JOURNAL OF BACTERIOLOGY, May 1969, p. 368-374
Copyright © 1969 American Society for Microbiology

Vol. 98, No. 2
Printed in U.S.A.

Taxonomic Comparison of the Amino Termini of

Microbial Cell Proteins

SEPPO S. SARIMO anp MARTIN J. PINE

Department of Experimental Therapeutics, Roswell Park Memorial Institute,
Buffalo, New York 14203

Received for publication 10 February 1969

A comparison was made of the distribution of amino terminal end groups in the
cellular proteins of a number of microbes. Among the procaryotes, methionine is a
highly variable but virtually ubiquitous major protein end group. This is consistent
with its possible role as a general amino acid initiator of protein biosynthesis in the
procaryotes. Generally, however, alanine is the most abundant of the major end
groups, followed in decreasing order by serine, threonine, the acidic amino acids, and
occasionally lysine. No other new major end-groups were found. Among 15 repre-
sentatives of the Enterobacteriaceae, retention of the initiating methionine terminus
of the cellular protein varies considerably at a tribal level and is randomized at a
familial level. The profiles of the five remaining end groups, however, are strikingly
uniform, and are, for example, close to but significantly different from those of the
Erwineae. Among the taxonomically more heterogeneous Bacillaceae, end-group
profiles vary more and are sometimes unrelated. End-group analysis is thus par-
ticularly useful as a molecular criterion of taxonomy in assessing familial homoge-
neity. Free NH, termini in eucaryote cell proteins are fewer, and they have
increased acidic amino acid components and no methionine; they are otherwise

similar to those of the procaryotes.

The cell proteins in Escherichia coli are bio-
synthesized beginning with N-formylmethionine
at the amino terminus, the mature termini being
formed later by a series of cleavages to give
methionine and five or six other amino acids as
the only significant general residues (1, 3, 7, 13,
16).

To examine phylogenetic similarities or di-
vergences in the patterns of protein initiation
and maturation at the site of the amino terminus,
the overall profiles of the NH,-terminal end
groups were analyzed in representative micro-
organisms. Analyses were performed on whole
cells and on non-particulate protein fractions.
The results indicate that the distribution of NH,-
terminal amino acid residues is always non-
random and is strongly conserved qualitatively,
but with sufficient quantitative variation to
provide a useful index of taxonomic divergence.

MATERIALS AND METHODS

Organisms were routinely grown in Nutrient Broth
and were harvested during exponential or active
growth at a cellular turbidity represented by an
optical density of approximately 0.2 (660 nm). This is
equivalent in E. coli to 50 ug of cell protein/ml. Strep-
tococcus faecium was grown without shaking in

Nutrient Broth with 0.25%, tryptone, 0.29, yeast ex-
tract, 1.0%, glucose, 0.49, phosphate buffer (pH 7),
and thymine and adenine (2 mg/ml). The psychro-
philic Pseudomonas B-16 was shaken at 15 C in Nutri-
ent Broth with 39, NaCl. The growth media used for
Caulobacter, Crithidia, and Mycoplasma have been
previously described (5, 6, 10). The medium for Sac-
charomyces carlsbergensis (2) was supplemented with
0.7% hydrolyzed casein, and a modification of me-
dium E used for Chlorella (4) was supplemented with
1% sucrose.

Micrococcus  lysodeikticus (Worthington) and
Clostridium kluyveri (Worthington) were obtained as
lyophilized cells. Cells of Desulfovibrio vulgaris were
supplied in the lyophilized state, and those of the
methane fermenter isolated from impure Methano-
bacillus omelianskii had been extracted with 1:1
CHCI;-CHsOH. Cultures of Rhodomicrobium van-
niellii and Rhodospirillum rubrum were grown photo-
synthetically in a medium of inorganic salts and 0.1%,
each sodium lactate, Nutrient Broth solids, and
NaHCO:; .

