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Abstract  This  study  reports  the isolation and  partial 
characterization of dsoluble  protein with binding specificity 
for retinoic acid from  rat testis cytosol. Cytosol,  labeled  in 
vitro by incubation with [14C]retinoic acid, was fractionated 
by a series of procedures  that  included ion exchange 
chromatography  on  DEAE-Sepharose  and  on DEAE- 
cellulose, gel filtration on  Sephadex  G-50,  and  preparative 
polyacrylamide gel electrophoresis. The  resulting cytosol 
binding  protein  for  retinoic acid had  been  purified  approxi- 
mately 16,000-fold, with recovery of 11% of the specifically 
bound [14C]retinoic  acid. The  purified  binding  protein was 
homogeneous  on disc gel electrophoresis  at  pH  4.5  or in the 
presence of SDS, but displayed microheterogeneity  on 
isoelectric focusing,  where both a  major  and  a  minor  band 
with apparent isoelectric points  near 4.7 were observed. 
Purified retinoic acid binding  protein  had  a molecular 
weight of approximately  14,600,  and  an ultraviolet absorp- 
tion spectrum with two maxima near 277 and  346  nm.  The 
fluorescence  intensity of retinoic acid bound  to  the cytosol 
binding  protein was approximately  30-times  greater  than 
that of retinoic acid in solution in any of five organic solvents, 
suggesting  that retinoic  acid is highly immobilized when 
bound to the cytosol binding  protein.  The  properties of 
the  rat testis cytosol binding  protein  for retinoic  acid  were 
compared directly with those of the testis cytosol binding 
protein for retinol  and of serum  retinol-binding  protein. 
The  two cytosol binding  proteins were  much more similar 
to each other  than to the  serum  transport  protein,  from 
which they differed in a  number of properties,  including 
molecular size, affinity for  prealbumin, immunological 
reactivity,  and  absorption  and  fluorescence  spectral 
characteristics.-Ross, A. C., N. Adachi,  and D. S .  Good- 
man. The  binding  protein  for retinoic acid from  rat testis 
cytosol: isolation and  partial  characterization. J .  Lipid Res. 
1980 21: 100-109. 
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Retinoic acid is a compound  that  demonstrates 
selective vitamin A biological activity. It is well estab- 

acid as the only source of vitamin A activity are both 
blind and sterile, but  are otherwise in a good state of 
general  health. 

The role of retinoic acid in cellular  differentiation 
is not yet known. Recently, however,  intracellular 
binding  proteins with  specificity for  either  retinol or 
retinoic acid have  been  described in several tissues of 
the rat  (5-7),  man (7, 8), and  other species (9-11). 
Certain analogs or isomers of retinoic acid have been 
found able to  compete with all-trans-retinoic acid 
(7,  12, 13). Some of these analogs can  regulate  epithe- 
lial differentiation or display anticarcinogenic activity 
(14- 16), and it has been reported  that  the  binding 
ability tends  to  correlate with  biological  activity for 
given compounds (7, 13,  17). The possibility has thus 
been raised that  the  intracellular  binding  protein may 
mediate  retinoic acid metabolism or function in 
target cells. 

Recently, we and  others have reported  the purifica- 
tion of the  intracellular  binding  protein  for  retinol, 
CRBP, from  the cytosol  of rat testis (18),  rat liver (19), 
and bovine retina (20). Very recent  reports  on  the 
purification of the  intracellular  binding  protein  for 
retinoic acid, CRABP, have also appeared  (20-22). 
In  our publication on  the purification and  properties 
of rat testis CRBP (18),  information was also reported 
on  the  partial purification and  on some of the  proper- 
ties of testis CRABP. We now report  the complete 
purification of CRABP from  rat testis cytosol, and 
describe spectral and  other characteristics of the 
purified protein, as compared with those of purified 
CRBP and of serum RBP. 

MATERIALS AND METHODS 
Y 

lished that  retinoic acid is able to support a  normal Labeled compounds 
rate of body growth ( l ) ,  as well as normal  differentia- 

ever,  replace  retinol as a visual pigment  precursor ( I ) ,  generously  provided by Dr. W* E. Scottof  Hoffmann- 
and is not  able  to support spermatogenesis in the male ~ 

Abbreviations:  CRABP, cytosol binding  protein  for retinoic  acid; 
(2), Or in the CRBP, cytosol binding  protein  for  retinol; RBP, serum retinol- 

female (3, 4). Thus, animals maintained on retinoic binding  protein; SDS, sodium  dodecyl  sulfate. 

tion of epithelial tissues. Retinoic acid cannot, how- All-trans-[15"4ClretinOiC acid (59 PCi/mg) was 

100 Journal of Lipid  Research  Volume 21, 1980 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


LaRoche,  Inc.,  Nutley, NJ. Before  use,  the labeled 
compound was tested for purity by the solvent parti- 
tion method of Borgstrom  (23). More than 96% of the 
14C radioactivity partitioned  as  expected  for  a  long 
chain fatty acid, and less than 1.7%  partitioned as a 
nonacidic lipid.  Unlabeled  retinol and [ 1  1, 12-3HHz]- 
retinyl acetate were also provided by Hoffmann- 
LaRoche, Inc.  [3H]retinol was prepared (final sp act of 
72 pCi/mg) by saponification of the ['Hlretinyl acetate 
and  chromatography as previously described (18). 

Preparation of cytosol 

Cytosol was prepared by ultracentrifugation 
(142,000 g for 90 min) of homogenates  from batches 
of 600 adult  rat testes, and was labeled by the  addition 
of [14C]retinoic acid and ['Hlretinol to final con- 
centrations of 1 nmol/ml of each compound exactly 
as described previously (18). 

