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Protein carboxyl methylation activity was detected in the cytosol and in purified brush-horder membranes (BBEM)
from the kidney cortex. The protein carboxyl methyliransferase (PCMT) activity associated with the BBM was
specific for endogenous membrane-bound preiein substrates, while the cytosolic PCMT methylated exogenous
substrates (ovalbumin and gelatin) as well as endogenous proteins. The apparent K, for S-adenosyl-L-methionine
with endogenous proteins as substrates were 30 uM and 4 pM for the cytosolic and BBM enzymes, respectively.
These activities were sensitive to S-adenosyl-r-homocysteine, a well known competitor of methyliransferase-cata-
Iyzed reactions, but were not affected by the presence of chymostatin and E-64, two profein methylesterase
inhibitors. The activity of both cytosolic and BBM PCMT was maximal at pH 7.5, while BBM-phospholipid
methylation was predominant at pH 10.8. Separation of the = methylated proteims by acidic gel electrophoresis in
the presence of the cationic detergent benzyldimethyl-n-hexadecylammonium chloside revealed distinct methyl
aceepting proteins in:the cytosol (14, 17, 21, 27, 31, 48, 61 and 163 kDa) and in the BBM (14, 60, 66, 82, and 105
kDa). Most of the labelling was lost following electrophoresis under moderatly alkaline conditions, except for a 21
kDa protein in the cytosol and a 23 kDa protein in the BBM fraction. These resuits suggest the existence of two
distinct PCMT in the kidoey cortex: a ¢ytosolic enzyme with low selectivity and affinity, methylating endogenous and
exogenous protein substrates, and a high-affinity BBM-associated methylating activity.

Introduction has been suggested [4,5] but strong and direct evidence

is still Iacking [2,6]. The cucaryotic protein carboxyl
methylteansferase (PCMT) seems to be part of an-
other, widely distributed, class of methyltransferases

Protein carboxyl methylation is a post-translational
covalent modification found in both procaryotic and

eucaryotic cells [1,2]. The reversible neutralization of
protein negative charges by the esterification makes
protein methylation a possible regulatory agent of cel-
lular processes. In chemotactic bacteria, for example,
the specific methylation of glutamyl residues of mem-
brane receptor proteins has been shown to play a
major role in the chematactic response [3]. A regula-
tory role of carboxy] methylation in eucaryotic tissues

Abbreviations: AdoMet, S-adenosyl-c-methionine; AdoHcy, S§-
adenosyl-L-homocysteine; PCMT, protein carboxyl methyltrans-
ferase: PME, protein methyl esterase; BBM, bresh-border mem-
brane; 16-BAC, benzyldimethyl-n-hexadecylammonium chloride: E-
64, N-f N-(L-3-trans-carboxyoxiran-2-carbonyi)-L-leucyllagmatine.

Correspondence: R, Béliveau, Dépariement de chimie-biochimie.
Université du Québec 3 Montréal, CP. 8858, Succ. A, Moniréal.
Québec, Canada H3C 3P8.

[2,7]. This latter class recognizes with high affinity
aspartic residues that have been covalently altered by
isornerization and racemization reactions to form L-iso-
aspartyl and p-aspartyl residues [8]. It is proposed that
the methylation of these altered residues plays a role in
the metabolism of damaged proteins, at least in the
brain and erythrocytes [9,10].

The proximal tubules of the kidney is the major site
of reabsorption of essential metabolites from the
glomerular filtrate. Preliminary studies of the protein
methylation reactions occurring in the tubules have
shown a unmigue balance between methylating and
demethylating enzymes {11), raising the possibility that
this methylation system may be involved in the re-
versible modification of some tubular functions. To
further examine this possibility, we examined the pres-
ence of endogenous methyl accepting proteins located
in the soluble and brush-border membranc (BBM)
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fractions of the kidney cortex. We report the presence
of a BBM-associated and a cytosolic PCMT which have
distinct catalytic properties and substrate specificities.

