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ABSTRACT: Protein carboxyl methyltransferase and protein methylesterase activity was assayed in various
cell fractions prepared from rat livers. Significant amounts of protein carboxyl methyltransferase were
detected in the cytosol and nucleoplasm. The cellular concentration of this enzyme paralleled development,
activity being highest in the liver from young animals. If methylation was inhibited at any point during
the reaction with S-adenosylhomocysteine, protein methylesterase activity was evident by a rapid decrease
in carboxyl-methylated proteins. Protein methylesterase activity could be assessed by measuring the amount
of [*H]methanol present in reaction filtrates. After a 10-min lag, the rate of demethylation was equivalent
to the rate of methylation. The turnover of methyl groups was primarily enzymatic, since little or no methanol
was generated when adrenocorticotropic hormone was incubated with purified protein carboxyl methyl-
transferase. Assessment of protein methylesterase activity as a function of the amount of methanol in the
reaction filtrates represents minimal values, since the resultant [*H]methanol was metabolized rapidly via
an alcohol dehydrogenase and/or oxidase. The rapid turnover of the protein methyl esters makes it difficult
to assess the endogenous methyl acceptor proteins. Protein methyl esters were not detectable in any significant
amounts in hepatic cell fractions in vivo, however, the nuclei contained measurable amounts of carboxyl-
methylated proteins in vitro. These proteins are firmly bound to DNA but are not an integral part of the
nucleosome. Analysis of the proteins, after fractionation on hydroxylapatite and sodium dodecyl sulfate—
acrylamide gel electrophoresis, revealed that several non-histone chromosomal proteins were carboxyl
methylated. The approximate molecular weights of these proteins were 172K, 106K, 98K, 81K, 66K, 62K,
52K, and 38K. Results of binding studies suggest that these proteins originate in the nucleoplasm, perhaps

after synthesis in the cytoplasm.

Protein carboxyl methyltransferase activity has been found
in various rat tissues (Axelrod & Daly, 1965; Liss & Edelstein,
1967). This enzyme catalyzes the transfer of methyl groups
from S-adenosylmethionine to the free carboxyl group of
glutamyl and/or aspartyl residues in various proteins to form
methyl esters (Kim & Paik, 1970). The protein methyl esters
have been reported to be quite labile, undergoing hydrolysis
to form methanol under physiological conditions (Axelrod &
Daly, 1965; Kim & Paik, 1970). However, the lability of
protein methyl esters is most likely due to the presence of a
protein methylesterase. Gagnon (1979) has reported the
presence of a heat-labile methylesterase in various rat tissues
which readily hydrolyzes protein methyl esters, yielding
methanol.

In bacteria, the carboxyl methylation—demethylation system
has been found to play a role in chemotaxis (Black et al.,
1982). This system involves the transfer of methyl groups from
S-adenosylmethionine to specific methyl acceptor proteins in
the bacterial cell membrane. Subsequent hydrolysis of the
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glutamyl methyl esters, via a methylesterase, results in the
regeneration of the methyl acceptor protein and methanol
(Stock & Koshland, 1978).

The function of the protein carboxyl methyltransferase-
protein methylesterase system has not been delineated in eu-
caryotes. Diliberto & Axelrod (1976) have suggested that such
a system may play a role in neurosecretion since high levels
of protein carboxyl methyltransferase activity were found
throughout the brain. The high concentrations of the enzyme
in nonneuronal tissues (Duerre et al., 1985; O’Dea et al., 1981)
would suggest that the enzyme system functions in a more
general role and may regulate one or more processes in eu-
caryotes. One proposed function closely related to bacterial
chemotaxis is leukocyte migration. The movement of leuko-
cytes in response to a chemoattractant was found to enhance
protein carboxyl methylation (O’Dea et al., 1978; Venkata-
subramanian et al., 1980). Furthermore, the chemotactic
response could be blocked with the addition of methylation
inhibitors (Cantoni et al., 1979). van Waarde (1982) and van
Waarde & van Haastert (1984) have demonstrated an increase
in carboxyl methylation during aggregation of Dictyostelium
discoideum amoeba in the presence of cAMP. Most of the
methyl groups were incorporated within 15 s and lost within
I min. The transient nature of the methylation—demethylation
of proteins in D. discoideum is comparable to that observed

© 1985 American Chemical Society
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in bacterial chemotaxis. McFadden & Clarke (1982) sug-
gested that the methylation—demethylation system functions
as an age repair mechanism which couples the hydrolysis of
D-aspartyl methyl esters with their restoration to the L con-
figuration. Erythrocyte membranes have been reported to
contain extracellular and intracellular D-aspartyl sites for
methylation (O’Connor & Clarke, 1983; Green et al., 1983).
Methylation also has been reported to increase with erythrocyte
age (Barbar & Clarke, 1983). It has been suggested that the
increase in methylation of membrane proteins may contribute
to the rigid cytoskeleton of aged erythrocytes. The racemi-
zation repair system may restore plasticity to the erythrocyte
membrane and influence the cells’ life span.

