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Analysis by high-performance liquid chromatography of the stem peptide composition of cell walls purified
from a large number of pneumococcal strains indicates that these bacteria produce a highly conserved
species-specific peptidoglycan independent of serotype, isolation date, and geographic origin. Characteristic
features of this highly reproducible peptide pattern are the dominance of linear stem peptides with a mono-
meric tripeptide, a tri-tetra linear dimer, and two indirectly cross-linked tri-tetra dimers being the most
abundant components. Screening of strains with the high-performance liquid chromatography technique has
identified two naturally occurring peptidoglycan variants in which the species-specific stem peptide composi-
tion was replaced by two drastically different and distinct stem peptide patterns, each unique to the particular
clone of pneumococci producing it. Both isolates were multidrug resistant, including resistance to penicillin.
In one of these clones—defined by multilocus enzyme analysis and pulsed-field gel electrophoresis of the
chromosomal DNAs—the linear stem peptides were replaced by branched peptides that most frequently
carried an alanyl-alanine substituent on the € amino group of the diamino acid residue. In the second clone,
the predominant stem peptide species replacing the linear stem peptides carried a seryl-alanine substituent.
The abnormal peptidoglycans may be related to the altered substrate preference of transpeptidases (penicillin-

binding proteins) in the pneumococcal variants.

Peptidoglycans surround the bacterial cell with an uninter-
rupted network of covalently interlinked muropeptides which
is essential for bacterial survival in most environments. While
all eubacterial peptidoglycans are constructed on the basis of
similar structural principles, the amino acid composition and
cross-linking mode of peptidoglycans show sufficient species-
to-species variation to be used for taxonomic purposes (25,
26). In the system of Schleifer and Kandler (25), the nature
of the cross-linking peptide bond, the amino acid residues
connected, and the chemical nature of the diamino acid com-
ponent of muropeptides were used as the basis of taxono-
mic classification. The complexity of peptidoglycan structure
has only been fully recognized after the recent introduction
of the high-resolution analytical technique of high-perfor-
mance liquid chromatography (HPLC) (17), which demon-
strated the unexpectedly large number of distinct muropep-
tides present in the peptidoglycans of both gram-negative
(1, 14, 23, 28) and gram-positive (4, 16) species. To what ex-
tent and with what degree of precision the unique composition
of these complex supramolecular structures is reproduced
in each cell division are not known. Testing this was one of
the main purposes of the studies described here. We found
that pneumococcal strains of various serotypes, different iso-
lation dates, and geographic origins produced a species-spe-
cific peptidoglycan characterized by highly conserved molar
ratios of 18 different muropeptides, resolvable by the HPLC
technique. In the process of examining the muropeptide com-
position of a large number of Streptococcus pneumoniae iso-
lates, we have also identified what appear to be naturally
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occurring peptidoglycan variants of this bacterium with mu-
ropeptide compositions that differ drastically from the species-
specific pattern exhibited by the great majority of pneumococ-
cal isolates.

MATERIALS AND METHODS

Strains and growth conditions. The S. pneumoniae strains used in this study
were from a collection housed at the Laboratory of Microbiology at Rockefeller
University. Bacterial cultures were grown in a casein-based semisynthetic me-
dium at 37°C without aeration, as described previously (16).

Cell wall preparation. Pneumococcal cell walls were prepared by a published
procedure (15, 20) with the following modifications. After the cells were har-
vested by centrifugation, they were suspended in ice-cold phosphate-buffered
saline and quickly dropped into boiling sodium dodecyl sulfate (final concentra-
tion, 4%) to inactivate any wall-modifying enzymes. Walls were mechanically
broken by shaking with acid-washed glass beads in a Vortex mixer operating at
top speed or in a Bead Beater apparatus (Biospec Products, Inc., Bartlesville,
Okla.). After removal of unbroken cells and glass debris by low-speed centrifu-
gation (2,000 X g, 7 min), the purification of cell walls was done according to
previously described procedures.

