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Purification and Properties of a Ribosomal Protein

Methylase from Escherichia coli Q137

F. N. Chang,* L. B. Cohen, I. J. Navickas, and C. N. Chang

ABSTRACT: Ribosomal protein methylase has been purified
from Escherichia coli strain Q13 using methyl-deficient
50S subunits as substrates. The purified enzyme (or enzyme
complex) which is devoid of rRNA methylating activity is
quite stable and has a pH optimum around 8.0. The K, for
S-adenosyl-L-methionine is 3.2 uM. The molecular weight
of the enzyme is 3.1 X 10% minor methylating activity was
also detected for protein peaks with molecular weights of

It has been shown previously that several 50S ribosomal
proteins contain methylated amino acids (Alix and Hayes,
1974; Chang et al., 1974; Chang and Chang, 1975). Protein
L1! is the most heavily methylated of all the 50S proteins
and contains a total of approximately five methyl groups
per molecule of protein (Chang and Chang, 1975; Alix and
Hayes, 1974). Three of these methyl groups are located in a
single N¢trimethyllysine molecule with the remainder in
one or more neutral amino acid(s) (Alix and Hayes, 1974;
Chang and Chang, 1975).

Undermethylated 50S subunits can be obtained from an
Escherichia coli rel™ met™ strain after starvation for me-
thionine. Such 50S subunits can be methylated in vitro
using crude enzymes derived from a high salt wash of un-
starved E. coli Q13 70S ribosomes (Chang and Chang,
1974). It has been observed that more than 80% of the
methyl groups incorporated in vitro were located in protein
L11, and that the product was predominately /N*-trimethyl-
lysine (Chang and Chang, 1974). Protein L11 has been im-
plicated in both the peptidyl transferase reaction during
protein biosynthesis (Nierhaus and Montejo, 1973; Hsiung
et al., 1974) and the binding of 50S antibiotics chloram-
phenicol (Nierhaus, 1974) and thiostrepton (Highland et
al., 1975). Although enzyme(s) responsible for the methyl-
ation of lysine residues of cellular proteins from different
mammalian tissues have been purified and studied (for re-
view see Paik and Kim, 1975), no similar studies on ribo-
somal protein methylases, to our knowledge, have been car-
ried out. In an attempt to elucidate the function of the
methylation of ribosomal proteins, we have partially puri-
fied and characterized some of the properties of the methyl-
ating enzyme (or enzyme complex).

t From the Department of Biology, Temple University, Philadelphia,
Pennsylvania 19122. Received March 27, 1975. This investigation was
supported by U.S. Public Health Service Grant GM-19302.
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1.7 X 10% and 5.6 X 10% Protein L11 is the major protein
methylated by the purified enzyme. Product analysis re-
vealed the presence of N*-trimethyllysine, a methylated
neutral amino acid(s) previously observed in protein L11
and N¢monomethyllysine. Free ribosomal proteins were
much better substrates for the methylation, indicating that
methylation of 50S ribosomal proteins can occur before the
complete assembly of the 50S ribosomal subunit.

Materials and Methods

Bacterial Strains. Escherichia coli strain 1500, a rel™
mutant of a K-12 strain, was obtained from Coli Genetic
Stock Center in New Haven, Conn. The met B marker was
introduced (strain 1500 met™) by Pl transduction from
JC-355 which is a K-12 met™ strain originating with A. J.
Clark. E. coli Q13 and A19 cells were purchased from Gen-
eral Biochemicals, Inc.

Materials. [methyl->H]-S-Adenosyl-L-methionine
([PH]Ado-Met),’ specific activity 8.5 mCi/umol, in 0.01 N
H;SOy4-ethanol (9:1) and [methyl-14C]-S-adenosyl-L-
methionine (['*C]Ado-Met), specific activity 55 Ci/mol,
were obtained from New England Nuclear and Amersham/
Searle, respectively. In most experiments, [*H]Ado-Met
was diluted to a specific activity of 1.0 mCi/umol before
use. Bovine serum albumin, ovalbumin, myoglobin, 8-lacto-
globulin A, and unlabeled S-adenosyl-L-methionine were
from Sigma Chemical Co. Ultra pure ammonium sulfate
was obtained from Schwarz/Mann. Omniflour was pur-
chased from New England Nuclear. Other reagents were
obtained from Sigma or local sources.

