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A common site for the posttranslational modification of proteins is at the N-terminal a-amino group. Here
we consider the enzymatic addition of one or more methyl groups that has been found to occur in several
proteins. Although the methylated proteins have different overall functions, they all appear to be involved
in large macromolecular structures such as ribosomes, myofibrils, nucleosomes, pilins, or flagella. Structural
features at the N-termini of these methylated proteins suggest that sequences in this region may serve as
recognition sites for only a few different types of methylating enzymes. Thus, we propose that three enzymes
could account for the N-methylated species so far identified in bacteria, the hypothetical MAK, QP, and
pilin methyltransferases, and a single additional enzyme, the hypothetical PK methyltransferase, could ac-
count for all of the a-amino methylations observed in eukaryotic cells. Finally, we discuss criteria that could
be used in conjuction with primary sequence data to predict proteins that might be subject to methylation
at their amino termini.

Protein methylation; N-terminus; Methylmethionine; Methylalanine; Methylproline; Methylphenylalanine

1. INTRODUCTION

In recent years it has been found that one of the
many ways in which proteins are covalently
modified after their biosynthesis is by alteration of
the free a-amino group at their N-termini [1].
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There are many examples in which this group is
acylated. It has been estimated that at least half of
the cytosolic proteins in eukaryotic cells are
acetylated at their amino termini [2,3]. Another
type of reaction is alkylation of the a-amino
group. This reaction, although much less common,
appears to be widely distributed in nature. This
review represents the first overview of our current
knowledge of N-terminal methylation. In bringing
together data from a number of laboratories con-
cerning a wide variety of proteins from many dif-
ferent organisms, common features have begun to
emerge. Sequence comparisons suggest that the
first few amino-terminal residues play an impor-
tant role in the specificity of the methylating
enzymes.
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Table 1

Proteins that are methylated at their N-terminus

N-terminal residue Protein Species Reference
Me-Met IF-3 E. coli M
Me-Met L16 E. coli [4,8]
Me-Met CheZ E. coli, S. typhimurium [9]
Me-Met, Me-Ala L33 E. coli [5,6,8,10]
Me-Ala Si1 E. coli [8]
Me-Phe pilin Pseudomonas, Bacteroides,
Neisseria, Moraxella [11-15]

Me,-Ala, Mes-Ala L11 E. coli [16~19]
Mes-Ala myosin light chains

LC-1 and LC-2 rabbit? [21,22]
Mes-Ala histone H2B Tetrahymena (protozoan) [20]
Me;-Pro histone H2B Asterias (starfish) [25])
Mes-Pro cytochrome ¢-557 Crithidia (protozoan) [23,24]

2 A 3.23 ppm NMR signal attributable to the alanyl trimethyl groups has been detected in
chicken and coelacanth LC-1 and LC-2 chains, in human alkali light chains, and in bovine

alkali and LC-2 chains

2. PROTEINS METHYLATED AT THEIR
AMINO TERMINI

The first reports of protein methylation at the
amino terminus appeared in 1976 when the
Escherichia coli ribosomal proteins L16 [4] and
L33 [5,6] were shown to be N-methylated (N-
monomethyl-Met and N-monomethyl-Ala, respec-
tively). At the present time the number of different
proteins known to be N-methylated has grown to
11 (table 1). All of these proteins appear to func-
tion by interacting with other proteins, often as
part of extensive macromolecular complexes.
These complexes include the E. coli ribosome (pro-
teins L11, L16, L33, S11, and the associated IF-3),
bacterial pili (pilin), chromatin (histone H2B),
myofibrils (myosin light chains LC-1 and LC-2),
respiratory chains (cytochrome c¢-557), and the
bacterial chemotaxis-flagellar apparatus (CheZ
protein). There is evidence in the case of the
myosin light chains that the methylated amino ter-
minus may be at the site of actin binding [26], and
in addition, the amino terminus of CheZ appears
to be part of a domain involved in the polymeriza-
tion of this protein [27].

3. SITES OF a-AMINO METHYLATION

N-methylation at phenylalanine residues has

been observed in a variety of bacterial pilins, the
subunits of the pili that extend from the cell walls
of many bacterial species. The N-terminal se-
quences of all of the methylated pilins are identical
(table 2), and it seems likely that essentially the
same enzyme is responsible in each cell type. Out-
side their N-termini the pilins tend to be much less
conserved as if this region performed a special role
in pilus function or assembly [13]. The methylation
reaction does not, however, appear to be essential,
since the pilin from E. coli, which contains a
distinct N-terminal sequence, is not methylated
[13].

