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Abstract

Rat testis known to contain all of the enzymes required for carniiine biosynihesis also contains high con-
centrations of calmodulin, a protein which may or may not contain trimethyllysine, the major substrate in carnitine
biosynthesis. The purpose of this study was to investigate the levels of carnitine and the state of calmodulin
N-methylation in rat testes, and to discuss the possibility of the involvement of calmodulin in carnitine bio~
synthesis. Nonesterified carnitine, acid soluble acyl carnitine, and acid insoluble acyl carnitine of rai testes were
273 nmole, 62 nmole, and 4 nmole/g lissue, respectively. Total carnitine level was 339 nmole/g testes tissue.
Calmodulin purified from rat testes was assayed for methylation potential using N-methyliransferase from the
T4t testes. Rat testes catmodulin showed no *H-methyl incorporation indicating that the calmodulin was {ri-
methylated already by cndogenous calmodulin N-methyltransferase. Amino acid composition analysis revealed
that the rat testes calmodulin contained one mole of trimethyllysine per mole of calmodulin. These data suggest
that testes calmodulin could provide the trimethyllysine needed for the synthesis of carnitine in the rat testes,
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INTRODUCTION

Carnitine (B-hvdroxy -y -trimethyi-amino butyric acid) is
ubiquitous non-protein aming acid-like trimethylamine which
is synthesized in mammals. I is an essential cofactor for
facilitating fatty acid transport into the mitochondrial matrix
where B-oxidation takes place (1). Carnitine is svnthesized
in a sequencial reaction as follows! Yysine — protein-hound
lysine - protein -bound trimethyllysine — free trimethyllysine
-+ T-hbutyrobetaine — carnitine (2,3). LaBadie et al. (4} found
that only &-N-trimethyvllyvsine residues i protein are of
value for carnitine bicsynthesis, whereas £-N -mono- and
e-N-dimethyllysine residues once freed by proteolysis do
not appear 0 be further methylated to the trimethy] level
and thus can not be utilized for carnitine biosynthesis (5).
Singe the inveolverent of protein-bound N-trimethyvilysine
ts a metabolic nrecursor for camitine biogynthesis was ro-

orted (4), the hiological significance of protein methylation

s been continuously explored (6),

Calmodulin is a highly conserved, multifunctional calcium -
wdulated protein that interacts with a variety of enzymes
nd proteins (781 N-methylated lvsine in calmodulin was
rst identified from the amino acid sequence and composition
1alysis of bovine brain calmodulin (9}, This analysis showed
1at bovine brain calmodulin contains &-N-trimethyllysine

position 115. Since then, many attempts have been made

understand the nature of the snzyme responsibie for the
ecific methylation (10-13] and to gain insight inte the hi-
sgical relevance of the modification {14-18). The biclogical
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role of caimodulin methylation in mammals 1s, however, un-
clear, With respect to the regualatory activities of ealmodulin,
unmethylated calmoduling are not sigoificantly  different
from methylated calmodulins in their ability to bind calcium
and activate enzymes (16,19). However, one calmodulin-
dependent enzvme, plant NAD kinase, s sensitive to cal-
modulin methylation (14}

Because rat tesies contain all of the enzymes of camitine
blosynthesis (20,210 1t was postulated that, if calmodulin in
rat testes contain trimethylated yvsine residues, the degra-
dation of testes calmodulin might provide a Jocal labile source
of trimethylvsine for local carnitine biosynthesis., Carnitine
{ractions in rat testes and liver and the state of calmodulin
methvlation in rat testis were determined and the possible
involvement of calmodulin in carnitine bipsyathesis in rat
testes was discussed.

MATERIALS AND METHODS

Animals

Five, normal adull (300 g body weight) male Sprague-
Dawley rats (institute of Biosclence and Bisthecnclogy,
Taechon, Korea) were used in this study. There were no
special treatments or diets provided the animals. Aniami care
and use n this study complied with the guidelines as pro-
vided by the Guide for the Care and Use of Laboratory
Animals (22).

Chemicals ‘
[1-"Clacety! CoA and ['H -methv1]S - adenosylmethicnine
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were nurchased from Amersham {Hud\mﬂlmmxhn England).
Carpitine acethyliransforaze, Dowex 1% 8, DEAYE-cellulose,
CA Sephadex, calmodulin agarose, and phenyl -Sepharose
were purchased from Sigma (St Louls, USAY All chemicals
and reagents used were of the highest grade commercially

avaliahle.