Enzymatic digestion of cell walls. For the liberation of stem peptides, 1 to 5 mg
of cell walls was suspended in 50 mM potassium phosphate buffer, pH 7.0, and
treated with affinity-purified pneumococcal autolysin (12) (40 mU) at 37°C for
18 h. The products of amidase digestion were dried, the precipitate was washed
with acetone, and the peptides were extracted with acetonitrile-isopropanol-
water (25:25:50) containing 0.1% trifluoroacetic acid (TFA). This procedure
extracted 90 to 96% of the lysine-labeled material. After removal of the solvents
by evaporation, the peptides were redissolved in 0.1% TFA for HPLC analy-
sis.

HPLC. The chromatographic system was made up of a 721 system controller,
two S10 pumps, a U6K injector, and a 730 data module from Waters Associates,
Inc., Milford, Mass. The detector was a variable-wavelength ISCO V4 detector
with a 6-mm path length and a 3.5-ul illuminated volume flow cell (ISCO,
Lincoln, Nebr.). The column was a Vydac 218TP54 (The Separations Group,
Hesperia, Calif.), and the eluting solvent was an 80-min linear gradient from
0.1% TFA (Pierce Chemical Co., Rockford, Ill.) to 15% acetonitrile (Burdick &
Jackson, Muskegon, Mich.) in 0.1% TFA pumped at a flow rate of 0.5 ml/min
(13). The eluted fractions were detected and quantitated by their A,,,.

Analysis of stem peptides VII, VIII, and IX. These new stem peptides gener-
ated by the enzymatic hydrolysis of cell walls of strain Hun 665 were eluted from
the HPLC column (see Fig. 2), and the pooled fractions were analyzed for amino
acid composition and molecular mass by mass spectrometric analysis, as previ-
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TABLE 2. Cell wall stem peptide composition of S. pneumoniae and two of its natural peptidoglycan variants

Strain and/or No. of Sero-

Peptide material (%) [mean (SD)]

origin isolates type 1 2 3 I N 4 I 5 6 7
R36A, United States 1 22.3(1.55) 45(1.46) 3.7(1.01) 15(020) —* 31.2(1.55) 2.2(0.19) 14.4(1.62) 5.7(0.70) 4.5(0.34)
United States 7 6B 24.6(1.33) 1.6(0.63) 4.6(1.02) 2.9(0.61) 0.9 (0.48) 28.6 (4.31) 2.4(0.79) 9.6(2.26) 7.7(0.95) 5.8(0.61)
Northern Europe 5 6B 283(1.24) 2.0(0.86) 5.0(0.98) 3.5(0.49) 0.4(0.06) 28.0(2.33) 0.2(0.04) 12.0(1.96) 10.2(1.63) 1.9(0.62)
Hungary (PG variant 1)° 1 19A  1.9(0.16) 0.3 (0.10) 8.1(0.19) 23.6 (0.41) 4.4(0.32) 0.9 (0.05) 1.2(0.20) 0.5(0.06) 1.5(0.17) 2.6 (0.22)

Czech 2 (PG variant 2) 6 14

16.0 (2.07) 0.4 (0.12) 164 (1.40) 5.6 (0.67) 0.6(0.12) 7.7 (0.89) 1.0 (0.19) 15.4 (0.78) 8.3 (1.01) 14.6 (1.55)

“ Peptides 6A and 6B were not separated.
b not present.
¢ PG, peptidoglycan.

ern Europe. The close similarity of peptide patterns with that
shown for strain R36A is evident from Table 2.

S. pneumoniae isolates with altered peptidoglycan composi-
tion: peptidoglycan variant 1 (strain Hun 663). Table 3 shows
the stem peptide composition of a serotype 19A pneumococcal
isolate that belonged to a distinct genetic lineage first identi-
fied in Hungary (21). The proportions of the 18 stem peptides
were completely different from those seen in strains R36A
or the strains examined in Table 2. As in the case of the
composition of strain R36A, for this Hungarian clone too
the muropeptide composition was precisely reproduced in
the five independent peptidoglycan preparations shown in Ta-
ble 3.

