored at
4°C.

Reconstitution of the chromophore-protein
complex

A 2-mL aliquot of the apoprotein solution (4 mg/mL)in homog-
enization buffer was mixed with 200 wL. of the chromophore
solution in acetone and incubated in a 37° C water bath for 1
hr with gentle shaking. As a control, a 2-mL aliquot of bovine
serum albumin (BSA) in homogenization buffer (4 mg/mL) was
mixed with 200 pL of the chromophore solution in acetone and
incubated under identical conditions. The incubation mixtures
were dialyzed against elution buffer overnight at 4° C. The dia-
lyzed mixtures were analyzed spectrophotometrically.

Extraction of the chromophore before and after
ethanol denaturation

Each of the complexes from the above step was directly ex-
tracted once with 6 mL hexane, left on ice for 30 min, and
centrifuged at 1300g. The hexane phase was saved for analysis
while the aqueous solution was mixed with 2 mL ethanol
and then extracted once with 6 mL hexane, left on ice, and
centrifuged at 1300g for 10 min. Ninety percent of B-carotene
is extracted from the complex after denaturation with ethanol,
and therefore, repeated extraction of the denatured complex
with hexane was unnecessary in this experiment. The two
hexane phases before and after ethanol denaturation of the
complex were analyzed spectrophotometrically.

Results and discussion

As shown in Figure 1A, the absorption spectrum charac-
teristic of B-carotene, with peaks at 460 and two shoul-
ders at 432 and 489 nm, was obtained from the 0-50%
AS pellet fraction of the 100,000g fraction of livers from
B-fed rats. Although yellow color was observed in the
liver homogenates, supernatant fractions, and the
0-50% AS fraction from control rats, spectrophotomet-
ric studies failed to reveal any detectable carotenoid
absorption spectrum, even in the AS fraction (Figure
1B). HPLC studies of organic extracts of the experimen-
tal livers showed a mean B-carotene concentration of
29.2 nmoles/g liver (Table 1).

Ion exchange chromatography of the AS fraction

Table 1 Subcellular distribution of carotenoid-protein complex in
livers of B-carotene—fed rats

Liver fraction nmoles B-carotene/g % Distribution

Total liver 2921 = 0.72 —
Liver (extractable) 10.07 = 0.68 100
Nuclear fraction Not Detectable —
Mitochondria 577 = 0.69 57
Lysosomes 274 £ 1.02 27
Microsomes 0.35 = 0.08 4
Cytosol 0.13 = 0.01 1

Subcellular fractions were isolated from the fresh livers of four B-
carotene—fed rats, and each aqueous extract was dispersed in the
homogenizing buffer containing the detergents and the 0-50% AS
pellet fraction was subjected to B-carotene extraction and analysis
by HPLC as described in the Methods section. Each value is the
mean = SE.

from the 3-carotene—fed rat on a DEAE-Sephacel col-
umn yielded a partially purified yellow fraction (Figure
1C). This fraction had a characteristic absorption spec-
trum of a carotenoid having a primary peak at 460 nm,
with two shoulders at 432 nm and 489 nm (Figure 2A).
These characteristics are similar to those described for
the carotenoid-binding protein of Mangifera indica by
Subbarayan and Cama.?* The corresponding yellow
fraction obtained from the liver of a control rat failed to
show the characteristic carotenoid absorption spectrum
(Figure 2B).

No carotenoid could be extracted from an aliquot of
the carotenoid-protein complex fraction from the
DEAE-Sephacel column when shaken with an equal
volume of hexane at room temperature in a separating
funnel, as evidenced by the absence of a characteristic
carotenoid spectrum in the organic extract. This showed
that the carotenoids were not present as free pigments
and therefore could not be extracted with organic sol-
vents. However, treatment of an aliquot of the same
fraction with an equal volume of ethanol or acetone
and subsequent extraction with hexane yielded an ex-
tract with a characteristic 3-carotene absorption spec-
trum (Figure 3), indicating that the carotenoid in the
aqueous extract is most likely the intact $3-carotene
stored as a protein complex in the experimental livers.
These findings support the data from previous investiga-
tions, which reported the storage of quantifiable
amounts of intact B-carotene in the liver and other or-
gans of rats, chicks, ferrets, mice, and guinea pigs.”-"

Significantly, the incubation of chromophore with
the intracellular liver apoprotein, as well as with BSA,
yielded the characteristic carotenoid spectra as in Figure
4 (data not shown). However, the chromophore was
extracted from the apoprotein-chromophore complex
with hexane only after denaturation with ethanol (pres-
ence of carotenoid spectrum in the hexane phase only
after ethanol treatment). In contrast, the chromophore
was easily extracted from the BSA-chromophore loose
complex directly with hexane without prior treatment
with ethanol. These results strongly support the high
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Figure 1 The absorption spectrum in the homogenization buffer
of the aqueous extract from the AS pellet fraction of the liver 100,000g
supernatant fraction from the (a) B-carotene—fed rats and (b) control
rats.

specificity of an intracellular liver apoprotein for the
formation of a p-carotene—protein complex, whereas
the chromophore seems to have low affinity for BSA
to form a complex.

