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Previous studies suggested that a Gly-containing branch of cell wall precursor [C55-MurNAc-(peptide)-
GlcNAc], which is often referred to as lipid II, might serve as a nucleophilic acceptor in sortase-catalyzed
anchoring of surface proteins in Staphylococcus aureus. To test this hypothesis, we first simplified the procedure
for in vitro biosynthesis of Gly-containing lipid II by using branched UDP-MurNAc-hexapeptide isolated from
the cytoplasm of Streptomyces spp. Second, we designed a thin-layer chromatography-based assay in which the
mobility of branched but not linear lipid II is shifted in the presence of both sortase and LPSTG-containing
peptide. These results and those of additional experiments presented in this study further suggest that lipid II
indeed serves as a natural substrate in a sorting reaction.

Surface proteins of Staphylococcus aureus and other gram-
positive bacteria are considered to be essential for the initial
establishment of infection, as they are involved in both attach-
ment of bacteria to host tissue matrix proteins and evasion of
the host immune response (17). Most of the known staphylo-
coccal surface proteins are covalently attached to the cell wall
by a mechanism that requires a well-conserved C-terminal
LPXTG motif (17, 23). Both genetic and biochemical data
suggest that a specific enzyme, sortase, catalyzes both the pro-
teolytic cleavage of the LPXTG motif between Thr and Gly
residues and the transpeptidation reaction that links the car-
boxyl group of Thr to the amino group of the pentaglycine
cross-bridge in S. aureus (14, 27). Analysis of the cell wall
anchor structures from various fem mutants showed that sur-
face proteins were linked to cross-bridges containing one,
three, or five glycyl residues but not directly to the ε-amino
group of lysine (26). As shown recently, sortase utilizes NH2-
(Gly)n (n � 1 to 3) as an in vitro nucleophile acceptor, con-
firming the ability of sortase to catalyze a transpeptidation
reaction by using the NH2 group of glycine as a specific accep-
tor site (28).

Previous experiments left unresolved the identity of the nat-
ural acceptor molecule for the sortase-catalyzed transpeptida-
tion reaction. It has been shown that the sorting reaction is
inhibited by vancomycin and to a lesser extent by moenomycin
but not by penicillin (29). In staphylococcal protoplasts, cleav-
age of surface protein precursors and formation of putative
transpeptidation products were observed (29). These results
suggested that the sorting reaction might not require assem-
bled cell wall to proceed and that the Gly-containing branch of
membrane-anchored peptidoglycan (PG) precursor lipid II

[C55-MurNAc-(peptide)-GlcNAc] might serve as an acceptor
site in a sortase-catalyzed transpeptidation reaction.

Lipid II is a minor component of bacterial cell membrane
which can be detected by thin-layer chromatography (TLC)
separation of presolubilized membranes supplied with the
cytoplasmic precursors, UDP-N-acetylmuramyl-pentapeptide
(UDP-MurNAc-pentapeptide) and [14C]UDP-N-acetylglucos-
amine ([14C]UDP-GlcNAc) (25). In S. aureus, the formation of
branched lipid II molecules by the sequential addition of gly-
cine residues to the third position of the peptide moiety is
catalyzed at the membrane level by the FemABX family of
enzymes (12). It has been postulated that in S. aureus the
addition of the first glycine to the conserved lysine residue of
UDP-MurNAc-pentapeptide precursor occurs by FemX activ-
ity preferentially after conjugation of the precursor to the lipid
carrier (13), although traces of UDP-MurNAc-hexapeptide
could be detected in the cytoplasm (2). FmhB is considered to
be the primary candidate for FemX, even though the enzy-
matic activity of FmhB remains to be demonstrated (21).