Column chromatography 

All steps were conducted  at  about 5°C and in dim 
light. The chromatographic  procedures used for 
purification of CRABP were essentially the same as 
those  described in detail  earlier  for  the purification 
of rat testis CRBP (18) except that  an additional  step 
(step 3, ion-exchange  chromatography  on DEAE- 
cellulose) was included  to  separate CRBP and CRABP 
from  other  non-retinoid-binding  proteins  prior to 
preparative  electrophoresis. Details of steps 1, 2, 4, 
and 5 have been reported (18) and  are  stated  here 
only in brief. 

Steps I nnd 2:  Ion-exchange  chromatography of 
labeled cytosol on DEAE-Sepharose, pH 8.4,  and gel 
filtration on  Sephadex  G-50 were performed as 
described (18). During  DEAE-Sepharose  chromatog- 
raphy, a single peak of material  containing  both 
[14C]retinoic acid-labeled CRABP and [3H]retinol- 
labeled CRBP was eluted  at  a conductivity of approxi- 
mately 4  to  5 mS. After  concentration by ultrafiltration 
(Amicon PM-10 Diaflo membrane) this pool of labeled 
material was applied  to  a  large  column  (5.6 1) of 
Sephadex G-50 (fine) in buffer of 0.04 M Tris-HCl, 
0.025 M NaCI, 0.002 M EDTA, 0.012 M thioglycerol, 
0.02% Na azide, pH 8.4. Nearly coincident  peaks of 
protein-bound 'H and 14C were eluted  at  a Ve:VO 
ratio of 1.5. The fractions  comprising  these  peaks were 
combined  into  a single pool, which was concentrated 
and dialyzed (Spectrapor #1 dialysis membrane) 
against 0.01 M Tris-HC1 buffer,  pH  8.4, containing 
0.001 % Na azide,  in preparation  for ion-exchange 
chromatography  on DEAE-cellulose. 

Step  3: Whatman (DE52) DEAE-cellulose was 
equilibrated with buffer  (0.1 M Tris-HCI,  0.01% Na 

azide)  until the conductivity was less than 1.5 mS. The 
dialyzed protein  sample,  above, was applied  to  the 
column and  eluted as  described in the legend to Fig. 1. 

Steps 4 and 5: Preparative polyacrylamide gel 
electrophoresis was performed exactly as reported 
previously (18). The separated pools of [14C]retinoic 
acid-labeled CRABP and [3H]retinol-labeled CRBP 
obtained  from DEAE-cellulose chromatography were 
individually dialyzed, lyophilized, dissolved in a 
small amount of upper  buffer [Davis buffer F (24)] 
containing  5%  sucrose, and applied directly to  the 
polyacrylamide resolving gel. After  electrophoresis, 
fractions  containing [14C]retinoic acid were pooled, 
dialyzed against distilled water, and lyophilized. 

Prior  to  recording  spectra and  conducting  protein 
assays, purified CRABP was dissolved in 1 ml of buffer 
(0.05 M NazHP04, 0.02% Na azide,  pH 8.0), and 
applied  to  a small column (1.3 X 50 cm) of Sephadex 
G-75 (superfine)  equilibrated with the  same buffer. 
This column  separated  a single peak containing all  of 
the  recovered [14C]retinoic acid and part of the 
material that  absorbed light at 280 nm from  a  later 
peak that  contained only unlabeled, lower molecular 
weight material. This latter  material also absorbed 
light at 280 nm but it did  not stain with Coomassie 
Brilliant Blue dye. This second peak probably con- 
tained  fragments of polyacrylamide that  had  eluted 
from  the  preparative  electrophoresis gel along 
with CRABP. 

Analytical methods 

Polyacrylamide disc-gel electrophoresis was con- 
ducted  at  pH 8.9 according  to Davis (24)  and at pH 
4.5  according  to Potts et al. (25). SDS-disc-gel elec- 
trophoresis  (26) was conducted as described  earlier 
for CRBP (18). Analytical isoelectric focusing was 
performed in 6% polyacrylamide gel over  a pH  range 
of 4 to  6; gels were stained  according  to  Reisner, 
Nemes, and Bucholtz (27).  Absorption  spectra, 
fluorescence spectra,  and  protein analyses were 
obtained or conducted as described previously (18). 

Molecular weight estimation 

The molecular weight of CRABP was estimated 
by SDS-polyacrylamide disc gel electrophoresis  using 
11% polyacrylamide gel, pH 7.1 (26).  Standard  pro- 
teins included bovine serum  albumin,  ovalbumin, 
chymotrypsinogen A, trypsin, myoglobin, cytochrome 
C, hemoglobin, lysozyme, and ribonuclease A. The 
molecular weight of CRABP was also estimated by 
gel filtration  using  a  column of Sephadex G-75 and 
most of the  protein  standards  above, as previously 
described (18). 
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Amino acid analysis 

The  partial  amino acid  compositions  of rat testis 
CRABP and  CRBP  from  the  same cytosol preparation 
were determined  after hydrolysis  of 10 p g  of  protein 
in 6 N HCI for 24 hr   a t  110°C. T h e  composition  of 
human  serum RBP  (28) was also determined. Analyses 
were performed  (29) by Drs. William Garner  and 
Steven  Birkin  of  this  medical  school,  using  a  Beckman 
12 1 MB amino acid  analyzer. 

Radioimmunoassay 
CRABP,  1  to  1000  ng  protein, was assayed in  the 

radioimmunoassay  for  rat  serum  retinol-binding 
protein (30), as  described previously for  CRBP  (18). 

