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Structure of Peptidoglycan from Thermus thermophilus HB8
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The composition and structure of peptidoglycan (murein) extracted from the extreme thermophilic eubac-
terium Thermus thermophilus HB8 are presented. The structure of 29 muropeptides, accounting for more than
85% of total murein, is reported. The basic monomeric subunit consists of N-acetylglucosamine-N-acetylmu-
ramic acid-L-Ala-p-Glu-L-Orn-p-Ala-p-Ala, acylated at the 5-NH, group of Orn by a Gly-Gly dipeptide. In a
significant proportion (about 23%) of total muropeptides, the N-terminal Gly is substituted by a residue of
phenylacetic acid. This is the first time phenylacetic acid is described as a component of bacterial murein.
Possible implications for murein physiology and biosynthesis are discussed. Murein cross-linking is mediated
by p-Ala-Gly-Gly peptide cross-bridges. Glycan chains are apparently terminated by (1—6)anhydro N-acetyl-
muramic acid residues. Neither reducing sugars nor murein-bound macromolecules were detected. Murein
from T. thermophilus presents an intermediate complexity between those of gram-positive and gram-negative
organisms. The murein composition and peptide cross-bridges of T. thermophilus are typical for a gram-positive
bacterium. However, the murein content, degree of cross-linkage, and glycan chain length for 7. thermophilus
are closer to those for gram-negative organisms and could explain the gram-negative character of Thermus spp.

Thermophilic eubacteria of the genus Thermus are receiving
considerable attention for their biotechnological potential.
They are important sources for thermostable enzymes and are
appropriate organisms for genetic engineering and manipula-
tion of genes from reluctant thermophiles (4, 32, 33). Thermus
thermophilus is delimited by a complex cell envelope (7, 12, 42).
This bacterium grows as slender, flexible rods, rather variable
in length, that are negative for the Gram reaction (8). Electron
microscopy of thin-sectioned specimens shows a multilayered
organization of the cell envelope. A thin peptidoglycan (syn-
onym: murein) layer is revealed to be sandwiched between the
cytoplasmic membrane and a thick layer (~30 nm) of amor-
phous material. A protein S-layer masked by amorphous ma-
terial forms the outermost layer of the cell envelope (7, 12).
The S-layer and the murein sacculus interact with each other in
spite of the intermediate amorphous layer. The S-layer mono-
meric protein (P,,,) can be extracted from cell envelope prep-
arations by Triton X-100 only when murein has been previ-
ously degraded. Otherwise, P,,, remains in the insoluble,
murein-containing fraction (19). Furthermore, murein has a
strong influence on the crystallographic characteristics of P,
planar arrays (12, 13). The S-layer-murein interaction seems to
be also important on physiological terms. S-layers are often
dispensable (37). However, S-layer-deficient mutants of T.
thermophilus are seriously impaired in growth and morphology
(32). The morphogenetic involvement of the T. thermophilus
S-layer could be related to unusual properties of the murein
sacculus, perhaps forced by adaptation to thermophilic condi-
tions.

The application of high-performance liquid chromatography
(HPLC) and mass spectrometry (MS) techniques (1, 22, 45)
made it possible to investigate the muropeptide composition of
mureins from a small number of sources in the last few years
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(9, 14, 20, 23, 46, 48, 58). Substantial structural information can
be derived from muropeptide composition data (10, 14, 23, 44).
Nevertheless, methodology is still far from routine. Murein
from Escherichia coli, the best known example, yields 50 to 60
peaks upon HPLC, of which about 40 have been fully charac-
terized (22, 23).

The prospect of structural analysis of 7. thermophilus murein
was particularly appealing. Murein properties of extreme ther-
mophilic eubacteria have not been studied in depth yet. How-
ever, specific adaptations are likely, as has been demonstrated
for other cell envelope constituents (7, 18, 41). The apparent
interaction between murein and the S-layer is indicative of
peculiarities in the organization of the cell wall that are re-
quired for proper morphogenesis.

Early studies of the murein composition of T. thermophilus
revealed the presence of Ala, Glu, Gly, and Orn in addition to
N-acetylglucosamine (GIcNAc) and N-acetylmuramic acid
(MurNAc). Diaminopimelic acid, the canonical diamino acid
in gram-negative cell walls, was not detected (42, 53). There-
fore, the murein sacculus of 7. thermophilus was likely to be
one of the rare exceptions to the rule for gram-negative bac-
teria (31, 53). Murein from 7. thermophilus is also interesting
from a methodological point of view. Existing data suggest a
degree of structural complexity intermediate between the com-
plexities of gram-positive and other gram-negative bacteria (7,
42) which seems adequate to evaluate the capacities of avail-
able analytical methodologies. A better knowledge of murein
structure should facilitate further advancements in the eluci-
dation of the structure of the Thermus spp. cell envelope and
its involvement in the adaptation to life at high temperatures.

MATERIALS AND METHODS

Bacterial strains and growth conditions. 7. thermophilus HB8 (ATCC 27634)
(40) and E. coli MC6RP1 (K-12, F~ proA leuA thr dra drm lysA thi) (47) were the
bacterial strains used throughout this work. The cultivation of 7. thermophilus
was performed in a 20-liter fermentor (Biostat-UD; B. Braun Biotech Interna-
tional GmbH, Melsungen, Germany) at 75°C under strong aeration in a medium
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consisting of 4 g of yeast extract per liter, 8 g of Bacto Peptone per liter, and 3
g of NaCl per liter (pH 7.5) (32). Cultures of E. coli were grown in flasks
containing Luria-Bertani medium (34) at 37°C, under vigorous aeration. Growth
was monitored by measuring the optical densities of the cultures at 550 nm.

Murein extraction and muramidase digestion. Murein was extracted in the
boiling sodium dodecyl sulfate (SDS)-insoluble fraction as described previously
(22, 23, 44). To remove colored contaminants, possibly carotenoids, the murein
fraction was resuspended in 4% SDS, incubated in a boiling water bath for 1 h,
and sedimented by centrifugation (three cycles of 150,000 X g, 1 h, 30°C). The
murein was washed until it was free of SDS and was further processed for
muramidase digestion with Cellosyl (Hoechst, Frankfurt, Germany) as described
previously (22, 23). The reaction was stopped by incubating the samples for 5 min
in a boiling water bath. Insoluble material was removed by centrifugation (10,000
X g, 10 min). Muropeptides were reduced with NaH,B and kept frozen at —70°C
or were immediately subjected to further treatments.

Quantification of diamino acids in murein samples. Murein and muropeptide
concentrations were routinely calculated from the diamino acid content. Samples
were hydrolyzed in 6 N HCI (12 h, 105°C), vacuum dried, and resuspended in an
appropriate volume of distilled water, and the concentration of Orn or meso-
diaminopimelic acid was quantified by the ninhydrin assay as described previ-
ously (61).

Quantification of reducing sugars in murein fractions. The amount of reduc-
ing sugars in murein was estimated as described by Ghuysen et al. (21). Murein
samples (1 mg of Orn) were divided into two aliquots. One of them was digested
to completion with muramidase (Cellosyl) (20 pg/ml, 12 h, 37°C in 50 mM
sodium phosphate buffer, pH 4.9) to release muropeptides with reducing Mur-
NAc residues. The reducing power was measured for each sample following color
formation at 690 nm, and the proportion of reducing sugars in each aliquot was
calculated.

Galactosylation of murein. The galactosylation of terminal GlcNAc residues
of murein glycan chains was performed as previously described (3, 52). Triplicate
samples of murein (60 nmol of diamino acid) were incubated with milk galac-
tosyltransferase (0.2 U) in the presence of 20 pg of a-lactalbumin-UDP-[*H]
galactose (1 mM, 100 wCi/umol) in a total volume of 100 pl of 10 mM MnCl,-50
mM MOPS (morpholinepropanesulfonic acid) buffer, pH 7.4, for 2 h at 37°C.
The reaction was stopped by incubating samples 1 min at 90°C, and a known
amount (0.3 mg of diamino acid) of unlabeled murein was then added to each
sample. Samples were repeatedly centrifuged (300,000 X g, 15 min) and resus-
pended in water, until no radioactivity (<500 cpm/ml) was detectable in the
supernatant. Pellets were then resuspended in water, hydrolyzed in 6 N HCI
(12 h, 100°C), vacuum dried, resuspended in an appropriate volume of distilled
water, and divided into two equal parts. One part was used to measure incor-
porated radioactivity by liquid scintillation, while the second part was further
processed to measure diamino acid concentration as described above. The com-
parison of the initial and final murein concentrations allowed the correction for
loss during processing.

HPLC analysis of murein composition and muropeptide purification. Mur-
amidase-digested samples were analyzed by HPLC according to the method of
Glauner et al. (23) on a Hypersil RP18 column (250 by 4 mm, 3-pm diameter
[particle size]; Teknochroma, Barcelona, Spain). Elution buffers were 50 mM
sodium phosphate, pH 4.35 (A), and 15% (vol/vol) methanol in 75 mM sodium
phosphate, pH 4.95 (B). Elution conditions were as follows: 7 min of isocratic
elution in buffer A, 115 min of linear gradient to 100% of buffer B, 50 min of
isocratic elution in buffer B. The flow rate was 0.5 ml/min, and the column
temperature was 40°C. Muropeptides were collected at the detector outlet,
vacuum dried, resuspended in water, and desalted by HPLC as described previ-
ously (10). For MS analysis, muropeptides were further purified as indicated
below.