The in vitro biosynthesis of branched lipid II of S. aureus
requires whole-cell membranes, cytoplasmic PG precursors,
glycine (14C labeled for detection of reaction products), puri-
fied tRNA, and an intracellular fraction that contains tRNA-
activating enzymes (13). Therefore, the quantitative isolation
of staphylococcal glycine-containing lipid II from the com-
plex whole-cell mixtures is a tedious procedure. One way to
facilitate this procedure is to use cytoplasmic Gly-contain-
ing branched UDP-MurNac-hexapeptide precursor. The Ala-
containing branched UDP-MurNac-hexapeptide is relatively
abundant in the cytoplasm of Weissella viridescens (formerly
Lactobacillus viridescens) (10). Recombinant FemX protein
from this organism was purified, and its in vitro activity was
demonstrated (10). The distinctive feature of this enzyme is
that it catalyzes the addition of a branching amino acid (Ala for
W. viridescens) before the formation of membrane-bound cell
wall precursor. This prompted the search for bacterial species
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that would contain similar Gly-containing branched precursors
in their cytoplasm.

The present study reports the isolation of Gly-containing
branched UDP-MurNac-hexapeptide from the cytoplasm of
Streptomyces spp. The use of this precursor facilitated the in
vitro biosynthesis of branched lipid II and allowed the testing
of both branched and linear forms of lipid II in the sortase-
catalyzed transpeptidation reaction. This study presents the
evidence that branched but not linear lipid II serves as a nat-
ural acceptor in the sorting reaction.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used in this study
were Staphylococcus aureus ATCC 29213, Streptomyces lydicus ATCC 25470,
Streptomyces lividans 1326 (John Innes Center, Norwich, United Kingdom), and
Streptomyces hygroscopicus NS17. Streptomyces strains were grown in Trypticase
soy broth (TSB) at 28°C with aeration. S. aureus ATCC 29213 was grown in brain
heart infusion (BHI) broth at 37°C with aeration.

Isolation of PG nucleotide precursors from Streptomyces. The pool of cyto-
plasmic UDP-linked PG precursors was extracted by a modification of a previ-
ously described method (19). Cells were grown to mid-logarithmic phase, chilled,
harvested by centrifugation, washed in 0.9% NaCl, and extracted with cold
trichloroacetic acid (TCA) (final concentration of 5%) for 30 min at 4°C. The
extract was desalted on Sephadex G-25 and concentrated by rotary evaporation.
High-pressure liquid chromatography (HPLC) separation of precursors was per-
formed essentially by the method of Flouret et al. (8) with some modifications.
The precursors were separated by reverse-phase HPLC on a �Bondapak C18

column (3.9 by 300 mm; Waters) in 50 mM ammonium formate (pH 3.9) at a flow
rate of 0.5 ml/min. The elution of precursors was monitored at a wavelength of
254 nm. The approximate yields were 35 nM UDP-MurNAc-Ala-Glu-A2pm
(L,L-diaminopimelic acid)-Ala-Ala and 4 nM UDP-MurNAc-Ala-Glu-A2pm
(Gly)-Ala-Ala per gram of bacterial pellet (dry weight).

MS. Electrospray ionization tandem mass spectrometry (ESI/MS/MS) was
performed using a Micromass Q-ToF mass spectrometer equipped with a nano-
electrospray source. Samples, adjusted to a pH of 3, were sprayed from a
metal-coated capillary purchased from New Objectives. Instrumental settings
were as follows: capillary voltage, 900 V; cone voltage, 30 V; and collision energy,
40 eV. Doubly charged ions, (M � 2H)2�, were selected as a precursor ions for
MS/MS studies.