In contrast to the peptidoglycan composition of the 13
strains described above (Tables 1 and 2), the major monomeric
and dimeric peptides (peptides 1 and 4) were dramatically
reduced in the Hun 663 isolate: from 22.3 to 1.9% in the case
of peptide 1, from 31.2 to 0.9% in the case of peptide 4, and
from 14.4 to 0.5% and 5.7 to 1.5% in the cases of peptides 5
and 6, respectively. These components were replaced by stem
peptides that were minor or undetectable components of the
peptidoglycans of the 13 strains described in Tables 1 and 2.
The major monomeric component of the Hungarian strains
was peptide I (Fig. 1) (23.6% * 0.41% [mean = SD] of all
peptide species separated), a tripeptide carrying an alanyl-
alanine substituent on the € amino group of lysine, and peptide
VI, a tri-tetra dimer of peptide I, has become the most abun-
dant dimer (23.3% * 0.41% [mean = SD]). The peptidoglycan
also contained elevated amounts of peptides IV and V (6.3 and
9.1%, compared with the low proportion of these com-
pounds—0.7% each—in strain R36A). Peptides VII, VIII, and
IX are newly identified and prominent components of the
peptidoglycans of the Hun isolates (see Fig. 3), which have not
been seen in any of the other pneumococcal peptidoglycans.
Chemical and mass spectrometric analyses suggest that these
components are trimeric stem peptides cross-linked indirectly
either via alanyl-alanine or seryl-alanine dipeptide substitu-
ents. In assigning tentative chemical structures for these com-
pounds (Table 4 and Fig. 2), we assumed amino acid sequences
analogous to the ones shown for peptides IV, V, and VI. The
precise sequences of amino acid residues in the branches of the
trimeric stem peptides VI, VIII, and IX have not been deter-
mined yet. However, in the particular structural assignments,
we used as analogies the known sequences of dimeric peptides
IV, V, and VI (Fig. 1), which elute from the HPLC column
in the same order as the new trimeric peptides VII, VIII, and
IX. The combined amounts of these novel peptides repre-
sented as much as 15.6% of all stem peptides in the Hun strain.

The amounts of monomeric and dimeric/trimeric peptides in
the peptidoglycan of Hun 663 were 40 and 60%, respectively,
suggesting little or no change in the degree of cross-linking.
The overwhelming majority of stem peptides had a branched
structure, with a ratio of branched to linear peptides as high as
24.0.

Stability of the abnormal stem peptide composition of pep-
tidoglycan variant 1. The composition of peptidoglycan is
known to depend on the growth rate of bacteria and also to be
influenced by the composition of growth medium. For this
reason, it was important to test the growth rates of strains
showing anomalous peptidoglycan composition. There were no
significant differences observed in the mass doubling times
(measured as optical density at 620 nm) of any of the strains
grown in the synthetic medium (doubling times, 35 to 45 min).
Nevertheless, because of the extremely different wall compo-
sition in strain Hun 663, we also tested the stability of the
unusual peptidoglycan pattern after extensive serial subculture
of the bacterium, both in vitro and in vivo (in an infected
mouse) as well.

Bacteria were passaged in synthetic medium in the labora-
tory through 300 cell generations, after which cell walls were
prepared and analyzed. In the second test of stability, the same
bacterial strain was inoculated into mice intraperitoneally.
Bacteria recovered 2 days later through autopsy of the spleens
of dead animals were grown to cultures, and cell walls were
prepared and analyzed with the HPLC technique. Bacteria
exposed to these in vitro and in vivo passages have produced
peptidoglycan with exactly the same stem peptide composition
as the original strain (Fig. 3). Figure 3 also shows the HPLC
profile of two additional pneumococcal isolates (Hun 665 and
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FIG. 2. Tentative structures of stem peptides VII, VIII, and IX isolated from
peptidoglycan hydrolysate of strain Hun 665.
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TABLE 2—Continued
Peptide material (%) [mean (SD)] Monomer | Dimer Total peptide (%)
p and trimer B/L
v v 8 VI 9 VI VIII X (%) (%)  Linear (L) Branched (B)