Dinitrophenylation and amino acid analysis. Samples of purified muropep-
tides were dinitrophenylated as previously described (10). Aliquots of murein
and native or dinitrophenylated muropeptides were hydrolyzed in 6 N HCI (12 h,
100°C), derivatized with O-phthaldialdehyde (OPA), and subjected to amino
acid analysis by HPLC as reported previously (10).

Partial acid hydrolysis and peptide analysis of murein and muropeptides.
Murein or muropeptide samples (20 to 30 wg of Orn) were hydrolyzed in 2 N
HCI for 1 h at 80°C. Hydrolysates were vacuum dried, resuspended in water,
OPA derivatized, and analyzed by HPLC on a Hypersil RP18 column (250 by 4
mm; particle size, 3 um) with commercial peptides as reference compounds.
Elution buffers were tetrahydrofurane-methanol-50 mM Na,HPO, plus 50 mM
sodium acetate (pH 7.5) (2:2:96) (buffer A) and 65% (vol/vol) methanol (buffer
B). The elution conditions were as follows: 8 min of isocratic elution in buffer A,
7 min of linear gradient to 60% of buffer A and 40% of buffer B, 30 min of
isocratic elution in 60% buffer A and 40% buffer B, and 75 min of linear gradient
to 100% of buffer B. The flow rate was 0.5 ml/min, and the eluate was monitored
at 365 nm.

Affinity chromatography on vancomycin-Sepharose. Vancomycin-Sepharose
was prepared as described before (15). Muropeptides with D-Ala-D-Ala C-ter-
minal dipeptides are specifically retained and elute only at high pHs, while other
muropeptides are readily washed out of the column. A muramidase-digested
murein sample containing 0.5 mg of Orn in 1 ml of 20 mM Tris-HCI, pH 7.0, was
loaded onto a vancomycin-Sepharose column (matrix bed volume, 1.8 ml) equil-
ibrated in 20 mM Tris-HCI, pH 7.0, buffer. The column was washed with 7 ml of
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water and then was eluted stepwise with equal volumes (7 ml) of OH(NH,)
solutions adjusted to pH 9, 10, and 11. Eluted fractions were collected, vacuum
dried, resuspended in 50 mM sodium phosphate (pH 4.35), and subjected to
HPLC analysis as described for muropeptide analysis.

Enzymatic modification of murein-derived amino acids. Conversion of Orn
into citrulline by L-ornithine carbamyltransferase was assayed as described pre-
viously (38, 43). A sample of murein (100 ug of Orn) was digested with mur-
amidase, and the solubilized muropeptide mixture was subjected to acid hydro-
lysis (6 N HCI, 12 h, 105°C). The hydrolysate was dried and resuspended in water.
Aliquots (containing 25 pg of Orn) of the hydrolysate were treated with 3 U of
enzyme (620 U/mg of protein) in 50 mM Tris-HCI buffer, pH 8.5, in a total
volume of 100 wl, for 1 h at 37°C. The reaction was stopped by heating the
samples to 90°C for 1 min. Protein was precipitated by mixing the samples 1:2
with cold (—20°C) acetone. After 5 min, the samples were centrifuged (10,000 X
g, 10 min) and supernatants were vacuum dried, resuspended in 250 mM sodium
borate buffer, pH 10, and derivatized with OPA. The conversion of Orn into
citrulline was assessed by HPLC as described for amino acid analysis.

Conversion of Glu into y-aminobutyric acid by L-glutamic decarboxylase was
assayed as reported previously (25). Aliquots from the same muropeptide hy-
drolysate as above, or from a solution of L-Glu containing 20 pg of Glu, were
incubated with 3 U of L-glutamic decarboxylase (21.3 U/mg of protein) and 50
mM phosphate buffer, pH 5.0, in a total volume of 100 pl, for 1 h at 37°C. The
reaction was stopped, and samples were further processed as described above to
measure Glu and y-aminobutyric acid in the reaction mixtures by HPLC.

Conversion of Ala into pyruvate by L-amino acid oxidase was assayed as
reported previously (39). A sample (20 g of Orn) of a purified muropeptide was
hydrolized as described above. The hydrolysate was dissolved in water and
digested with 0.5 U of L-amino acid oxidase (1.6 U/mg of protein) in 0.3 mM
EDTA-50 mM phosphate buffer, pH 7.9, in a total volume of 100 pl, for 1 h at
37°C. The reaction was stopped, and the amount of residual Ala was determined
by HPLC as described above.

Enzyme activity units were defined in all instances as the amount of enzyme
required to convert 1 wmol of substrate per min under the conditions described
above.

Preparation of muropeptides for MS. Desalting and final purification of the
collected fractions for mass spectrometric analysis were performed on an HP
1090 high-performance liquid chromatograph or an ABI 172 microliquid chro-
matograph with an octyldecyl silane Hypersil column (Shandon Scientific) (par-
ticle size, 3.5 pm; pore size, 120 A [12 nm]; column dimensions, 250 by 4 mm or
100 by 2.1 mm). The solvent gradient used was linear from 100% ultrapure water
(18 MQ ™! em™1), generated by an Elgastat apparatus (Elga) and containing
0.05% trifluoroacetic acid, to 40% acetonitrile, containing 0.035% trifluoroacetic
acid, from 5 to 45 min. The flow rate was 1 ml/min for the standard column or
0.1 ml/min for the liquid chromatography microcolumn. The column tempera-
ture was maintained at 30°C, and the UV absorbance detector was operated at
210 nm.

MS of muropeptides. Positive and negative ion “>*californium plasma desorp-
tion (PD) mass spectra were obtained with a Biolon 20 time-of-flight mass
spectrometer under the following conditions: length of drift region, 141 mm;
accelerating voltage, 17 to 20 kV (positive ion detection) and 15 kV (negative ion
detection); time resolution, 1 ns per channel; spectrum accumulation time, 2 X
10° to 5 X 10° fission events (positive ion mass spectra) or 5 X 10° to 1 X 107
(negative ion mass spectra). Mass calibrations were based on H* and Na* ions
for positive ion PD mass spectra and on H™ and CN™ ions for negative ion PD
mass spectra. All muropeptides were dissolved in 2 to 5 wl of 0.1% trifluoroacetic
acid and were deposited onto nitrocellulose-covered targets (50). After positive
and negative ion MS measurement, our previously described nitrocellulose sand-
wich technique (1) for removing alkali contaminants without sample loss was
applied to enhance protonated and deprotonated molecular ion yields.

Positive ion electrospray ionization (ESI) mass spectra were acquired on a
Perkin Elmer Sciex API-III triple quadrupole mass spectrometer fitted with an
articulated, pneumatically assisted nebulization probe and an atmospheric pres-
sure ionization source. The tuning and calibration solution consisted of a mixture
of polypropylene glycols 425, 1000, and 2000 (3.3 X 107>,1 X 1074, and 2 X 10~*
M, respectively) in water-methanol-formic acid (50:50:0.1, vol/vol/vol) containing
1 mM ammonium acetate. Purified peptidoglycan monomer samples were dis-
solved in acetonitrile-water (1:1, vol/vol) containing 0.1% trifluoroacetic acid.
Direct infusion of the sample solution into the electrospray chamber was per-
formed with a syringe pump at a flow rate of 3 wl/min. The ion spray source was
operated in the positive ion mode at a sampling-orifice potential of 65 V.
High-purity air served as the nebulizing gas and was kept at an operating pres-
sure of 250 kPa. Nitrogen gas (99.999%) was used as the curtain gas at a constant
flow of 0.8 liter/min. For collision-induced dissociation (CID) tandem MS ex-
periments, precursor ion selection was performed at unit resolution. Precursor
ions were selectively transmitted by the first quadrupole mass analyzer and
directed into the radio frequency-only quadrupole collision cell containing argon
gas. The collision gas thickness was maintained at 7 X 10'# molecules cm~2, and
the selected collision energy was 250 eV (laboratory frame of reference). CID
spectra were obtained after collision by scanning the second quadrupole mass
analyzer to record the fragment ion products. The CID spectrum (see Fig. 3)
represents the average of 12 scans obtained with a scan time of 3.88 s across the
m/z range 100 to 1,200.
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Chemical modification of phenylacetic acid. Samples of commercial and
murein-derived phenylacetic acid were chemically treated to obtain phenylacet-
amide, N-methyl-phenylacetamide and methylphenyl acetate. Samples of 100 g
of phenylacetic acid were dissolved in 1 ml of C1,SO and were kept under reflux
for 3 h, and then CI,SO was removed by evaporation under vacuum. The residual
material was mixed with 1-ml solutions of 25% OH(NH,), 40% CH;NH,, or
CH;0H and allowed to react for 1 h at room temperature. In the first two cases,
the mixtures were extracted with chloroform, the organic phase was washed with
water and dried with Na,SO,, and chloroform was evaporated. In the third case,
methanol was evaporated, and the residue was dissolved in 50 mM NaHCO; and
extracted with chloroform. The organic phase was dried with Na,SO,, and
chloroform was evaporated. The derivatives were then dissolved in 10% aceto-
nitrile in water and analyzed by HPLC (Hypersil RP18 column; 250 by 4 mm;
particle size, 3 um). Chromatography was performed at a flow rate of 0.5 ml/ml
under isocratic conditions in 15% acetonitrile for phenylacetamide and N-meth-
yl-phenylacetamide (retention times [RTs], 18 and 24 min, respectively) or in
30% acetonitrile for methyl ester (RT, 46 min). Elution was monitored by
measuring the A,sg of the eluate.