Currently, some investigators are looking at methylation—
demethylation as a biochemical signal. This system operates
very rapidly, is transient in nature, and has the ability to occur
independently of de novo protein synthesis (Duerre et al.,
1985). In proteins from photoreceptors in bovine outer rod
segments, methylation—demethylation has been suggested as
the molecular mechanism by which these components create
a light-triggered response (Swanson & Applebury, 1983). The
marked decrease in carboxyl methyltransferase activity noted
with age (Duerre et al., 1985; Gagnon et al., 1978) has led
to the hypothesis that the methylation—demethylation system
play a role in organ development. O’Dea et al. (1981) and
Zukerman et al. (1982) have found that human monocytes
display increases in both cellular carboxyl methyltransferase
activity and endogenous methyl acceptor proteins concomitant
with morphological changes which occur when this cell dif-
ferentiates into a macrophage. In contrast, human pulmonary
alveolar macrophages, fully differentiated cells, do not show
any increase in enzyme activity while methyl acceptor proteins
increased markedly.

Results of this study revealed that the liver from young rats
was as good a source of protein carboxyl methyltransferase
as most other organs. Since the cellular level of the enzyme
paralleled development, it was thought pertinent to try and
identify the methyl acceptor proteins in these cells. However,
little or no protein methyl esters could be isolated from he-
patocytes. Failure to detect significant quantities of carbox-
yl-methylated proteins may be the result of their rapid turn-
over. All fractions of the cell were found to catalyze the
hydrolysis of protein methyl esters. Results from in vitro
studies were somewhat more encouraging. The nuclei were
found to contain methyl acceptor proteins with molecular
weights of 172K, 106K, 98K, 81K, 66K, 62K, 52K, and 38K.
Carboxyl-methylated proteins in the outer rod segment of 61K
and 88K molecular weight have been reported by Swanson
& Applebury (1983), while the major carboxyl-methylated
proteins in neuronal tissue have been reported to be about 60K
(Quick et al., 1981).

EXPERIMENTAL PROCEDURES

Chemicals. S-Adenosyl-L-[methyl-*H]methionine (15
Ci/mmol) and [*C]methanol (10 xCi/mmol) were purchased
from ICN Chemical and Radioisotope Division, Irvine, CA.
S-Adenosyl-L-[methyl-*H]methionine was diluted to 1.0
Ci/mmol with S-adenosylmethionine (AdoMet)! prepared by
the methods of Schlenk & DePalma (1957). All other

! Abbreviations: AdoMet, S-adenosylmethionine; AdoHcy, S-
adenosylhomocysteine; PMSF, phenylmethanesulfonyl fluoride; SDS,
sodium dodecyl sulfate; EDTA, ethylenediaminetetraacetic acid; ACTH,
adrenocorticotropic hormone; NHCP, non-histone chromosomal pro-
tein(s); Cl;CCOOH, trichloroacetic acid; Tris-HCI, tris(hydroxy-
methyl)aminomethane hydrochloride.
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chemicals were obtained from Sigma Chemical Co.

Preparation of Cellular Fractions. Long-Evans rats were
killed by decapitation; the liver was removed and placed in
10 volumes of 0.32 M sucrose~1.0 mM MgCl,. The tissues
were homogenized with a Teflon—glass homogenizer and fil-
tered through two to four layers of cheesecloth. Nuclei were
sedimented at 800g for 10 min and further purified by density
gradient centrifugation (Duerre & Gaitonde, 1971). The
purified nuclei were lysed in 10 mM potassium phosphate
buffer, pH 7.0. The chromatin was sedimented by centrifu-
gation at 30000g for 20 min and the nucleoplasmic fraction
dialyzed for 48 h against 20 mM phosphate buffer, pH 7.0,
and 1.0 mM dithiothreitol with three changes.

The mitochondria were recovered from the supernatant fluid
by differential centrifugation at 30000g for 20 min, while the
microsomes were removed by centrifugation at 105000g for
1 h. These particulate fractions were washed twice in 0.32
M sucrose-1.0 mM MgCl, by repeated centrifugation. The
cytoplasmic fraction was dialyzed as described above. All
fractions were prepared and stored at —40 °C for several
months without the loss of protein carboxyl methyltransferase
activity.