'Extraction of I4C-labeled ligand from  CRABP 

After final  purification  of  CRABP, the ligand 
associated with 1.4 p g  of  CRABP was extracted  in 
duplicate  into  ethanol.  Using  the solvent partition 
method  of  Borgstrom  (23), 14C radioactivity was 
partitioned  into  neutral  and acidic  lipid  fractions and 
I4C activity was assayed  in each  fraction. 

Studies of retinoic acid and retinol in solution 

All-truns-retinoic  acid  (Sigma) was dissolved under 
N2 in redistilled  ethanol  containing  butylated hy- 
droxytoluene, 100 pg/ml.  A  solution  of all-truns- 
retinol  (Hoffmann-LaRoche,  Inc.) was prepared 
similarly. Each stock  solution was tested for  purity by 
the solvent partition  procedure  (23).  For  retinoic  acid, 
no  absorbing  material (Asss nm)  partitioned  into 
hexane  from  alkaline  50%  ethanol  and all of the 
absorbing  material  behaved  as  an acidic  lipid.  For 
retinol, 100% of the material  absorbing  light  at  326 
nm  partitioned  as  a  neutral  (non-acidic) lipid and was 
recovered  in  the  hexane  phase  after  partition  between 
hexane  and alkaline  aqueous  ethanol. 

For  absorbance  studies,  aliquots  of  the stock  solution 
of retinoic  acid or  retinol  were  dried  under N2 and 
immediately  dissolved in redistilled  ethanol, or  
spectral grade of  methanol,  hexane,  cyclohexane,  or 
benzene  (Burdick  and  Jackson  Laboratories).  The 
absorption  spectra of retinol or retinoic acid were 
recorded  on  a  Beckman DB spectrophotometer 
equipped with a  Photovolt  recorder  and  using  the 
appropriate solvent in the  reference cuvette. Retinol 
in  hexane with its known  absorption  maximum  at 
326  nm (31) was used  to  standardize  the  spectro- 
photometric  data  from  experiment  to  experiment. 

Fluorescence  measurements  and  uncorrected fluo- 
rescence  emission and excitation  spectra  were  re- 
corded  on  an Aminco-Bowman  spectrophotofluorom- 
eter.  Measurements  were  made  on  the  same  samples 

prepared  for  absorption  spectroscopy which  were 
subsequently  diluted, so that  response was propor- 
tional  to  concentration of retinoid  for  each  solvent 
studied.  Spectra were recorded  at  room  temperature 
using  light  of the  same  wavelength  as  the  absorption 
maximum to excite the  fluorophore  for  fluorescence 
emission  spectra. The  maximum  wavelength of 
fluorescence  emission was used  to  record  fluorescence 
excitation  spectra. 

RESULTS 

Purification of CRABP 

Purified  CRABP was obtained  from  rat testis 
cytosol by a  sequence  of five steps which included 1 ) 
ion-exchange  chromatography  on  DEAE-Sepharose, 
2 )  gel filtration on  Sephadex  G-50, 3 ) ion-exchange 
chromatography  on DEAE-cellulose, 4 ) preparative 
polyacrylamide gel electrophoresis,  and 5 )  gel  filtra- 
tion  using  Sephadex G-75.  Simultaneously,  rat testis 
CRBP was obtained  in  pure  form,  as  described  earlier 
(18).  Although  our  previous  purification  scheme  had 
been satisfactory for  the isolation  of pure  rat testis 
CRBP, we had  found  that  fractions  containing  rat 
testis CRABP  (purified  more  than  340-fold) also 
contained  a  major  contaminant which migrated 
together with CRABP during  preparative gel  electro- 
phoresis ( 18). The  purification  sequence  reported 
here  included  an  additional  chromatographic  step, 
ion-exchange  chromatography  on DEAE-cellulose 
(Fig. 1). which efficiently separated  [I4C]retinoic  acid- 
labeled  CRABP  from  the  contaminant  that lacked 
binding activity. In  addition, use  of  DEAE-cellulose 
afforded  some  separation  of  CRABP  from  CRBP 
prior  to  preparative gel electrophoresis.  Protein 
eluted in Pool 1 (Fig. 1) contained  no radioactivity, and 
presumably  comprised  proteins  other  than  CRBP  and 
CRABP. On polyacrylamide  gel, pH  8.9,  protein  from 
Pool 1 migrated very slightly  cathodically  to the 
[I4C]retinoic  acid-labeled  protein  (partially  purified 
CRABP, Pool 2). Pool 3 (Fig. 1) contained significant 
amounts of both  CRABP and CRBP and was rechro- 
matographed  on DEAE-cellulose. The  partially 
purified  binding  protein  for  retinol,  CRBP, was 
eluted  in Pool 4. 

CRABP  obtained  after  chromatography  on DEAE- 
cellulose was estimated  to  have  been  purified  more 
than  5000-fold.  This  material was then  subjected 
to preparative  polyacrylamide gel electrophoresis, 
and finally to gel filtration on  Sephadex C-75. For the 
entire  sequence of procedures,  the  apparent purifica- 
tion of CRABP was estimated as 16,000-fold (Table l) ,  
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with a recovery of 11.4% of the specifically bound 
[14C]retinoic acid from  the labeled cytosol. 

Analytical gels 
Fig. 2 shows the final purified CRABP preparation 

as  evaluated  for  homogeneity in four electrophoretic 
systems. CRABP was homogeneous in polyacrylamide 
gel (without SDS) at pH 4.5 (gel A),  and by SDS-poly- 
acrylamide disc-gel electrophoresis (gel B). Micro- 
heterogeneity of CRABP was observed after isoelectric 
focusing in gel (gel C)  as well as in the alkaline system 
of  Davis (24). In  the  latter two systems, one major  band 
composed  approximately  90% of the labeled protein 
and a  second,  minor and more  anionic,  band was also 
observed. The major  band of CRABP clearly fluo- 
resced when observed under ultraviolet light. 

