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Summary. Methylated lysines (N‘-mono-methylated, Né¢-di-methylated and
Ne-tri-methylated) have been identified after derivatization with ortho-
phthaldialdehyde (OPA) by using pre-column and post-column derivatization
techniques.

Also the Né-acetylated lysine and Ne-formylated lysine have been identi-
fied by OPA post-column derivatization techniques but only in free form
due to their instability under acidic conditions which are used for protein
hydrolysis.

Additionally, all the modified amino acids mentioned above have been
derivatized with DABITC/PITC, an Edman reagent, and identified as
DABTH-derivatives on thin-layer polyamide sheets.
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Introduction

It has become evident in recent years that the majority of proteins are
covalently modified during their cellular lifetime and that such modifications
can influence their activity, localisation, assembly or regulation (Wold, 1981).
The covalently modified amino acid residues are not necessarily recognized
even during analysis of complete amino acid sequences since the majority
of the naturally occuring derivatives are acid-labile and thus undetected by
amino acid analysis after conventional acid hydrolysis. No generally applica-
ble method for detection can be described, but the different modifications can
be detected by using different strategies.

The acetylation of amino acids within the polypeptide chain, as distinct
from acetylation of free NH,-terminal groups, was first detected in cell nuclei
as a rapid and reversible incorporation of radioactively labelled acetate into
histones H3 and H4 (Allfrey et al., 1964). Acetylation of lysine c-amino
groups is not limited to histones, but takes place also on other DNA-binding
proteins such as the High Mobility Group (HMG) proteins (Sterner et al.,
1979, 1981).
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Modification of the a-amino group of a protein or of a fragment usually
precludes Edman degradation. The two most common blocks of this nature
are N¢-acetylation which can be prevented during in vitro translation
(Palmiter, 1977); and aminoterminal glutamine which can sometimes be re-
moved enzymically (Doolittle, 1977).

Protein methylation is another post-transiational modification reaction
which occurs in many proteins. This reaction involves side chains of various
amino acids, such as lysine, arginine, histidine and glutamine for the N-
methylation and glutamic and aspartic acid for O-methylesterification.

Methylated amino acids have been reported to be present in many pro-
teins as histones or ribosomal proteins. Methylation of side-chain amino
groups of lysine are common modifications.

Occasionally N*-methylation has been observed (Hermodson et al., 1978),
but in most cases this does not interfere with the Edman degradation.
Several methylated amino acids have been identified, as 3-methyl-histidine
(3-MeHis), N:-monomethyl-lysine (MeLys), Ne-dimethyl-lysine (Me,Lys)
and Ne-trimethyl-lysine (Me;Lys) (Huszar and Elzinga, 1969; Kuehl and
Adelstein, 1969; Trayer et al., 1968; Paik and Kim, 1971; Becam and Lederer,
1981; Delange et al., 1969; Hempel et al., 1968; Kakimoto and Akazawa,
1970).

The NC, NO-dimethyl-arginine residue (asymmetric dimethylarginine) has
been found near the COOH-terminus of the UP1 calf thymus helix-
destabilizing protein (Williams et al., 1985) as well as in several histones (Paik
and Kim, 1967), in the High Mobility Group proteins (Boffa et al., 1979), in
ribosomal proteins (Chang et al., 1976); and in proteins associated with het-
erogeneous RNA (hnRNP particles) (Boffa et al., 1977; Christensen et al.,
1977; Marvil et al., 1980).

Materials and methods
Materials

The monomethylated, dimethylated and trimethylated lysine derivatives were from
Calbiochem and the acetylated- and formylated-lysines were from SERVA (Heidelberg,
F.R. G.).

The 4-N, N’-dimethylaminoazobenzene-4'-isothiocyanate (DABITC) was from
Fluka (Buchs, Switzerland) or Pierce (Rockford, U.S.A) recrystallized from boiling
acetone (Pro analysis grade, dried over molecular sieve): 1gr dissolved in 70ml, passed
through a paper filter and allowed to cool slowly yield 0.7g of brown needles, b.p.
169°-170°C. Trifluoroacetic acid (TFA) and phenylisothiocyanate (PITC) are necessary
to be sequencing grade. Pyridine, was pro analysis grade from MERCK (Sharp and
Dohme, F. R. G) distilled successively over KOH pellets, ninhydrin and KOH, b.p.
114°-116°. The water was twice glass distilled and freshly prepared. All the other
chemicals were sequencing grade (n-heptane and ethylacetate) or pro analysis grade
(n-butylacetate, acetic acid, toluene, n-hexane and acetone) and used without further
purification.

Amino acid analysis

All glasswear used in acid hydrolysis were heated at 500°C for 6hrs. Approxi-
mately 0.1-2.0ug of protein was placed in a hydrolysis tube (Smm i.d X 100mm) and
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dried under vacuum. 50u] of 6N HC! were added and the tube was sealed under
vacuum.