Enzymes, chemicals, and radioactive products. Enzymes were purchased from
Sigma-Aldrich Quimica S.A. (Alcobendas, Spain) and E. Merck (Darmstadt,
Germany). Radioactive products were from Amersham Iberica (Madrid, Spain).
Solvents for HPLC were of the highest grades from E. Merck and Scharlau S.A.
(Barcelona, Spain). Products for bacterial growth media were from Difco Lab-
oratories (Detroit, Mich.), and general chemicals were from E. Merck, Sigma,
and Scharlau.

RESULTS

Murein content of 7. thermophilus. Electron microscopy re-
vealed a thin murein layer in the cell envelope of T. thermophi-
lus (7, 32). However, no quantitative data were available.
Therefore the amount of murein per dry weight unit was de-
termined by chemical quantification of Orn in samples of
murein purified from a known amount of cells. The result, 14
pmol of Orn per g (dry weight), is roughly one-half the amount
of meso-diaminopimelic acid (27 pmol/g) measured in E. coli
cells in a parallel experiment.

Murein from T. thermophilus HBS is quantitatively solubi-
lized by muramidase digestion. Application of the normal
murein purification method to T. thermophilus HBS yielded a
fraction which still contained considerable amounts of mur-
amidase-resistant, insoluble material. Incomplete solubiliza-
tion of murein would call any subsequent analysis into serious
question. To investigate solubilization, the amount of Orn, a
component likely to be exclusive of murein, was measured in
total, muramidase-solubilized, and muramidase-resistant frac-
tions. Fractions were subjected to acid hydrolysis, OPA deri-
vatization, and HPLC analysis. At least 97% of total Orn was
recovered in the muramidase-solubilized fraction. Aspartic
acid was found in the SDS-insoluble fraction but was absent in
muramidase-solubilized material. Comparison of Asp content
in total and muramidase-insoluble fractions indicated that the
latter accounted for 10% of total SDS-insoluble material. In-
cidentally, muramidase-undigested material was pronase and
amylase resistant. Treatment with both enzymes is part of the
standard murein purification procedure (22, 23).

Murein from T. thermophilus HB8 has a low reducing sugar
content. Samples of murein from 7. thermophilus HB8 and E.
coli (nonreducing murein [23]) were subjected to the Park-
Johnson test as modified by Ghuysen et al. (21). As positive
controls, samples of both mureins were digested with murami-
dase to generate reducing muropeptides before the colorimet-
ric assay. The results were similar for both mureins, indicating
very low reducing sugar contents, 0.5 to 0.9% and 0.9 to 1.1%
of total murein sugars for 7. thermophilus and E. coli, respec-
tively. It is interesting to note that the negative result for T.
thermophilus indicates the absence of reducing sugars in the
muramidase-resistant fraction copurified with murein.

Galactosylation of murein from 7. thermophilus HB8. Milk
galactosyltransferase is able to catalyze the transfer of a galac-
tosyl residue from UDP-galactose to the OH at position 4 of
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GlcNAc (15). The molar ratio of diamino acid to bound ga-
lactose gives the number of disaccharide units per glycan chain
(3, 52). Murein from E. coli was used as a reference because
the mean length of glycan chains can be estimated directly by
HPLC analysis to calibrate this method (23).

Samples of T. thermophilus and E. coli murein incorporated
[PH]galactose to similar extents. Murein from 7. thermophilus
incorporated (7.2 = 0.32) X 10° dpm/wmol of Orn, while (8.8
+ 0.28) X 10° dpm/wmol of diaminopimelic acid was incorpo-
rated into E. coli murein (values = standard errors). The
corresponding values for the diamino acid-to-galactose molar
ratio, i.e., disaccharide units per glycan chain, were 30 and 25
for T. thermophilus and E. coli, respectively. The value for E.
coli was in good agreement with the HPLC determination: 22
disaccharide units per glycan chain, indicating a high level of
efficiency of the labeling reaction.

HPLC analysis of muramidase-digested murein from 7.
thermophilus HB8. Muramidase digests of T. thermophilus
murein were fractionated by HPLC as described previously for
E. coli murein (22, 23, 44). Optimization experiments indicated
that a longer time under final elution conditions was required
to ensure the detection of some late-eluting components. The
elution pattern was completely unrelated to the profile for E.
coli murein treated likewise (Fig. 1). Assuming that most peaks
would correspond to authentic muropeptides, murein from 7.
thermophilus looked more complex than that from E. coli. The
more abundant components (Fig. 1, numbered peaks and
peaks A to E) appeared as well-resolved peaks in the elution
profile for T. thermophilus. The set of numbered components
accounted for 85% of the total integrated peak areas.

Effects of pronase and alkali treatments on muropeptide
elution pattern of T. thermophilus HB8 murein. Murein-bound
lipoproteins are a common feature of the cell wall in gram-
negative bacteria (6, 48). The omission of pronase treatment in
the purification procedure leads to the obtention of murein
with intact bound protein. Comparison of HPLC elution pro-
files for muramidase digests of pronase-treated and untreated
samples permits the identification of the protein-anchoring
muropeptides. The omission of pronase treatment had no de-
tectable effect on the HPLC elution pattern of T. thermophilus
muropeptides, suggesting the absence of murein-bound pro-
teins. Furthermore, proteins could not be detected by electro-
phoretic analysis of muramidase-digested, pronase-untreated
murein samples (data not shown).

The peculiar amino acid composition of T. thermophilus
murein (Table 1) (42, 53), similar to those of some gram-
positive bacteria, made us speculate on the presence of tei-
choic acids. To investigate this possible presence, a sample of
murein was treated with 0.1 N NaOH for 2 h at room temper-
ature, prior to muramidase digestion and HPLC analysis. Al-
kali treatment causes hydrolysis of the teichoic acid-murein
linking unit, generating muropeptides with a MurNAc-modi-
fied residue which should be detectable as new or modified
peaks in the HPLC elution pattern (26). However, no differ-
ences between control and alkali-treated samples were de-
tected.

Composition of murein components in 7. thermophilus HBS.
Major components of murein (Fig. 1B, numbered peaks and
peaks x and y) were purified and desalted by HPLC. Samples
of each fraction were subjected to acid hydrolysis and amino
acid analysis (Table 1). All numbered components in Fig. 1B
contained Ala, Glu, Orn, and (with the exception of peak 1)
Gly. Glu and Orn were always present in essentially equimolar
amounts, while the proportions for Ala and Gly were widely
variable. Glucosamine and muramic acid were found in all
samples; however, the method used was not appropriate for
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FIG. 1. Analysis of murein composition by HPLC. Samples of murein from E. coli (A) and from T. thermophilus HB8 (B and C) were subjected to HPLC analysis,
and the A,(4s (A and B) and 4,55 (C) of the eluates were monitored. (A) Muropeptides of E. coli: peak 1, GlcNAc-MurNAc-L-Ala-p-Glu—m-diaminopimelate-p-Ala;
peak 2, GlcNAc-MurNAc-1-Ala—D-Glu-m-diaminopimelate-L-Lys-L-Arg; peak 3, bis(GlcNAc-MurNAc-L-Ala-D-Glu-m-diaminopimelate-p-Ala); peak 4, tris
(GleNAc-MurNAc-L-Ala-D-Glu-m-diaminopimelate-p-Ala) (22, 23, 48). (B and C) Numbers and letters identify the components of T. thermophilus murein and

correspond between the two panels.

the quantification of amino sugars. No other OPA-reacting
compounds were detected in the samples. Peaks x and y (ca.
2% of the total integrated area) rendered only traces of OPA-
reacting compounds that, except for Glu, could not be identi-
fied.

Minor components could not be individually analyzed. How-
ever, series of minor peaks were collected together (Fig. 1B,
pools I and IT) and the mixtures were subjected to amino acid
analysis. The only amino acids and amino sugars detected in
the pooled fractions were the same as those found in the major
components. These results indicate that the major murein
components, and a substantial number of the minor ones, are
genuine muropeptides.

In muropeptides, the amino acids with free NH, groups are
the potential acceptors for the transpeptidation reaction re-
sponsible for murein cross-linking. To identify the residues
with free NH, groups, samples of purified muropeptides were
subjected to dinitrophenylation and amino acid analysis as
described above. The results shown in Table 1 clearly indicate
the presence of free NH, groups in either Orn (peaks 1 and 3)
or Gly (peaks 2 to 11 and 16). No significant variations (<15%)
were detected for muropeptides 12 to 15 and 17 to 20. The
facts that in most muropeptides none of the NH, groups of

Orn was amenable to dinitrophenylation and the concomitant
presence of free NH, groups on Gly suggest polyglycine-me-
diated cross-linking, which is common for gram-positive bac-
teria (53). The apparent absence of free NH, groups in some
muropeptides suggests an oligomeric nature. Cross-linking
could reduce the proportion of NH,-free to acylated amino
acid to below detection level. The blockade of free NH, by a
non-OPA-reacting compound would be a likely alternative of
an absence of free NH, groups.