Materials and Methods

Materials

$-Adenosyl--{ Me- ‘H]methionine (725 Ci/mmol)
was obtained from New England Nuclear {Boston,
MA). S-adenosyl-L-methionine  ( p-toluenesulfonate
salt}, S-adenosyi-L-homocysteine, gelatin, ovalbumin,
bovine serum albumin, benzyldimethyl-n-hexadecylam-
monium chloride (16-BAC) and NN-(L-3-trans-
carboxyoxiran-2-carbonyl)-L-lcucyl]agmatine (E-64)
were purchased from Sigma (St. Louis, MO}, SDS and
urea (Sequanal grade) from Pierce (Rockford, IL), and
reagents for electrophoresis, from Bio-Rad (Richmond,
CA). All other chemicals were of the highest purity
available.

Membrane isolation

Experiments were carried out on adult male
Sprague-Dawley rats. The animals were killed and the
kidneys quickly perfused via the abdominal aorta with
a saline solution. Slices of outer cortex were cut with a
razor blade and BBM were subsequently isolated by a
Mg?* precipitation method [12]. All preparative steps
were performed in the presence of a proteinase in-
hibitor solution containing in final concentrations; 100
ug/ml bacitracin, 2 pg/ml aprotinin and 10 pg/ml
pepstatin A. Membranes other than BBM were pel-
leted by centrifugation at 5000 X g for 10 min, and the
BBM were abtained by centrifugation of the super-
natant at 38000 X g for 20 min, The supernatant of the
BBM pellet was centrifuged at 110000 X g for 60 min
and was referred to as the cytosolic fraction. The pellet
containing the BBM was resuspended in 50 ..M man-
nitol, 2 mM Hepes-Tris (pH 7.5) to a con¢entration of
about 13 mg protein /ml and stored in liquid nitrogen.
The methylation activities of both BBM and cytosol
were unaffected by this storage, up to 10 days {(data not
shown). The purity of the membrane preparation was
determined by the measure of alkaline phosphatase
activity and showed a mean enrichment of 10,9 + 1.2

Methylation reactions

Incubations were carried out at 37°C in 100 mM
Hepes-Tris buffer (pH 7.5), with 10 uM [*HJAdoMet
(2 1 Ci) and 50-100 ug protein in a firal volume of 30
pl. In the experiments with exogenous protein sub-
strates, 500 g of the exogenous protein were added to
this medium. Protein methyl esters are defined as the
radioactivity that can be converted into methanol by a
base treatment [13). Briefly, the reaction was stopped
by the addition of an equal volume of 1% SDS in 0.2 M
NaOH to hydrolyze the radioactive methyl esters.

Aliguats (40 ul) of this mixture were applied on thick
filter papers that were then inserted into the necks of
scintillation vials containing 10 m! of scintillation liguid
(Formula 963). The capped vials were allowed to stand
at room temperature for three haurs to allow diffusion
of the radioactive methanol produced by the hydrolysis
of the methyl esters. After removal of the filters, the
radioactivity transfered to the scintillation liquid was
measured. The recovery of radioactivity was similar to
that previously reporied [14)

Methylation of BBM phospholipids was determined
after a chloroform/ methanol extraction of the meth-
vlated membranes. Following methylation, BBM were
pelleted by centrifugation at 105000 x g for 10 min in
a Beckman Airfuge. The BBM pellet was treated with
0.1 M NaQH and extracted three times with four
volumes of chloroform/ methanol (2:1, v/v). The o¢-
ganic phases were pooled, evaporated to dryness and
the radipactivity was measured by liquid scintillation
counting.

Acid electrophoresis

Methylated proteins were fractionated by 16-BAC
acid electrophoresis on 7.5% acrylamide gels, as de-
scribed by Macfarlane [13], Following methylation, pro-
teins were solubilized by addition of an equal volume
of a stock solution containing 7% 16-BAC, 5 M urea,
10% glycerol, 50 mM acetic acid, 0.1% DTT, 2 mM
EDTA and 100 uM chymostatin with 0.01% Pyronin Y
as the tracking dye. Electrophoresis was carried out
overnight at a constant current of 40 mA. After elec-
trophoresis, gels were fixed in methanol/ acetic
acid /water (4:1:5, v/v) for at least one hour and
stained for 10 min with 0.1% Coomassie blue in fixa-
tive solution. SDS-PAGE was performed using the
Laemmli buffer system [15).