Hydrolysis of the .11 ribosomal protein from E. coli was performed for 24 hours at
110°C. The amino acids were determined, both with pre-column and post-column
derivatization with o-phthaldialdehyde (OPA), by RP-HPLC and ion-exchange chroma-
tography, respectively.

DABITC-derivatization

All Ne-modified lysines are derivatized with DABITC/PITC as described in Chang et al.
(1980) to ensure complete reaction of all terminal amino groups. In combination with the
identification of the released derivatives by 2-dimensional thin-layer chromatography on
small polyamide sheets the method allows the degradation of as little as 500 pmol of
polypeptide. The detection limit of the derivatives on the sheets is 20 pmol. Standard
DABTH-amino acids were kindly given from Dr. J. Y. Chang.

Results and discussion

Figure 1 shows the separation of the modified lysines, namely Né-mono-
methylated (K*), Né-dimethylated (K**) and Ne-trimethylated (K***) by
using the pre-column derivatization technique. As it is shown on the
chromatogram all these derivatives are well separated. The elution of the
lysine and its methylated derivatives is in agreement with their hydrophobicity
after OPA-derivatization (see Table 1) namely K*** < K* < K** < K. The

Table 1. OPA-lysine derivatives (the ortho-phthaldialdehyde reacted with the lysines
in the presence of a reducing agent, S-mercaptoethanol, at pH = 10)
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Fig. 1. Separation of 100pmol of a reference amino acid mixture containing N°-

monomethylated lysine (A), Ne-dimethylated lysine (B) and N*-trimethylated-lysine (C),

after ortho-phthaldialdehyde pre-column derivatization, by reversed-phase HPLC, using

a column (250 X 4mm) filled with Shandon Hypersil ODS 5um material. Buffer A was

12.5mM Na,HPO, (pH = 7.2) and Buffer B was 3% tetrahydrofuran in methanol
(Ashman et al., 1985)



Identification of post-translational modified amino acids 17

W Y L

Fig. 2. Amino acid composition of protein L11 prm-1 E. coli, after subjection to total

hydrolysis as described in Materials and methods. The separation of the amino acids was

the same as described in Fig. 1. The characteristic peak for Ne-trimethylated lysine (K***)
elutes at the same position as in the chromatogram of Fig. 1C

Ne-trimethylated OPA-lysine due to its positive charge elutes between
OPA-histidine and OPA-glycine while the Né-monomethylated and N=-
dimethylated OPA derivatives elute between OPA-threonine and OPA-
arginine and between OPA-arginine and OPA-alanine, respectively. All
lysine derivatives mentioned above have been tested for their stability under
the acidic conditions needed for the hydrolysis of proteins and peptides. All of
them were stable and eluted at the same positions as the non-hydrolysed
derivatives.

Figure 2 shows the amino acid analysis of the L11 ribosomal protein
from prm-1 E.coli. The peak which appears between the OPA-histidine and
OPA-glycine corresponds to the OPA-trimethylated lysine which has been
found by Dognin and Wittmann-Liebold (1977) at positions 3 and 39. The
amino acids, which are released after total hydrolysis (see Materials and
methods), are separated as in Fig. 1, namely by the pre-column derivatization
technique.

On Fig. 3 shown is the elution of the methylated OPA-lysine derivatives.
using the post-column derivatization technique. Only the Neé-trimethylated
lysine derivative (K***) (C) is well separated from the other amino
acid derivatives, while the Ne-monomethylated and Né-dimethylated lysine
derivatives co-clute with the non-methylated lysine derivative (3A and 3B,
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Fig. 3. Separation of 1 nmol of a reference amino acid mixture containing 2 nmoles N#-
monomethylated lysine (A), Nt-dimethylated lysine (B) and N+-trimethylated lysine (C),
respectively, by ion-exchange chromatography. The column was (250 X 3 mm) 10 uM
cation exchange and the conditions of the chromatography were the following: 100% 0.2N
sodium dihydrogen citrate pH = 3.28, 10 min, 100% 1.0ON di-sodium hydrogen citrate-1.5
sodium citrate, pH = 7.40, 22 min, 100% 1.0N sodium citrate, pH = 7.40, 28 min, 100%
0.2N sodium citrate pH = 12.00, 2 min, 100% 0.2N sodium dihydrogen citrate pH = 3.28,
0.1 min and 100% 0.2N sodium dihydrogen citrate. Reaction reagent: 50 mg OPA, 5 ml
2-mercaptoethanol, 1.5% Brij 35% aqueous solution in 500 ml H,BO,, pH 104 (pH
adjusted with SN KOH). The flow rate was 0.3 ml/min
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Fig. 4. Amino acid composition of protein L11 prm-1 £. coli. The separation of the amino

acids was the same as described in Fig. 3. The characteristic peak for N*-trimethylated
lysine (K***) elutes at the same position as in chromatogram of Fig. 3C
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Fig. 5. Separation of 1nmol of a reference amino acid mixture containing 2nmoles Né-
formylated lysine and Ne-acetylated lysine. The conditions of the separations are the same
as in Fig. 3. The arrows show the N*-formylated OPA-lysine derivative and N¢-acetylated
OPA-lysine derivative, respectively
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respectively). Both the change of the salt concentration of the gradient used
and the use of another pH gradient were unable to separate these derivatives
from the non-methylated lysine derivative. On the other hand by using quite
different salt and pH conditions the separation of the other amino acid deriva-
tives is discriminated and should be avoided for a routine amino acid analysis.