It is possible to divide the proteins containing
monomethylmethionine into 2 classes. One class is
comprised of the ribosomal protein L16 and the
chemotaxis CheZ protein. The two have similar
amino-terminal sequences with GIn-Pro at posi-
tions 3 and 4 (table 2). This raises the possibility
that a common methyltransferase, designated the
QP transferase, may methylate both proteins. A
search of 4791 proteins in the National Biomedical
Research Foundation Protein Sequence Bank [28]
revealed one other protein with GIn-Pro in this
position, E. coli maltodextrin phosphorylase, with
Met-Ser-Gin-Pro. Amino-terminal sequence
analysis has revealed that, as expected for E. coli
proteins [2], this initiator methionine preceding a
serine residue is cleaved leaving an unmodified
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Table 2

Sequences at the N-termini of proteins with methylated o-amino groups

Protein N-terminal sequence Reference
Pilin Phe-Thr-Leu-Ile-Glu-Leu-Met- [11-15]
L16 Met-Leu-GIn-Pro-Lys-Glu-Arg- 8]
CheZ Met-Met-Gln-Pro-Ser-Ile-Lys- [27]
IF-3 Met-Lys-Gly-Gly-Lys-Arg-Val- [71
L33 (Met)-Ala-Lys-Gly-lle-Arg-Glu-Lys- [10]
S11 Ala-Lys-Ala-Pro-lle-Arg-Ala- [8]
L1l Ala-Lys-Lys-Val-GIn-Ala-Tyr- [16]
Myosin light chain LC-1 Ala-Pro-Lys-Lys-Asn-Val-Lys- [21]
Histone H2B (7Tetrahymena) Ala-Pro-Lys- [20]
Histone H2B (Asterias) Pro-Pro-Lys-Pro-Ser-Gly-Lys- [25]
Cytochrome ¢-557 Pro-Pro-Lys-Ala-Arg-Glu-Pro- [23]

serine at the N-terminus [29]. Thus it appears that
an N-terminal sequence of uncleaved methionine
followed by GIn and Pro in the third and fourth
positions may be sufficient for recognition by the
methyltransferase.

The role of amino-terminal methylation in L16
and CheZ function is not understood. The L16
protein is a central component required for the
peptidyl transfer reaction [30]. CheZ is an essential
element of the chemotaxis apparatus in E. co/i and
Salmonella typhimurium. Genetic studies suggest a
direct interaction between CheZ and elements at
the flagellar motor [31,32]. The native protein has
been isolated as a large homopolymer (> 500 kDa)
composed of 24-kDa subunits [27]. Approximately
a third of the CheZ monomers within a cell are
methylated immediately after translation, and the
remainder are not susceptible to modification [9].
Apparently, in CheZ polymers the amino termini
are inaccessible to the modification enzyme.
Results obtained with protease treatments tend to
confirm the conclusion that the amino terminus of
polymerized CheZ is relatively inaccessible [27].

The second class of N-monomethylmethionines
includes the translational initiation factor IF-3 and
the ribosomal protein L33. For both cases dif-
ferent forms of the proteins containing various N-
terminal sequences have been found. These are
probably derived from differential cleavage of a
single translation product. Whereas only the
uncleaved form of IF-3 is methylated [7,10], the
situation for L33 is more complex. In E. coli K
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strains almost 25% of the protein is methylated at
the initial methionine and the remainder is
methylated at the Ala residue exposed by the ex-
pected cleavage of the methionine preceding this
alanine. In E. coli B strains, however, only the
methylated alanine form appears to be present [8].
The amino-terminal sequences of IF-3 and L33 are
similar in that the principal methylated residue,
either Met or Ala, is followed by Lys and Gly
(table 2). This consensus may be recognized by
another methyltransferase, the hypothetical MAK
enzyme.

The MAK methyltransferase may also function
to methylate another ribosomal protein, S11. S11
is similar to L33 at its N-terminus in that, follow-
ing the methylated alanine, the proteins exhibit the
sequence Ile-Arg-X-(Lys,Arg)-X-(Lys,Arg) at
residues 5—9 and 4-8, respectively.