Although  rat testis CRABP and CRBP were very 
nearly identical in  size and chromatographic  proper- 
ties, they were distinguishable by different migration 
patterns on alkaline polyacrylamide gel and by iso- 
electric focusing: CRBP was clearly more  anionic when 
electrophoresed in  gel at  pH  8.9 (gel E) than was 
CRABP (gel D). On isoelectric focusing, radioactivity 
associated with purified CRABP consistently focused 
at  pH 4.6 to  4.7,  whereas CRBP had  an  apparent 
isoelectric point of 4.8 to 4.9 (18). 

Molecular  weight 
As estimated by SDS-disc gel electrophoresis, the 

molecular weights of pure CRABP and CRBP were 

- 
? 

I I 

I ,  

El mnm x 
IO 40 50 60 70 80 90 100 - c) 

FRACTION NUMBER 

Fig. 1. Chromatography  on DEAE-cellulose of partially purified 
CRABP and CRBP. The pooled protein  obtained by gel filtration 
on  Sephadex  G-50 was dialyzed (see  Methods)  and  applied  to a 
1.5 X 42cm  column of  DEAE-cellulosein buffer  (0.01 M Tris-HCI, 
0.001% Na azide, pH 8.4).  Elution was conducted  at a flow rate of' 
approximately 31 m l  per  hr with 200 ml of the  same  buffer,  after 
which a linear  gradient of NaCI, 0 to 0.2 M ,  was begun (total 
buffer  volume  approximately 700 ml). Fraction size was 5 ml. The  
major protein peak (A,,, nm)  eluted  at a  conductivity of approxi- 
mately 4 mS; this protein  peak  contained  neither "C nor 3H 
radioactivity. Protein-hound ["Clretinoir acid eluted  at a con- 
ductivity of about 7 mS and  [:%H]retinol  bound to  CRBP eluted last 
at a  conductivity of about 9 mS. Fractions  were combined  into 
pools as indicated by the  numbered  bars  along  the abscissa. The 
pools containing both 'H and I4C radioactivity, or  protein-bound 
[I4C]retinoic acid plus  other  unlabeled  proteins  (i.e., Pools 2 and  3). 
were rechromatographed  on identical columns of DEAE-cellulose. 

TABLE 1. Isolation  of  CRABP from  rat testis cytosol 

Recover) of Apparent 
Total Recover) of Specifically-bound Specific Apparent 

Procedure A%"" Total A,,,, ['4C]Retinoic Acid' Radioactkit)'  Purification" 

Q Q 
Labeled cytosol 5.92 X IO4 ( 100) 9.03 x I O I "  1 . 0  
DEAE-Sepharose 2.98 X lo3 5.03 1 0 0  1.79 x I O 3  2.0 x 10 '  
Sephadex  G-50 1.02 X 10' 1.73 X 10" 73.1  3.82 x IO' 4.2 x IO' 
DEAE-cellulose 1 7.27 9.02 X 1 0 - 3  62.0  4.54 X 10s 5.0 X 1 0 3  

Preparative gel 
electrophoresis 1.4 1 2.38 x IO-5 17.3 6.52 x IO5 7.2 x I O 3  

Sephadex  G-75 2.10 X 10" 3.56 x 10P 11.4 1.47 x 10'; 1.6 x 1 0 "  

Total A,,, = volume  (in milliliters) X absorbance  at  280  nm (A2,"). 
Specifically bound ['4C]retinoic acid was estimated  as  9.4% of the total [14C]retinoic acid added 

to the cytosol. This estimate was obtained by assuming  that all of the [14C]retinoic acid recovered 
in the second  labeled peak from  the DEAE Sepharose  column  represented specifically bound 
[14C]retinoic  acid. This  latter peak was previously shown (18) to contain  the specific cytosol binding 
proteins for retinol  and retinoic acid which had first been separated  from  other  proteins  on  Sephadex 
G-50. In  the  preliminary  studies  reported previously (18), less than  9% of added [I4C]retinoic acid 
was eluted in the second  (specifically-bound) peak  from a Sephadex G-50 column. It  is likely that 
the value  used here  (9.4%  of  added I4C)  somewhat  overestimates  the  true  amount  (and recovery) 
of specifically bound [14C]retinoic acid.  Thus,  the  apparent purification listed (1.6 X lo4) is probably 
a  minimal estimate. 

Calculated as total disintegrations  per min of specifically bound I4C divided by total absorbance 
at  280  nm  (i.e.,  disintegrations  per rnin per  unit of 

Expressed in cumulative terms. 
e The  apparent specific radioactivity of the labeled cytosol was calculated from  the specifically 

bound [14C]retinoic acid in the cytosol and  the total A,,,. 
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content of thr and of ala, in CRABP as compared to 
CRBP. Serum RBP was distinguishable from both 
cytosolic binding proteins by its higher content of 
aromatic amino acids (tyr and phe). Each of the three 
retinoid-binding proteins contained a large propor- 
tion (greater than 25 mol %) of acidic amino acids 
or their amides. 

Immunological comparison of rat testis CRABP 
and rat serum retinol-binding protein 

Possible similarities between the cytosolic binding 
protein for retinoic acid and rat serum RBP were 
explored by immunoassay. Testis CRABP failed to 
compete with serum RBP for binding to antibodies 
raised against purified rat serum RBP when tested 
in the radioimmunoassay procedure for rat serum 
RBP. Thus, by this immunologic criterion, these 
retinoid binding proteins are distinctly different 
from one another. 