Figure 4 shows the amino acid analysis of the 1.11- prm-1 E. coli ribosomal
protein which possesses Ne-trimethylated lysine (see Fig. 2), as mentioned
above. The amino acids which are released after total hydrolysis (see Materi-
als and methods), are separated, as in Fig. 3, by the post-column derivatization
technique. The peak which is shown by the arrow corresponds to the

DABITC

Fig. 6. ldentification of DABTH-amino acid and additional spots: DABTH-amino
acid derivatives of: A alanine; C cysteic acid; Cm carboxymethyl cysteine; D aspartic
acid; E glutamic acid; F phenylalanine; G glycine; H histidine; [ isoleucine; K, alpha-
DABTH-epsilon-DABTC-lysine(red); K, alpha-PTH-epsilon-DABTC-lysine(blue);
K; alpha-DABTH-epsilon-PTC-lysine(blue); K. alpha-DABTZ-N¢-acetyl-L-lysine after
hydrolysis of the acetyl-group(blue); K2, alpha-DABTH-N¢#acetyl-L-lysine(red); K,
alpha-DABTZ-Ne-formyl-L-lysine, after hydrolysis of the formyl-group; K,  alpha-
DABTH-N=formyl-L-lysine(red); K, derivative of N:-methyl-L-lysine; K,/ derivative
of Né-dimethyl-L-lysine; K/ derivative of N:-dimethyl-L-lysine; K, derivative of Nt
trimethyl-L-lysine; L leucine; M methionine; N asparagine; P proline; Q glutamine; R
arginine; S serine; $2 dehydro-serine, S polymerization product of serine; S DABTZ-
serine (blue); 7 threonine; T2 dehydro-threonine; 7° DABTZ-threonine(blue); Tx
blue-colored polymerization product of threonine; U thiourea derivative; V' valine;
W tryptophan; Y tyrosine; d and e blue-colored reference markers of DABTC-reacted

diethylamine and ethanolamine
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Ne-trimethylated OPA-lysine derivative, which appears at the same position,
just before non-methylated lysine as in chromatogram of Fig. 3C.

The Neformylated OPA-lysine and Nr-acetylated OPA-lysine as
shown in Fig. 5, are well separated from the other amino acids. The N¢-
acetylated OPA-lysine elutes between the OPA-glutamic acid and
OPA-glycine and the Né-formylated OPA-lys between OPA-alanine and
OPA-valine, respectively.

It has to be mentioned that both N:-formylated lysine and the N¢-
acetylated lysine are unstable under the acidic conditions which are used for
the hydrolysis of proteins and peptides. Namely, after a protein containing
one or both of these modified lysines is hydrolysed it is impossible to identify
the above refered modified lysines. However in these cases when a protein
or a peptide is subjected to enzymic digestion, with protease K or carboxy-
peptidases, the identification of the above refered lysine derivatives is both
undoubtly possible and recommended.

Identification of DABTH-derivatives

All lysine derivatives mentioned above, namely Né-dimethylated and Ne-
trimethylated, as well as Ne-formylated and N¢-acetylated lysine are identified
after derivatization with DABITC/PITC on polyamide sheets (Choli et al.,
1977).

Figure 6 illustrates the resolution of the DABTH-amino acid derivatives
by chromatography on stamp-sized polyamide sheets. The location of the
individual derivatives is determined relative to the migration of the two
markers, DABITC-reacted diethylamine and ethanolamine. The detection
limit for the DABTH-amino acids on micropolyamide sheets is about 20
picomoles.

During the Edman degradation the Né-formylated and N*-acetylated
lysine derivatives are also unstable under the acidic conditions which are used
for the cleavage step of the degradation. However, they do not co-migrate
with the normal lysine on the polyamide sheets because the coupling reaction
of the NH,-group with DABITC/PITC is performed prior to the cleavage
reaction with trichloroacetic acid, while the modification with all reagents
used for amino acid analysis takes place after the hydrolysis of the proteins. It
means that in cases where the above method of approach for amino acid
estimation is used, namely Edman degradation, the identification of Né-
formylated and N¢-acetylated lysine derivatives is undoubtly possible,
whereas in the case of the modified amino acids released after hydrolysis the
above refered derivatives of lysine remain undetected.
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