Identification of muropeptides with p-Ala-p-Ala C-terminal
dipeptides. Muropeptides with the p-Ala-Dp-Ala dipeptide in-
teract strongly with vancomycin (15, 16). Muramidase-digested
murein was subjected to affinity chromatography on vancomy-
cin-Sepharose, and the retained muropeptides were subse-
quently identified by HPLC. The results are summarized in
Table 1. Murein of T. thermophilus was rich in muropeptides
containing D-Ala-D-Ala (42.6% of the total integrated area).
Interestingly, preservation of the p-Ala-D-Ala dipeptide was
not restricted to any particular class of muropeptides.

Determination of relative molecular masses of muropep-
tides from 7. thermophilus HB8 by PD MS. The determination
of the precise molecular masses of the different muropeptides
was crucial to define their structures. Muropeptides were an-
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TABLE 1. Compositions of native and dinitrophenylated murein components

Composition”

Component? RT (min) Native® Dinitrophenylated Vancomycin binding
Orn Ala Gly Glu Orn Ala Gly
1 39.2 0.8 2.2 0 1 0 2.1 0 -
2 449 1.0 0.9 2.6 1 0.7 0.8 1.3 -
3 49.8 1.1 1.5 0.3 1 0.3 1.9 0 +
4 50.9 0.9 1.7 1.9 1 0.8 1.8 1.1 -
5 532 1.0 2.0 1.6 1 1.0 2.0 1.0 -
6 53.7 0.9 1.9 33 1 0.8 1.7 1.7 -
7 573 0.9 2.8 0.7 1 1.1 3.0 0 +
8 59.8 1.2 32 24 1 0.9 2.7 0.9 +
9 88.7 1.1 2.2 1.9 1 1.0 2.2 1.2 -
10 89.6 1.0 2.1 2.2 1 0.9 2.0 1.3 -
11 922 0.9 23 1.4 1 0.9 2.5 1.0 +
12 93.3 1.0 2.4 1.7 1 1.0 2.6 1.4 +
13 107.0 0.9 1.9 1.8 1 0.9 1.5 1.4 -
14 108.7 1.1 2.2 2.0 1 1.1 2.5 1.9 +
15 119.4 0.8 2.2 1.5 1 0.8 1.6 1.3 +
16 120.5 0.8 2.2 1.7 1 0.7 24 1.3 +
17 126.0 0.8 1.9 1.4 1 1.2 1.9 1.3 -
18 133.8 0.9 2.6 0.7 1 0.8 3.0 1.0 +
19 145.8 1.1 2.1 1.3 1 0.9 1.7 1.2 -
20 150.7 0.8 23 1.4 1 0.9 2.3 1.5 -
Pool 1 60 to 80 1.0 1.9 1.3 ND“ ND ND ND ND
Pool II 95 to 105 0.7 1.7 0.8 ND ND ND ND ND

“ Components are numbered as indicated in Fig. 1.
b Relative to glutamic acid.

¢ All native components were positive for Glc and Mur, relative to glutamic acid.

4 ND, not done.

alyzed by #*Cf time-of-flight PDMS in both the positive and
negative ion modes (1, 11). The results of the analyses are
presented in Table 2. The spectra of a series of representative
muropeptides, including monomers, dimers, and trimers, are
shown in Fig. 2. The PD MS analyses revealed the presence of
two muropeptides each in peaks 3, 10, 15, 17, and 19. Each
component was designated with the number of the peak plus a
or b for the muropeptide of lower or higher m/z, respectively.
A theoretical composition for each muropeptide was deduced
from the experimental m/z values and the analytical data in
Table 1. Amino sugars were supposed to be N-acetylated as is
the rule for mureins (9, 14, 20, 23, 46, 48, 53, 58). The exper-
imental m/z values are compared in Table 2 with the values
calculated for each muropeptide according to the correspond-
ing theoretical composition.

The m/z values for components 1 to 14 were consistent with
a series of muropeptides based on a common backbone of
GIcNAc-MurNAc-Ala-Glu-Orn, with a variable number of Ala
and/or Gly residues bound to the a-carboxyl and &-amino
groups of Orn. The m/z values identify muropeptides 1 to 8 as
monomers, 9 to 12 as cross-linked dimers, and 13 and 14 as
cross-linked trimers.

On the contrary, the m/z values for the muropeptides num-
bered 15 and greater did not fit with any integer number
combination of the detected components. However, it was
possible to deduce a series of best-fitting likely structures com-
patible with the analytical data presented in Table 1 and with
the backbone proposed for muropeptides 1 to 14. Comparison
of the measured and calculated m/z values for these muropep-
tides revealed two groups of compounds; the first group com-
prised muropeptides 15b and 16, and the second group com-
prised muropeptides 15a and 17a to 20.

Muropeptides 15b and 16 had the same compositions as
muropeptides 11 and 12, respectively, but each with a mass

defect of 20.5 Da (Tables 1 and 2). The difference in mass is
the one expected (20.03 Da) for the substitution of a MurNAc
residue by (1—6)anhydro-MurNAc. It is important to notice
that MurNAc in muropeptides is reduced with NaH,B to N-
acetylmuramitol, increasing the mass of the muropeptide by 2
Da per MurNAc residue. However, (1—6)anhydro-MurNAc is
not susceptible to NaH,B reduction. This explains why the
expected defect in mass was 20.03 Da instead of the 18.02 Da
accounted for by the loss of a water molecule. Muropeptides
with (1—6)anhydro-MurNAc (anhydro muropeptides) are nor-
mal components of murein in E. coli and other bacteria (23,
48). Anhydro muropeptides occupy the 1-terminal positions of
the glycan chains, explaining the absence of reducing sugars.
The second group of muropeptides with abnormal m/z val-
ues (15a and 17a to 20) had in common a mass excess of 118
Da over the calculated values for the theoretical best-fit com-
binations. As far as the amino sugar and amino acid composi-
tion are concerned, muropeptides 17a to 20 had equivalents
with the expected molecular masses (17a, 3a; 17b, 4; 18, 7; 19a,
9; 19b, 10a; 20, 11). This suggests that the components with the
118-Da mass excess form a family of muropeptides bearing a
common substituent (X) not detected before. A very similar
situation led to the discovery of N-acetylputrescine-modified
muropeptides in murein from cyanelles of Cyanophora para-
doxa (46). The putative modified muropeptides, which appar-
ently included both monomers (15a and 17a to 18) and cross-
linked dimers (19a to 20), accounted for a substantial fraction
of total muropeptides (23.2% of the integrated area; Fig. 1B).
Determination of structure of muropeptides 8 and 18 by ESI
with tandem MS. Muropeptide 8 was the best candidate to rep-
resent the basic muropeptide for 7. thermophilus murein. It is a
monomer and has the p-Ala-D-Ala terminal dipeptide, two Gly
residues (one of them amenable to dinitrophenylation), and an
acylated 8-amino group of Orn, and relative molecular mass
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TABLE 2. Calculated and measured m/z values for protonated and deprotonated molecular ions of major muropeptides

mlz Am Muropeptide composition
Muropeptide® Ton Da)? Error (%)°
Calculated Measured (Da) Gle? Mur® Glu Om Ala Gly

1 M + H]* 884.91 885.2 0.29 0.03 1 1 1 1 2 0
[M — H] 882.90 881.2 —-1.70 -0.19

2 [M + H]* 984.99 985.5 0.51 0.05 1 1 1 1 1 3
M — H] 982.98 983.0 0.02 0.00

3a [M + H]*" 941.97 942.4 0.43 0.05 1 1 1 1 2 1
[M — H] 939.95 937.1 —-2.85 -0.30

3b M - H]*" 955.99 956.5 0.51 0.05 1 1 1 1 3 0
[M — H] 953.98 953.4 —0.58 —0.06

4 M + H]* 999.02 998.9 -0.12 —0.01 1 1 1 1 2 2
[M - H] 997.00 996.7 -0.30 -0.03

5 [M + H]* 999.02 999.7 0.68 0.07 1 1 1 1 2 2
M — H] 997.00 996.7 -0.30 -0.03

6 [M + H]*" 1,056.07 1,056.0 -0.07 —0.01 1 1 1 1 2 3
M — H] 1,054.05 1,053.8 -0.25 -0.02

7 M + H]" 1,013.04 1,013.1 0.06 0.01 1 1 1 1 3 1
[M — H] 1,011.03 1,010.4 —0.63 —0.06

8 M + H]* 1,070.10 1,070.4 0.30 0.03 1 1 1 1 3 2
[M — H] 1,068.08 1,067.5 —0.58 —0.05

9 [M + H]* 1,921.96 1,921.3 —0.66 —-0.03 2 2 2 2 4 3
M — H] 1,919.95 1,916.6 —3.34 -0.17

10a [M + H]*" 1,979.01 1,977.6 —1.41 -0.07 2 2 2 2 4 4
M - H]” 1,977.00 1,973.9 -3.10 -0.16

10b M + H]" 2,036.07 2,033.4 —2.66 -0.13 2 2 2 2 4 5
[M — H] 2,034.05 2,033.2 —0.85 —0.04