Preparation of the Substrates. Methyl-deficient 50S sub-
units derived from E. coli strain 1500 met™ were prepared
as described previously (Chang and Chang, 1974), and used
in most experiments. In some experiments, dissociated pro-
teins from 50S subunits were used. Dissociated 50S proteins
were obtained by treating 508 subunits with an equal vol-
ume of 4 M LiCl and 8 M urea for 16 hr at 0°, followed by
centrifugation at 15,000 rpm for 20 min to remove rRNA
which was pelleted.

Determination of Protein Concentration. Protein concen-
tration was determined according to the procedure of
Schaffner and Weissmann (1973) using bovine serum albu-

! Abbreviations used are: EDTA, ethylenediaminetetraacetate; Ado-
Met, S-adenosyl-L-methionine; rRNA, ribosomal RNA.
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Table I: Purification of Protein Methylase from E. ¢dli.

Enzyme Activity

Protein
Volume Specific Yield
Purification Steps (m}) mg/ml Total (mg) Activity Total Activity Purification (%)
1 S-30 110 55 6 x 10° 5.3 3.2 x 10* 1.0 100
1I Ammonijum sulfate precipitation 10.5 94 9.9 X 10? 11.4 11.2 x 10?3 2.2 35
111 Ultracentrifugation supernatant 6.3 43 2.7 X 10? 30 8.0 X 10® 5.7 25
v DEAE-cellulose chromatography 25 0.13 3.2 2% 10° 6.4 x 103 380 20

min as a standard. This procedure is very sensitive and re-
quires only microgram quantities of a protein.

Enzymatic Assay. The methylation of methyl-deficient
50S subunits was carried out in a final volume of 0.1 ml
containing 0.05 M Tris-HCI (pH 7.8), 0.01 M Mg(OAc)s,
0.01 M NaCN, 0.5 mM dithiothreitol, 0.02 M NH4Cl, 0.3
mM EDTA, 0.75 A0 unit of E. coli strain 1500 met~ 50S
subunits, 4 X 10~% M [*H]Ado-Met, and 0.8 ug of purified
enzyme (step IV). After incubation at 37° for 30 min, reac-
tions were terminated by the addition of 2 ml of 10% cold
CI3CCOOH. The reaction mixtures were then boiled at
100° for 20 min and chilled. This was followed by filtration
onto Millipore filters, with the filters washed three times
with 5 ml of 10% cold Cl;CCOOH. The filters were dried
and counted in 5 ml of scintillation cocktail (4 g of Omni-
flour/l. of toluene) with a scintillation counter having an ef-
ficiency of about 20%. The presence of rRNA methylases
was also determined. The reaction mixtures were terminat-
ed by the addition of 10% cold Cl3CCOOH and filtered as
described above without the boiling step. The difference in
counts between the cold and hot Cl3CCOOH treatments
was taken as rRNA methylase activity.

Estimation of Molecular Weight. Molecular weight of
the purified protein methylase was estimated by the method
of Andrews (1965) with a Sephadex G-100 column (1.0 X
65 cm). Blue Dextran was used to estimate the void volume
of the column and myoglobin, ovalbumin, $-lactoglobulin
A, and bovine serum albumin were used as standard pro-
teins. Protein methylase activity was measured as described
in the previous section.

Identification of the Methylated Ribosomal Proteins.
The methylated ribosomal proteins were identified by both
one-dimensional and two-dimensional polyacrylamide gel
electrophoreses as described previously (Chang and Chang,
1974; Chang et al., 1974).

Characterization of the Methylated Amino Acids. Ribo-
somal proteins were prepared from methylated 50S sub-
units according to the procedure of Hardy et al. (1969).
After hydrolysis of the proteins with redistilled 5.7 N HCI,
the methylated amino acids were characterized by a combi-
nation of high-voltage paper electrophoresis at pH 9.3 and
descending paper chromatography using a solvent system
containing pyridine-acetone-3 M NH4OH (10:6:5, v/v) as
described previously (Chang et al, 1974; Chang and
Chang, 1975).

Results

Purification of Ribosomal Protein Methylase. All opera-
tions were carried out in the cold (0-4%); 25 g of E. coli
strain Q13 or A19 cells was thawed in 25 ml of a buffer
containing 0.01 M Tris-HCI (pH 7.4), 0.01 M MgCl,, 0.05
M KCI, 0.5 mM dithiothreitol, 0.3 mM EDTA (buffer 1),
and 3 ug/ml of DNase. The cells were disrupted with a

5
cPM X 1072 (a—0,4—4)

Absorbance of 280nm (0—=0 )

<
kg

S AN

Froction Number

FIGURE 1: DEAE-cellulose chromatography of protein methylase. De-
tailed descriptions are given in the text; the arrow indicates the change
of KCI concentration from 0.1 to 0.15 M and the start of a linear con-
centration gradient to 0.6 M. A total of 225 fractions (2.5 ml/fraction)
were collected, and only the first 100 fractions were shown here. No
activity was detected in the remaining fractions; 20 gl from each frac-
tion was assayed for protein methylase activity according to the hot
ClCCOOH procedure described under Materials and Methods (a).
rRNA methylating activity (A) was also measured as described under
Materials and Methods.