Amino-terminal alanine and proline residues can
be fully methylated (trimethylalanine and
dimethylproline) in several proteins including the
E. coli large ribosomal subunit protein L11, and
eukaryotic proteins including some histone H2Bs,
some myosin light chains, and at least one
cytochrome c¢-557. The function of this reaction is
not known, but one line of evidence suggests a role
in the protection of exposed N-terminal sequences
to attack by aminopeptidases within the cell [23].
For example, the amino-terminal region of histone
H2B is thought to extend away from the histone
octamer core [33]. Of the three types of
homologous myosin light chains, only the two that
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contain a 41 residue N-terminal extension are
methylated [21]. Physical studies have indicated
that this portion of the light chains extends toward
a locus of reversible association with the actin fila-
ment in muscle [26]. Finally, cytochrome ¢-557 has
a 10 amino acid N-terminal extension that is not
found in cytochromes ¢ that are not methylated
[23].

Each of the eukaryotic methylated proteins has
a methylated alanine or proline at the amino ter-
minus that is followed by the amino acids Pro-Lys,
suggesting that a common methyltransferase is in-
volved, the hypothetical PK enzyme. The PK en-
zyme would presumably recognize the primary
sequence Ala-Pro-Pro-Lys in the amino-terminal
position. Precedence exists for such recognition; a
monoclonal antibody raised against myosin head
fragments cross reacts with histone H2B due to a
shared amino-terminal epitope that has been
mapped to the first 4 amino acids of the
methylated myosin light chains [34].

The bacterial protein, L11, has an amino-
terminal sequence that shares features of both the
putative E. coli MAK consensus and the
eukaryotic PK consensus. Thus L11 has the N-
methyl-Ala-Lys characteristic of MAK, but as in
the putative PK substrates of eukaryotic cells, the
alanine in L11 is trimethylated and the third
residue is a lysine. Of perhaps even greater
significance is the fact that this common lysine
residue in the third position is trimethylated in L11
just as in the myosin light chains and cytochrome
¢-557. Thus, for these proteins a total of five to six
methyl groups are added to the first three residues,
two or three at the a-imino or a-amino of the N-
terminal Pro or Ala and three at the e-amino group
of the lysine.
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These results suggest that in eukaryotic cells pro-
teins with N-terminal Pro or Ala residues followed
by Pro-Lys are good candidates for N-
methylation. However, there are two proteins in
the Dayhoff sequence collection [28] that contain
an N-terminal Pro-Pro-Lys sequence and are ap-
parently not methylated. These proteins are both
histone H2Bs, one from Drosophila and the other
from the mollusc Patella granatina (table 3). Thus,
either the PK methyltransferase is not universally
distributed or other recognition factors are impor-
tant in determining sites of modification besides
the first few residues. In addition, a search of the
4791 proteins in this sequence collection revealed a
bacterial cytochrome ¢; with an N-terminal se-
quence, (Met)-Ala-Pro-Lys, that is not methylated
[38]. The only other example of such an N-
terminal sequence is the VP-1 coat protein from
mouse polyoma virus. It has not been determined
whether this protein is methylated or not.

4. ENZYMOLOGY OF N-TERMINAL
METHYLATION

From similarities between sequences of proteins
containing similar N-terminal modifications it is
apparent that common methyltransferase enzymes
may be responsible for their modification. Along
these lines we have speculated that the observed
methylations of E. coli proteins, except perhaps
for L11, can be accounted for by two hypothetical
enzymes, designated the QP and MAK methyl-
transferases. All of the N-terminal methylations
that have been described in eukaryotic cells could
be accounted for by a single hypothetical enzyme
which we designated the PK methyltransferase (see
above). Unfortunately there are very few data

Table 3

Sequences at the amino termini of histone H2B proteins from a variety of
different species

Organism Amino terminus of H2B Reference
Tetrahymena (Me);Ala-Pro-Lys- [20]
Asterias (Me),®ro-Pro-Lys-Pro-Ser-Gly-Lys-Gly- [25]
C. elegans Ala-Pro-Pro-Lys-Pro-Ser-Ala-Lys-Gly- [35])
Patella Pro-Pro-Lys-Val-Ser-Ser-Lys-Gly- [36])
Drosophila Pro-Pro-Lys-Thr-Ser-Gly-Lys-Ala- [37]
Calf thymus Pro-Glu-Pro-Ala-Lys-Ser-Ala-Pro-Ala-Pro- [35]
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available concerning these enzymatic activities at
the present time.