11 M + H]* 1,993.04 1,991.5 —1.54 —0.08 2 2 2 2 5 3
[M - H] 1,991.02 1,986.7 —4.33 —-0.21

12 M + H]* 2,050.09 2,049.0 -1.09 —-0.05 2 2 2 2 5 4
M — H] 2,048.07 2,046.9 —-1.17 —0.06

13 [M + H]*" 2,959.00 2,958.4 —0.60 -0.02 3 3 3 3 6 6
[M — H] 2,956.99 2,956.6 -0.39 -0.01

14 M + H]" 3,030.09 3,028.2 —1.89 —0.06 3 3 3 3 7 6
[M — H] 3,028.07 3,023.1 —4.97 —0.16

15a M + H]* 927.97 1,046.3 118.03 1 1 1 1 1 2
M - H]~ 925.96 1,043.0 117.04

15b M+ H]* 1,993.04 1,972.5 —20.54 2 2 2 2 5 3
[M - H]~ 1,991.02 1,968.3 —22.72

16 M + H]" 2,050.09 2,029.4 —20.69 2 2 2 2 5 4
M - H]” 2,048.07 2,027.9 —20.17

17a [M + H]* 941.97 1,060.3 118.33 1 1 1 1 2 1
[M — H] 939.95 1,056.9 116.95

17b M + H]* 999.02 1,116.8 117.78 1 1 1 1 2 2
M - H]” 997.00 1,113.7 116.70

18 M + H]* 1,013.04 1,131.2 118.16 1 1 1 1 3 1
[M - H]~ 1,011.03 1,127.3 116.27

Continued on following page
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TABLE 2—Continued
m/z Am Muropeptide composition
Muropeptide® Ion Da)® Error (%)°
Calculated Measured (Da) Gle? Mur® Glu Orn Ala Gly
19a [M+H]" 1,921.96 2,038.6 116.64 2 2 2 2 4 3
[M—H]™ 1,919.95 2,034.0 114.05
19b [M+H]* 1,979.01 2,096.8 117.79 2 2 2 2 4 4
[M—H]~ 1,977.00 2,090.9 113.90
20 [M+H]* 1,993.04 2,110.7 117.66 2 2 2 2 5 3
[M—H]™ 1,991.02 2,109.2 118.18

“ Muropeptides are numbered as indicated in Fig. 1.

® Difference between measured and calculated protonated or deprotonated molecular mass values.

¢ Calculated as [(measured mass — calculated mass)/calculated mass] X 100.
4 Glc, N-acetylglucosamine.
¢ Mur, N-acetylmuramitol.

/Boldface characters denote m/z values calculated as the most likely combinations of the listed components which nevertheless deviate largely from the observed

values.

was determined by PD MS with good mass accuracy (Tables 1
and 2). Muropeptide 18 was selected among the X-modified
muropeptides because it was expected to be closely related to
muropeptide 8. Muropeptide 18 had one X and one Gly in-
stead of two Gly residues. No dinitrophenylation-susceptible
groups were detected in muropeptide 18, indicating acylation
of the remaining Gly residue. It was likely that muropeptides 8
and 18 were identical except for the substitution of the N-
terminal Gly in muropeptide 8 by a residue of X in muropep-
tide 18.

Determination of the molecular weight of muropeptides 8
and 18 by positive ion ESI MS at a low sampling-orifice po-
tential revealed protonated molecular ions at m/z 1,069.5 and
1,130.4, respectively. The values obtained were consistent with
those measured by PD MS (Table 2). In addition to the single-
charge molecular ions, double-charge [M + 2HJ** ions at m/z
535.3 and 565.8 were present in the ESI mass spectra of mu-
ropeptides 8 and 18, respectively. Only a few structurally rel-
evant fragment ions were found. For both muropeptides,
monosaccharide related fragment ions were found. For both
muropeptides, monosaccharide related fragment ions were ob-
served at m/z 204, corresponding to the oxonium ion of the
terminal GlcNAc moiety (2, 46). Furthermore, in the ESI mass
spectrum of muropeptide 8 a fragment ion arising from the loss
of GIcNAc from the [M + H]* ion was detected at m/z 866.
Muropeptide 18 exhibited a similar behavior. Unfortunately,
ESI mass spectra of muropeptide 18 at increasing sampling-
orifice potentials did not reveal additional information con-
cerning the location or the nature of compound X.

To further characterize muropeptides 8 and 18, both were
analyzed by CID MS, the most powerful tool for the structural
analysis of muropeptides (2, 27, 28, 36, 46, 58). Low-energy
CID of the single-charged positive molecular ion of muropep-
tide 18 (m/z 1,130.4) yielded a large number of product ions as
shown in Fig. 3 and 4. Product ions associated with the reduced
disaccharide moiety, a series of peptide backbone fragment
ions, and internal fragment ions were generated. Following the
notation of Domon and Costello (17), glycosidic fragment ions
of the types B, and Y, were detected at m/z 204 and m/z 927.
Generation of the latter abundant product ion was accompa-
nied by the loss of one and two water molecules (m/z 909 and
m/z 891). The ion at m/z 650 represents the loss of the com-
plete carbohydrate moiety (GIcNAc-MurNAc) from the [M +
H]™" ion. This observation gave the first clear evidence that the
modification must be located at the peptide moiety. The m/z

650 product ion further dissociated to m/z 579 and m/z 450 by
the consecutive loss of the Ala and Glu residues, which all
represent type y, product ions in accordance with the peptide
fragment ion nomenclature of Biemann (5). In addition, low-
intensity type b product ions were observed at m/z 1,112 ([M +
H — H,0]"), m/z 1,041, and m/z 970, the last two being
generated by the sequential loss of the C-terminal Ala resi-
dues. From these type b fragment ions, further intense ions
arise at m/z 909, m/z 838, and m/z 767, corresponding to the
loss of the GlcNAc moiety. These ions then lose one (m/z 891,
m/z 820, and m/z 749) and two (m/z 873, m/z 802, and m/z 731)
water molecules, yielding relatively intense product ions. The
observed fragmentation pattern indicated that the modifica-
tion must be located on the Orn residue and confirmed that the
basic amino acid sequence was Ala-Glu-Orn-Ala-Ala (Fig. 4).
A second series of peptide backbone product ions, which are
directly related to internal fragment ions, were observed at m/z
490, m/z 419 (the most abundant product ion), and m/z 244,
corresponding to [Glu-Orn(Gly-X)-Ala-CO] ", [Glu-Orn(Gly-
X)-CO]*, and [Glu-Orn-CO]", respectively (Fig. 4, inset).
Based on the mass difference of 175 Da between the internal
fragment ions m/z 419 and m/z 244, the modification in mu-
ropeptide 18 can be unambiguously located at the side chain
attached to the 8-NH, group of Orn. Amino acid analysis of
muropeptide 18 indicated the presence of one Gly residue
linked to the 8-NH, group of Orn. Unfortunately, in the low-
energy CID spectrum of muropeptide 18, no product ions
which could define the nature of X were detected. The CID
spectrum of muropeptide 8 was in all respects consistent with
that discussed for muropeptide 18 (data not shown). The frag-
mentation pattern confirms acylation of the 8-NH, group of
Orn by Gly-Gly (Fig. 4, inset), but as for muropeptide 18,
fragments derived from the side chain attached to Orn could
not be detected. A more detailed discussion of the CID spectra
will be published elsewhere.

Identification of phenylacetic acid as compound X. Hydro-
lysis of muropeptide 18 released Gly and should therefore
release X. The reaction occurs with the capture of a water
molecule; therefore, the molecular mass of free X must be 136
Da. As X is acylating the Gly residue, it should have a chemical
group able to react with a primary amine. The lack of reactivity
with OPA indicated the absence of primary amino groups.
Compound X conferred a more-hydrophobic character to the
muropeptides, as indicated by the higher retention times in
reversed-phase HPLC. Treatment of modified muropeptides
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FIG. 2. PD MS spectra of selected muropeptides from 7. thermophilus. Positive (A, C, E, and F) and negative (B and D) ion mode spectra of muropeptides 4 (A
and B), 18 (C and D), 12 (E), and 13 (F). Peaks at m/z 998.9 (A), 1,131.2 (C), 2,049.0 (E), and 2,958.4 (F) corresponded to the [M + H]" molecular ions of the respective
muropeptides. Peaks at m/z 996.7 (B) and 1,127.3 (D) corresponded to the [M — H]~ molecular ions of the respective muropeptides. Peaks at m/z 1,021.2 (A), 1,153.6
(C), and 2,071.1 (E) corresponded to the [M + Na]* molecular ions of the respective muropeptide. Peaks at m/z 797.6 and 930.2 (A and C, respectively) corresponded
to [M — GIcNAc + H]" molecular ions generated by fragmentation of the respective muropeptides. Similarly, the peak at m/z 1,644.5 (E) corresponded to [M —

2GlcNAc + H]" generated by fragmentation of the dimeric muropeptide 12 (46).
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FIG. 3. CID MS spectrum for muropeptide 18 of 7. thermophilus. The spectrum was obtained as indicated in Materials and Methods. Key fragments are highlighted
by inclusion of the respective m/z values. The fragmentation pattern is interpreted in Fig. 4.

with oxidative agents (H,O, [10 volumes], 10 min) had no
effect on their chromatographic properties, indicating the ab-
sence of reduced sulfur. Possible candidates comprised ali-
phatic and aromatic compounds. The 4,5gs of modified but not

of normal muropeptides indicated an aromatic nature for X
(Fig. 1C). Only phenylacetic and methylbenzoic acids fulfilled
the characteristics of compound X. Furthermore, a compound
with the expected 4,55 was clearly detected in HCI hydroly-

Fragments of the peptide chains
112 909
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FIG. 4. Schematic representation of the CID MS fragmentation patterns for muropeptides 18 and 8. The fragments shown were positively identified in the
corresponding spectra (Fig. 3 for muropeptide 18). In the inset, the main fragments originating from the peptide side chain of muropeptides 8 and 18 are compared.
Values in parentheses stand for intermediate fragments which were not detected. X stands for the unknown compound responsible for the mass excess of muropeptide

18.
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FIG. 5. HPLC analysis of hydrolysates from normal and modified muropep-
tides of T. thermophilus. (A) Phenylacetic acid (peak 1), o-methylbenzoic acid
(peak 2), and p- and m-methylbenzoic acid (peak 3) were separated by HPLC in
parallel with hydrolysates from modified muropeptide 18 (B) and normal mu-
ropeptide 8 (C), and the A,sgs of the eluates were monitored. Elution conditions
were 40 min of isocratic elution in 85% 50 mM sodium phosphate (pH 4.35)-
15% acetonitrile followed by a 10-min linear gradient to 75% 50 mM sodium
phosphate (pH 4.35)-25% acetonitrile. The flow rate was 0.5 ml/min, and the UV
detection was set at 258 nm.

sates from modified but not from normal muropeptides (Fig.
5). Comparison of the HPLC profiles for hydrolysates of mod-
ified muropeptides with control runs for phenylacetic acid and
the three isomers of methylbenzoic acid showed that X had the
same RT as the former compound (Fig. 5).