To obtain the composite ribosomal and soluble
protein fraction, 33%, suspensions of washed cells in
water were disrupted in the cold in a French press at
5,000 to 7,000 psi and then were centrifuged at 15,000
X g for 30 min. The supernatant liquids, as well as
cultures and reconstituted lyophilized cells, were then
acidified and washed with 109, trichloroacetic acid
and acetone. Some cells were shaken overnight at 25 C
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with 0.2 N ammonia (pH 10 to 11) to remove the D-
alanine of teichoic acid, and the proteins were pre-
cipitated with trichloroacetic acid.

Proteins were solubilized in 8 M urea-bicarbonate
solution and dinitrophenylated as previously described
(9, 16). Dinitrophenyl (DNP)-amino acids were re-
leased by hydrolysis in concentrated HCI for 4 hr at
100 C; after recovery, a total of 0.3 to 0.8 umole was
assayed chromatographically, essentially as described
by Waller and Harris (22). Corrections for hydrolytic
and chromatographic loss were calculated from the
recovery of each of the six most significant DNP-
amino acids subjected together with undinitrophenyl-
ated E. coli cell protein to routine hydrolysis, extrac-
tion, and assay. The DNP-amino acids usually were
acidified, reextracted into ether, dried, and reassayed
in acetone to completely eliminate small residual
chromatographic interferences from e-DNP-lysine
and DNP-methionine sulfoxide. Corrections for
hydrolytic and chromatographic losses were calcu-
lated from the recovery of each of the six most sig-
nificant DNP-amino acids subjected, together with
undinitrophenylated E. coli protein, to routine hy-
drolysis, extraction, and assay. Recovery of end-group
methionine was also followed with 3S-methionine-
labeled protein. DNP-methionine sulfoxide was kept
inappreciable by the use of large amounts of cell
preparations, 4-hr hydrolyses, and extraction into
freshly opened ether supplied with preservative.
Determinations lacking any of these precautions are
referred to only qualitatively.

Almost all reported values are averaged from the
assays of two or three different cellular batches. Agree-
ment of values was generally within, and never signifi-
cantly beyond, 1 part in 10. Whole-cell and combined
ribosomal-soluble protein preparations with closely
similar NH,-terminal profiles were averaged as dupli-
cates. Separated DNP-amino acids were frequently
rechromatographed on silica gel in thin layer with &
benzene-pyridine-acetic acid system (18), particularly
when the recovery was qualitatively or quantitatively
unusual. A chromogen arose occasionally after the
ammonia incubation and moved on paper with
glutamic and aspartic acids, but it was separated on
silica gel and a correction for it was made. Total pro-
tein content was calculated from the optical absorp-
tion at 360 nm of e-DNP-lysine in the DNP-protein
hydrolysate after ether extraction. The levels of lysine
in microbial cell proteins were taken from the values of
Sueoka (20); in unreported proteins, the lysine level
was considered to be 7%,.

RESULTS

General survey of microorganisms. The NH,-
terminal amino acids in the procaryotic-cell
proteins, listed in Table 1, comprise only the
six or seven significant NH,-terminal amino
acids originally reported in E. coli (21, 22).
End-group alanine and serine usually ranged
from 48 to 569, and from 23 to 299, respec-
tively, of the total. The end-group alanine was,
however, noticeably lower in two anaerobes,
M. omelianskii and C. kluyveri. The levels of
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threonine and the acidic amino acids varied
somewhat more. Glutamic and aspartic acids,
which are reported together because of frequent
overlapping, appeared in roughly similar amounts
in all assays.

Of greatest significance is the presence of end-
group methionine in the cell protein of almost
all procaryotes, and its exclusion in the eucary-
otes. Some of the organisms of Table 1, but
relatively few, have as much NH,-terminal me-
thionine as does E. coli (21), and none contains
appreciably more. The rate of NH,-terminal me-
thionine removal in E. coli after assembly of cell
proteins has been shown to be generally heter-
ogeneous, and much of it is slow (16). The
continuous variation of NH,-terminal methionine
among the procaryotes would most likely be at-
tributable to continuing differences in the effici-
ency of removal, reaching virtually 1009, in C.
crescentis and R. rubrum.