Carnitine analysis
Tt testis or liver (100 g each) was bomogenized with
glass homogenizer in 1 mb of 0.3 mol/L perchlaric acd, and
was centrifuged in o microfuge for 10 min av 4000 rm and
supernatant collected. The fractionation and quantitation of
carnitines in the supernatants were performed by a modified
method of Cederblad and Lindstedt (23), Briefly, 1004 of
sarnple was mixed with 10001 of B2 bovinge serum albomin
and 200w of 085 mol/1. perchloric acid and the mixture
vortexed. The samples were centrifuged m a microfuge for
10 min al 1500 rmm. The supornatants were used for the
determination of nenesierificd carnitine (NEC) and acid sof
uhle acvicarnitine {ASAC), and the pellets were used for the
determination of acid insoluble acylecarniting (ALAC), For AS-

AC, acylearpiling i the supernatants was hydrolyzed with
1200t of 0.3 N KO and then carnitine was assayved. ASAC
was caleulated hy substracting NEC froms the KO hy

drolyzed sample carnitine. Por AIAC determination. the pel-
leis were washed twice with 0.6 mol/L. perchloric acd and
the peliets were vesuspended by 2001 of 0HN KO o
hydrolyzed acylcarnitine, and then carnitine was assayved.
Radiometric carmitine assay procedures were done ag pre

hed (24). Reaction mixtures (total volume of
500 eontained carnitine fraction (100 d, 40 kmoy/L 11 V¢
acetyl CoA (0025 1CH, 4umol/l. cthvlene glveol bis -(8-
aminoethyl ether) N, N, W, N lotraacetic actd (EGTA), 4
wmol/L, sodium telrathionale and 23 mmol/f 3 (N mern

holinolprophancsulfonic acid (MOPS) (0H740. The reaction

viousiy deserd

was nillaled by the addition of camitine acetvltransforase
and the mixture was incubated for 80 min at 37°C. 70« wetyl
camiting was senarated from the other reaction composenis
by ton - exchange column with Dowex 1 xXH resin and counted
in g Beckman mode! LS 3801 hguid seindiflation counter. §
carnitine for the determination of NEC and ASAC and 1
malmity! carniline for the determination of ATAC were used
as standard for the carnitine determination.

Protein purification and analysis

Calmoduling used In this study wore purified {rom rat
and I coli carrving calmodolin ex-
pression vectors (14) by hyvdrophobic phenyvi- Sepharose col
umn chromatography of Gopalaknishna and Anderson (95),
SDS-PAGE of the fractions of the phenvl-Sepharose cob
umns was done by using the method of Lacmmii (26), BGTA
{1 mmol/L) was added to the gel for the analysis o prevom
the anomatous migration of calmodulin (27). The (ractions

testes, tobacco plants,

contaimng calmodulin were pooled and dialyvzed against 20
mmol/T NILHECO and then extensively against daionized

water, The dialized sample was frozen at -80°C and then

lyouhilized in an acid washed container. The tyophitized
calmadulin was resuspended in of 10 mmol/L NFLECO, and
was stored frozen at ~80°C. Calmodulin methyltransicrase
was purified from rai testes by a combined protocol of the
swrocedures of Rowe et al. (10) and Han et al. (12). The enzyme
was initially purified by homogenization using Biohomogenizer
(Liiospee Products Ine, USAY and differential ammonium
sullaie procipitation (35708, The sample was then chro-
matographed on DIEAE- cellulose, CM-Sephades, and ealmod-

wlin-agarose. Active fractions were pooled and concentrated
by pressure ulirafiltration (Amicon PM-10 membyane), and
aquickly frozen 1o -80°C. For methylation analyses, 4 radi-

ometric assay (28) based on purified cabmodulin methyliran-
sferase was used. The reaction mixiures for the assay
contained, in 100 ¢! final volume, calmodulin (0.8 itg), 12 wmol/
L PH-methyllS- adenosylmethionine (0.5 101D, 0.1 mol/L NaCl,
2 mmol/L MeCle, 5 mmol/L dithiothreitol (YT, 0.01% (w/v)
Triton X-100, 0.1 munel/L Call, 0.1 mol/L glveylelycine-
NaOH, pH 80, Reactions were initiated by the addition of
enzyme. After 20min reaction at 37°C, the reaction was
terminated by healing af 90°C for 3min. Then 200U of
phenyl-Sepharose slurey in 50 mmol/t. Tris-11C1 buffer (pti
8.0} comtaining 0.1 mmol/L CaCly, 0.3 mol/L, NaCl were added.
Nter vortexing at & min intorvals, the samples were centri-
fuged and the resin was collected. Then the resin was
washed with 4 ml of 50 mmol/ 4. Tris- HCE buffer (pHE.0), 0.1
mmol/L CaCly, 0.3 M NaCh PHlcalmodubn was eluted with
0.1 mol/L NHAICO: (pHRG), 2 mmol/L ethyienediaminetetra

acetic acid (EDTAY and radivactivity was measured by liquid
scintillation counter (Beckman L3 3801).