Protein Carboxyl Methyltransferase Assay. Various cell
fractions (1-2 mg of protein) were incubated with 60 mM
sodium acetate buffer, pH 6.5, 10 uM S-adenosyl-L-[meth-
yl-*H]methionine (1.0 Ci/mmol), 1.0 mg of methyl acceptor
protein, and water to a final volume of 0.4 mL. The reaction
was initiated with the addition of [methyl-*H]AdoMet and
incubated at 37 °C for the designated time periods. When
the reaction mixtures contained particulate fractions, the re-
action was terminated with the addition of 1.5 mM AdoHcy.?
After removal of the bound proteins by centrifugation at
30000¢ for 15 min, the soluble proteins were precipitated with
the addition of 0.1 volume of 100% Cl;CCOOH. Protein
precipitate was removed by centrifugation at 30000g for 15
min and the reaction filtrate stored at 4 °C for the determi-
nation of [*H]methanol produced during the course of the
reaction. The protein precipitate was washed 3 times with 10%
C1;CCOOH. The [*H]methyl groups incorporated into the
proteins were released upon hydrolysis in 0.1 M NaOH at 37
°C for 1 h (Kim & Paik, 1970). The [*H]methanol liberated
was extracted with 3 mL of toluene—isoamyl alcohol (3:2 v/v)
and quantitated by subtracting the nonvolatile radioactivity
remaining after evaporation of a 1.0-mL aliquot from the total
amount of radioactivity in an equivalent aliquot.

Protein Methylesterase Assay. Protein methylesterase
activity was assessed by measuring the amount of [*H]-
methanol present in the reaction filtrates (0.4 mL) after in-
cubation of various cell fractions with [methyl-*H]AdoMet
in the presence or absence of ACTH. After removal of protein
precipitates as outlined above, the residual AdoMet was
precipitated from the filtrate by the addition of 0.5 mL of 20%
phosphotungstic acid. Approximately 10 umol of nonra-
dioactive AdoMet was added as carrier. After the mixture
stood overnight at 4 °C, the precipitate was removed by
centrifugation at 30000g for 10 min. After the addition of
1.0 mL of carrier methanol, [*H]methanol was recovered by
distillation at 45 °C under vacuum (740 mmHg). A 0.2-mL
aliquot of the methanol was suspended in 10 mL of Brays
counting solution and radioactivity determined in a liquid
scintillation spectrometer. [methyl-*H]AdoMet was found to
contain 5.0% volatile radioactive products as purchased. If

2 This concentration of AdoHcy (1.5 mM) was sufficient to inhibit
methylation 97%.
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FIGURE 1: Fractionation of carboxyl methyl-*H-non-histone chro-
mosomal proteins on hydroxylapatite. Liver nuclei were incubated
with S-adenosyl[methyl-*H]methionine as described under Experi-
mental Procedures. Chromatin, devoid of histones, was solubilized
in 0.5 M NaCl, 5.0 M urea, and 50 mM sodium phosphate buffer,
pH 6.8 (A). The chromatin was mixed with hydroxylapatite (1.2 mg
of DNA/mg) and placed on a column (2.0 X 10 cm). The column
was washed free of radioactivity with buffer A and the NHCP eluted
with 0.45 M NaCl, 5.0 M urea, and 50 mM sodium phosphate buffer,
pH 6.8 (B). The column was washed further with 2.0 M KCl, 5.0
M urea, and 1.0 mM sodium phosphate buffer, pH 6.8 (C). DNA
was eluted with 2.0 M KCl, 5.0 M urea, and 0.35 M potassium
phosphate buffer, pH 7.5 (D).

residual [methyl-*H]AdoMet was not removed prior to dis-
tillation, up to 3.5% of the tritium was recovered as volatile
radioactive products.

Isolation of NHCP from Chromatin with Hydroxylapatite.
Non-histone chromosomal proteins were isolated as previously
described (Quick et al., 1981). After nuclei were incubated
with [methyl-*H]AdoMet, the nuclei were lysed with 10 mM
phosphate buffer, pH 6.0, and the chromatin was recovered
by centrifugation. To remove loosely bound proteins, the
chromatin was washed 3 times with the same buffer and twice
with 0.3 M sodium citrate, pH 6.8. The histones were removed
with 0.4 N HCI prior to dissolving the chromatin in 0.5 M
NaCl-5.0 M urea—1.0 mM sodium phosphate, pH 6.8, to a
final volume of 0.5 mg of DNA/mL. This mixture was added
to hydroxylapatite resin which had been previously equilibrated
in the same buffer. After gentle shaking for 30 min at 4 °C,
the suspension was poured into a column (1.5 X 10.5 cm)
which was run at a flow rate of 8~10 mL /h. The unadsorbed
proteins and residual [methyl->H]AdoMet were eluted with
the same buffer. The non-histone chromosomal proteins were
eluted with 0.45 M NaCl-5.0 M urea~0.05 M sodium phos-
phate buffer, pH 6.8 (Figure 1). Protein was measured
spectrophotometrically by the method of Warburg and
Christian (Layne, 1957). A fraction of the protein was hy-
drolyzed in 0.5 mL of 0.1 M NaOH and assayed for [*H]-
methanol as described above.