Abso~t ion and fluorescence s ~ c t r o s c o ~ ~  

Fig. 2. Analyses of purified rat testis cytosol CRABP (gels A-D) 
and CRBP (gel E) by analytical electrophoresis (gels A, B, D, E) and 
by isoelectric focusing (gel C) in polyacrylamide gels. Gel A: 

acrylamide gel ( 1 1 % .  pH 7.1); Gel C: CRABP ( I O  pg) after iso- 
electric focusing in 6% gel using ampholytes of pH 4 (bottom) to 
pH 6 (top); Gel D: CRABP ( I O  pg) at pH 8.9; Gel E: CRBP (7 pg) 
at pH 8.9. 

identical (14,600), indicating approximately the same 
linear dimensions. However, during molecular weight 
estimation by gel filtration, we have observed that the 
peak of [ ' 'C]retin~i~ acid bound to CRABP consistently 
eluted just before the peak of [SH]retinol bound 
to CRBP. This suggests that the radius of hydrated 
CMBP is slightly greater than that of CRBP. ~ ~ l ~ ~ -  
ular weight estimates from gel filtration on Sephadex 
G-75 provided values of 16,600 for CRABP and 

CRABP and CRBP 15,900 for CRBP (18). 
Amino Acid CRABP CRBP 

Amino acid analysis 
residues per 100 residues analyzed 

Amino acid compositions of purified rat testis 
Asx 11.76 14.31 
Thr 8.6 1 5.58 CRABP and CRBP, and of human serum RBP, were 

determined in order to compare these three retinoid- Ser 4.86 3.82 
binding proteins. Due to the small amount of purified Glx 13.51 14.86 

Pro 3.46 2.46 
8.77 9.55 

were performed. Thus, estimates were not obtained Ala 6.93 4.3 I 
CRABP available at this time, only hydrolyses in HCl 

for the content of half-cystine or of tryptophan residues Val 8.50 9.02 
Met 2.27 3.33 in these proteins. The partial amino acid composition I le 4.98 4.22 

obtained for human serum RBP (data not shown) was Leu 8.03 8.69 
almost identical with the compositions previously TYr 2.34 2.04 

4.60 Phe 4.65 
5.56 7.31 

2.21 
reported from this laboratory (18, 32). The composi- 
tion of CRBP (Table 2) differed somewhat from that His 1.62 

3.65 previously reported (18). Rat testis CRABP and Arg 4.18 

CRBP were quite similar to each other in overall 100.03 99.96 
amino acid composition (Table 2); differences ob- 
served between these two proteins included the 
presence of a lesser content of asx, and a greater 
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CRABP (8 pg), 9% gel, p~ 4.5: Gel B: CRABP (5 pg), SDS-~OIY-  
of CRABP 

The absorption spectrum of purified CRABP 
(Fig. 3) displayed two peaks, with maxima at approxi- 
mately 277 nm and at 345 to 348 nm, respectively. 
The absorption spectrum of CRABP was almost 
identical to that of purified CRBP (see (18))- Thus, 
for both cytosol Proteins, the second Peak of absor- 
bance, representing protein-bound ligand, had its 
maximum at approximately 346 nm. The absorption 
sPectra showed definite shoulders at aPProximatelY 
330 nm and 365-370 nm. Neither retinoic acid nor 

TABLE 2. Amino acid composition of rat testis 

GIY 

LY5 

-- 

a The values listed are the means of duplicate (for CRABP) 
or of quadruplicate (for CRBP) determinations from the HCI 
hydrolysate. 
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retinol in solution in organic solvents displays this 
fine structure. The ligand  to  protein  absorption  peak 
height  ratio  (i.e., A346; Azeo) was 1.22 (Fig. 3)  for a 
preparation of CRABP estimated  to  contain 0.69 
molecule retinoic acid per molecule binding  protein 
(see below). Absorption  spectra of CRABP were 
recorded  both  at  pH  8.0 in Na phosphate  buffer 
(Fig. 3)  and  at  pH  4.5, slightly below the isoelectric 
point of CRABP, in Na phosphate-Na  citrate  buffer. 
Although  the negative charge on CRABP was de- 
creased  at pH 4.5, no  difference in the  absorption 
spectrum of the  bound ligand was observed. 

The uncorrected  fluorescence  spectra of testis 
CRABP are shown in Fig. 4. When CRABP was 
excited at 340 nm, a peak of emission was recorded 
with its maximum  at  approximately 4’70 nm.  The 
fluorescence excitation spectrum of CRABP (emission 
at 470 nm) showed a  maximum  at  355-360  nm. 
Thus,  the fluorescence emission and excitation spectra 
of purified CRABP were qualitatively nearly identical 
with those of CRBP (18).  Comparison of the fluores- 
cence intensity per  unit of absorbance,  however, 
clearly indicates that  the relative fluorescence intensity 
of the ligand bound to CRABP is much lower than 
that of ligand bound to CRBP. For CRABP having 
an absorbance at 346  nm of 0.35, the relative fluores- 
cence intensity was 164 units.  For CRBP purified from 
the same batch of testes and having an absorbance  at 
346 nm of 0.20,  the relative fluorescence intensity 
was 460 units. Thus,  the  ratio of fluorescence intensity 
to  absorbance for CRABP was approximately  one- 
fifth as great as that  for ligand bound to CRBP (466 
versus 2300). 