Statisiical analysis

The data are exuressed as the mean with 1 standard devi-
ation. Statistical sipnificance between rab testls and dver
were analyzed by Student’s t-iest (p<0.08 considered sig-
nificant) (29},

RESULTS

To compare the levels of camnitine in testes with thosc
in liver, the best known as a carnitine synthesizing organ
the camnitine contents of rat testes and Hver were deter
mined. The levels of {estes and iiver total camitine wor
299 nmole and 444 nmole/s tissue, respectively (Table 1
Previously, Rowe et al. (10} showed that rat {estis have th
highest calmodulin and calmedulin N-methyliransferas
among seven rat tissues. The purifications of calmodulin an
calmodulin N-methyltransierase from rat testes were per
formed 1o test the state of calmodulin N-methylation. Ca
moduling from rat testes and from other systems includir
tobacco plants and I coli carrving calmodulin expressi
plasmid were purified by Ca ~dependent hydrophobic chry
matagraphy on phenyl -Sepharose colurmn. SBS-PAGE
nalysig of the fractions of the phenyl-Sepharose colunr
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Table 1. Carnitine concentrations in rat testis and liver”

nmole/g testis ;;nu.le/g liver
2342158 32204212
616:E136" 1164112
37+ 0.4 70t 20
37144 4445138
"AlL values are means= 38D of five rais.
Values with the different superscripts within a row are signif
icantly different (p<0.05).

Carnitine

Nonesterified carnitine
Acid soluble acvlcarnitine
Acid insoluble acylcarnitine
Total carnitine

show that the only detectable protein was calmodulin (Fig.
1). Calmodulin N-methyltransferase was purified 857-fold
with 22% vield from rat testes through ammenium syulfate
precipitation and chromatography on DEAE -cellulose, CM-
Sephadex and calmodulin-agarose (Table 2),

The abhility of rat testes calmodulin, tobacco calmodulin,
recombinant DNA-derived calmodulin {lys 115}, and calmod-
ulin mutants (arg 115, lvs to arg 115; ile 115, lys to ile 115)
10 serve as substrates for the methyltransferase was tested
by using the radiometric assay (28). The recombinant cal-
modulin that contains an unmethyvlated lysine at position 115
serves as a good substrate for the methyltransferase {Table

12345678

Fig. 1. SDS-PAGE analysis of the purified calmodulin by phenyl-
Sepharose column chromatography. 104l of sample mixtures were
loaded to the wells of 15% SDS-polyacrylamide gel confaining |
mmol/L EGTA. After electrophoresis, the proteins were staimed with
Coomassie Brilliant Blue. Lane 1, 3, 3 and 7, tobacco calmodulins;
lane 2, rat testes calmodulin; lane 4, recorbinant DNA-derived
calmodulin (Iys 115 lane 6 and 8, recombinant DNA-derived cal-
modulin mutants (arg 115 and ile 115, respectively), Testes calmodulin,
recombinant DNA-derived calmodulin and calmodulin mutants show
slower mobility than tobacco calmoduting. Previously, it was shown
that animal calrmoduling, recombinant DNA -derived calmodulin and
the calmodulin mutants show slower mobility than plant calmoduling
(27,28).

Table 2. Purification of calmodulin methvltransferse from rat
testes with recombinant DNA-denved calmodulin as a substrate

Fotal loLaI“ Specifig Punfication Recovery

Step protein acuVlty_ activity-"J ‘old (%)
(mg) {pmole/min}

Crude 559 14532 % T

exiract

(NT1902504 247 13,944 a8 2.2 95

35~-T5%

DEAE- 318 10,062 316 12.2 65

cellulose

CM- o] 6,663 757 29 45

Sephadex

Calmodulin-  0.13 3,234 24,876 957 22

agATONE

PExpressed as pmole of [TIi-methyl groups incorporated into
“recombinant calmodulin (1ys 115) per mun.
“Srandardized o myg of profein in each sample.