SDS-Acrylamide Gel Electrophoresis. The molecular
weights of carboxyl-methylated non-histone chromosomal
proteins were determined by sodium dodecyl sulfate
(SDS)~acrylamide gel electrophoresis as performed by the
method of Laemmli (1970). The gel contained 10% acryl-
amide, 0.8% bis(acrylamide), 0.375 M Tris-HCI, pH 7.5, and
0.1% SDS. Electrophoresis was carried out at pH 6.5 at 10
°C with a current of 25 mA/gel. After being photographed,
uniform ge!l slices (3 mm) were minced in 0.5 mL of 0.5 M
NaOH. The vials were sealed and incubated at 37 °C for 2
h. After being cooled to 4 °C, the vials were uncapped, and
the [*H]methanol was extracted with toluene—isoamyl alcohol
as described above. Some 80-85% of the alkaline labile counts
present in the protein prior to electrophoresis were recoverable
from the gels. If the gels were stored at —80 °C, there was
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Table I: Distribution of Protein Carboxyl Methyltransferase and
Protein Methylesterase Activity in 21-Day-Old Rat Liver®

pmol of carboxyl

[*H]methyl pmol of [*H]methanol

incorpd/mg of protein  produced/mg of protein

fraction endogenous ACTH  endogenous ACTH
cytoplasm 441 346 14 £ 2.5 284

microsomes 2x0.5 <1 104 1+05

mitochondria <1 <1 0 104

nuclei 82 10£2 512 6x1.0

nucleoplasm 4£1 6x1 0 1+£03
nuclei + cytosol 81 IL+2 6x1.2 17£2

¢The reaction mixture contained 0.32 M sucrose, 1.0 mM MgCl,,
0.4 mM PMSF, 50 mM potassium phosphate buffer, pH 6.9, and 10
uM [methyl-*H]AdoMet with or without 1.4 mg of ACTH and 2-3
mg of protein. After 30 min at 37 °C, the reaction was terminated
with the addition of Cl;CCOOH. Numbers are the mean + SE of
three determinations.
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FIGURE 2: Level of protein carboxyl methyltransferase activity in rat
liver during development and aging. Reaction mixtures contained
60 mM sodium acetate buffer, pH 6.5, 0.5 mg of ACTH, 10 uM
[methyl-*H]AdoMet (1.0 Ci/mmot), 0.3~0.6 mg of cytoplasmic (O)
or nucleoplasmic proteins (X), and distilled water in final volume of
0.4 mL. The reaction was initiated with the addition of AdoMet and
terminated with 10% Cl;CCOOH after 6 min at 37 °C. Endogenous
activity has been subtracted. Results are the mean + SE of three
determinations.

a gradual loss in alkaline-labile methyl groups, particularly
from the large molecular weight species.

RESULTS

Cellular Distribution of Protein Carboxy! Methyl-
transferase. The cellular distribution of protein carboxyl
methyltransferase was assayed by utilizing ACTH as the
methyl acceptor and S-adenosyl-L-[methyl-*H]methionine as
the methyl donor. Of all the cell fractions from the liver, the
most pronounced activity was observed in the cytoplasm
prepared from 21-day-old animals (Table I). This activity
was greater than or equal to that observed in most other tissues
(Duerre et al., 1985). Rat liver has been reported to be one
of the poorer sources of this enzyme (Gagnon, 1979; Kim &
Paik, 1970). However, the age of the animal may be the major
reason for this disparity in results. The cellular concentration
of the enzyme was found to be directly dependent on the age
of the animal. The most pronounced activity was observed
in the cytoplasm during development with a 4-fold decrease
in activity by day 150 (Figure 2). Significant enzyme activity
also was detectable in the nucleoplasm during development,
while the nucleoplasm was completely devoid of activity in the
adult.