French press and the resulting homogenate was incubated
at 30° for 10 min, followed by centrifugation at 30,000g for
30 min in the cold. The supernatant solution (S-30) was di-
luted with buffer I to 110 ml (step I). Solid ammonium sul-
fate was added slowly with stirring to 33% saturation (21.3
g of ammonium sulfate) and the precipitate was discarded.
To the supernatant fluid ammonium sulfate was again
added to 60% saturation (19.4 g of additional ammonium
sulfate) and the precipitate was recovered by centrifuga-
tion. The precipitate was dissolved in 10 ml of buffer I
(final volume, 18 ml), 2.4 g of solid ammonium sulfate was
added, and the solution was gently stirred for 16 hr. The re-
sulting solution was centrifuged at 150,000¢ for 5 hr to pel-
let the ribosomes. To the supernatant fluid (16 ml) ammo-
nium sulfate was added to 80% saturation (8.8 g of ammo-
nium sulfate) and the precipitate was dissolved in 6 ml of
buffer I, followed by dialysis overnight against 1.5 1. of a
buffer containing 0.01 M Tris-HCI (pH 7.4), 0.1 M KCI,
0.5 mM dithiothreitol, and 0.3 mAM EDTA (buffer II; step
IIT); 2.5 ml of the dialyzed solution was applied to a DEAE-
cellulose column (1.6 X 30 cm) that had been previously
equilibrated with the same buffer. Elution was carried out
with buffer II at a flow rate of 20 ml/hr and 2.5-ml frac-
tions were collected (Figure 1). After most of the 430 ab-
sorbing material was eluted, the KCl concentration was
raised to 0.15 M and elution started with a linear concen-
tration gradient to 0.6 M KCl in buffer II. Fractions 65-70
were pooled and stored frozen at ~70° (step 1V). The en-
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FIGURE 2: Effect of pH on the protein methylase activity. Potassium
phosphate buffer (0.05 M) was used for the range of pH 6.2-8.0; 0.05
M Tris-HCI buffer, for the range pH 7.6-8.8, and 0.05 M borate buff-
er for pH 7.7-9.6. The assay was performed as described under Mate-
rials and Methods.

35K 27K
300 _l f

CPM Tronsfered{0—o)
N
8
T

i L f it L ! |
20 40 60
Elution Volume {mi)

FIGURE 3: Determination of the molecular weight of the protein
methylase by Sephadex G-100. The calibration curve for the determi-
nation of molecular weights (@) was described under Materials and
Methods. Each fraction collected contained 1.0 ml. All proteins except
myoglobin were assayed at A4;30. Myoglobin was determined at A4;0.
After the calibration of the Sephadex G-100 column (1.0 X 65 c¢cm), 0.4
ml of the purified enzyme (step IV) was applied to the column and
1.0-ml fractions were collected. The void volume was 27 ml; 40-4l frac-
tions were used for assaying the enzyme activity following the proce-
dure described under Materials and Methods (O).

zyme was purified 380-fold with a 20% yield (Table I). No
detectable rRNA methylating activity was observed in the
pooled fractions. There are at least four rRNA methylating
peaks present and we have not carried out further studies
for these rRNA methylases (Figure 1).

Properties of the Purified Protein Methylase. Protein
methylase activity is proportional to the amount of purified
enzyme used and the reaction rate with the enzyme is linear
up to 30 min incubation at 37°. The purified enzyme has a
pH optimum between 7.8 and 8.2 (Figure 2). A Line-
weaver-Burk plot of the reaction kinetics for S-adenosyl-
L-methionine gave a Ky, value of 3.2 uM, and a Vax of 2.7
pmol/30 min per 0.8 ug of enzyme protein.