3). However, mutant calmoduling and rat testes calmodulin
are no longer substrates for the calmodulin methyliransferase
{Table 3;. These data suggest that the calmodulin methyl-
transferase from rat testes is highly specific for the position
of 115 of calmodulin and that the rat testes calmodulin
contains trimethvllysine at position 115, The analysis of amino
acid composition confirmed that the rat testes calmodulin
contains one trimethyllysine (data not shown).

DISCUSSION

N-methvlation is one of the major vosttranslational mod-
ifications. It has been demonstrated that only protein—bound
Iysine is valuable for trimethyllysine and carnitine biosyrn—
thesis in mammalian systems (4). Protein N-methvltransferase
catalyzes the methylation of specific residues within specific
recognilion sites (6). &~ N-trimethyllysine is g postiranslational
modification that is found at position 115 of many calmod-
ulins (9,10 13). The lysine 115 is located in between the third
and the fourth calcium binding domain, is the most solvent
exposed lysine residue, and has no interacticn with other
residues in the structure (30). Methylated aminoe acid residues
such as e-N-trimethyllysine are released as frec amino acids

Table 3. Substrate specificity of various proteins for the cal-
. . . i
modulin methyvliransferase measured by a radiometric assay

"ik-%methy] incorpq}rated
(_dpm/li() rmin)®
32000 65
43,000 <980

Substrate

Tobacco calmodulin
Recombinant calmoedulin (Jvs 115)

Rat testes calmodulin N.D.
Recombinant calmedulin {arg 1153} N.D.
Rzecombinant calmodulin Gle 115) ND.

Ya.8 vg of each calmodulin was incubated with 12 tmol/A. [ -methyl]
S-AdoMet {05 uCi per reaction) and 1.0 g of purified calmodulin
N-methyltransferase from five rat testes.

. 0., not detectable; plus calmodulin reaction was indistingushable
from blank. Values are the means of four independent determi-
nations with the standard deviation of the mean.
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when mothylated profeing are subjected to metabolic break
down. Calmodulin can be coupled by coupling to ubiquitin
7 uitro in the presence of micromolar calcium concentrations
(17.18). However, calmodulin with trimethylysine was not
couplad to ubiquitin In the absence of calcium {15,163, 71
that @ 1) the Ca™
modulin s preferred by catmodulin N methyhransierase: i
the methylated calmodulin can he degraded by the cytoplasmic
uhiquitin-dependent proteolytic nathway.

“hese

observations suggest hound form of cal

Ihe data showing that a substantial amounts of carmitine
18 found in rat tesies (similar, thougsh less, to the concen
traijons m liver, the best known curnitine synthesizing
organ) raises the lollowing Interesting question: what are
the roles of carnitines in lestis? Testis is ene of the most
imporiant organs characterizing rale. The sex homone wes
tosterone 18 synthesized in testes. Therelore, Lestis should
have all the materials for the sex hormone production. ft
i known that testosterone can be produced from acety! Coi
via cholesterol (31). Since carnitine provides
which long chain fatly acids enter mitochondria, where they
are oxidized to provide a metabolile, acetyl CoA, and carnitine

a means by

also bufiers the acylation state of the milochondrial CoA
by providing a means of removing the excess acetyl and
long chain acy! groups from the mitochondrial matrix (327,
1t can bhe expected that carniting i testes may have g role
for testosterone production. Trimethyllysine released from
prodein s the precursor of carnitine (2- 43 Althovsh cabimod

ulin s one of major proteins found n rat testes (7,.33) and
rat 1estes calmodulin has trimethyvllysine (this study), the
that remains to be answered 10 future stodies 1s
what other methylated protoins can provide trimethyllysine
0 mect the needs of carnitine biosvinthesis, Other naturally
oceuring proteins with e-N- wimethyllysine are histone, ¢y
tochrome C, myosin, and ribosomal proteins (5,6). However,

CUEeS tion

the methylation state of these proteing m rat testes is not
determined vet. Interestingly, 1t has been shown that cal-
modulin also stimulates lvsine methylation in other proteings
(34, "f)} ”b‘nf example, Stegel and Wright (34) found that
calmod stimulates the in vitro N-methylation of several
pmt.cms in cyl,osohc extracts of tesus, ver and kidney. In
rat festes, calmodulin stimulated the methylation of M,
24,000, 47,000 and 45,000 proteing. Calm ()dufin, also, stim -
uwlated the methylation of M, 28,000, 32,000 and 45,000
proteing in rat lver and kideny. Thus, it can be suggested
a role in providing rimethvilyvsine
for carnitine synthesis in rat {estes and other tissues by bolh
providing trimethyllysine from itgs own degredation as well
as by stimulating lvsine methylation in other proteins.

that calmodulin may have 4
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