Endogenous methyltransferase activity was most pronounced
in the nuclear fraction (Table I). In contrast, no significant
increase in activity was observed when ACTH was incubated
with nuclei, nor was this polypeptide readily methyiated by
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FIGURE 3: Methylation—demethylation of ACTH. (A) Rate of
carboxyl methylation of ACTH (O) or endogenous (X) proteins and
(B) rate of formation of [*H]methanol. Reaction mixtures contained
10 uM [methyl-*H]AdoMet and 60 mM sodium acetate buffer, pH
6.5, with or without 1.0 mg of ACTH and 1-2 mg of cytoplasmic
protein prepared from 21-day-old rats. Methylation was inhibited
by the addition of 1.5 mM AdoHcy as indicated by the dashed lines.

nuclear soluble proteins (Table I). Similar results were ob-
tained when nuclei were incubated with ACTH in the presence
of cytoplasm. Apparently, the nuclei contain inhibitory sub-
stances or very active protein methylesterases.

Protein Methylesterase Activity. When ACTH was incu-
bated with liver cytosol, the substrate appeared to be saturated
within 40 min (Figure 3). At saturation, only 0.15 mmol of
alkaline-labile [*H]methyl groups had been incorporated per
mole of ACTH. This represented less than 1 methyl residue
per 6000 molecules of substrate. Failure to reach stoichio-
metric levels of methylation has been attributed to a number
of factors such as product stability, enzyme stability, or the
presence of protein methylesterases. After the resultant protein
methyl esters had been purified by gel filtration and hydrox-
ylapatite fractionation, they were found to be stable for several
hours at pH 7.5 at 10 °C. Kim & Li (1979) also have found
that the protein methyl esters were quite stable at neutrality.

Demethylation was apparent when the methyltransferase
reaction was inhibited with AdoHcy (Figure 3A). Within 10
min of the addition of AdoHcy, the level of endogenous protein
methyl esters returned to zero. There also was a decrease in
methylated ACTH. The rate of demethylation was assayed
by determining the amount of [*H]methanol present in the
reaction filtrates. After a 5~10-min lag period, the rate of
formation of [*H]methanol (1.2 pmol mg~' min™!) was
equivalent to the initial rate of methylation (Figure 3B). The
rate of methanol formation remained linear for up to 30 min
after which time it appeared to reach saturation. Methanol
appeared to be metabolized since the further addition of cytosol
had no effect on the extent of alcohol production. This also
was evident in the inhibition studies. When the methylation
reaction was blocked with AdoHcy, the resultant [*H]methanol
disappeared within 10 min (Figure 3B).

Metabolism of methanol was assessed by measuring the
disappearance of ['“C]methanol in the presence of various cell

VOL. 24, NO. 24, 1985 6851
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FIGURE 4: ['*C]Methanol metabolism by liver alcohol dehydrogenase
and/or oxidases. The rate of methanol metabolism was determined
by incubating 2-3 mg of liver cytosol (O) or nucleoplasma (X) with
60 mM sodium acetate buffer, pH 6.5, 16.7 mM [*“C]methanol (0.55
mCi/mmol), and distilled water to a final volume of 0.4 mL. The
reaction was initiated by the addition of [**C]methanol and terminated
by the addition of 2.0 mL of 10% CI;CCOOH. Nonmetabolized
[**C]methanol was recovered from the reaction filtrates by distillation
at 45 °C under a vacuum (740 mmHg). One milliliter of methanol
was added as carrier.

