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Characterization of Rat Testes Mitochondrial Retinoylating
System and Its Partial Purification
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Retinoylation (retinoic acid acylation), a posttranslational modification of proteins occurring in a
variety of eukariotic cell lines both in vivo and in vitro, was studied in rat testes mitochondria.
all-trans-Retinoic acid, a highly active form of vitamin A in inducing cellular differentiation, is
incorporated covalently into proteins of rat testes mitochondria. The maximum retinoylation activity
of rat testes mitochondrial proteins was 21.6 pmoles mg proté&ift min! at 37C. The activation
energy was 44 kJ mot from 5 to 37C. The retinoylation activity had a pH optimum of 7.5. The
retinoylation process was specific for the presence of ATP, ADP, and GTP (even if only 30% of
the control). The half saturation constait,() was 0.69uM for all-transretinoic acid, while the
inhibition constant K;) was 1.5uM for 13-cis-retinoic acid. Retinoylation was not inhibited by
high concentrations of myristic acid (MA) and palmitic acid (PA), indicating that retinoylation and
acylation reactions involved different rat testes mitochondrial proteins. The ATP or CoASH saturation
curves of retinoylation reaction showed sigmoidal behavior with apparent half saturation constants
(Kos) of 6.5 mM ATP and 40.6.M CoASH. On SDS-gel electrophoresis, the hydroxylapaptite/celite
eluate showed various protein bands between 25 and 80 kDa. This retinoylated protein was purified

17-fold with respect to the mitochondrial extract.
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INTRODUCTION

Vitamin A is an essential physiologic regulator of cel-
lular differentiation, the immune response, normal growth,
vision, and reproduction. It has generally been believed
that most of the functions of vitamin A are mediated by the
nuclear retinoic acid receptors, RAR and RXR (Kastner
et al, 1994; Mangelsdorét al,, 1994; Wolf, 2000). The
activation of retinoic acid (RA) in development and cell
differentiation is mediated by these receptors, which in-
teract directly by binding to specific DNA sequences. In
addition to binding nuclear retinoid receptors, RA acts
elsewhere in the cells (Bolmer and Wolf, 1982; Smith
et al, 1989; Varankt al,, 1996).
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Retinoylation (acylation by RA of protein) is another
mechanism by which RA may act on cells. RA is incor-
porated into proteins of cells in culture (Breitman and
Takahashi, 1996; Takahashi and Breitman, 1989, 1990,
1994; Tournieet al,, 1996) and into proteins of rat tissues,
both in vivo (Myhreet al., 1996) and in vitro (Genchi and
Olson, 2001; Myhrest al, 1998; Renstrom and DelLuca,
1989). The retinoylation reaction involves the intermedi-
ate formation of retinoyl-CoA (Wadat al., 2001) and
subsequent transfer and covalent binding of the retinoyl
moiety to protein(s) (Renstrom and DelLuca, 1989). The
covalent linkage between RA and protein(s) is a thioester

Key to abbreviationsBHT, butylated hydroxytoluene; BSA, bovine

serum albumin; CoASH, coenzyme A; EDTA, ethylenediaminete-
traacetic acid; HTP, hydroxylapaptite; MA, myristic acid; MES, 2-
[N-morpholino]ethanesulfonic acid; NEM\-ethylmaleimide; PA,
palmitic acid; RA, alltransretinoic acid; RAR, retinoic acid nu-
clear receptor; RXR, @is-retinoic acid specific nuclear receptor;
SDS, sodium dodecyl sulfate; TCA, trichloroacetic acid; TRIS,
tris(hydroxymethyl)aminomethane.
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bond (Genchi and Olson, 2001; Myheeal.,, 1996). The

identification of retinoylated proteins is very important
to understand the function of retinoylation. Retinoylated
proteins that have been identified include cyclic AMP-

binding proteins, vimentin, the cytokeratins, and some nu-
clear proteins (Breitman and Takahashi, 1996; Takahashi

and Breitman, 1989, 1990, 1994; Tournétral,, 1996).
Several types of lipid modifications have received

considerable attention over the last few years. It has been
demonstrated that palmitic, myristic, acetic and phospho-
ric acids, as well as isoprens farnesol and geranilgera-

nol, bind to a number of proteins (Schukt al., 1988;

Towleret al, 1988). Retinoylation is one of these covalent
modification reactions occurring on proteins. Biochemi-
cal similarities exist between retinoylation and acylation
(i.e., palmitoylation and myristoylation). In these pro-

cesses, RA, MA, and PA covalently bind to preformed pro-
tein via a thioester bond after the intermediate formation

of acyl-CoA and retinoyl-CoA (Renstrom and Del.uca,
1989; Wadeet al,, 2001). Such covalent modification re-

actions regulate the interactions of the proteins with cel-
lular membranes, as well as the interactions with other

proteins. Physiologically, retinoids, bound to proteins or
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Netherlands). All other reagents used were of the highest
purity commercially available.