To further characterize X, a small sample could be purified
by HPLC following HCI hydrolysis of a mixture of modified
muropeptides. Aliquots of X and authentic phenylacetic acid
were subjected to chemical treatments that would convert car-
boxylic groups into their amide, methyl ester, and methyl ac-
etamide derivatives. The two series of modified compounds
obtained were analyzed by HPLC. The results showed in all
instances an identical behavior of X and phenylacetic acid
derivatives. Therefore, we concluded that X is indeed pheny-
lacetic acid.

Analysis of minor muropeptides by PD MS. It was possible
to obtain small amounts of five minor components of murein
which were apparently well-resolved from background peaks
(Fig. 1B, lettered peaks). Although the quantities were close to
the detection limits, satisfactory PD MS spectra could be ob-
tained, which in the case of peak C revealed the presence of
two components (C1 and C2). The measured m/z values are
shown in Table 3. As not enough material was available for
further analyses, we assumed that minor and major muropep-
tides were built up from the same components. On this basis,
it was possible to define theoretical muropeptides whose m/z
values fitted with the corresponding measured ones and were
well within the resolution limits (0.1%) (Table 3). The com-
positions for muropeptides A, C1, and C2 conformed with the
rules observed for the major muropeptides. Component A
would correspond to a monomer, while C1 and C2 would
correspond to cross-linked dimers. The m/z for muropeptide D

J. BACTERIOL.

was 19.5 units lower than the value for muropeptide 7 (Table
2). Actually, this is very close to the mass difference (20.03 Da)
associated with the substitution of MurNAc by its (1—6)anhy-
dro derivative, discussed above for muropeptides 15b and 16.
Therefore, D was identified as the anhydro form of muropep-
tide 7.

The theoretical compounds best fitting to the measured m/z
for components B and E were exceptions to the rule of
equimolar proportions for the amino sugars, Glu, and Orn.
The composition deduced for component B corresponded to
muropeptide 8 (Table 2) with an extra disaccharide unit in the
sugar moiety. In fact, the theoretical contribution of a GIcNAc-
MurNAc disaccharide would be 478.45 Da, and the difference
between measured values for component B and muropeptide 8
was 479.3 Da (Tables 2 and 3). On the contrary, component E
would correspond to muropeptide 14, a cross-linked trimer,
minus one GlcNAc-N-acetylmuramitol moiety. Release of a
GlcNAc-N-acetylmuramitol group would reduce m/z by 480.47
Da. The difference between measured values for E and 14 was
—480.3 (Tables 2 and 3). Both B and E could be generated by
the action of a MurNAc-L-alanine amidase on murein (30, 55).

Finally, an attempt was made to identify some individual
muropeptides in the mixture defined as pool I. To do so, the
mixture as such was subjected to PD MS. Negative ion mode
spectra could not be obtained because of the very low abun-
dance of the individual components. Nevertheless, three sig-
nals of acceptable intensity were detected in the positive ion
mode (Table 3). The values indicated theoretical compositions
that, from lighter to heavier, would correspond to the dimeric
muropeptides 10a, 11, and 12 (Table 2) deprived of one Glc-
NAc-N-acetylmuramitol moiety as proposed for muropeptide
E.

Chirality of peptide chain amino acids. The alternation of L
and D amino acids is a highly conserved feature of murein
peptide side chains (53). Therefore, we expected to find the L
enantiomer for the first Ala and Orn and the D enantiomer for
Glu. The abilities of a number of muropeptides to bind van-
comycin (Table 1) support the hypothesis for the D nature of
the Ala residues at positions 4 and 5. To define the chirality of
the remaining amino acids, we made use of the specificity of
enzymatic reactions. The presence of L-Ala was assayed with
L-amino acid oxidase and an HCI hydrolysate of purified mu-
ropeptide 5 (Table 2). Muropeptide 5 had 2 mol of Ala per mol
of Glu (Tables 1 and 2) and therefore should have equal
proportions of both Ala enantiomers if L-Ala were at position
1. A control sample was treated similarly but without enzyme.
The results showed that in the enzyme-treated sample, the
amount of Ala was 58% of that of the control sample.

The chirality of Orn was assayed with L-ornithine-carbamyl-
transferase on acid hydrolysates of muramidase-released mu-
ropeptides (43). The complete conversion (>95%) of Orn into
citrulline indicated the presence of L-Orn in murein.

No appropriate bD-enantiomer-specific enzyme was available
to assay Glu. Therefore, we selected the L-Glu-specific enzyme
L-glutamic decarboxylase (25). Aliquots of the same hydroly-
sate used for the assay of Orn were treated with L-glutamic
decarboxylase. As a negative result was expected, two addi-
tional control samples were incubated in parallel. In the first
control sample, the activity of the enzyme was confirmed with
L-Glu as the substrate. In the second control sample, a known
amount of L-Glu (20 pg) was added to an aliquot of the
muropeptide hydrolysate (containing 20 pg of Glu). The Glu
present in the hydrolysate was not modified by the enzyme, but
the control L-Glu was converted to completion. Furthermore,
in the mixed sample (L-Glu plus hydrolysate) 48% of total Glu
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TABLE 3. Calculated and measured m/z values for protonated and deprotonated molecular ions of minor muropeptides
m/z Muropeptide composition
Muropeptide® Ion Am (Da)® Error (%)°
Calculated Measured Gl Mur® Glu Orn Ala Gly
A M + H]" 941.97 942.3 0.33 0.04 1 1 1 1 2 1
[M — H]” 939.95 939.4 —0.55 —0.06
B M + H]" 1,548.55 1,549.9 1.35 0.09 2 V) 1 1 3 2
[M — H]™ 1,546.53 1,546.6 0.07 0.00
C1 M + H]" 1,907.94 1,907.3 —0.64 —0.03 2 2 2 2 3 4
[M - H]™ 1,905.92 1,905.7 -0.22 —-0.01
Cc2 [M + H]*" 1,964.99 1,964.5 —0.49 —0.03 2 2 2 2 3 5
[M - H]™ 1,962.97 1,963.7 0.73 0.04
D M + H]*" 993.01 993.3 0.29 0.03 1 18 1 1 3 1
[M — H]” 991.00 991.6 0.60 0.06
E M + H]" 2,549.62 2,547.9 -1.72 —0.07 2 2 3 3 7 6
Pool 1 M + H]" 1,498.54 1,498.7 0.16 0.01 1 1 2 2 4 4
Pool 1 M + H]*" 1,512.57 1,512.6 0.03 0.00 1 1 2 2 5 3
Pool 1 [M + H]*" 1,569.62 1,569.9 0.28 0.02 1 1 2 2 5 4

“ Muropeptides are numbered as indicated in Fig. 1.

b Difference between measured and calculated protonated and deprotonated molecular mass values.

¢ Calculated as [(measured mass — calculated mass)/calculated mass] X 100.
@ Gle, N-acetylglucosamine.

¢ Mur, N-acetylmuramitol.

/ N-Acetylmuramic acid and N-acetylmuramitol (1 mol of each).

& (1—6)Anhydro-MurNAc.

was converted into y-amino butyric acid. We conclude there-
fore that Glu is in the p form in 7. thermophilus murein.

Peptide analysis of partial hydrolysates of T. thermophilus
muropeptides. The high Gly content of the monomeric mu-
ropeptides 2 and 6 raised the possibility of heterogeneties in
the basic peptide moiety. The 3-to-1 Gly-to-Orn ratio of both
muropeptides could be due either to substitution of one p-Ala
residue by Gly or to amidation of Glu by Gly, as shown in other
instances (53). Therefore, murein and muropeptides 2 and 6
were subjected to partial acid hydrolysis and peptide analysis.
Commercial dipeptides were used as standards. Results are
shown in Table 4. The detection of Gly-Gly and Ala-Gly indi-
cated that conditions were appropriate for the generation of
dipeptides. However, neither Glu-Gly nor Gly-Ala was de-
tected in any sample. The peptide patterns for muropeptides 2
and 6 indicated that a Gly residue was the C-terminal amino
acid in both cases.

Structure and sequence of muropeptides from T. thermophi-
lus HBS. Information accumulated on the structure of T. ther-
mophilus muropeptides is summarized in Fig. 6. Major (num-
bered) and minor (lettered and pool I) muropeptides should
be considered separately because of the difference in the
wealth of analytical data as commented before.