07(023) 07(023) 57(0.76)  — 22054  — — —  34(148) 66(148) 70(1.87)  30(18 0.4 (0.04)
0.8(037) 22(0.89) 3.7(0.56) 29(052) 14(0.44)  — — — 37(158) 63(189) 64(436)  36(436)  0.6(0.11)
0.6(0.19) 0.8(0.14) 3.5(0.10) 23(0.73) 1.9(031)  — — — 39(117) 61(1.17) 69(1.64)  31(1.64)  0.5(0.03)
63(032) 9.1(0.25) 0.6(0.10) 233(0.41) 03(0.11) 22(0.13) 54(0.16) 8.0(0.28) 40(055) 60(0.55) 4 (0) 9 (0) 24.0 (0)
3.0(0.46) 2.8(0.44) 2.0(0.63) 19(028) 4.4(056)  — — — 40(223) 60(223) 35(290)  65(290)  1.9(0.24)

Hun 963) that belong to the same clone as strain Hun 663, as
defined by the multilocus enzyme analysis, penicillin-binding
protein (PBP) type, and pulsed-field gel electrophoresis pat-
tern (21). The virtual identity of HPLC elution profiles of
strains Hun 663, Hun 665, and Hun 963 is apparent from the
figure.

S. pneumoniae isolates with altered peptidoglycan composi-
tion: peptidoglycan variant 2 (Czech 2). A second, distinct and
altered peptidoglycan composition was identified in another
group of six S. pneumoniae isolates originating from the Czech
Republic (Czech 2). This group of isolates expressed capsular
type 14 and also shared a common macrorestriction pattern
(after Smal digestion and pulsed-field gel electrophoresis) and
common multilocus enzyme type (11). As in isolate Hun 663, in
Czech 2 as well (Table 2), the proportions of peptide 1 and 4
were reduced, albeit less drastically than in Hun 663 (from 22.3
to 16.0% and from 31.2 to 7.7%, respectively). These compo-
nents have been replaced by elevated amounts of peptide 3
(16.4%) (a monomeric tripeptide subunit with an added seryl-
alanine branch on the € amino group of lysine) and peptide 7
(14.6%), a dimer composed of a tetra- and a tri-peptide sub-
unit each carrying the seryl-alanine substituent and cross-
linked through the seryl-alanine dipeptide. The peptidoglycan
of Czech 2 also contained increased proportions of peptides
IV, V, and VI, and the representation of peptides 5 and 6
remained high (15.4 and 8.3%, respectively). The amounts of
monomeric and dimeric/trimeric peptides were 40 and 60%,
respectively, and the ratio of branched to linear peptides
was 1.9, in contrast to 0.4 in the species-specific pneumococ-
cal peptidoglycan and 24.0 in the peptidoglycan variant Hun
663.

DISCUSSION

Pneumococcal clinical isolates share a common cell wall
stem peptide pattern which appears to be independent of geo-
graphic origin, date of isolation, and serotype. The character-
istic features of this pattern are a high proportion of peptides
1, 4, and 5 containing linear subunits and a very low represen-
tation of branched peptides (particularly peptides IV through
IX). This pattern has been identified in over 30 pneumococcal
strains expressing nine different serotypes (2, 3, 4, 6A, 6B, 10,
15B, 19, and 23F) and isolated between 1916 and 1995 in
Scandinavia, Spain, South Africa, and the United States. The
results described in this paper suggest that the conservation of
this species-specific peptidoglycan extends to a remarkably
precise reproduction of the proportions of 18 cell wall stem
peptides resolved by our technique. Our data confirm the va-
lidity of the biochemical classification system proposed by

Schleifer and Kandler (25) and extend it to the high level of
resolution provided by the HPLC analysis.