Preparation of Mitochondria

Sprague-Dawley male rats (200-250 g) were pro-
vided with a nutritionally complete rodant diet and wa-
ter ad libitum. Rats were killed by decapitation and the
testes were removed immediately. Rat testes mitochondria
were isolated by differential centrifugation as described
by Genchi and Olson (2001). Purified mitochondria were
suspendedinasucrose/TRIS buffer, pH 7.3, ataconcentra-
tion of 10-15 mg/mt?. The purity of the mitochondrial
preparation was checked by assaying marker enzymes for
lysosomes, peroxisomes, and plasma membranes. This
mitochondrial suspension was used immediately or was
frozen at—70°C; in both cases the binding activity was
the same.

Partial Purification

Rat testes mitochondria were solubilized in 3% Tri-

lipoproteins in the extracellular fluids, are taken up by cell ;. x_100 (Wiv), 20 mM NaSQ,, 1 mM EDTA, and
surface receptors, are transferred into the cytoplasm and; 4 ;v Pipes, pH 7.0 (buffer A) at a final concentration of

subsequently bound to intracellular proteins (Blomhoff
et al, 1991). Therefore, retinoids do not normally equili-
brate in phospholipids of cellular membranes.

Itis known that RA is essential for the normal growth
of testes (Chaudhast al,, 1989). The steroid biosynthe-

10 mg protein mE?L. After 15 min at 0C, the mixture was
centrifuged at 15,008 g for 15 min. The 1.8 mg/20aL

of centrifuged supernatant (Triton extract) were applied to
cold hydroxylapatite/celite (5:1) column (Pasteur pipette
containing 500 mg of dry material) preequilibrated with

sis is very active into testes mitochondria and moreover , gar A. Elution was performed with 2 mL of buffer A
is stimulated also by RA; therefore this so active testes (collecting two fractions of 1 mL each). Then the column

mitochondrial process of retinoylation should be bound to

steroidogenesis.

MATERIALS AND METHODS
Chemicals

11,12-2H-all-trans-Retinoic acid, 50 Ci mmotf* was
obtained from Dupont-New England Nuclear; ttins
retinoic acid, 13cisretinoic acid, N-ethylmaleimide,
ATP, ADP, GTP, GDP, UTP, CTP, TDP, CoASH,
sucrose, TRIS, trichloroacetic acid (TCA), butylated
hydroxytoluene, Coomassie Brilliant Blue, EDTA,
Pipes, and sodium dodecylsulfate from Sigma-Aldrich
(Milano, ltalia); hydroxylapatite (Bio-gel HPT) from
Bio-Rad; Triton X-100, celite 535, acrylamide, and
N,N’-methylenebisacrylamide from Serva; AMP from
Boehringer Mannheim Italia (Milano, Italia); scintilla-
tion cocktail from Packard Bioscience (Groningen, The

was eluted step by step with buffer A in the presence of 50,
100, and 150 mM phosphate, collecting 1 mL of protein
solution for each phosphate buffer.

Incubations and Analyses

3H-all-trans-Retinoic acid was diluted in ethanol.
Mitochondria, Triton extract, and eluted proteins were in-
cubated in the presence of 10 mM ATP, 1681 CoASH,
27 mM MgChk, 50 mM sucrose, and 100 mM TRIS,
pH 7.4, in a final volume of 0.5 mL at 3 for 90 min
(Genchi and Olson, 2001; Renstrom and DelLuca, 1989).
At zero time the reaction was started adding g+5of the
solution of*H-RA (100 nM, about 400,000 cpm). In the
case of pH-dependence, the incubation buffer was 10 mM
ATP, 150uM CoASH, 27 mM MgCs, 50 mM sucrose,
and either 100 mM MES (pH 5.5-6.5) or 100 mM TRIS
(pH 7.0-8.5). The reaction was stopped by adding TCA
(room temperature) in a final concentration of 5%. The
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mixture was centrifuged in an Eppendorf centrifuge at
15,000x g for 10 min. The sediment was extracted seven
times with 1 mL CHC}:CH3OH (2/1) containing 0.005%
of BHT (Bligh and Dyer, 1959). The seventh extract con-
tained<0.1% of the radioactivity added and 1-5% of the
amount found in the mitochondrial protein. The pellet was
dried and solubilized with 20@L 1% SDS containing
2mMEDTA in 40 MM TRIS, pH 7.5 (Genchi and Olson,
2001). This solution, after being suspended in 4 mL of
scintillation cocktail, was counted in a TriCarb 1600 TR
liquid scintillation counter (Packard). The counting effi-
ciency was about 70%.