Fluorography was performed by impregnation with 1
M sodium salicylate acidified with 10 mM acetic acid.
The gels were dried and exposed to Kodak XR-5 film
for 2 to 4 weeks at —80°C. Scanning of the fluoro-
grams was performed by laser densitometry LKB Ultro
Scan.

Resulis

Endogenous and exogenous PCMT activities in rat kid-
Hey corlex

The distribution of endogenous PEMT activities in
the proximal cells was investigated in three fractions:
cortex homogenate, cytosol and purified BBM. As
shown in Fig. 1, the PCMT activity was linear up 1o 100
g protein in the homogenate, while deviations from
linearity were observed at 50 pg protein for both the
cytosolic and BBM fractions. The specific activity of
the homogenate was similar to that of the cytosolic
fraction (17.5 and 15.6 pmol/mg per h), and 3-fold
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Fig. 1. Effect of protcin concentration on the rate of endogenous

protein carboxyl methyliransferase activities in kidney homogenate

{0), cyiosolic { ) and brush-border membranes (0 fractions. PCMT

activitics were assayed as described in Materials and Methods, Each

value represents the mean+S.D. of three different experiments
carried out in triplicate.

higher than for the purified BBM (5.1 pmol /mg per h).
Total endogenous activity presemt in the BBM fraction
was 2.6% of the activity found in the homogenate. This
percentage was similar to that of alkaline phosphatase,
a marker enzyme specific for BBM [12].

Kinetic analysis of endogenous PCMT activities in
the cytosol and BBM, with their respective endogenous
proteins as substrates, revealed very distinct kinetic
parameters toward AdoMet (Fig. 2). The apparent
maximal velocity was 10-fold higher for the eytosolic
enzyme (150 vs. 17 pmol /mg per h) while the apparent
K, for AdoMet was much lower in the BBM (4 M vs.
30 uM).
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Fig. 2. Eadie-Hofstee plot of the endogenous protein carboxyl meth-
ylation activities for lhe eytasol (0) and BBM (@) fractions. 50 g of
cylosolic or BBM proteins were incubated with [*H]AdoMet (1.5-60
pM) 3 aCi) and the methylation measured as described. Slopes
were delermined by linear regression from data obtained from four
experiments carried in quadruplicate,

(1

TABLE |

Specific uctivities of PCMT for endogerois and exogenous subsirates in
kidney fraciions

Fractions (50 ug protein) were incubated 10 mis with or without 500
A E exogenous substrates and the methylation was measured with lhe
methanol diffusion assay, Values for endogenous methylation were
substracted to give the exogenous methylation values, The values are
means = 5.D. of three distnct experiments.

Fractions Methyl groups incorporated

(pmol /mg protein per 1) min)

cndogenons  exegenous

methylation  methylation

gelatin ovalbumin  BSA

Homogenate & +12 B0+ 3 28+5 3 1
Cytosol 49+ 09 [ 4342 0.9+0.1
BBM 15309 211 002+006 01102

Table 1 shows the PCMT activities towards three
cxogenous substrates (gelatin, ovalbumin and bovine
serum albumin (BSA)) in the homogenate, cytosol and
membranes. Addition of gelatin caused 13- and 14-fold
stimulations of the PCMT activities associated with the
homaogenate and cytosolic fractions. Ovalbumin caused
4.6- and 8.8-fold stimulations while BSA was not a
pood substrate with 0.5- and 0.18-fold stimulations, for
the same fractions.

None of thesc exogenous proteins was a geod sub-
strate for the PCMT associated with the BBM (Table
D. The rate of methylation of gelatin was strongly
dependent on the amount of soiuble proteins, while
addition of a greater amount of membrane proteins in
the assay did not produce any increase of BBM meth-
ylation activity (Fig. 3). Membrane disruption by solubi-

pmol methyl groups/ 10 min

Protein (ug)
Fig. 3. Effect ol protein concentration on the methylation of gelatin
by brush-border membranes in the presence (D) or absence (9 of
Triton X-100 and by the cytosolic fraction {(0). Fractions were
incubated in the presence of 500 xg gelatin and methylation was
measured as described in Materials and Methods, The values are the
means + 8.0 of three experiments.
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lization of the BBM with Triton X-100 had no effect
on the methylation of pelatin (Fig. 3), suggesting that
the absence of recognition of the exogenous substrates
by the membrane-bound enzyme was related to the
properties of the enzyme and not to reduced accessibil-
ity of the substrates to the catalytic sites on the mem-
brane itself or in the intravesicular space.