The partially purified carotenoid-protein complex
was sensitive to temperatures higher than 4° C, pro-
longed liver storage at temperatures between — 20 and
—4° C for periods longer than 1 month, presence of
proteases, freezing and thawing, and bright light. Each
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Figure 1¢ lon-exchange chromatography of the AS pellet fraction
on DEAE-Sephacel column.

of these conditions caused an initial disappearance of
the 432 nm shoulder peak and a gradual hypsochromic
shift of the 460 nm peak. The carotenoid-protein com-
plex s fairly stable in the presence of protease inhibitors
and high salt concentrations. The inability of sodium
borohydride to abolish the carotenoid absorption spec-
trum of the carotenoid-protein complex (Figure 4A and
4B) supports the conclusion that the observed spectrum
was due to the carotenoid-protein complex and not to
flavoproteins. Flavoproteins are known to lose their
absorption spectra on reduction with sodium borohy-
dride.

Subcelluiar distribution of the complex in the liver
of B-carotene—fed rats is presented in Table I. Surpris-
ingly, 65% of the liver B-carotene was still associated
with the cell debris that essentially contained unbroken
liver cells (light microscopy). Of the remaining p-caro-
tene, 57% and 27% were recovered in the mitochondrial
and lysosomal fractions, respectively. The microsomal
and cytosolic fractions accounted for only 4% and 1%,
respectively, of the recovered B-carotene. Significantly,
based on the absorbance of the aqueous extracts of each
subcellular fraction at 460 nm, the subcellular distribu-
tion pattern of the complex agreed closely with that
obtained by HPLC analyses (data not shown). This sup-
ports the possibility that 3-carotene exists as a protein
complex in the liver. A similar pattern of subcellular
distribution of B-carotene was reported by Mayne and
Parker" for high B-carotene-fed chick liver, with the
highest amount incorporated into chick liver mitochon-
dria. High carotene content of the mitochondrial frac-
tion of bovine lactating tissue was reported by Patton
et al.” The role of the mitochondria in cellular pro-
cessing of B-carotene is yet unclear.

The relatively high absorbance value and B-carotenc
concentration of the lysosomal fraction may be ex-
plained by the fact that B-carotene in human blood is
transported primarily by low density lipoproteins
(LDL),"2*2! which are taken up by the liver and trans-
ported to lysosomes. Apolipoprotein B-100 (apoB) is
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Figure 2 The absorption spectrum in the elution buffer of the aque-
ous extract of the yellow fraction from the DEAE-Sephacel column
of the (a) B-carotene—fed rats and (b) control rats.

the primary apolipoprotein of LDL and is synthetized
by the liver.?% Some investigators have used sedi-
mentation equilibrium or gel permeation chromatogra-
phy and estimated the molecular weight to be
250,000-275,000.282 Other species of apoB usually ob-
served on 4% SDS-PAGE are apoB-74 and apoB-26,
with molecular weights of approximately 300,000 and
100,000, respectively.*® Amino acid composition data
have suggested that these two species are fragments
of apoB-100 and can be produced from LDL by the
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Figure 3 The absorption spectrum in hexane of the lipid extract
of the yellow fraction from the DEAE-Sephacel column of the B-
carotene-fed rats.

proteolytic action of the enzyme kallikrein.3 A carot-
enoid-carrying lipoprotein (CCL) was isolated from the
high density lipoprotein (HDL) fraction of chum salmon
serum by a sequential ultracentrifugation technique,
DEAE-cellulose, and gel filtration column chromatog-
raphy.?”> The CCL gave rise to two apolipoproteins hav-
ing molecular weights of 24,000 (apo-I) and 12,000
(apo-11).

The partially purified carotenoid-protein complex
isolated from B-carotene—fed rat liver in the present
study, when electrophoresed on polyacrylamide gel in
the presence of sodium dodecyl sulfate, gave four major
bands with molecular weights ranging between 40,000
and 60,000. Whether this carotenoid-protein complex
is related to the reported HDL-derived CCL, any of the
known fragments of apoB, or to other retinoid binding
proteins® remains to be seen. The carotenoid-binding
protein identified from the heterotrophic cyanobacter-
ium, Synechocystis sp., strain PCC6714 is a membrane
protein,'¢ with a molecular weight of 35,000 when solu-
bilized at 0° C, and with a molecular weight of 45,000
when solubilized at 70° C. Whether the carotenoid-pro-
tein complex isolated in the present study is similar to
the bacterial carotenoid-protein complex remains to be
verified. Thus, the findings of this study demonstrate
the existence of a carotenoid-protein complex in the
fresh livers of B-carotene—fed rats, which may play an
important role in liver storage and/or transport of intact
-carotene. Further work should clarify the nature of
this protein, its binding affinity for B-carotene and other
carotenoids, and its role in cellular uptake and trans-
port.
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Figure 4 The absorption spectrum of the carotenoid-protein com-
plex (a) before and (b) after treatment with sodium borohydride.
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