Other Methods

Polyacrylamide slab gel electrophoresis of acetone-
precipitated samples was performed in the presence of
0.1% SDS according to Laemmli (1970). Samples were
solubilized in a solution containing 100 mM TRIS-HCI,
pH 6.8, 30 mM dithiothreitol, 10% glycerol, 0.01% Bro-
mophenol Blue, and 2.5% SDS. A mini gel system (8cm
10cmx 1.5 mm)was used. The stacking gel contained 5%
acrylamide and the separation gel 12% acrylamide with
a ratio acrylamide/bisacrylamide of 30:0.2. Staining was
performed by Coomassie Brilliant Blue method. Protein
concentration was determined by the Lowry method mod-
ified for the presence of Triton (Dulley and Grieve, 1975),
using bovine serum albumin as the reference standard.

RESULTS
Properties of Retinoylation Reaction

The retinoylation reaction of rat testes mitochondrial
proteins occurred in the presence of ATP, CoASH, and
Mg**. The omission of ATP and CoASH in the incubation
buffer markedly reduced the extent of retinoylation. Also
Mgt was essential for this process; in fact, in Table I it

Table I. Effect of Cations on Retinoylation Reaction of Rat Testes
Mitochondri&

Incorporated radioactivity

Incubation (pmoles mg proteit 90 min1) % activity
+Mg*t 216 100
—Mg*+ 18 8
+Catt 2.6 12

2Retinoylation reaction was carried out under standard conditions and
the two substrates were added to incubation buffer at 27 mM concen-
tration at 37C. The reaction was started at zero time adding 100 nM
SHRA.
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Table Il. Dependence of Retinoylation
Reaction on Nucleotidés

Nucleotide % activity
ATP 100
ADP 47
AMP 18
GTP 30
GDP 19
CTP 17
UTP 15
TDP 12

aThe different substrates were added to in-
cubation buffer at 10 mM concentration
at 37C. The reaction was started at zero
time adding 100 nMH-retinoic acid. The
control values of the reaction was 148
2.1 pmoles mg proteirt 90 min~t. The
data are the means of three experiments.

is shown that whether the omission of this cation, or its
substitution with Ca* reduced in considerable manner
the radioactivity bound to the mitochondrial proteins (8
and 12%, respectively; control value was 21.6 pmoles mg
proteirr® 90 mir1).

The ATP specificity in retinoylation reaction was in-
vestigated in the presence of a variety of nucleotides. The
nucleotide concentration was 10 mM. The data reported
in Table Il shows that retinoylation reaction occurred in
the presence of ATP, ADP (about 50% of the control), and
GTP (30% of the control). In contrast, retinoylation pro-
cess did not occur when AMP, GDP or cytosine-, thymi-
dine, and uracil-nucleotides were added to the reaction
buffer.

The temperature-dependence of the retinoylation re-
action of rat testes mitochondrial proteins is presented in
Fig. 1. In an Arrhenius plot a straight line was obtained
in the range of 5-3C. The activation energy as derived
from the slope was 43.5 kJ mdl The pH effect on the
retinoylation reaction is shown in Fig. 2. In the range be-
tween 5.5 and 8.5, the optimum pH was found to be 7.5.
At pH values lower and highier than 7.5, the retinoylation
activity decreased markedly.

Rat testes mitochondria were incubated in the pres-
ence of 100 nMH-all-trans-retinoic acid with increasing
concentrations of NEM for 90 min at 3C. After this
incubation time, the radioactivity was measured in the
delipidated protein. This cysteine-specific reagent inhib-
ited almost completly (96% at 5Q0M) the retinoylation
process and the half maximal inhibition was found to be
30 uM (results not shown).