fractions. Methanol was metabolized at a rate of 8 nmol mg™!
min~! in the presence of cytosol (Figure 4). Methanol also
was metabolized by the nucleoplasmic fraction. This activity
could account for the limited amount of alcohol detectable
when ACTH was incubated with nucleoplasm (Table I).
Consequently, the rapid disappearance of [*H]methanol makes
alcohol production an unreliable index of the extent of carboxyl
methylation-demethylation. Subsequent attempts to inhibit
methanol metabolism by the addition of ethanol were without
success. The chelators EDTA and 1,10-phenanthroline have
been found to be excellent inhibitors of alcohol dehydrogenase
{(Webb, 1963); however, attempts to selectively inhibit meth-
anol metabolism with these chelators were unsuccessful.
Characterization of Protein Methyl Esters. Of all the cell
fractions tested, the most highly methylated endogenous
proteins were located in the nuclei (Table I). These protein
methyl esters were firmly bound to chromatin since they could
not be dissociated with dilute buffers or 0.35 M sodium salts,
nor were significant quantities of the protein methyl esters
dissociated from chromatin with 0.4 N HCl. When chromatin
was subjected to limited digestion by staphylococcal nuclease,
maximum solubilization of the protein occurred after 15%
digestion. However, the protein methyl esters remained bound
to the chromosomal fragments. Fractionation of nucleosomes
on a Sepharose 4B 200 column revealed that the carboxyl-
methylated proteins were not an integral part of the nucleo-
some (Figure 5). As eluted from this gel, some 20% of the
[*H]methyl groups bound to the non-histone chromosomal
proteins were alkaline-labile. Consequently, the non-histone
chromosomal proteins were purified by passage through hy-
droxylapatite (Figure 1). Some 80% of the [*H]methyl groups
associated with the non-histone chromosomal proteins under
peak 2 were alkaline-labile while all the [°H]methyl groups
associated with peaks 1 and 3 were alkaline-stable. The
proteins under peak 2 were concentrated on a Amicon UM-2
membrane filter and analyzed by SDS-acrylamide gel elec-
trophoresis at pH 7.5. The gels were fixed in acetic acid,
stained, photographed, and sliced into 3-mm sections. The
slices were minced in 0.5 M NaOH and analyzed for alka-
line-labile [*H]methyl groups as outlined under Experimental
Procedures. The regions containing significant quantities of
alkaline-labile [*H]methyl groups correspond to Coomassie
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FIGURE 5: Fractionation of nucleosomes on Sepharose 4B-200.
Nucleosomes and protein aggregates from a 15% nuclease digest were
suspended in 0.6 M NaCl, 1.0 mM NaEDTA, 1.0 mM PMSF, and
5.0 mM potassium phosphate buffer, pH 7.0, and chromatographed
on a Sepharose 4B-200 column (1.2 X 100 cm). Nucleosomes and
soluble proteins were eluted with the same buffer. The proteins under
the peaks were precipitated with 10% C1;CCOOH and analyzed for
alkaline-labile [*H]methyl groups.
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FIGURE 6: Characterization of carboxyl-methylated non-histone
chromosomal proteins. Non-histone chromosomal proteins were
extracted on hydroxylapatite as described under Figure 1. The proteins
were separated according to molecular weight by SDS-acrylamide
gel electrophoresis and visualized by staining with Coomassie blue.
The bands containing carboxyl-methylated proteins were identified
by slicing the gel into 3-mm segments and incubating the slices in
0.5 M NaOH. [*H]Methanol was extracted with organic solvents
and analyzed for alkaline-labile [’H]methyl groups as described under
Experimental Procedures.

blue stained bands at 172K, 106K, 98K, 81K, 66K, 62K, 52K,
and 38K daltons (Figure 6). The protein methyl esters with
molecular weights between 38K and 66K had been previously
observed by autoradiography (Quick et al., 1981). Failure to
observe the higher molecular weight species by autoradiog-
raphy may be attributed to the drying procedure necessary
for this technique and/or the length of time necessary to expose
the photographic emulsion. If the acid-fixed gels were frozen,
significant quantities of alkaline-labile methyl groups were lost
within 2 weeks. This was most evident with the higher mo-
lecular weight species.

Origin of Methyl Acceptor Proteins. The cytosolic and
nucleoplasmic proteins were incubated with or without the
different particulate fractions to determine the possible origin
of the methyl acceptor proteins. Activity was measured as a
function of the amount of alkaline-labile methyl groups in-
corporated into protein as well as by measuring the amount
of [*H]methanol present in reaction filtrates. When nucleo-
plasm or chromatin was incubated alone, relatively few proteins
were carboxyl methylated; however, when nucleoplasm was

DUERRE AND FETTERS

Table 1I: Effect of Various Fractions on Carboxyl Methylation of
NHCP*

pmol of carboxyl

[*H]methyl
incorpd/mg [*H]methanol
soluble S| . O
protein  NHCP cpm/mg® pmol/mg
nucleoplasm 4.2 0 0
chromatin 3.0 0 0
nucleoplasm + chromatin 0.9 69.0 5280 8.6
nucleoplasm + chromatin 2.1 55.0 7300 12.0
+ cytosol
nucleoplasm + chromatin 1.0 60.0 6330 10.2
+ microsomes
cytosal 1.9 7200 1.7
cytosol + mitochondria 0.6 2.6 3720 6.0
cytosol + microsomes 2.5 4.3 10540 17.0

@Cytosol or nucleoplasm from 21-day-old rats was incubated with or
without particulate fractions for 30 min at 37 °C. Soluble and partic-
ulate fractions were separated by differential centrifugation, and the
NHCP were isolated on hydroxylapatite. Results are the average of
two experiments. ® Number of counts from a zero time control (4200
cpm) have been subtracted.