The structures proposed in Fig. 6 for the major muropep-
tides comply with the results from chemical and MS analyses
(Tables 1 and 2), as well as with the basic sequence as dem-
onstrated for muropeptides 8 and 18 (Fig. 3 and 4). Compiled
data were sufficient to propose defined structures for muropep-
tides 1, 2, 3a, 3b, 6, 7, 9, 10b, 11, 12, 14, 15a, 17a, 17b, 19a, 19b,
and 20.

In the remaining cases, data were not enough to decide
among sequence isomers. In muropeptides 4, 5, 10a, and 13,
one Gly could occupy either the C-terminal position, as in

R-p-Ala—-Gly, or the N-terminal one in the diglycine bridge, as
in Gly—-Gly-(8)-L-Orn-R’ (see sequences for muropeptides 4
and 5). The ambiguity could be solved for the monomeric
muropeptides 4 and 5 by means of partial acid hydrolysis and
peptide analysis. Hydrolysis of muropeptide 4 yielded p-Ala—
Gly but not Gly-Gly, while the opposite was true for muropep-
tide 5 (Table 4), supporting the argument for the sequence
assignment shown in Fig. 6. Unfortunately, this approach was
not suitable for dimers, because in all instances both p-Ala-Gly
and Gly-Gly dipeptides would be generated from the peptide
bridge R-p-Ala-Gly-Gly-R'. Another ambiguity affected mu-
ropeptides 15b and 16. Both are cross-linked dimers with a
residue of (1—6)anhydro-N-acetylmuramic acid. In neither
case was it possible to define whether the anhydro derivative
was in the acceptor or in the donor moiety of the dimer.
Sequences for the minor muropeptides were proposed on
the basis of their molecular masses and consistency with major

TABLE 4. Peptide analysis of partially hydrolyzed murein
and muropeptides”

Dipeptide
Sample

Gly-Gly Ala-Gly

+

Murein
Muropeptide 2
Muropeptide 4
Muropeptide 5
Muropeptide 6
Muropeptide 10

++ 4+t
+ 0+

“ Muropeptides are numbered as indicated in Fig. 1. All samples were negative
for Glu-Gly and Gly-Ala.



1 2 3a 3b 4 5 6 7 8
R f R A R R f R ;]
L-(%m L-({m-—ﬂlr—ely L-(i)m-—ﬁly L—(%m L-%mo—-Gly L-(}m-—GIy-—G!y L-%mo—ely-—ely L—C‘ivlno—aly L-Oim«Glyo—Gly
D-Ala Gly D-Ala D-Als D-Ala D-Als D-Ala D-Ala D-Ala
D-Als Gly G%y O-Ll D-IAII
9 10a 10b 11
A R R R
L-émo—dly R L-Cl)mo—GIy—[GIy] R L-ém-—Gly-—Gly A L-é\m-—Gly

| |
L-(Im-—@lr—Gly-—D- a L-Orn«—Gly-—Gly~—D-ANa

i
L-Orn—Gly+—Gly—D-Ala

L-Om«+—Gly«—Gly+—D-Ala

D-Ala D-lAln D-Ala D-Als
{aty] Gly D-Als
12 13 14
R 1 R
T LAm-—G!y-—Gly A L-Om+—Gly—[Gly} II L-Am~—G|yb—GIy
Lr(l)m-—elyv—elyo—D- a T L—ém-—Gly-—Gly-—D-Ll- ) L-Om-—Gly—Qly+—D-.
D-Als L-Om«—Giy~—Giy~—D-Ale L-Om—Gly—Gly—D-Als
D-LI D-IAII D-Ala
[aly] D-Ala
152 15b 16 17a 17b
GicNAc-{Anh)MurNAc QicNAc-(Anh)MurNAc T T
w4 W BICNAC-MurNAc GleNAC-MurNAG L& rme—Glye_PhAc Lomea
GTY L-Ala L-Ala L-%I: L-Ala D-Ala p-hia
D-Glu D-Glu D-Glu D-<L=|u y
L0, L-é?f\'—G'Y L0, L—&mo—Gly—Gly
y Y
D-Ln ‘\G'N'h‘ D-k‘l \G'M'h‘
D-kll D-kla
18 19a 19b 20
1 ] j 1
L-Ormne—Glye—PhAc L-Orn+—@iy+— PhAc A L-Orn+—Qly«— PhAc i L-Orn+—Qiy~— PhAc
|
D-Als L-Ormn+—Qly+—Gly—D-Ala L-an-—GIr—GIy-—D- la L-Orn«—Qlys—QGly<—D-Ala
¢
D-ih D-Ala D-Ala D-Ala
Gly D-Ala
A B C1+C2 D E
FI GicNAc-MurNAc-GlcNac-MurNAc R GicNAc-(Anh)MurNAc (GlcNAc—MurNAc)z
g . L
L Olm L J;. T L ém«—Giyy ‘ L-lln L-kl- L-ila
-, Recll - —D-, D-Glu
D-Ala D i u 1-Orne—Giy-—Gly-—D-Ale . n-<1§ " 0. 2!; " . ém
- (<] Xty :
aly L-Or—Gly—@ly Y, Clux+y=2 b v ém Ldme—aitye—gly
D-Ala C2=x+y=3 D-Ala O, TGeg)
D-Lln y'\D-ih y"‘D-La
D-Ala D-Ale
D-Ala
Pool |
GlcNAc-MurNAc GicNAC-MurNAc GloNAc-MurNAc
‘ |
L-ill L-.ila L-kll L-,gl( i-Als L-Ala
4 & ke |
D-Glu D-Glu D-Glu D-Giu D-Glu D-Glu
: :
L-érn L-(gmo—Gly—lGIy] L-ém\ L-(grna—le L-Ormn L-émo—Gly«—Gly
" Oy " LG o) L‘\G"‘\G; A
o-Na ¥e-D-Ala o-kis ¥o-0-Na o-ie ¥~0-Nia
1Gty) p-hia ok

FIG. 6. Primary sequences of 7. thermophilus muropeptides. Muropeptides are labeled as indicated in Fig. 1. R stands for GIceNAc-MurNAc-L-Ala-p-Glu. Brackets

indicate alternative positions for one residue of the amino acid. The precise positions for the glycan moieties in muropeptides 15b and 16, component E, and pool I
components could not be established.

4958



Vou. 177, 1995

TABLE 5. Muropeptide composition of murein from
T. thermophilus HB8*

Muropeptide” Area (%)° Mole (%)*
1 14 1.9
2 1.7 2.7
3a 1.3 2.3
3b 2.5 4.4
4 1.5 2.5
5 6.9 11.1
6 52 7.7
7 3.7 5.9
8 10.3 15.1
9 2.5 2.1
10a 3.8 3.1
10b 3.4 2.7
11 2.6 2.1
12 7.5 5.8
13 2.1 1.2
14 1.1 0.6
15a 0.6 0.8
15b 0.9 0.8
16 1.1 0.9
17a 41 5.0
17b 3.6 4.0
18 8.3 9.4
19a 1.8 1.2
19b 1.5 1.0
20 33 2.3
A 1.0 1.7
B 0.5 0.4
C 0.4 0.4
D 0.5 0.7
E 0.3 0.2

¢ Structural parameters (calculated from muropeptide molar proportions)
were as follows: monomers, 75%; dimers, 23%; trimers, 2%; cross-linkage, 27%;
C-terminal dipeptides, p-Ala-p-Ala (48.4%) and D-Ala-Gly (23.9%); phenyl
acetate-containing muropeptides, 23.7%.

> Muropeptides are numbered as indicated in Fig. 1.

¢ Percentage of total integrated area.

@ Molar proportions calculated upon correction of integrated area values for
the degree of oligomerization, number of amide bonds (22), and phenylacetic
acid content.

muropeptides. In the cases of C1 and C2, ambiguity of the
positions of some Gly residues could not be resolved. The
absence of major muropeptides with Orn or Gly-Gly at the
C-terminal position of the peptide chain would suggest that X
and Y are 1 for C1 and that X is 1 and Y is 2 for C2. Likewise,
in the case of E and the muropeptides in the pool I fraction,
the position of the disaccharide moieties could not be defined.

Molar proportions of muropeptides in murein were esti-
mated from the HPLC elution profiles as proposed by Glauner
et al. (23). However, for T. thermophilus an additional correc-
tion was required for phenylacetic acid-containing muropep-
tides. Comparison of the A,,s of known amounts of muropep-
tides 8 and 18 indicated that the substitution of a Gly by
phenylacetic acid increases the A,,, by a factor of 1.3. When
two muropeptides coeluted, the individual abundances were
assumed to be proportional to the relative intensities of the
respective signals in the PD MS spectra, as a rough approxi-
mation.

The results displayed in Table 5 indicated that murein from
T. thermophilus had a degree of cross-linkage (27%) similar to
that for E. coli (23, 44, 48). Dimers were the most abundant
cross-linked muropeptides, although the proportion of trimers
was significant (10% of cross-linked muropeptides). A large
proportion (48.4%) of muropeptides conserved the p-Ala—D-
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Ala terminal dipeptide, and an important fraction (23.9%) had
instead D-Ala-Gly as the C-terminal dipeptide. The 8-NH,
group of Orn was acylated in most muropeptides (92%). The
most frequent acylating group was Gly-Gly, but muropeptides
with either phenylacetyl-Gly or Gly were both abundant. Phe-
nylacetic acid-containing muropeptides accounted for 23.7%
of total muropeptides. Finally, it is interesting to note the
absence of muropeptides with Orn as the C-terminal amino
acid.