Similarities between retinoylation and acylation (i.e.,
myristoylation and palmitoylation; Schulet al., 1988;
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AT K" chondrial proteins and ATP concentration. The activity of retinoylation

process is plotted as a function of indicated ATP concentrations.

Fig. 1. Temperature-dependence of the retinoylation reaction. Rat testes
mitochondria were incubated at the indicated temperatures under the
standard conditions for 90 min at 3z. enzymatic systemwas 6.5 mM ATP and 42/ CoASH,

respectively. These sigmoidal graphs for ATP and CoASH

. . indicate that the retinoylation enzymatic system was al-
Towler et al, 1988) raised the question of whether the |, ciaric with a positive cooperativity.

same proteins were substrates of these three lipids. Rat

testes mitochondria were incubated under standard condi- ) ) ]

tions with®HRA (100 nM final concentration) in the ab- Km @nd Vmax Values of Retinoylation Reaction

sence and in the presence of 500 myristic and palmitic ~ @nd Inhibition by 13-cis-Retinoic Acid

acids. Inthese experiments the delipidated proteins had the ) o _ )

same binding activity. This result showed that the retinoy- 0 obtain the basic kinetic data of retinoylation reac-

lation of rat testes mitochondrial protein was not inhibited tion on rat testes mitochondrial proteins, the dependence

by high concentrations of MA and PA. of retinoylation activity on substrate concentration was
The ATP saturation curve of retinoylation system is studlgd by increasing the concentratiodldéRA. In three

shown in Fig. 3. As the concentration of ATP increased, €XPeriments at 3T an average of 70& 75 nM for the

graph of retinoylation activity versus ATP concentration Km and 100+ 18 pmoles mg proteirt 90 min* for the

showed sigmoidal behavior. Similar behavior has been ob- VYmax Was determined. The inhibition of the retinoylation

tained with COASH (not shown). The appar&s for this reaction by 13eis-retinoic acid was analyzed in the pres-
ence of different RA concentration. X3s-Retinoic acid

was identified as a competitive inhibitor, since it was found
to increase the appareidt, without changing th&/ax Of

the retinoylation reaction. Thk;, which was calculated
from the double reciprocal plot of the retinoylation reac-
tion versus substrate concentration, was found to be-1.5
0.12uM.

N
(=]
L

=
o
A

Partial Purification of Retinoylating System
From Rat Testes Mitochondria

pmoles/mg proteinx 90 min

0 . . . . Rat testes mitochondria were solubilized in Triton
5 6 7 8 9 X-100 and subjected to chromatography on HTP/celite

PH column (Table IIl). The column was first eluted with

Fig. 2. pH-dependence of the retinoylation reaction. Rat testes mitochon- buffer A, and then step by step with buffer A in th_e
dria were incubated at the indicated pH at the conditions in Materials Presence of 50, 100, and 150 mM phosphate. The first

and Methods for 90 min at 3T. milliter of the eluate with buffer A had no proteins. The
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Table lll. Purification of the Retinoylation Proteins From Rat Testes phosphate (150 mM) eluate (lane 3) obtained from rat

Mitochondrig testes mitochondria solubilized with Triton X-100 and
eluted from HTP/celite column. The fraction of lane 3
was substantially purified with respect to mitochondrial

Purification step  Protein (mg) Specific activity Purification (fold)

Eth«’thI 9.0 316 1.0 extract, although it still contained various protein bands
HTP/celite 1.2 69.4 22 ;

with apparent .
HTP/colitd 04 5374 170 pp molecular masses from 25 to 80 kDa

a|ncorporation of 100 nMH-retinoic acid into proteins incubated for

90 min at 37C. The binding activity is expressed in pmoles mg D|SCUSSION

protein ! 90 min~1 (specific activity).

"Eluate with bulfer A plus phosphate 150 mi. The mechanisms for many actions of retinoic acid

were not clearly known until the discovery of retinoic

proteins eluted from HTP/celite column with buffer A in  acid receptors (RARSs) (Kastnet al., 1995; Wolf, 2000).

the presence of 50 or 100 mM phosphate had no binding It has been demonstrated by several investigators that

activities. By this purification steps, eluting the column retinoylation of proteins occur in HL-60 cells, in many

with buffer A in the presence of 150 mM phosphate, the other cell types and in rat tissue fractions (Breitman and

specific activity of the retinoylating protein (537.4 pmoles Takahashi, 1996; Genchi and Olson, 2001; My&tral,,

mg proteim® 90 min ) was increased 17-fold with re- 1996, 1998; Takahashi and Breitman, 1989; Watal.,

spect to that of Triton extract (69.4 pmoles mg protéin ~ 2001). Retinoylation is another mechanism by which RA