All of the gram-positive bacteria of Table 1
except C. kluyveri and Corynebacterium were
given alkaline incubation before dinitrophenyla-
tion. Removal of NH,-terminal alanine esterified
to teichoic acid (19) is evident in Table 2 from
the fall both in N-terminal alanine and in total
N termini from unusually high levels to within
the range of the gram-negative organisms of
Table 1. Removal of this alanine is partial even
at a neutral pH (Table 2), and appearas com-
pleted after NH; incubation overnight, since
incubation for an additional 2 days had no
further effect on S. faecium preparations. S.
aureus is unique in its high complement of
NH,-terminal alanine (Table 1), even after the
level of total NH, termini has been reduced to
normal by NH; incubation.

Judging from initial analyses of the gram-
positive bacteria without NH; incubation,
teichoic acid is abundant in Bacillus, S. faecium,
M. lysodeikticus, and S. aureus. Its removal is
imperative, even in fractionated proteins (Table
2). The NH,-terminal amino acid profiles that
have been reported in B. subtilis without removal
of esterified alanine (11), therefore, do not
specifically represent the proteins. Because of
the occasional interference in glutamic acid-
aspartic acid determination, no NH; incubation
would be preferable if teichoic acid is not ap-
preciable, as for example in C. kluyveri and
Corynebacterium (Table 1), whose levels of
total and individual end groups are within usual
ranges. Treatment of the gram-negative orga-
nisms with NH; was found to have no effect on
their NH,-terminal profiles.

End-group determinations were also made
upon limited cell quantities of Coxiella burnetti,
Nostoc muscorum, Euglena gracilis, and Neisseria
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TABLE 1. NH,-terminal amino acids of cellular proteins in various microorganisms

Relative NHs-terminal level®
Total NH:
termini as a
Organism Glutamic percentage of
a:p‘ﬁﬁc Threonine | Serine | Alanine | Methioni acfclll e
acids
PROCARYOTES
Eubacteriales
Herelleasp............................... 7 12 29 36 16 0.14
Corynebacterium sp.. . .. .................. 4 11 23 52 10 0.13
Bacillus cereus............................ 4 8 18 45 25 0.10
B. megatherium ATCC 13632. ............. 3 6 23 51 17 0.12
B.subtilis. . .............................. 3 4 24 56 13 0.10
Methanobacillus omelianksii. . ....... ... ... —b 7 15 30 38
Clostridium kluyveri. ... .................. 6 5 22 23 44 0.12
Micrococcus lysodeikticus . . ............... 7 12 19 54 8 0.10
Staphylococcus aureus . .. .................. 1 8 17 72 2 0.16
Streptococcus faecium ATCC 8043........ 2 12 22 41 22 0.16
Pseudomonadales
Pseudomonas B-12. . ......... .. ... ........ 6 5 28 56 5 0.10
P.putida................................. 13 5 29 48 5 0.12
Caulobacter crescentis CB13 .............. 4 6 24 54 <0.3 0.14
Desulfovibrio vulgaris. . . .................. 3 9 29 55 4
Rhodospirillum rubrum. . . . ... .. .......... 10 10 28 52 <0.3 0.10
Hyphomicrobiales
Rhodomicrobium vanniellii. . ... .. ........ 5 11 23 56 5 0.12
Actinomycetales
Nocardia corallina UC2161............ ... 3 15 24 51 9 0.14
Mycoplasmatales
Mycoplasma 880. ............. ... ........ 10 4 30 56 <0.3 0.07
EUCARYOTES
Saccharomyces carlsbergensis. ... .. ........ 20 6 18 50 <0.3 0.07
Penicillium sp. 2526. .. .................... 15 10 29 46 <0.3
Chlorella vulgaris. ........................ 21 3 10 66 <0.3 0.05
Tetrahymena pyriformis. . ................. 30 6 22 32 <0.3

s Leucine-isoleucine, valine, lysine, and glycine found in small amounts in individual species are not

reported.

b The level of glutamic and aspartic acids was high and unverified by thin-layer chromatography. It
was set arbitrarily at 109, for comparison of other amino acid levels.

sp. Alanine, serine, threonine, and generally
glutamic and aspartic acids were clearly evident;
methionine was either present in small amounts
or absent.