Effect of the incabation pH on BBM-associated endoge-
nous PCMT activity

Fig. 4 shows the effect of pH on the ¢cndogenous
PCMT activities of the cytosol and BBM, Both activi-
ties showed a similar pH-dependence, with a maxinum
at pH 7.5. Increasing the pH greatly reduced the
activity of base-labile protein methylation for both frac-
tions, but resulted in an increase of base-stable and
chloroform e¢xtractable methylated products in the
BBM (Fig. 4). The incorporation of [*H]AdoMet into
these base-stable linkages was maximal at pH 10.0 and
corresponds to the formation of methylated phaspho-
lipids [16]. These data thus suggest the simultaneous
presence of both protein and phosphalipid methylation
activities in kidney BBM. The distinct chemical proper-
ties of the phospholipid methylation system rules out
any significant inter{cience with the measurement of
PCMT activity.

Modulation of kidney PCMT activity by AdoHcy and
PME inhibitors

Methyltransferase activities from the cytosol and
BBM were aiso studied following addition of inhibitors
of transferase and esterase reactions (Table II). The
activities of both fractions were inhibited to the same
extent (609) by 100 oM AdoHcy, a well known com-
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Fig. 4. Effect of pH on the rate of methylation of endogenous
prateins of the cytosol (B) and BBM (#). Proteins (50 pg) were
incubated in sodium phosphate {(pH 4.0, Mes-Tris {pH 5.0 and 6.0),
Hepes-Tris (pH 7.5), CHES-NaOH {pH 9.0), Tris-CAPS (pH 10.0) or
CAPS-KOH (pH 11.0) buffers for 60 min at 37°C and the extent of
methylation measured as described. Phospholipid methylation was
estimated by measuring the amount of radioactivity extracted from
base-treated BBM with chloroform /methanol (2:1, v/v) (0). The
values are means +S5.D). of three experiments.

TABLE 11

Effect of AdoHcy and PME inkibitors on the methylation of endoge-
nous proteins

Incubation of cytosolic and BBM proteins (50 xg) was carricd oul as
described with the presence of AdoHcy, chymestatin or E-64 in the
media. Reactions were staried by the addition of the proteins and
the radioactivity incorporated as radivactive methanol measured as
already described. Values are means+ 8.0 of three different experi-
menis.

Frac- Methyl groups incorporated {pmol /mg protein per 60 min}
tions

control 100 M 50 M SuME-64
AdoHcy chymostatin
Cytosol 16 +3 9 +2 15.7+£0.2 1371046
BBM 5.5+09 224903 5.9+04 6 +2

petitive inhibitor of methyltransferases [17]. Proteinase
inhibitors with C-terminal aldehydes such as chymo-
statin and E-64 are very active as protein methyl-
esterase (PME) inhibitors [18]. They had no effect on
the methylation activities of the cytosolic and BBM
enzymes suggesting that the ¢sterase activity did not
interfere with the methyltransferases.

Hentification of methyl-accepting proteins in cytosolic
and BBM fractions by 16-BAC electrophoresis

In order to further distingnish the BBM-associated
PCMT from the cytosolic PCMT activity, the endoge-
nous methyl accepting proteins from both fractions
were separated by acid electrophoresis performed in
the presence of a cationic detergent (16-BAC) [13).

The methyl accepting proteins present in the cytoso-
lic and brush-border membranes fractions were re-
vealed by fluorography, and the resulting fluorograms
were scanned by laser densitometry for accurate com-
parison of the labelling patterns (Fig. 5). Eight major
(14, 17, 21, 27, 31, 48, 61 and 168 kDa) proteins were
methylated in the cytosol (Fig. 5A), while five major
polypeptides (14, 60, 66, 82, and 105 kDa) were meth-
ylated in the BBM fraction (Fig. 5B). We found no
correlation between the amount of label and the inten-
sity of the protein stain. For example, actin (45 kDa),
which is one of the major proteins found in BBM, was
not significantly methylated. Incubation of the BBM in
the presence of cytosol did not increase the radiola-
belling of any of the membrane methyl accepting pro-
teins {not shown), thereby sugpesting that these sub-
strates were specifically recognized by the BBM en-
zyme, Addition of 100 uM AdoHcy (Fig. 5, dashed
lines) greatly reduced the amount of radioactivity asso-
ciated with methyl accepting proteins of the cytosol
and BBM, indicating the enzymatic nature of the trans-
fer of a methyl group from AdoMet to these protein
substrates.