In vitro PG biosynthesis assay. The in vitro PG biosynthesis assay was per-
formed as described previously (1, 25) with some modifications including the
addition of 0.1% Triton X-100 to the reaction mixture and the preincubation of
membranes both prior to the addition of UDP-MurNAc-peptides (30 min on ice)
and prior to the addition of UDP-[14C]GlcNAc (10 min, room temperature). The
reaction mixture contained 0.05 M Tris-HCl (pH 7.8), 10 mM MgCl2, 0.1%
Triton X-100 in a final volume of 14 �l, cell membrane fractions isolated from
mid-exponential cultures (20 �g of protein), 33 �M appropriate UDP-MurNAc-
peptide precursor (when added), and 5.7 �M UDP-[14C]GlcNAc (250 mCi/
mmol; American Radiolabeled Chemicals, Inc.). The A2pm-containing precur-
sors were isolated from S. lividans as described above, and the Lys-containing
precursor was isolated by a similar procedure from TCA extracts of S. aureus
ATCC 29213. When required, the samples were preincubated with 50 �g of
ramoplanin (kindly provided by Franco Parenti, Biosearch Italia) per ml for 10
min at room temperature prior to the addition of UDP-[14C]GlcNAc. Upon the
addition of all reagents, the reaction mixtures were incubated for 30 min at room
temperature and placed in a boiling water bath for 2 min to inactivate enzymes
and thus prevent degradation of lipid II. Aliquots (2 �l) of the samples were
separated by TLC on silica gel plates (K6; Whatman) for 2 h in isobutyric acid–1
M NH4OH (5:3, vol/vol). After the aliquots were separated, the plates were dried
and exposed to X-ray film (BioMax MS; Kodak). The final concentration of lipid
II in the samples was estimated to be �0.5 �M, based on the estimate that �10%
of added UDP-[14C]GlcNAc was converted to lipid II.

The nature of the radioactive material retained on TLC start line was inves-
tigated by treating the material with N-acetylmuramidase by the previously pub-
lished procedure (11, 13), except that mutanolysin was used instead of egg white
lysozyme. The radioactive material was scraped from the TLC plate start line and
resuspended in 25 mM phosphate buffer (pH 5.5). The samples were incubated
overnight at 37°C either with or without mutanolysin (final concentration, 200
�g/ml; Sigma) and separated by TLC as described above.

In vitro sortase-catalyzed transpeptidation reaction. The LPXTG-containing
peptide �-Dabsyl-KRQLPSTGET[E-Edans]NPFF (kindly provided by C. Hal
Jones, Siga Pharmaceuticals) (which we will refer to as LPSTG peptide hereaf-
ter), where Dabsyl and E-dans stand for (4-4�-dimethylaminophenazo)benzoyl
and 5-[(2�-aminoethyl)-amino]-naphthalene-1-sulfonic acid, respectively, was in-
cubated in the presence and absence of purified sortase (Siga Pharmaceuticals)
with membrane preparations, containing either linear or branched lipid II. A
typical sample contained a 4-�l aliquot of an appropriate heat-inactivated PG
biosynthesis reaction mixture (see above), 20 mM HEPES (pH 8.0), 10 mM
CaCl2, 44.45 �M LPSTG peptide, and 15 �g of sortase (when added) in a final
volume of 20 �l. When required, the reaction mixture also contained either 10
mM NH2-(Gly)3 or 0 to 100 �g of vancomycin per ml. Samples were incubated
for 1 h at room temperature, and 12-�l aliquots of the samples were separated
by TLC as described above. After the samples were separated, the plates were
dried and exposed to X-ray film.

RESULTS

Isolation of glycine-containing branched muropeptide. To
identify bacterial species that might contain branched PG pre-
cursors in their cytoplasm, a search for homologs of FemX of
W. viridescens was performed. The deduced amino acid se-
quence similarity search in the GenBank database identified
FemX of W. viridescens as most similar to three putative pro-
teins SCH24.26c, SCF55.26, and SC66T3.04 of Streptomyces
coelicolor (24 to 25% identity and 36 to 40% similarity over a
357- to 365-amino-acid stretch), followed by MurM of Strepto-
coccus pneumoniae (24% identity and 37% similarity over a
223-amino-acid stretch). This suggested that S. coelicolor and
possibly other Streptomyces spp. might be able to synthesize
branched UDP-MurNAc-peptide precursors in their cyto-
plasm. Because the cell walls of Streptomyces spp. contain
A2pm and, as suggested, are cross-linked via single Gly resi-
dues (22), the pools of cytoplasmic UDP-linked precursors of
several Streptomyces species, such as S. lividans, S. lydicus, and
S. hygroscopicus, were tested for the presence of UDP-Mur-
NAc-Ala-Glu-A2pm(Gly)-Ala-Ala. The HPLC profile of pre-
cursors isolated from S. lividans is shown in Fig. 1. Similar
profiles were obtained for S. lydicus and S. hygroscopicus (data
not shown). The two peaks with retention times of 24.2 min
(peak 1) and 37.5 min (peak 2) have molecular weights of 1,193
and 1,250, respectively, as determined by ESI/MS. Based upon
their ESI/MS/MS, the structures for peaks 1 and 2 were as-
signed to UDP-MurNAc-Ala-Glu-A2pm-Ala-Ala (referred to
as linear precursor hereafter) and UDP-MurNAc-Ala-Glu-
A2pm(Gly)-Ala-Ala (referred to as branched precursor here-
after), respectively. Figure 2 shows the positive-ion ESI/
MS/MS and structural assignments for the doubly charged
parent ion for peak 2. Two product ions of particular impor-
tance were the fragment ions with m/z of 390.1 and 687.4,
demonstrating that the Gly residue is attached to the A2pm
residue. These results suggest the presence of a FemX-like
activity in the cytoplasm of Streptomyces species.