Eucaryotes. The end groups of the eucaryotic
cell proteins (Table 1) differ consistently from
those of the procaryotes in the absence of methi-
onine and in the heightened levels of acidic amino
acids (or amides). It is noteworthy, however,
that the remaining amino acids, alanine, serine,
and threonine, continue essentially at unaltered
relative levels. In unreported experiments, the
level of total end groups in the eucaryotes
Crithidia fasciculata and the L-1210 mouse
leukemia amounted to 0.06 and 0.049, of the
total amino acid residues and were within the
range of the other two eucaryote values in
Table 1. Thus, the eucaryote cell proteins are
further distinguished in having less than half the

procaryote level of free amino terminal end
groups.

Enterobacteriaceae. End-group profiles of
representatives of all current genera of the
Enterobacteriaceae, as listed in Table 3, show
greatest variation in methionine, which varies
significantly between related species but retains a
limited conformity at a tribal level. Methionine
is lowest in the Proteae (9% of total end groups)
and is most consistently high in the Escherichiae
(25%). End-group methionine may also fall ap-
preciably during cellular aging for 2 days in
stagnant culture, as shown for E. coli (Table 3);
in contrast, it does not decrease significantly in
S. faecium (unpublished data). Independent ef-
fects of cellular aging would be anticipated
from previous findings that some modification of
the initiating terminus of the cell protein of E.
coli may be delayed for a cell generation or more
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after synthesis (16). Little of the differences in
profile for the remaining species, however, can
be attributed to aging, since duplicate end-group
determinations agreed well in spite of limited
differences in growth rate at the time of mid-
growth harvest. The efficiency of removal of the
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initiating end group thus appears so varied
phylogenetically as to be almost completely
randomized within the Enterobacteriaceae. How-
ever, the amino acids exposed by its removal show
extremely uniform profiles (Table 4). Divergences
in the level of individual amino acids are minor,

TaABLE 2. Effect of 0.2 N ammonia treatment on the NH,-terminal amino acid profile of whole
cells and nonparticulate proteins of Bacillus cereus

NH; terminal levels®
- Total NH
Prepn® a?;:i:i?fci?sd Threonine Serine Alanine Methionine ptee,l;':::;;: gf
all amino
acid residues
Amt cl:f“; Amt cl:;rt Amt cl:%rt Amt g:;'t Amt Clz‘::t
umoles umoles umoles umoles pmoles
Nonparticulate protein
Unincubated............ .. 50 1 50 1| 202 4 | 4,500 | 78 | 310 6 0.51
Incubated at pH 7.........| 48 2 72 3| 145 6| 1,880 | 78 | 264 | 11 0.24
Incubated at pH 10-11... . .| 39 4 68 7| 175 | 18 445 | 46 | 243 | 25 0.10
Unfractionated cells
Incubated at pH 7....... .. 30 1 58 2 | 118 4 | 2,520 | 86 | 208 7 0.29
Incubated at pH 10-11... .. 36 4 64 7 | 146 | 16 410 | 45 | 254 | 28 0.10

s Proteins were precipitated with trichloroacet

ic acid and dinitrophenylated immediately (unin-

cubated). Unbuffered nonparticulate proteins or trichloroacetic acid-washed whole cells neutralized

with NaOH were incubated overnight at 25 C with

out further treatment (pH 7.0) or were treated with

0.2 N ammonia (pH 10-11) before dinitrophenylation.

b In micromoles per mole of total amino acid res

idues, or as percentage of total NH: termini.