The base-lability of the methyl esters was evaluated
by separation of the methylated proteins from both



cytosol and BBM by SDS-PAGE, since most of the
cukaryotic methyl csters ar¢ rapidly hydrolyzed under
the alkaline conditions used in this type of gel [19]. As
shown in Fig. 6, the moderately alkaline conditions
almast completly abolished the labelling of cytosolic
and BBM proteins, except for a 21 kDa protein in the
cytosol and a 23 kDa protein in the BBM. These data
thus support the idea that most of the methylated
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Fig. 5. Densitometric scanning of the cytosolic and BBM methylated
proteins separated by acid slectrophoresis. Cytasolic (A) or BEM (B)
proteins {100 ug) were methylated by incubation with 10 oM
[*H}AdoMet (5 uCi} at pH 7.5. Following incubation, the proteins
were solubilized by the addition of an equal volume of sample buffer
contzining 7% 16-BAC, § M urea, 10% glycerol, 0.1% DTT and 2
mM EDTA and applied onte a 7.5% acrylamide gel. Radioactivity
was detected by fAnorography, and the resulting flworograms scanned
by laser densitometry. Dashed lines represent the methylation pat-
terns abtained in the presence of 100 oM AdoHcy. The molecular
mass standards were A-galactosidase (116 kDa), phosphorylase & (97
kDa), bovine serum albumin (66 kDa), ovatbumin (45 kDa), carbonic
anhydrase (31 kDa), soybean trypsin inhibitor (21 kDa), and lysozyme
(14 kDa).
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Fig. 6. Densitometric scanning of the cytosalic and BBM methylaled
proteins separated by SDS-PAGE. Cytosolic {dashed ling) or BBM
proteins (ID0 np) were methylated by imcubation with 10uM
*H]AdoMet (5 »Ci) at pH 7.5. Following incubation, the proteins
were solubilized by the addition of an equat volume of Laemmli
solubilization buffer and applied onto a 119% acrylamide gel. Ra-
dioactivity was detected by fluorography, and the resuliing fluoro-
grams scanned by laser demsitometry. The molecular weight sian-
dards are listed in Fig. 5.

proteins of both fractions, being sensitive to alkaline
hydrolysis, are carboxylmethylated.

Discussion

In this paper, we present evidence for the existence
of two protein methyltranferase activities localized,
respectively, in the soluble fraction and in the brush-
border membranes of the kidney cortex. These car-
boxyl methyltransferase activities were demonsirated
according to three criteria: (i) the incorporation of
radioactivity in both fractions is base-labile, a well
established feature of eucaryotic protein methyl esters
[19], (ii) the amount of methyl esters formed is greatly
reduced by concomitant incubation with AdoHcy, which
acts as a competitive inhibitor of methyliransferase-
catalyzed reactions [17], and (iii) specific endogenous
substrates can be identified following acid gel elec-
trophoresis.

The BBM-associated protein methylation activity
was easily distinguished from phospholipid methylation
which was maximal at pH 10 and produced base stable
and chloroform-extraciable methylated lipids (Fig. 4).
A similar phospholipid methylation system has been
described in rat small-intestinat BBM [16). The simul-
taneous presence of both protein and lipid methylation
at neutral and alkaline pH, respectively, was also re-
poried in rat colonic basolateral membranes [20].