DISCUSSION

The composition and structure of murein from the thermo-
philic eubacterium 7. thermophilus HBS were investigated. The
murein purification method devised for E. coli could be applied
to T. thermophilus with minor modifications. The hot-SDS-
insoluble fraction obtained consisted of murein and some co-
purifying additional component(s). The latter could derive
from the thick amorphous structure that overlays murein, as
visualized by electron microscopy (7, 12). More than 97% of
Orn in the murein fraction was solubilized upon muramidase
digestion. The omission of major components in the solubi-
lized fraction seems unlikely. However, we cannot rule out the
possibility that minor components with important functions
could be missed because of experimental limitations. Mu-
ropeptides with as low an abundance as 0.1% would still pro-
vide a considerable number of, for instance, attachment sites
for a macromolecule. The low murein content of T. thermophi-
lus HBS is in agreement with the thin sacculus shown by elec-
tron microscopy and with the gram-negative character of Ther-
mus spp. (8). On the basis of weight, the amount of murein
present in T. thermophilus HBS is one-half the amount of that
present in E. coli. The small amount of murein could explain
the apparent inability of the sacculus to preserve by itself the
cell morphology in S-layer-deficient derivatives of 7. ther-
mophilus HBS8 (32).

The separation of muramidase-solubilized fragments by
HPLC produced a chromatogram unrelated to those for E. coli
and other gram-negative bacteria (23, 48, 58). A large number
of components were detected. Fortunately, for such a complex
mixture the resolution was good enough to permit purification
of the more abundant components. Chemical and MS analyses
identified the major components as muropeptides. Minor com-
ponents could not be analyzed individually. However, amino
acid analysis of pooled fractions indicated that most minor
peaks might also correspond to muropeptides or muropeptide-
derived fragments.

Muropeptide 8 apparently represents the basic monomeric
subunit. The amino sugar and amino acid sequence demon-
strated for this muropeptide was GlcNAc-MurNAc-L-Ala-D-
Glu-L-Orn-p-Ala-p-Ala, with a Gly-Gly dipeptide acylating
the 8-NH, of Orn. Although experimental demonstration was
not possible, it seems reasonable to assume a D-Glu—y-L-Orn
arrangement, as, to our knowledge, no exception has been
reported (9, 53). Of particular interest was the finding of a
family of muropeptides with phenylacetyl-Gly instead of di-Gly
acylating the Orn residue. Muropeptide 18 was the modified
form of the basic muropeptide 8. The presence of phenylacetic
acid in murein has interesting implications which are discussed
below.

The muropeptides displayed in Fig. 6 could be understood as
being derived from the basic ones (muropeptides 8 and 18) by
the activity of the enzymes normally involved in murein me-
tabolism (transpeptidases, endopeptidases, and carboxypepti-
dases) (29, 51). Cross-linking is apparently effected by di-Gly
peptide bridges. Oligoglycine-mediated cross-linking is rather
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common among gram-positive bacteria, but it is exceptional for
a gram-negative bacterium (53). Both cross-linked dimers and
trimers were detected. Higher-order oligomers are possible but
were not detected among the major muropeptides. The degree
of cross-linkage (27%) was close to the values described for E.
coli (about 30%) and other gram-negative bacteria (16, 22, 23,
44, 48).

The low proportion of muropeptides with free 8-NH,-Orn in
macromolecular murein suggests complete acylation at the
precursor level. Muropeptides with b-Ala-D-Ala or D-Ala-Gly
C-terminal dipeptides were both rather abundant (48.4 and
23.9% of total muropeptides, respectively). The dipeptide D-
Ala-p-Ala, present in murein precursors, is all-important in
murein biosynthesis as the donor group for transpeptidation
and subsequent cross-linking (29, 51). However, there is wide
disparity in the degree of preservation of the dipeptide in
mature murein. In some species (E. coli and Pseudomonas
putida) it is hardly detectable (23, 48), while in others (Cau-
lobacter crescentus and Staphylococcus aureus) it is retained in
a large fraction of muropeptides (14, 35). The variability of this
parameter has not been related to any particular property of a
bacterium up to now.

Muropeptides with a b-Ala—Gly C-terminal dipeptide were
in principle unexpected. Two mechanisms could explain their
formation and accumulation: (i) incorporation of Gly instead
of p-Ala in the synthesis of D-Ala-D-Ala by p-Ala:p-Ala ligase
and (ii) enzymatic cleavage of peptide bridges at the Gly-Gly
bond of cross-linked muropeptides. The former alternative has
been demonstrated for both gram-positive and gram-negative
bacteria (22, 59). The latter would imply the presence of a
Gly-Gly endopeptidase similar to lysostaphin (49). None of the
alternatives can be discarded at present, and both could coexist
for T. thermophilus. However, two arguments favor the latter.
First, the relative abundance of R-D-Ala—Gly muropeptides
(23.9% of total muropeptides) seems too high for enzymatic
misincorporation (ca. 4% in E. coli) (22, 23). Second, the
proportions of R-D-Ala-Gly muropeptides and of muropep-
tides with a single Gly at the 8-NH, of Orn (20.7% of total
muropeptides), the other expected product for a Gly-Gly en-
dopeptidase, matched each other. If R-pD-Ala—Gly muropep-
tides were mostly of lytic origin, it would suggest a high turn-
over of peptide cross-bridges in macromolecular murein.
Turnover of peptide cross-bridges has been described for E.
coli and is believed to be a relevant aspect of postinsertional
murein metabolism (24).

Muropeptides 2 and 15a are exceptions to the basic se-
quence as proposed above. They have in common a Gly at
position 4 as the C-terminal amino acid. The only known
mechanism that could explain their formation is the lack of
specificity for the p-Ala:p-Ala ligase. In this instance, the scar-
city of both muropeptides would argue in favor of the idea.

Glycan chains were terminated by nonreducing sugars, as
indicated by both the lack of reducing power in total murein
and the positive identification of muropeptides with (1—6)an-
hydro-MurNAc. Galactosylation of the terminal GlcNAc indi-
cated a mean glycan chain length of 30 disaccharide units.

No indications supporting the presence of modified sugar
residues were found. Pronase and alkali treatments had no
detectable effects on the muropeptide pattern. Therefore, co-
valent binding of macromolecules to 7. thermophilus murein
seems to be rather restricted, raising the question of how
murein and the spatially remote S-layer interact with each
other.

The detection of muropeptides with nonequimolar propor-
tions of sugars, Glu, and Orn (B, E, and pool I) was unex-
pected. In all instances, they were minor, and therefore ana-
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FIG. 7. Structural comparison of benzylpenicillin and phenyl acetate-modi-
fied muropeptides.

Iytical data were not as complete as for major muropeptides.
Nevertheless, the action of an N-acetylmuramyl-L-alanine ami-
dase on murein could easily explain the formation of these
muropeptides. Amidases are widespread murein hydrolases
(30, 55). Therefore, their presence on 7. thermophilus would
not be a particularly rare event.

The more distinctive feature of T. thermophilus murein was
the presence of muropeptides with phenylacetic acid residues.
To our knowledge, this is the first case in which phenylacetic
acid is identified as a murein component. Phenylacetic acid
substituted for the N-terminal Gly in a considerable proportion
of muropeptides (23.7%). Preliminary experiments indicated
that the abundance of modified muropeptides is independent
of externally added phenylacetic acid, suggesting that it is a
regulated phenomenon (results not shown). However, the or-
igin of phenylacetic acid and the level at which incorporation
occurs remain unknown. Because phenylacetic acid effectively
blocks potential transpeptidation acceptor sites in murein, mis-
regulation could be harmful, even lethal, if a high accumula-
tion were ever to occur. Therefore, awaiting a physiological
role for the modified muropeptides seems sensible. The intro-
duction of an aromatic ring in the highly polar murein could be
a strategy to facilitate noncovalent interaction with hydropho-
bic domains of another macromolecule or macromolecular
complex in an aqueous environment, for instance the amor-
phous or S-layers. A second alternative also seems appealing.
Phenylacetyl-Gly-8-Orn has a striking structural similarity to
the side chain and part of the B-lactam ring of benzylpenicillin
(penicillin G) (Fig. 7). As a matter of fact, this similarity is
more extensive than the homology between p-Ala-D-Ala and
the B-lactam ring, the basis for the antibiotic action of B-lac-
tams (57). The side substituent of B-lactams strongly condi-
tions the specificity of binding to the penicillin-binding pro-
teins, the enzymes responsible for macromolecular murein
biosynthesis (29, 54, 56, 60). Therefore, phenylacetic acid-mod-
ified muropeptides could mediate interactions between murein
and penicillin-binding proteins that are relevant at the high
growth temperature of 7. thermophilus.

To summarize, the murein layer of T. thermophilus HBS
seems to be structurally intermediate between standard gram-
positive and gram-negative cell walls. The chemical composi-
tion and peptide bridges of this bacterium are typical of gram-
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positive bacteria. However, the abundance, degree of cross-
linkage, and glycan chain mean length of this bacterium are
closer to those of gram-negative bacteria. The presence of
phenylacetic acid is a unique feature of 7. thermophilus murein
at present. Work aimed at characterizing murein-copurifying
macromolecules, murein-degrading enzymes, and the phenyla-
cetic acid incorporation pathway in 7. thermophilus is in
progress.
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