Table 111: Binding of Carboxyl-Methylated Chromosomal Proteins
to Chromatin®

carboxyl
methyl-*H-NHCP
cpm/mg of
system DNA* % control
nuclei (1.0 mg of DNA) 1680 + 160
nuclei + cytosol (0.7 mg) 842 £ 120 50

4350 £ 325 259
4940 £ 410 294

4Rat liver nuclei from 22-day-old animals were incubated for 6 min
at 37 °C with or without the cell fractions listed in the presence of
[methyl-*H]AdoMet. Numbers are the mean = SE of two separate
experiments. ® About 0.1 mg of protein was obtained per milligram of
DNA. “Chromosomal proteins were obtained by freeze-thawing liver
chromatin and incubating for 1 h at 37 °C in the absence of AdoMet.

nuclei + chromosomal proteins® (0.7 mg)
nuclei + cytosol + chromosomal proteins

incubated with chromatin, a significant amount of carboxyl
methyl groups were associated with the NHCP (Table II).
The methyl acceptor proteins may be of nucleoplasmic origin
since there was a 4-fold decrease in the amount of soluble
carboxyl-methylated proteins when chromatin was incubated
with nucleoplasm. The production of a significant amount of
[*H]methanol by the nucleoplasmic—chromatin system suggests
that the NHCP were continuously being methylated and de-
methylated. When chromatin was incubated without AdoMet,
some of the NHCP were released into the medium. After |
h at 37 °C, about 0.1 mg of protein was solubilized per
milligram of chromosomal DNA. If these proteins were in-
cubated with nuclei, there was a significant increase in the
amount of carboxyl-methylated proteins bound to DNA (Table
11).

Although the cytosolic fraction was rich in protein carboxyl
methyltransferase activity, it did not enhance the carboxyl
methylation of NHCP (Table II). This may be due to the
limited availability of methyl acceptor proteins or to elevated
levels of protein methylesterase. When compared to nucleo-
plasm alone, a significant increase in the amount of [*H]-
methanol was observed whenever cytosol was incubated with
endogenous proteins (Table II). The high affinity of the
protein methylesterase for soluble endogenous carboxyl-
methylated proteins could account for the limited extent to
which these proteins accumulated when cytosol was added to
the system. Attempts to inhibit protein methylesterase activity
through the use of the protease inhibitors PMSF or diisopropyl
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fluorophosphate were unsuccessful, while attempts to increase
the level of methylated proteins via the addition of various
methyl esters (phenylalanine methyl ester, glycine methyl ester,
or lysine methyl ester) were only of marginal value.

DISCUSSION

The incubation of rat liver nuclei with AdoMet resulted in
the carboxyl methylation of several non-histone chromosomal
proteins. Although liver cytosol was rich in protein carboxyl
methyltransferase, it failed to enhance the methylation of these
proteins. This may be the result of limited availability of
protein methyl acceptor proteins or the presence of a protein
methylesterase. Protein methylesterase activity was evident
by the rapid disappearance of protein methyl esters when the
methylation reaction was inhibitied with AdoHcy. Protein
methylesterase activity also was manifest by the presence of
[*H]methanol in the reaction filtrates after cytosol or nu-
cleoplasm had been incubated with AdoMet. Both the me-
thylation and demethylation reactions were enhanced upon the
addition of ACTH. Within 10 min, the rate of methanol
formation was equivalent to the initial rate of methylation of
ACTH. The rapid turnover of methyl groups was evident by
the continued increase in methanol after endogenous substrates
or ACTH appeared to be saturated.

Paik & Kim (1980) have suggested that the protein methyl
esters are quite labile, However, we have found that the
carboxyl-methylated non-histone chromosomal proteins are
quite stable at neutrality. Furthermore, when ACTH was
incubated with purified protein carboxyl methyltransferase
(Kim et al., 1978), the reaction remained linear for up to 2
h without significant amounts of [*H]methanol in the filtrate.
This would indicate that hepatocytes contain large amounts
of a protein methylesterase or that this enzyme has a relatively
high affinity for the substrate.

The presence of a highly active protein methylesterase may
contribute to the failure to accumulate protein methyl ester
in vivo. When 10-day-old rats were given L-[methyl-*H]-
methionine, little or no alkaline-labile methyl groups were
detected in any of the cell fractions from liver. Similar ex-
periments have been conducted with a variety of cells in culture
including hepatocytes, lymphocytes, K-B cells, and HL-60
cells. Significant amounts of radiolabeled methionine were
incorporated by all of these cells. Some 15-20% of the
[*H]methyl groups were incorporated as protein methionine,
while the remainder was utilized to methylate various mac-
romolecules, particularly lipids, nucleic acids, and N-
methylated proteins. Of the [*H]methyl groups incorporated
into protein, less than 1% were alkaline-labile.