In vitro biosynthesis of Gly-containing branched lipid II. In
order to test whether both linear and branched precursors
could be incorporated into lipid II, both precursors as well as
staphylococcal UDP-MurNAc-Ala-Glu-Lys-Ala-Ala were used
in an in vitro PG biosynthesis assay with membranes isolated
from either S. lividans or S. aureus. The membranes of S.
lividans were completely inactive in the PG biosynthesis assay
(data not shown). This could possibly be due to nonoptimal
reaction conditions and/or due to the lack of some important

2142 RUZIN ET AL. J. BACTERIOL.



cofactor(s). In contrast, staphylococcal membranes synthesized
both lipid II and PG regardless of the type of precursor sup-
plied (Fig. 3). The assignments of lipid II and PG spots were
confirmed by treatment with ramoplanin, a known lipid II
synthesis inhibitor (25), as none of those spots were present on
TLC autoradiogram of ramoplanin-treated samples (Fig. 3).
This result is consistent with the previously reported data on
the lack of stringent specificity of both transferases and trans-
glycosylases for the amino acid composition of peptide chain
(in this case the only difference is A2pm in Streptomyces species
versus Lys in S. aureus) (3, 16, 18, 20, 30, 31). With the one
exception of having A2pm instead of Lys, which results in a
slight decrease in TLC mobility (Fig. 3), the lipid II molecules
that are synthesized by using precursors from Streptomyces are
identical to the native staphylococcal lipid II.

The previous studies established that PG material remains
on the start line during TLC separation (11, 13). Because in the
present study staphylococcal cell membranes were supplied
with either their native (Lys-containing) or nonnative (A2pm-
containing) UDP-linked peptide precursors, it was necessary
to confirm the PG nature of the radioactive material retained
on the TLC start line. This was performed by treatment with
mutanolysin, N-acetylmuramidase from Streptomyces glo-
bisporus (6, 7, 24), which resulted in the release of TLC-mobile
low-molecular-weight radioactive species (data not shown)
similar to those observed in previous studies (11, 13). This
result implies that the radioactivity retained on the TLC start
line indeed represents PG. It also suggests, consistent with the
results of previous experiments (11, 13), that this PG material
lacks peptide cross-links, since cross-linked PG would remain

polymerized (and would be retained on the TLC start line)
even when glycosidic bonds were cleaved.