The two groups of pneumococcal isolates expressing the
peptidoglycan structural variants 1 and 2 have grossly differ-
ent stem peptide compositions. The mechanism(s) that is re-
sponsible for these drastic alterations in composition is not
understood. Several conceivable mechanisms may be consid-
ered.

Changes in peptidoglycan composition (on the level of res-
olution allowed by the HPLC technique) have been observed
as a function of growth rate and/or growth phase (10), and
peptidoglycan composition can also vary under the influence of
certain compounds added to the medium (for instance, high
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FIG. 3. Stability of stem peptide HPLC fingerprints. Cultures of the penicil-
lin-resistant strain HUN 663 were passaged in vitro in drug-free medium [Hun
663 (tp)] or in vivo in the mouse [Hun 663 (mp)], as described in the text.
Peptidoglycans were prepared (as described in Materials and Methods) from
strain Hun 663 before passage, after the in vitro and in vivo passages, and also
from the resistant strains Hun 665, Hun 963, and the penicillin-susceptible
laboratory strain R36A. The HPLC fingerprints were prepared as described in
Materials and Methods. Roman numerals refer to some branched stem peptides
frequently seen in the resistant pneumococci; arabic numerals indicate the po-
sitions of linear peptides in the HPLC elution profiles.
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TABLE 3. Reproducibility of cell wall stem peptide composition in five separate cell wall preparations of S. pneumoniae Hun 663

Total peptide (%)

Peptide material (%)

L

/

B

Recovery (%) Monomer (%) Dimer and trimer (%)

Hun 663 prepn no.

Linear (L) Branched (B)

X

VII VIII

9

VI

111

11

24.0

96

60
60
61

40

52 8.0 79
77
79
83

2.1

19 23 62 90 06 238 0.1

1.3 0.6
14 05
1.3 05

1.1

79 234 48 08

20 0.1

24.0

96
96
96
96

40

1.5 24 59 88 07 228 04 23 56 84
1.5 26 65 94 08 235 03 23 55 76
14 27 64 93 05 229 04 20 54 78

14 27 6.6 9.1

47 09

1.7 04 79 241
19 03 8.1

2.1

24.0

39
40

23.0 42 09

24.0

60
61

0.5

04 83 239 43 08

24.0

39

22 55 82 75

0.6 235 0.1

1.0 05

1.8 03 83 236 4.0 07

24.0

96

60

40

06 233 03 22 54 80

236 44 09 12 05 15 26 63 9.1

1.9 03 81

Mean
SD

0.55

0.55

0.16 0.10 0.19 0.41 0.32 0.05 0.20 0.06 0.17 0.22 0.32 0.25 0.10 0.41 0.11 0.13 0.16 0.28

J. BACTERIOL.

TABLE 4. Analysis of stem peptides VII, VIII, and IX isolated
from peptidoglycan hydrolysate of strain Hun 665

HPLC retention
time (min)

Residue (mol/mol)

N
normalized to Gln M, (M + H)

Peptide

Ala Gln Lys Ser Observed Calculated Hun 665 Hun 663

VII 36 1.0 1.0 03 158460 1584.88  69.39 69.25
vl 33 1.0 1.1 03 158490 1584.88  69.82 69.73
IX 36 1.0 1.0 0.1 1568.80 1568.89  72.11 72.16

concentrations of glycine [19], b-amino acids [2], etc.). These
conditions cause alterations in the degrees of O acetylation
or de-N-acetylation (3) or may act through the perturbation
of steps in peptidoglycan biosynthesis. Nevertheless, such
phenomena do not explain the observations concerning the
pneumococcal peptidoglycan variants, since all strains were
grown under identical conditions and with comparable growth
rates.