Mutations in the prmA gene of E. coli have been
found to result in defective methylation of
ribosomal protein L11, but no readily observed
phenotype [39]. Because both methylation on the
Iysine side chain as well as at the N-terminal
alanine was affected, it was suggested that a single
enzyme was responsible for both modifications
[40]. On the other hand, preliminary studies have
suggested that distinct enzymes are involved in the
methylation of the amino-terminal proline and the
internal lysine in cytochrome ¢-357 in the proto-
zoan Crithidia oncopelti [41].

5. STOICHIOMETRY OF N-TERMINAL
METHYLATION REACTIONS

Many of the amino-terminal methylation reac-
tions go to completion and fully modify the pro-
tein. Evidence has been presented, for example,
that the pilins from Pseudomonas [11] and Morax-
ella [14] and the ribosomal protein L16 [8] contain
one methyl group per polypeptide chain. A similar
situation occurs with the protozoan cytochrome
¢-557 where each N-terminal proline residue con-
tains two methyl groups. On the other hand, only
about half of the pilin molecules from Neisseria
are methylated at their amino termini [13], and it
has been reported that the E. coli ribosomal pro-
tein L11 can be partially modified to give a
dimethylalanine derivative rather than the fully
methylated trimethylalanine product [16]. One
possibility is that partially methylated species may
represent intermediates along the modification
pathway. Alternatively, there may be competing
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posttranslational pathways that are mutually ex-
clusive and irreversible. This is probably the case
for 1.33 in E. coli K strains where methylation can
occur at either an N-terminal Met or Ala [10].
Presumably the initiator methionine can be either
cleaved or methylated. If the N-terminal Met is
cleaved before it is methylated, then the resulting
N-terminal alanine is methylated; if the N-terminal
methionine is methylated first then it probably
cannot be cleaved. Thus the partition between
methyl-Met and methyl-Ala depends on the rate of
cleavage versus the rate of methyl transfer. This
raises the possibility that the nature of the L33 N-
terminus could be controlled by levels of S-
adenosylmethionine, rates of protein synthesis,
etc. Similar considerations apply for the methyla-
tion of the CheZ protein (see above and [9]).

6. CHEMICAL CONSEQUENCES OF
N-TERMINAL METHYLATION

Two types of N-terminal methylations can be
distinguished on the basis of their different effects
on the chemistry of the N-terminus. The first
group includes all the monomethylations (V-
monomethylmethionine, N-monomethylalanine,
N-monomethylphenylalanine). In these cases the
chemical effect is probably only a small change in
the pK, of the a-amino group and a slight reduc-
tion in its reactivity due to the steric effects of the
methyl group. For the model compounds shown in
table 4, the conversion of a primary amine (un-
modified a-amino group) to a secondary amine by
a monomethylation reaction results in an increase
in the pK, of up to about 0.5 units. Although there
are few data available on the effect of

Table 4

Effect of N-methylation on the pK, value for the @-amino groups in amino acids and
peptides?®

pK, of the amino group

Primary pKa Secondary pKa Tertiary pKa
Methylamine 10.64  dimethylamine 10.64  trimethylamine 9.76
Alanine 9.69 monomethylalanine 10.19

proline 10.60 monomethylproline 10.01
Gly-Gly 8.13  monomethyl-Gly-Gly 8.66 dimethyl-Gly-Gly 8.09
Gly-Leu 8.41 monomethyl-Gly-Leu  8.67 dimethyl-Gly-Leu 7.78

2 Data from Jencks and Regenstein [42]
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monomethylation on reactivity of a-amino groups
in peptides, from comparisons of primary versus
secondary methylamines only very small changes
would be expected. For instance, there is only
about a 20% decrease in the second order rate con-
stant of p-nitrophenyl phosphate aminolysis by
methylamine versus dimethylamine [43].

In contrast, the second class of methyl modifica-
tion, the quaternization of the amino-terminal
nitrogen to produce dimethylproline and trimethy-
lalanine, produces a profound change in the
chemistry of the amino terminus. In this case
methylation produces a permanent positive charge
on the amino group and abolishes the nucleophili-
city of the a-amino nitrogen. The associated
trimethylation of an adjacent lysine side chain
leads to the production of two fixed positive
charges at the N-terminus, independent of pH and
environment. At the same time the potential reac-
tivity of the amino groups is removed. These prop-
erties would allow the amino terminus to function
as an effective counterion for nucleoside di- and
triphosphates, for example. Alternatively, this
modification would permit the amino cation to be
maintained in a hydrophobic environment under
conditions where unmodified amino groups would
be deprotonated even at neutral pH. An example
of this may be found in the quaternary
trimethyllysine residue at the active site of myosin
[44].
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