In vitro sortase-catalyzed transpeptidation reaction. Both
linear and branched lipid II molecules were tested in a
mobility shift sortase activity assay to determined whether
those molecules might serve as the acceptors in the sortase-
catalyzed transpeptidation reaction. It should be noted that
prior to this assay all enzymatic activities that are present in
the lipid II-containing membrane preparations and that are
relevant to PG biosynthesis were inactivated by heating at
100°C. This ensured the stability of lipid II molecules and
the lack of a possible competition between the sorting re-
action and PG biosynthesis. In addition, the ability of staph-
ylococcal sortase to cleave the T/G bond of LPSTG peptide
and to catalyze a transpeptidation reaction with NH2-Gly3

was confirmed by ESI/MS analysis as described previously
(28) (K. Tabei and M. M. Siegel, unpublished data). As
shown in Fig. 4, an upward shift in lipid II mobility was
detected when both sortase and LPSTG peptide were
present in membrane preparations containing branched but
not linear lipid II molecules (see lanes 2, 5, and 8). No
mobility shift was detected either in the absence of sortase
(Fig. 4, lanes 1, 4, and 7) or in the absence of LPSTG
peptide substrate (not shown). Based on the previous stud-
ies (28), these results suggested that an observed shift in
lipid II mobility is a result of a sortase-catalyzed proteolytic
cleavage/transpeptidation reaction during which �-Dabsyl-
KRQLPST (a cleavage product) is covalently linked to a Gly
residue of branched lipid II. The increased mobility of the
putative transpeptidation product versus that of lipid II

FIG. 1. HPLC profile of cytoplasmic PG precursors isolated from S. lividans. Shown above is the separation of the pool of cytoplasmic
UDP-linked PG precursors by reverse-phase HPLC. Peaks 1 and 2 with retention times of 24.2 and 37.5 min correspond to UDP-MurNAc-Ala-
Glu-A2pm-Ala-Ala and UDP-MurNAc-Ala-Glu-A2pm(Gly)-Ala-Ala, respectively.
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most likely reflects the increase in hydrophobicity due to the
covalent addition of a Dabsyl-containing peptide moiety.
The fact that putative �-Dabsyl-KRQLPST-lipid II is de-
tected only with branched lipid II but not with linear lipid II
implies that the NH2 group of branching Gly but not the
NH2 group of A2pm (or Lys in S. aureus) serves as a specific
nucleophile acceptor in the sorting reaction. Further sup-
porting this hypothesis was the observation that excess NH2-
(Gly)3 inhibited the formation of the putative transpeptida-
tion product (Fig. 4, lane 3) presumably due to the
competition between NH2-(Gly)3 and NH2-Gly of the
branched lipid II for the formation of amide linkage with
�-Dabsyl-KRQLPST. In an additional test for the acceptor
site specificity of the sorting reaction, staphylococcal sortase
was substituted for that of Streptococcus pyogenes (kindly
provided by Stephen Olmsted). Both staphylococcal and

streptococcal sortases were confirmed by ESI/MS to cleave
the LPSTG peptide at the T/G bond (Tabei and Siegel,
unpublished). However, no mobility shift was detected with
streptococcal sortase (data not shown), most likely due to
the lack of specificity of this enzyme for NH2-Gly, since the
PG of S. pyogenes is cross-linked via Ala residues (22).

As shown previously, vancomycin inhibits the anchoring of
surface proteins, presumably by altering “the physiological
concentration of PG precursor molecules that may serve as a
substrate for the sorting reaction” (29). Vancomycin binds to
the D-Ala–D-Ala terminus of the lipid II peptide moiety (5, 9).
The positioning of a bulky vancomycin molecule near the Gly-
containing branch might cause a steric interference with the
sortase-catalyzed transpeptidation reaction. Indeed, in this
study vancomycin inhibits the formation of the putative trans-
peptidation product in a concentration-dependent manner

FIG. 2. Positive-ion ESI/MS/MS analysis of HPLC peaks. Peaks 1 and 2 were collected during HPLC of PG precursors (Fig. 1) and analyzed
by ESI/MS/MS. The ESI/MS/MS of peak 2 and the structural assignments for the detected fragment ions for UDP-MurNAc-Ala-Glu-A2pm(Gly)-
Ala-Ala are shown. Note that the masses of the observed fragment ions (numbers above arrows) are 1 Da greater than the masses of the neutral
structures due to the addition of H�. Similar analysis was performed for peak 1 (data not shown).
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(Fig. 4, lanes 9, 10, and 11), supporting previous data and
further suggesting that lipid II serves as a substrate for the
sortase-catalyzed transpeptidation reaction.