Estimation of amount of ligand bound to CRABP 
An attempt was made  to  estimate the  amount of 

ligand bound to the  preparation of purified CRABP. 
The mass  of total retinoic acid ligand was estimated 
from  the  absorbance at 346 nm, assuming that all 
bound ligand was retinoic acid with a  molar  extinction 

O H  
400 380 360 340  320 300 280  260 
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cytosol, in solution in 0.05 M Na phosphate buffer, pH 8.0. 
Fig. 3. Absorption spectrum of purified CRABP from  rat testis 

300 400  500 600 
WAVELENGTH (nm) 

Fig. 4. Fluorescence excitation and emission spectra of purified 
CRABP at pH 8.0. A solution of CRABP having an absorbance 
at 346 nm of 0.352 was diluted 40-fold with  Na phosphate  buffer 
just before recording these spectra. A: Uncorrected excitation 
spectrum (emission at 470 nm); B: Uncorrected emission spectrum 
(excitation at 340 nm). 

coefficient of 45,000  (33). The mass  of exogenous, 
14C-labeled retinoic acid associated with the purified 
CRABP was calculated from  the  protein-bound 
radioactivity and  the known specific radioactivity of 
the  added retinoic  acid. The  amount of purified 
CRABP was estimated by protein assay according to 
Lowry et al. (34),  and  the molecular weight (14,600). 
According  to  these calculations, the molar ratio of 
exogenous retinoic acid to CRABP was 0.43, whereas 
the total retinoic acid to CRABP molar  ratio was 0.69. 
Thus, using  these  assumptions,  the  data suggest that 
the  added radioactive ligand bound to CRABP was 
significantly diluted by endogenous  ligand also bound 
to  the  protein. Our calculations suggest that some 
endogenous,  unlabeled,  retinoid  ligand was associated 
with CRABP in the cell, and  that labeling the cytosol 
in vitro with [14C]retinoic acid did  not completely 
displace all  of the  endogenous  ligand. In this prepara- 
tion of CRABP, on  the  order of one-third to two- 
fifths of the total bound ligand appeared to be of 
endogenous  origin. 

Extraction of 14C-labeled ligand 

In  order to explore  the  question of whether  the 
added, labeled retinoic acid was altered by its associa- 
tion with CRABP, we have extracted  the  ligand  from 
purified CRABP and have determined its solvent 
partition characteristics. No 14C radioactivity parti- 
tioned as a  neutral  lipid,  indicating  that  none of the 
bound exogenous  ligand  had  been  reduced (e.g., to 
[14C]retinol or retinal).  After acidification of the 
aqueous  ethanol  phase  to pH 1 and re-extraction 
with hexane, 97.4% of 14C radioactivity that  had  been 
bound to CRABP was recovered in the  hexane  phase. 
Thus, the 14C-labeled ligand  behaved, in this system, 
as an acidic lipid, exactly as  did  the [14C]retinoic acid 
that  had  been used to label the testis cytosol. 
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Hexane 354-359 470-475 I .4 326 480 62 0.023 
Cyclohexane 356-359 470-47.5 1.2 328 480 86 0.014 
BenLene 363-365 470 1.2 330 4x0 95 0.0 I3 
Ethanol 340 470-480 1.7 326 480 40 0.043 
Methanol 333 475 1 ..i 325 480 29 0.052 

I' Absorbance (A) and Huorescence emission ( F )  measurements were made using  solutions  of 7.7 X IO-' M and 
3.8 x M retinoic acid, respectively. Values reported  are  the  mean of two separate  determinations. 

' I  Absorbance and fluorescence measurements wel-e made  using solutions of 8.2 X IO-' M and 1.6 X M retinol, 
respectively. Values are the mean o t '  two separate deter-minations. 

A  standard solution of quinine  sulfate in 0.01 N H,SO, showctl maxinlurn  fluorescetlce enlissiorl at 450 11111 on  this 
instrument. 

'f These  columns list the I-elative intensity of Huorescence, per  unit of ahsol-hance, in arhitl-ary units.  l'he  same 
spectrophotonuororneter settings  were  used for all fluorescence readings  reported i n  this paper s o  that all results are 
comparable. 

" Calculated as relative  intensity  of F to A for  retinoic acid divided h y  that for  retinol. 

Spectra of retinoic acid in organic solvents retinoic  acid  had its maximum  value  at  333-340  nm, - 
The  absorption  and  fluorescence  spectra  of  pure 

retinoic  acid  in five organic  solvents  were  examined. 
Table 3 lists the position and relative  heights  of  the 
absorption  and  fluorescence  peak  maxima  for  retinoic 
acid  in  each  solvent.  For  comparison,  retinol was 
examined  at  the  same  time  in  the  same solvents. The  
absorption  spectrum of retinoic  acid was sensitive  to 
solvent  composition  and  to  changes in  acidity. In 
ethanol or methanol,  the  absorption  spectrum of- 

0.3 -4 

1 
400 360  320 280 

WAVELENGTH (nm) 
Fig. 5. Ultraviolet absorption  spectra of retinoic acid in  ethanol, 
and in acidified ethanol. Retinoic acid was dissolved in redistilled 
ethanol  containing 100 p g  butylated  hydroxytoluene  per ml 
solvent and  the  spectrum was recorded (-). The absorption 
spectrum was recorded  again  after  addition of 10 PI of 0.01 N 
HCI (2.5 X M H +  final concentration)  to  the  cuvette  containing 
retinoic  acid (- - -). The  addition of 10 pl water in place of HCI 
had no effect on  the  absorption  spectrum. Nearly  identical spectra 
were  observed when retinoic acid was dissolved in  methanol 
instead of ethanol. 

but,  upon  addition of  acid,  the  absorption  peak 
maximum was shifted  to  approximately 355 nm 
(Fig. 5 ) .  This  shift  could  be  reversed by subsequent 
addition  of  base. The  absorption  spectra  of  retinoic 
acid  in less polar  solvents  (hexane,  cyclohexane,  and 
benzene)  resembled  the  spectrum  of  retinoic  acid  in 
acidified  ethanol. In  each  solvent,  the  absorption 
spectrum  appeared as a  smooth  curve,  without 
shoulders. 