The molecular. weight of the enzyme was determined by
Sephadex G-100 chromatography. A calibration curve for
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FIGURE 4: Localization of the methylated proteins by one-dimensional
polyacrylamide gel electrophoresis. The methylation of 50S subunits
was carried out in a final volume of 0.3 ml containing 0.05 M Tris-HCl
(pH 7.8), 0.01 M Mg(OAc)2, 0.01 M NaCN, 0.5 mM dithiothreitol,
0.02 M NH4Cl, 0.3 mM EDTA, 5 Ao units of E. coli 1500 met= 508
subunits, 1 X 107> M of ['*C]Ado-Met and 4.0 ug of purified en-
zymes. After incubating at 37° for 30 min the reaction mixture was
terminated by dilution to 2 ml using the same buffer; 1.3 ml of cold
ethanol was added to precipitate the 50S ribosomal subunits. Ribosom-
al proteins were extracted by the acetic acid procedure of Hardy et al.
(1969). The procedures for the one-dimensional polyacrylamide gel
electrophoresis and autoradiography of the sliced gel were the same as
described previously (Chang and Chang, 1974).

the Sephadex G-100 column was obtained by plotting the
elution volume of the reference proteins against the loga-
rithms of molecular weights (Figure 3). The elution volume
of the major protein methylase peak corresponded to a mo-
lecular weight of 3.1 X 104, Minor methylating activity was
also observed with molecular weights of 1.7 X 10% and 5.6
X 10% The purified enzyme is stable when stored at —70°
for at least 1 year.

Specificity of the Reaction. The methylation reaction is
dependent upon 50S subunits which had previously been
starved for methionine. Fully methylated 50S subunits from
unstarved E. coli 1500 met~ show less than 10% methyl-
ation. A very small amount of methylation (12% of control)
was also observed with starved E. coli 1500 met~ 30S sub-
unit. This is most likely due to the contamination by the
50S subunit.

Free ribosomal proteins derived from the 1500 mer™ 508
subunit were much better substrates for the purified methy-
lase (4.1 and 1.8 pmol of methyl groups incorporated for
free ribosomal proteins and 50S subunits, respectively,
under the standard assay condition). This indicates that the
methylation of ribosomal proteins can take place before the
final assembly of the 50S subunit.

Nature of the Methylated Products. The major methyl-
ated protein when 1500 met~ S50S subunits were used as
substrates was identified by one-dimensional polyacrylam-
ide gel electrophoresis (Figure 4). This protein is the same
one which was previously identified to be protein L11 when
the unfractionated ribosome wash was used as an enzyme
source (Chang and Chang, 1974). Two-dimensional polyac-
rylamide gel electrophoresis revealed that 85% of the total
radioactivity was in protein L11 with the remainder distrib-
uted primarily in proteins LS, L3, and L1 (data not shown).

The methylated amino acids, using as enzyme sources
both unfractionated ribosome wash (step III, Table I) and
DEAE-cellulose fractionated enzymes (step IV}, were com-
pared by descending paper chromatography using a solvent
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FIGURE 5: Comparison of the methylated amino acids from enzymes derived from steps I1I and IV. The procedures were the same as described in
the legend of Figure 4 except 2 4260 units of 1500 met~ 50S subunits was used as substrates and 4 X 107¢ M of undiluted [*H]-Ado-Met and 3.0
ug of either step 111 enzyme (a) or step IV enzyme (b) was used. After isolation of the ribosomal proteins, they were hydrolyzed with redistilled 5.7
N HC! in sealed test tubes at 110° for 22 hr as described under Materials and Methods. Descending paper chromatography of the methylated
amino acids was carried out in a solvent system containing pyridine-acetone-3 M NH4OH (10:6:5, v/v) for 16 hr as described before (Chang et al.,
1974). After chromatography, the paper was cut into 1-cm strips and counted as described under Materials and Methods. Neutral indicates the un-
identified methylated neutral amino acid found in protein L11 (see Figure 6).

system containing pyridine-acetone-3 M NH4OH (10:6:5,
v/v) which separates all three methylated lysines (Chang et
al., 1974; Chang and Chang, 1975). Figure 5 shows that
both enzyme preparations gave similar product profiles with
Ne-trimethyllysine as the predominant product. The puri-
fied enzyme (Figure 5b) forms slightly more N¢-monometh-
yllysine when compared to that with the unfractionated en-
zyme (Figure 5a). A methylated neutral amino acid(s)
which had previously been detected in protein L11 was also
observed with the purified enzyme by electrophoresis in so-
dium borate buffer at pH 9.3 (Figure 6; Alix and Hayes,
1974; Chang and Chang, 1975).