It should be noted that according to densitometry analysis,
only about 50% of branched lipid II molecules undergo a
mobility shift in this assay (Fig. 4, lanes 2 and 8). This might be
a consequence of either suboptimal reaction conditions or the
reversible nature of the transpeptidation reaction.

DISCUSSION

The present study addressed a previously suggested hypoth-
esis on the use of bacterial cell wall precursor lipid II as a
natural substrate in the sortase-catalyzed anchoring reaction
(28, 29). First, an in vitro biosynthesis of Gly-containing
branched lipid II, which is required for sortase activity assay,
was simplified by using a branched precursor, UDP-MurNAc-
Ala-Glu-A2pm(Gly)-Ala-Ala, isolated from TCA extracts of
several Streptomyces species. The presence of such a precursor
in the cytoplasm of Streptomyces spp. was predicted based on
the presence of putative proteins that are similar to FemX
from W. viridescens, a known cytoplasmic branching enzyme.
Further work is required for isolation and characterization of
the FemX-like activity from Streptomyces. Also, additional ex-
periments are necessary to determine the roles of both
branched and linear UDP-MurNAc-peptide precursors in the
biosynthesis of Streptomyces cell wall. This might be achieved
by both an in vitro PG biosynthesis assay and by analysis of the
cell wall structure. Interestingly, Streptomyces membranes did
not synthesize PG with either branched or linear cognate pre-
cursors, whereas staphylococcal membranes successfully uti-
lized both of these precursors for lipid II and PG biosynthesis.

This may indicate that standard conditions for the in vitro PG
biosynthesis reaction, which were previously optimized for
membranes of other organisms, such as Bacillus megaterium,
Gaffkya homari, and S. aureus (13, 25), are not suitable for
Streptomyces membranes. It is possible that some important
cofactor(s) might be lost during membrane preparation.

Second, the need for lipid II purification was alleviated by
using the lipid II-containing membrane preparation in a TLC-
based mobility shift assay. In this assay radioactively labeled
lipid II was easily detected in the context of the whole-cell
membranes and the shift in its mobility was correlated with the
onset of the sortase-catalyzed cleavage/transpeptidation reac-
tion. The data from this study indicated that the NH2 group of
branching Gly of the lipid II molecule serves as a specific
nucleophilic acceptor site for this reaction and thus supported
the previously published hypothesis that lipid II serves as a
natural substrate in the anchoring of surface proteins (28, 29).
In this study, sortase was able to recognize lipid II from a
complex whole-cell membrane mixture. This could be regarded
as an additional demonstration of sortase specificity. However,
the existence of additional natural acceptor sites, such as N-
terminal branching Gly residues of the growing non-cross-
linked PG chains, could not be ruled out. It appeared that the
previous studies with cell wall inhibitors and staphylococcal
protoplasts did not completely rule out that possibility either
(29). In fact, the anchoring of a bulky protein molecule on lipid
II might create a steric interference with subsequent transgly-
cosylation reaction, and thus, the sorting reaction might pref-
erably proceed at the branches of nonmature PG. Alterna-
tively, lipid II and PG chains may both serve as natural
acceptors in the anchoring of surface proteins. Further exper-
iments are currently under way to test these possibilities.

FIG. 3. TLC separation of in vitro PG biosynthesis reaction mixtures. Cell membranes were prepared from S. aureus ATCC 29213, solubilized,
and supplied with UDP-[14C]GlcNAc and an appropriate UDP-MurNAc precursor. Where indicated, the samples were treated with ramoplanin
prior to the addition of UDP-[14C]GlcNAc. Following incubation and inactivation by boiling, 2-�l aliquots of samples were separated by TLC on
silica gel plates and the plates were dried and autoradiographed. The band of unknown nature (indicated by an asterisk) that is detected regardless
of the presence (�) or absence (�) of UDP-MurNAc-peptide precursors might result from previously described translocation of [14C]N-
acetylglucosamine-1-phosphate from UDP-[14C]GlcNAc to C55 lipid carrier (4, 15).
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