The PCMT activities of both cytosol and BBM were
not affected by the presence of protein methyl esterase
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{PME) inhibitors (Table II). This enzyme, which cat-
alyze the hydrolysis of ovalbumin methyl esters, has
been found to be predominantly located in the kidney
cortex proximal tubules [21]. The lack of effect of PME
inhibitors may indicate that either the methylesterases
present in the kidney cortex do not recognize the
methylated endogenous proteins as substrates or that
the experimental conditions used were not adequate
for the expression of the esierase activity. For example,
the cytosolic PCMT incorporated 0.8 pmol of methyl
groups into protein substrates under our assay condi-
tions {50 w.g protein, 60 min incubation) which make a
total concentration of (.03 uM methyl esters; this
value is much lower than the estimated K of the
kidney methylesterase (5.9 pM for avalbumin methyl
esters) [22]. It is thus possibie that the affinity of the
methylesterase for the methylated proteins was too [ow
for the activity to be detected.

PCMT from a wide variety of tissues have been
shown 1o exist as cytosolic enzymes [2], although in
some cases PCMT activity has been detected in mem-
brancs [20]. Here we show that the kidney cortex
possesses two distinet PCMT activities, one soluble and
one membrane-bound, and that these activities present
many different characteristics. The first difference re-
sides in their clearly distinct Kinetic parameters to-
wards AdoMct with their respective endogenous pro-
teins as substrates. The cytosolic PCMT was found to
be a low-affinity, high-capacity enzyme, whereas the
BBM-associated PCMT seems (o possess a relatively
low methylation capacity with high affinity toward its
membrane-bound substrates. The second difference
concerns their different activitics toward exogcnous
substrates such as ovalbumin and gelatin. The cytosolic
PCMT activity was greatly enhanced by these protein
substrates. On the contrary, under the assay conditions
used in this study, the BBM enzyme showed a lack of
recognition for these same substrates. This property of
the kidney BBM enzyme is also very different from the
high reactivity of the rat colonic basolateral membrane
enzyme towards BSA [20). Thirdly, distinct endogenous
methylated proteins located in the cytosol and in the
BBM could be revealed by the acidic pel conditions
used in our study. The cytosol fraction contained z
number of endogenous methyl-accepling proteins with
a 48 and 168 kDa polypeptides as the best substrates,
while the BBM possess intrinsic methyl accepting pro-
teins of 60, 66, 82 and 105 kDa. We found that over
08% of the radiolabelling of either the kidney cytosolic
or BBM proteins disappeared after clectropharesis on
alkaline SDS-polyacrylamide gels [Fig. 6]. The base-la-
bility of the methyl esters described here is thus consis-
tent with the methylation of B-aspartyl or L-isoaspartyl
residues [19] and thus may be associated with class 11
PCMT. The base-resistant, low molecular weight meth-
ylated proteins present in the cytosol and in the BBM

may correspond to C-terminal carboxylmethvlation cat-
alyzed by a distinct class of methyltransferase {231,

Class 11 PCMT, which recognize a wide variety of
exogenous substrates, has been associated with a p-
aspartyl / L-isoaspartyl methyltransferase activity and
with a possible role in the metabolism of damaged
proteins [8-19]. The soluble enzyme studied here,
which presents many characteristics of class II PCMT,
is thus probably involved in a similar function. The
membrane-bound enzyme, however, may play a distinct
physiological role. Recently, a nove! type of enzyme
that catalyzes the basc-stable methylation of the -
carboxyl group of C-terminal cysteine residues has
been described [23-25] and in some cases these en-
zymes have been shown to exist as membrane-bound
species {26-28]. The possible GTP-dependence of the
carboxy] methylation catalyzed by these enzymes [29]
may also suggest that methylation may be altered by
hormenal stitnulation of cells. However, it is not clear
at this point whether the BBM-associated enzyme rep-
resents a member of this family, since methylation by
this latter class results in base-stable a-carboxyl methyl
esters [23,24], while most of the methyl esters obtained
with the BBM enzyme were highly base-sensitive. Ex-
amination of the modulation of its activity by stimula-
tory ligands and use of farnesylated synthetic peptides
[27] should provide new insights into the determination
of the functional role of this enzyme. The brush border
membrane of kidney proximal cells is a major site for
the active transport of essential metabolites present in
the glomerular filtrate and is under close hormonal
regulation [30). The preferential localization of a
BBM-associated protein carboxyl methyltransferase
with the capacity of ncutralizing negative charges on
specific membrane proteins may thus have important
consequences on the various functions played by this
membrane.
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