90 mirr?). may act on cells (Pipkiret al., 1991; Takahashet al,
Figure 4 showed the SDS-polyacrylamide gel elec- 1991; Takahashi and Breitman, 1989). One metabolic

trophoresis of mitochondrial extract (lane 2) and Triton- pathway for retinoylation is the formation of retinoyl-CoA

1 2 3

68 kDa

30 kDa

12.8 kDa

Fig. 4. Partial purification of retinoylating proteins from rat testes mitochondria. SDS gel electrophoresis of fractions
obtained during the purification steps. Lane Ifrom top to bottom) BSA, Carbonic anhydrase, and Cyt C; lare 2
Triton X-100 mitochondrial extract (310g/35u.L); lane 3= HTP/celite eluate with buffer A plus 150 mM phosphate
(10.549/351L).
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intermediate and subsequent transfer and covalent bind-

ing of retinoyl moiety to proteins (Renstrom and DeLuca,
1989).

It was found during the present study that the extent
of retinoylation was dependent on the presence of ATP,
CoASH, and Mg™. In the absence of these three cofac-
tors the retinoylation was reduced by approximately 90%
in rat testes mitochondria. Moreover the retinoylation re-
action exhibited substrate specificity (Table ). In fact the
reaction occurred only in the presence of ATP, ADP (50%
of the control), and GTP (30% of the control). In con-
trast, in the presence of AMP and pyrimidinic nucleotides
triphosphate the reaction did not occur. Also Mgwas
found to be essential cation for this process; in fact in the
absence of Mg™ and in the presence of Ca the retinoy-
lation process was only 10% of the control.

The retinoylation reaction was temperature-
dependent with an activation energy of 44 kJ miol
(Fig. 1) and pH-dependent showing a marked pH opti-
mum at 7.5, being strongly inactivated at values below
7.0 and above 8.0 (Fig. 2). The bindingtodinsretinoic
acid to the protein(s) of rat testes mitochondria has been
studied in the presence of NEM, a reagent with high
selectivity for modification of—SH cysteine residues.
The N-ethylmaleimide reduced strongly the retinoylation

process in a concentration-dependent manner with a half

maximal inhibition of 30uM.

The retinoylation reaction on rat testes mitochon-
dria was not affected by high concentrations (50d)
of myristic and palmitic acids. This was contrary to the
results by Wadat al. (2001), who showed a high inhibi-
tion (90%) of retinoylation in rat liver microsomes with
10 uM long chain fatty acids.

The ATP or CoASH saturation curves of retinoyla-
tion process showed sigmoidal behaviors, indicating that
this enzymatic process is allosteric, with appar€gs of
6.5 mM ATP and 40.¢:M CoASH, respectively.

The Ky, and Vnqax vValues for alltransretinoic acid
were 7004 75 nM and 100+ 18 pmoles mg proteint
90 min 1, respectively. Besides 1ds-retinoic acid inhib-
ited the retinoylation as a competitive inhibitor wittKa
of 1.5+ 0.12uM.

The retinoylating system, eluted with buffer A/150
mM phosphate from HTP/celite column, has been purified
17-fold with respect to the mitochondrial extract (Table II),
showing by SDS polyacrylamide gel electrophoresis sev-
eral protein bands with apparent molecular masses from
25 to 80 kDa (Fig. 4). Among the others, a protein band
with a molecular mass of approximately 29 kDa is shown
(Fig. 4); this protein should correspond to tritiated protein
with the same molecular mass in Fig. 3 of Genchi and
Olson (2001).

Cione and Genchi

Testes are very sensitive to vitamin A deficiency. In
fact, a vitamin A-deficient diet may cause atrophy of the
testes (Wolbach and Howe, 1925). Germ cell development
is particularly impaired (Griswolet al., 1989; Sobhon

et al, 1979). Spermatidis and spermatocytes, which are
sloughed off from the seminiferous tubule soon after vita-
min A-deficient rats start to loose weight, become necrotic
a few days later (Sobhagt al,, 1979). In this process, mi-
tochondria become vacuolated, and chromatin forms ag-
gregate along the nuclear envelope. Thus, testes require
vitamin A and also possess the binding proteins and the
enzymes needed for its metabolism (Esldtdal., 1991).
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