In  order  to  quantitate  and  compare  the  fluorescence 
intensity of retinoic  acid as a  function  of  solvent 
composition,  the  relative  fluorescence  intensity  per 
unit  of  absorbance was determined  for  each  of  the 
five solvents. The  fluorescence  emission  of  retinoic 
acid per  unit of  absorbance was greatest in ethanol 
and least  in  cyclohexane or  benzene  (Table  3,  column 
3). T h e  variation of fluorescence  emission  intensity 
(per  unit of  absorbance)  for  retinol was much  greater 
(>3-fold)  than  that of  retinoic  acid  (1.4-fold).  Compar- 
ing  retinol  to  retinoic  acid  in  each  solvent  (Table  3, 
column 7), the  fluorescence yield per unit of absor- 
bance  for  retinoic  acid was always much less than  that 
for  retinol.  Thus,  in  the  different solvents, the relative 
intensity  of  fluorescence  of  retinoic  acid  (per  unit of 
absorbance)  varied  from 1.4 to 5.2 percent  of  that of 
retinol  in  the  same  solvent. 

The  relative  intensity  of  fluorescence  (per  unit of 
absorbance)  of  the  retinoid  ligand  bound  to  CRABP 
was much  greater  than  that  of  retinoic acid  itself in 
solution  in  organic  solvents.  Using  the  same  spectro- 
photofluorometer  settings  as  those  used  for  the  data 
shown  in  Table  3,  the relative intensity  of  fluorescence 
emission (470  nm)  per  unit  of  absorbance (at 346  nm) 
for  CRABP was calculated to be 47. For retinoic  acid 

106 Journal of Lipid Research Volume 2 1 ,  1980 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


alone (Table  3),  the  corresponding values ranged 
from 1.2 to  1.7 for  the five solvents tested. Thus, if 
the  retinoid  ligand  bound  to CRABP was entirely 
retinoic acid, its fluorescence emission intensity was 
enhanced 28- to 39-fold by binding  to  the  protein. 

DISCUSSION 

This  report describes the isolation and partial 
characterization of the  binding  protein  for retinoic 
acid from  rat testis cytosol. The CRABP had  been 
purified at least 16,000-fold, with a yield  of approxi- 
mately 11%. CRABP both  resembles, and is separate 
and distinct from, CRBP isolated from  the  same 
source. Within this past year, cellular binding  proteins 
for  retinoic acid have been  purified in four labora- 
tories from  a variety of tissues. CRABP has been 
isolated from  rat testis homogenates by both Ong  and 
Chytil (21) and by ourselves. Very similar properties 
of the two purified  preparations,  including  their 
molecular weights and  absorption  spectra, have been 
observed by the two laboratories. The present  studies 
thus both confirm  the  observations of Ong  and Chytil 
(21),  and also provide  additional  information  on  the 
properties of CRABP, particularly as compared 
directly to rat testis CRBP and to serum RBP. CRABP 
has also been  purified  from bovine retina cytosol by 
Saari, Futterman,  and  Bredberg  (20),  and  from chick 
embryo skin extracts by Sani and Banerjee (22). 
Despite these  differences in starting  materials, as 
well as differences in methods of purification,  the 
major  properties of the CRABP preparations  obtained 
from  these  different  sources were quite similar to 
each other.  Whether these similar proteins  from 
different species and tissues are also functionally 
homologous awaits further  study. CRABP from  rat 
testis has a  molecular weight of 14,600 as estimated 
on SDS-disc gels, is anionic (PI  4.6 to 4.7),  and contains 
a  large  proportion of acidic amino acids. Each mole- 
cule of binding  protein appears to have a maximal 
binding capacity for  one molecule of ligand (21). 

The ultraviolet absorption  spectrum of purified 
CRABP was characterized by two peaks with maxima 
at  approximately 277 and 346 nm,  and was almost 
identical with that previously observed with purified 
CRBP (18-20).  From  the relative heights of the two 
peaks we have  estimated (see Results and  ref.  (18)) 
that both purified CRABP and  purified CRBP from 
rat testis contain  endogenous  retinoid  ligand, in 
addition  to  the  radiolabeled  retinoic acid or retinol 
added to  the cytosol before  purification. For the 
purified CRABP preparation  reported  here, we have 
estimated  that the  binding  protein was approximately 

two-thirds  saturated with respect  to total retinoid 
(ligand  to  protein  molar  ratio of 0.69), with about 
60% of the total bound ligand  being  comprised of the 
[14C]retinoic acid that  had  been  added in vitro. 

The 14C-labeled ligand  extracted  from  purified 
CRABP partitioned as an acidic lipid,  and  thus re- 
tained the ionic character of retinoic  acid. The exact 
chemical identity of the  bound  endogenous  ligand 
is, however, not  known. In this regard,  the fine struc- 
ture of the  absorption  spectrum of  CRABP (and of 
CRBP (18-20)) is  of interest. Definite shoulders  at 
approximately  335  nm and 360 nm were observed 
on  the second (retinoid)  peak of the absorption 
spectrum of CRABP; similar fine structure was not 
observed for  the  absorption  spectrum of retinoic 
acid alone in solution in organic solvents. It is possible 
that this fine structure reflects configurational effects 
resulting from  the high affinity interaction of  all- 
truns-retinoic acid and CRABP. Alternatively, it is 
possible that  the  endogenous  ligand  bound to CRABP 
in the cell is a derivative of all-trans-retinoic acid, 
with a somewhat different  absorption  spectrum  from 
that of retinoic acid itself. For  example,  the  absorption 
spectrum  of  5,6-epoxyretinoic  acid,  a recently identi- 
fied metabolite of retinoic acid (35), was observed  to 
display fine structure in the  form of shoulders on the 
main peak of absorbance (35). At the  present  time, 
further studies of the characteristics of the  retinoid 
ligand extracted  from pure CRABP have not been 
performed in this laboratory, because of the very 
limited amount of purified CRABP available. Further 
studies are  needed,  and would be of considerable 
interest,  to establish the chemical identity of the 
endogenous ligand bound to CRABP in  vivo. 