Both one-dimensional and two-dimensional polyacrylam-
ide gel electrophoreses were also used to identify the meth-
ylated proteins when dissociated 50S proteins (obtained
from LiCl-urea treatment of 50S subunits) were used as
substrates. The results indicated that 88% of the total radio-
activity was in protein L11 with the remainder again dis-
tributed primarily in proteins LS5, L3, and L1 (data not
shown).

Discussion

Ribosomal protein methylase has been purified from E.
coli Q13 using methyl-deficient 50S particles from an rel/~
met~ strain as substrates. Product analysis of the methyl-
ated proteins revealed the presence of Ne¢trimethyllysine,
the methylated neutral amino acid(s), and N¢-monomethyl-
lysine (Figures 5 and 6). The relative amount of /N¢-mono-
methyllysine formed seemed to increase with the enzyme
purification (compare Figure 5a and b). This may indicate
that the formation of Netrimethyllysine requires an en-
zyme complex composed of more than one enzyme (e.g., tri-
methylation of a lysine residue could conceivably involve
three enzymes in a complex with each enzyme involved in
the sequential addition of one of the methyl groups. Purifi-
cation of the enzyme may cause a partial inactivation or
loss of one (or more) of the enzymes in the complex result-
ing in the formation of more N¢-monomethyllysine.

The purified enzyme (or enzyme complex) which is de-
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FIGURE 6: Identification of the methylated neutral amino acid(s)
using purified enzyme. The procedure was the same as described in the
legend of Figure 5 except 2 4260 units of 1500 met~ 50S subunits, 5 X
107¢ M ['*C]Ado-Met and 3.0 ug of the purified enzyme were used.
After isolation of the ribosomal proteins, they were hydrolyzed with re-
distilled 5.7 N HCl in sealed test tubes at 110° for 24 hr as described
under Materials and Methods. Methylated amino acids were separated
by high voltage paper electrophoresis in 0.05 M sodium borate buffer
(pH 9.3) at 2000 V for 65 min as described previously (Chang and
Chang, 1975). After electrophoresis, the paper was cut into 1-cm strips
and courited.

void of any rRNA methylating activity has a molecular
weight of 3.1 X 10% Minor methylating activity was also
observed with molecular weights of 1.7 X 10% and 5.6 X 10*
(Figure 3). It is uncertain whether they are different meth-
ylating activities. Since more than one amino acid is meth-
ylated (lysine, a neutral amino acid, and maybe other
amino acid(s) as well), it is also not clear whether the 3.1 X
10% protein peak contains more than one protein. Further
purifications will be necessary. A rough estimation of the
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molecular weight of the methylating enzyme has also been
carried out by Alix and Hayes (1974). They used sucrose
gradient and found the molecular weight of the enzyme to
be approximately 4 X 104,

The observation by Alix and Hayes (1974) that ethion-
ine-treated free 50S ribosomal proteins can be methylated
in vitro by a crude enzyme preparation has been confirmed
and extended to the purified enzyme in our present study
using methyl-deficient 50S ribosomal proteins. Further-
more, free ribosomal proteins were shown to be far better
substrates for the methylation than the 50S particles. Pro-
tein L11 is the major methylated protein when either
methyl-deficient 50S subunits or free ribosomal proteins de-
rived from them were used as substrates. This suggests that
at least some methylation can take place after (or during)
the synthesis of these ribosomal proteins in vivo, but before
their assembly into the 508 subunit. In this regard, it should
be pointed out that another type of post-translational modi-
fication in E. coli ribosomal protein, namely, acetylation of
protein L12 (to form L7), can occur in the free protein state
(Brot and Weissbach, 1972).

As indicated in the introduction, protein L11 has been
implicated in the peptidyl transferase reaction during pro-
tein biosynthesis (Nierhaus and Montejo, 1973; Hsiung et
al., 1974). This has recently been challenged by other work-
ers (Ballesta and Vazquez, 1974; Howard and Gordon,
1974; Moore et al., 1975). The function of NV¢-trimethyllys-
ine in protein L11 is not clear at present. It may either be
involved in the assembly of late proteins or in the function-
ing of the fully assembled 50S subunit (or both). It would
be interesting to isolate mutants which are deficient in the
methylation of ribosomal proteins. Since protein L11 has
been shown to be involved in the binding of 508 antibiotics
chloramphenicol (Nierhaus, 1974) and thiostrepton (High-
land et al.,, 1975), mutants resistant to either antibiotic
might provide good candidates for investigation. The suc-
cessful in vitro assembly of 50S ribosomal subunit has also
been reported (for most recent reconstitution see Nierhaus
and Dohme, 1974). The purified enzyme should aid the elu-
cidation of the function of protein methylations.
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