McFadden & Clark (1982) have proposed that carboxyl
methylation plays a role in the age-related D-L racemization
repair system of aspartate residues in erythrocyte membranes
as well as other proteins. O’Connor & Clark (1983) reported
that erythrocyte membranes contain both intra- and extra-
cellular sites for carboxyl methylation. When we incubated
rat erythrocyte or hepatocyte membranes with protein carboxyl
methyltransferase prepared from liver, we found no significant
amount of protein methyl esters. Similar negative results were
obtained with erythrocytes in vivo. Upon incubation of these
cells with [carboxyl-'*C]methionine and [methyl-*H]-
methionine, the methylation index was 1. Furthermore, we
were unable to isolate any radioactive phospholipids or protein
methyl esters. All the radioactivity incorporated could be
attributed to protein synthesis, most likely in reticulocytes.
These data do not completely negate the possible function of
carboxyl methylation in age racemization. However, failure
to detect methyl esters in membranes and the marked decrease
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in the level of protein carboxyl methyltransferase in hepato-
cytes with age would not support this hypothesis. Billingsley
et al. (1984) also have reported that they could find no evi-
dence to support the hypothesis that only b-aspartate residues
are responsible for carboxyl methylation.

Aswad (1984) recently reported that the carboxyl meth-
ylation of ACTH required the deamination of an asparagine
residue at position 25. He further suggested that the chemical
modification of Asn-Gly sequences during preparation of such
proteins as ACTH, gelatin, or ribonuclease may account for
their ability to accept methyl groups. The same line of rea-
soning may apply to calmodulin. Billingsley et al. (1984) found
that less than 5% of calmodulin was carboxyl methylated.
These investigators suggested that phosphodiesterases and /or
protein kinases may indeed be the true substrates.

The elevated levels of protein carboxyl methyltransferase
and methyl acceptor proteins in rapidly proliferating cells may
implicate the system in growth and /or differentiation. Kloog
et al. (1983) have found that protein carboxyl methylation
parallels differentiation of neuroblastoma cells. Treatment
of these cells with dimethyl sulfoxide, to induce morphological
changes, resulted in an increase in protein carboxyl methyl-
transferase activity. The increase in enzyme activity closely
parallels the development of the electrical excitability response.
An elevation in protein carboxyl methyltransferase activity also
has been observed in differentiating human monocytes and
pulmonary alveolar macrophages in culture (Zukerman et al,,
1982; O’Dea et al., 1981). The increase in enzyme activity
during development and the identification of carboxyl-meth-
ylated proteins associated with chromatin may further im-
plicate the system as having a role in the control of cellular
differentiation at the genetic level. The methylation of a
specific glutamyl or aspartyl residue would alter their charge
and allow these proteins to bind to chromatin. The rapid
reversal of this reaction via protein methylesterase would
account for the presence of methyl acceptor proteins in the
nucleoplasm in the absence of protein synthesis (Table III).
The methylation—demethylation system may account for the
rapid turnover of NHCP. It has been suggested that NHCP
are involved in gene regulation since they turn over rapidly
(GuGuen-Guillouzo et al., 1979; Krayse et al., 1975; Quick
et al.,, 1981), vary throughout the cell cycle (Gerner &
Humphrey, 1973), and have been correlated with changes in
the metabolic state of the cell (Kostraba & Wang, 1973).
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ABSTRACT: The bovine prothrombin gene was characterized by Southern blot analysis of bovine genomic
DNA using bovine prothrombin cDNA fragments as hybridization probes. These analyses suggested that
the bovine genome contains a single prothrombin gene that is at least 10 kilobase pairs (kbp) in size. To
characterize the gene more thoroughly, two bovine genomic phage libraries were screened by using pro-
thrombin cDNAs as hybridization probes. Heteroduplex analysis of the cloned genomic DNA and cDNA
showed that the prothrombin gene is 14.9 kbp in size and contains at least 14 exons interrupted by 13 introns.
The exons vary in size from 28 to 317 base pairs (bp), while the introns vary in size from <100 to 6940
bp. Regions of self-complementarity were observed within some of the introns, suggesting the presence of
inverted repeat sequences. The bovine prothrombin gene shows similarities in structure to both the human

prothrombin gene and the human factor IX gene.

’E-e serine proteases are a family of structurally related
proteins that are involved in a variety of essential physiological
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functions [for reviews, see Neurath & Walsh (1976) and
Neurath (1984)]. These proteases are involved in both basic
physiological processes, such as digestion and fertilization, and
highly specialized physiological processes, such as the ver-
tebrate immune response and blood coagulation systems. The
serine proteases share regions of amino acid sequence identity
particularly around the active site and the substrate binding
sites (Hartley, 1970; Greer, 1981). This sequence identity is
also found in prokaryotic serine proteases such as trypsin and
proteases A and B from Streptomyces griseus (Olafson et al.,
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