TaBLE 3. NH:-terminal amino acids of cellular proteins of the Enterobacteriaceae and the. Erwinieae

NH:-terminal amino acids® (%)

Organism .
Glutamic
and aspartic| Threonine Serine Alanine Methionine
acidas
Escherichiae
Escherichia coli B (young)..................... 4 8 20 30 38
E.coliB@Id)................................ 5 5 21 48 21
Shigella alkalescens. . ......... .. ... ... ... ... 5 6 25 43 21
S. dysenteriae ATCC 13313. .. ... ... ... ... .. 6 6 24 42 22
Salmonelleae
Salmonella paratyphi B. .. ... .. ... ... .. . ... 6 6 24 35 29
Citrobacter freundii ATCC 8030.......... .. . .. 7 9 26 45 13
Arizona arizonae ATCC 13314. . . . ... ... . .. 7 7 33 47 6
Klebsielleae
Enterobacter aerogenes ATCC 13018.... . .. ... . 5 5 25 37 28
Serratia marcescens ATCC 13880............... 5 6 23 43 23
Klebsiella pneumoniae ATCC9590..... ... . .. .. 5 8 31 48 8
Proteae
Proteus morganii. . ... ..... .. ... ... ... . .. 7 8 30 40 15
P. mirabilis. .. .. ... ... . ... ... . ... ..... 7 8 30 45 10
P.rettgeri. .. ... ... ... ... . . . ... .. ... ... ... 8 8 33 43 8
P.vulgaris. .. ... ... ... ... ... .. ... ... ... ....... 7 7 31 47 8
Providencia sp. ATCC 12013. ... ... .. ... . ... 8 7 30 50 5
Erwineae
Erwinia carotovora. ... ... ... ... ... ... ... .. 5 3 21 44 26
E. amylovora.................................. 8 4 18 43 27

@ Lysine levels are omitted.
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TABLE 4. Relative levels of nonmethionine end groups in the Enterobacteriaceae, Erwineae,
and Bacillaceae

End groups
Organism Methionine P age of thionine end groups
= —
ogr%ups) Ssl;at:t?écacai?ig Threonine Serine Alanine
Enterobacteriaceae®
EscherichiacoliB........................... 38 6 13 32 48
Salmonella-paratyphi B. ..................... 29 8 8 34 49
Enterobacter aerogenes ATCC 13018.......... 28 7 7 35 51
Serratia marcescens ATCC 13880............. 23 6 7 31 56
Shigella alkalescens . . ....................... 21 6 8 32 54
S. dysenteriae ATCC 13313.................. 21 8 8 29 51
Proteus morganii.. . .......................... 15 8 9 35 47
Citrobacter freundii ATCC 8090.............. 13 8 10 30 52
P. mirabilis. ................................ 10 8 9 33 44
P.rettgeri........... ... ... ... ........ 8 9 9 36 47
P.ovulgaris................ ... ... ............ 8 8 8 34 47
Klebsiella pneumoniae ATCC 9590............ 8 5 7 33 51
Arizona arizonae ATCC 13314. . ... .. ...... 6 7 7 35 50
Providencia sp. ATCC12013................. 5 8 7 32 53
AVErage. ... 7 9 33 50
Erwineae®
Erwinia carotovora ATCC495. . ............. 26 7 4 29 60
E. amylovora ATCC 15580... ........ ...... 27 11 6 25 59
Bacillaceae®
Clostridium kluyveri. . ... ................... 44 11 9 39 41
Bacillus cereus. . ............................ 25 5 11 24 60
B. megaterium ATCC 13632.................. 17 4 7 28 61
B. subtilis. . .. ... ... ... .. ... .. ......... 13 3 5 28 64

¢ Values are calculated from Table 3.
b Values are calculated from Table 1.

occasional, and not consistent when profiles are
ranked in order of decreasing methionine con-
tent, as in Table 4, or in tribal order. The Erwiniae
have until recently been allied taxonomically
with the Enterobacteriaceae, which they resemble
biochemically (Bergey’s Manual of Determinative
Bacteriology) but not immunologically (8). Two
representatives of Erwinia (Tables 3 and 4) are
dissimilar pathogens (Bergey’s Manual). They
have nearly the same end-group profile, which is
similar to the average enterobacterial profile
but clearly distinguishable from it. The per-
centages of at least three nonmethionine end
groups in these Erwineae differ by more than 1
part in 10 from the enterobacterial averages
(Table 1). There is thus an increase in alanine
that exceeds 5%, a decrease in serine exceeding
3%, and a decrease in threonine greatly exceed-
ing 1%. In comparison, deviations in any of the
individual enterobacterial values are never
greater than 1 in 16 and involve only one end
group.