The roles of the cytosol binding  proteins  for  retinol 
and  for retinoic acid in the testis  of the  rat  remain 
to be defined.  It is known that retinoic acid alone  does 
not support mammalian spermatogenesis, and  that 
retinol is required  for  maintenance of the testicular 
germinal  epithelium (3,  36).  The relationships be- 
tween these observations and  the intracellular  binding 
proteins  warrant  exploration. In  addition, since the 
testis consists of several different types of  cells, the 
question of the cellular localization of the two different 
retinoid  binding  proteins  needs to be  examined. 

A major focus of this laboratory  for  the past decade 
has been the  study of the specific plasma vitamin A 
transport  protein, RBP.  RBP has been  characterized 
extensively since its original isolation from  human 
(28) and  from  rat (32) serum, with regard to a wide 
range  of physical and chemical properties,  and with 
regard to its physiological roles and its metabolic 
regulation  (37,  38).  Complementary  studies  on  the 
transport of retinoic acid have shown that this ligand 
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is able  to associate with RBP in vitro (3  l),  but  that  the 
biological transport  protein  for retinoic acid in blood 
is serum albumin  (39). Thus,  the delivery of retinol 
and of retinoic acid to target tissues occurs by  way of 
different  transport systems. 

With the purification of the intracellular  binding 
proteins  for  retinol  and  for retinoic  acid, it  is  now 
possible to  compare  the  properties of each of  the 
cytosolic binding  proteins, CRABP and CRBP,  to 
those of serum RBP. Both CRABP and CRBP from 
rat testis have  a lower molecular weight (approxi- 
mately 14,600) than  rat  serum RBP  (approximately 
20,000 (32)), and each has an amino acid composition 
that  differs  somewhat  from  that of serum RBP. By 
immunological  criteria,  CRABP and CRBP from  rat 
testis cytosol are each clearly different  from  serum 
RBP, since neither  protein  showed  any  immunological 
cross-reactivity with rat  serum RBP when examined 
in the radioimmunoassay for RBP. Whether  the two 
cytosolic binding  proteins  for  retinoids are also 
immunologically distinct from  one  another  remains 
to be determined. Unlike serum RBP, neither testis 
CRBP nor CRABP showed affinity for serum  pre- 
albumin  bound  to  Sepharose  (18).  In all of these 
properties  the two  cytosol binding  proteins  resembled 
each other,  but  differed  from  serum RBP. 

Distinct differences between serum RBP and  the 
intracellular  retinoid  binding  proteins were also 
found when  spectral  characteristics were examined. 
The binding  of  retinol  to  serum RBP results in a  blue 
shift of about 15  nm  in the fluorescence emission 
maximum,  and in an  approximately 10-fold enhance- 
ment of fluorescence emission intensity of the  retinol 
(40). These  data suggest  that  retinol is bound tightly 
to serum RBP in a relatively fixed state (40). 
In contrast,  rat testis CRBP displayed a  fluorescence 
emission maximum nearly identical  to  that of retinol 
in solution in ethanol (18), and  a much  smaller 
enhancement of fluorescence emission intensity. 
Thus,  the fluorescence intensity for  the retinoid 
ligand bound to CRBP was found to be only one- 
fourth  that of retinol  bound  to  serum RBP (18). 
These observations suggest that  retinol is not so 
rigidly immobilized when associated with CRBP, as 
compared  to  serum RBP. 

Only  limited  information is available on  the fluo- 
rescence  characteristics of retinoic acid. Thomson 
(41)  could  detect  fluorescence of retinoic acid in 
hydrocarbon solvent only at very low temperature, 
whereas others  (42) have reported  that retinoic acid 
does  fluoresce,  but very  weakly when compared to 
retinol or to  retinyl  esters. As reported  here,  the 
yield of fluorescence from retinoic acid was clearly 
detectable  in each of five different solvents, but was 
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very low (0.014 to 0.052) relative to  the fluorescence 
of  retinol, of equivalent  absorbance, in each of the 
solvents studied. 

Comparison of the relative intensity of fluorescence 
emission of CRABP with that of retinoic acid in 
solution in organic solvents or with that of CRBP, 
suggests that  the fluorescence intensity of retinoic 
acid is greatly enhanced when bound to CRABP. Saari 
et al. (20)  have also recently reported  that  the intensity 
of fluorescence emission of retinoic acid is enhanced 
upon  binding to bovine retinal CRABP. If we assume 
that  the  retinoid  ligand  bound  to CRABP was entirely 
retinoic  acid, then  our  data indicate  that its fluores- 
cence emission intensity was enhanced  approximately 
30- to 35-fold by binding to the  protein. As a  result, 
the relative intensity of fluorescence of CRABP (per 
unit of absorbance) was approximately  one-fifth as 
great as that of CRBP. These  data suggest  that  retinoic 
acid is quite highly immobilized when bound to 
CRABP, more similar to  the case of  retinol  bound  to 
serum RBP than  to  that of retinol bound to CRBP.m 
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