A more likely mechanism for the drastically different pepti-
doglycan patterns observed in the pneumococcal peptidogly-
can variants may be that they reflect differences in the compo-
sition of the cell wall precursor pools of these strains. While all
strains seemed to be capable of producing most of the struc-
turally different stem peptides, the drastic and unique differ-
ences in the proportion of these may be the result of alteration
in the regulation or the rate of production of these compounds.
It is possible that such regulatory abnormalities (observed in
peptidoglycan variants 1 and 2) are related to the acquisition of
heterologous genetic elements, similar to the mechanism pos-
tulated for the origin of mosaic PBP genes in penicillin-resis-
tant strains of pneumococci (6, 8). A precedent for mutation-
ally altered muropeptide precursors replacing “normal”
muropeptide components and generating stable and unique
peptidoglycan types has been documented in the case of some
of the so-called auxiliary mutants of methicillin-resistant
Staphylococcus aureus. In these bacteria, transposon mutants
blocked partially at various stages of muropeptide biosynthesis
were shown to incorporate incomplete (abnormal) muropep-
tides into their peptidoglycan (5, 22). Detection of changes in
the proportion of linear versus branched cell wall precursor
muropeptides in the pneumococcal peptidoglycan variants
would require analysis of the lipid-soluble cell fractions, since
the substitution reactions on the diaminoacid residue occur in
the bactoprenol-linked form of muropeptides in other bacteria
(24).

Both groups of pneumococci expressing the abnormal pep-
tidoglycan compositions were penicillin-resistant isolates, and
the peptidoglycan changes may reflect alterations in the prop-
erties of peptidoglycan transpeptidases (PBPs) of these bacte-
ria (9, 18, 29). While there is general agreement concerning
the involvement of PBPs in terminal states of peptidoglycan
assembly, PBP mutants of E. coli showed no compositional
alteration in their peptidoglycan (16a). On the other hand,
drastic alterations were observed in the peptidoglycan com-
position of a pneumococcal laboratory mutant carrying a
truncated PBP3 gene (27). All the pneumococcal isolates
representing the two peptidoglycan structural variants con-
tained altered PBPs with reduced affinities for the antibi-
otic (11, 21). It has been suggested that such proteins may
also have suboptimal catalytic activities with their normal,
physiological substrates (16). It is possible that stem peptides
with different dipeptide substituents on the € amino group
of the diaminoacid residue may have superior binding proper-
ties to some domain in the structurally altered PBPs. In
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the production of the species-specific pneumococcal pepti-
doglycan, the “normal” PBPs would cross-link peptides 2
and 1 to generate the major dimeric component (peptide 4),
while transpeptidation of peptides 2 and 3 or 1 and II would
lead to the formation of dimeric components 5 and 6A, re-
spectively. Cross-linking of II and 3 would yield peptide 7, a
component less abundant in this peptidoglycan type (Fig. 4).
In contrast, the abnormal PBPs of strain Hun 663 may prefer-
entially utilize as donors in the transpeptidation reaction pen-
tapeptide subunits with alanyl-alanine substituents, while PBPs
of the Czech 2 clone producing the peptidoglycan variant 2
may prefer seryl-alanine-substituted pentapeptides for this re-
action (Fig. 4).

In current thinking, the evolution of altered PBP genes

®

species specific PG SepTide
modifyin
enzymes

normal PBPs

\@

in pneumococci involved heterologous recombinational events
leading to remodeled (mosaic) PBP genes encoding PBPs of
reduced affinities for the penicillin molecule (7). It is conceiv-
able that the acquisition of new genetic elements also included
determinants of stem peptide branching enzymes or muta-
tional events in regulatory genes that control the rate of pro-
duction of branched-structured muropeptides (Fig. 5).

How the unique peptidoglycans with precise proportions
of a large number of stem peptide building blocks are repro-
duced in each cell division in pneumococci and other bacteria
is a question of fundamental interest. The availability of the
naturally occurring peptidoglycan mutants of pneumococci
as described in this communication should provide experi-
mental systems to explore this question.

@

m PG variant 1 (Hun)

PG variant 2(Czech)
altered PBPs

FIG. 5. Model for the genetic changes underlying the peptidoglycan alterations observed in the pneumococcal peptidoglycan (PG) variants 1 and 2. Symbols are

as described in the legend to Fig. 4.
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