Bacillaceae. In spite of the paucity of repre-
sentatives examined (Table 1), cell protein end

groups varied far more among the Bacillaceae
which comprise a heterogeneous assortment
of physiological and morphological groups
(Bergey’s Manual), than among the Entero-
bacteriaceae. Profiles of the nonmethionine end
groups of the different species of Bacillus bear no
resemblance to those of C. kluyveri and differ
significantly from one another.

DISCUSSION

End-group homology of cell protein would
appear to be a particularly practical and con-
venient molecular criterion of familial homo-
geneity among the procaryotes, and might be
examined among the Protista in general. If the
Enterobacteriaceae, excluding Erwinia, are con-
sidered an examplary model, close or even
identical homology in nonmethionine end groups
among cellular proteins should serve in dis-
tinguishing the bounds of other bacterial families.
The assay is rapid and accurate, can be tallied
in direct chemical terms, appears to be of low
ambiguity, and is probably not unduly affected
by any single protein component (15, 21). Com-
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parisons would appear valid only under stand-
ardized conditions of cellular cultivation and
harvesting, and when nonprotein sources of
end groups (11) are omitted. Although non-
particulate protein fractions produce clearer
chromatograms than do whole cells, specific
end groups might be selected for (21, 22) or
even introduced as artifacts by autolysis.

Taxonomic variability in protein end groups is
no doubt related to that in total amino acid com-
position (20), but end-group variation appears
greater and hence more discriminating. These
differences would perhaps originate in turn from
differences in deoxyribonucleic acid (DNA)
composition. End-group homology may usefully
complement DNA homology, since the former
property becomes discriminating at familial
extremes where resolution of the latter property
is largely dissipated (12). The same comple-
mentarity might also be predicted for immuno-
logical homologies (14).

Qualitatively, and in a roughly quantitative
way, the favored NH,-terminal amino acids
show marked evolutionary conservation in the
six major end groups common to procaryotes
and the five common to eucaryotes, no new
favored end groups having been found.

Methionine does not appear to be commonly
repeated in nascent E. coli polypeptides next to
the initiating N-formylmethionine residue (3).
Therefore, the methionine in mature protein
N termini should be considered in general to
originate from the initiator rather than an ex-
posed adjacent residue. The initiating residue
itself does not have to arise from N-formyl-
methionyl-transfer ribonucleic acid, for it has
been found in S. faecium that the formylation
step can be dispensed with in the absence of
folic acid (17). However, the near ubiquity of
methionine in procaryote protein end groups
would suggest a common evolutionary origin
of methionine-based protein initiation, retained
with minor modification among the procaryote
representatives. Thus, E. coli must begin protein
biosynthesis with a derivative of methionine
(7, 17) and then retain a significant fraction of it.
Rare procaryotes and all eucaryotes remove or
exclude methionine from their mature protein end
groups, but elimination of any of the remaining
five most favored NH, termini is never found
(Table 1). There would, therefore, be little
rationale for an independent reacquisition of
NH,-terminal methionine in mature protein for
a noninitiating purpose. Because of the uniform
absence of appreciable NH,-terminal methionine
in the cell protein of eucaryotes, the question of
methionine involvement in protein initiation in
those organisms is still moot.
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ADDENDUM IN PROOF

The recent demonstration of an N-formylseryl-
transfer RNA (W. S. Kim, Science, 163:947-949)
may alter the inferences that have been made of
methionine as a general initiator of protein biosyn-
thesis. Although methionine would appear to be the
major initiator in E. coli (16), the question of its
prevalence could be raised in particular in the two
procaryotes (Table 1), in which it is absent as a major
N-terminus.
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