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A set of enzymes dedicated to recycling of the amino sugar components of peptidoglycan has previously been
identified in Escherichia coli. The complete pathway includes the nag4-encoded enzyme, N-acetylglucosamine-
6-phosphate (GIcNAc6P) deacetylase, of the catabolic pathway for use of N-acetylglucosamine (GlcNAc).
Mutations in nagA result in accumulation of millimolar concentrations of GIcNAc6P, presumably by prevent-
ing peptidoglycan recycling. Mutations in the genes encoding the key enzymes upstream of nag4 in the
dedicated recycling pathway (ampG, nagZ, nagK, murQ, and anmK), which were expected to interrupt the
recycling process, reduced but did not eliminate accumulation of GIcNAc6P. A mutation in the nagE gene of
the GlcNAc phosphotransferase system (PTS) was found to reduce by 50% the amount of GIcNAc6P which
accumulated in a ragA4 strain and, together with mutations in the dedicated recycling pathway, eliminated all
the GIcNAc6P accumulation. This shows that the nagE-encoded PTS transporter makes an important contri-
bution to the recycling of peptidoglycan. The manXYZ-encoded PTS transporter makes a minor contribution to
the formation of cytoplasmic GIcNAc6P but appears to have a more important role in secretion of GlcNAc

and/or GIcNAc6P from the cytoplasm.

Peptidoglycan (PG) or murein, the rigid shape-forming layer
of the bacterial cell envelope, undergoes extensive degradation
and resynthesis during normal bacterial growth. It is estimated
that 40 to 50% of the PG is broken down and reused each
generation (for a review, see reference 22). PG is a matrix of
chains of alternating N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc) sugars cross-linked by peptide
bridges. Over the last 20 years the pathways for recycling both
the peptide and amino sugar portions of the PG have been
elucidated, and a number of genes involved in this process have
been identified. Most of the genes involved encode dedicated
enzymes whose only function seems to be to recover the ma-
terial produced during PG turnover and to reuse it to synthe-
size more PG or as a source of energy. However, some of the
enzymes shown to be involved have apparently been recruited
from another metabolic pathway (e.g., murQ- and nagA-en-
coded enzymes [see below]), while other specialized PG-recy-
cling enzymes have a subsidiary function (e.g., ampG- and
ampD-encoded enzymes in B-lactamase induction [20]).

The pathway for recycling the amino sugar part of PG in
Escherichia coli is shown in Fig. 1 (for a review, see refer-
ence 22). Periplasmic hydrolases (lytic transglycosylases,
Slt) and endopeptidases break the PG backbone, liberating
anhydro-muropeptides (principally GlcNAc—anhydro-MurNAc
[anhMurNAc]-tetrapeptide), which are transported into the
cytoplasm by the ampG-encoded transporter (10). The peptide
portion is cleaved off either by the membrane-associated
amiD-encoded amidase (28) or by the ampD-encoded cyto-
plasmic amidase (11), liberating the disaccharide. The tet-
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rapeptide is converted to a tripeptide and free p-Ala, both of
which are reused to produce UDP-MurNAc-pentapeptide
(11). The GlcNAc-anhMurNAc disaccharide is cleaved by the
nagZ-encoded B-N-acetylglucosaminidase (2, 32), and then
both sugars are converted to their 6-phosphate forms by the
specific kinases NagK (29) and AnmK (31). The latter pro-
duces MurNAc-6-phosphate (MurNAc6P), which is converted
to GIcNAc6P by the murQ-encoded etherase (12, 30).
MurNAC6P is also the product of transport of MurNAc by the
MurNAc-specific phosphotransferase system (PTS) trans-
porter MurP. The murP and murQ genes form an operon for
use of MurNAc as a carbon source (4). Thus, the MurQ pro-
tein has both catabolic and recycling functions (12, 30). Simi-
larly, further use of the GIcNAc6P involves an enzyme nor-
mally involved in the catabolism of GlcNAc, the nag4-encoded
GIcNACc6P deacetylase of the GIcNAc degradation pathway
(21). The deacetylase converts GIcNAc6P to glucosamine-
6-phosphate (GIcN6P), which can be converted to UDP-
GlcNAC, the first dedicated compound for the synthesis of the
cell wall components, by the glmM- and glmU-encoded en-
zymes (16, 17).

It has been known for many years that mutations in nagA4
lead to very high levels of GIcNAc6P (33). Strains carrying
nagA mutations are Nag5°™i'*® (j.e., they do not grow in me-
dium containing GIcNAc and another carbon source). The
toxicity of the accumulated sugar phosphates means that sec-
ondary mutations that alleviate this toxicity arise spontane-
ously in vivo (33). GIcNAc6P is the inducing signal for the
NagC repressor of the nag regulon, and the accumulation of
GIcNACO6P in the nagA strain results in derepression (endog-
enous induction) of the nag regulon (25). One class of sup-
pressor mutations result in noninducible versions of NagC that
are not sensitive to GIcNAc6P, so that the nag genes stay
repressed (23), implying that overexpression of the nag regulon
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FIG. 1. Scheme for recycling of PG in E. coli. The enzymes and
substrates are described in the text. Slt is the major soluble lytic
transglycosylase. OM, outer membrane; PP, periplasm; IM, inner
membrane. The enzymes involved in converting UDP-GIcNAc into the
components of the PG and outer membrane are not shown. Arrows
with a question mark indicate the pathways postulated to exist based
on the results described in this work.

genes is one cause of the toxicity. Amino sugars are essential
constituents of the bacterial PG and lipopolysaccharide
(LPS) in gram-negative bacteria. In the absence of an exog-
enous supply of amino sugars, glmS, encoding GIcN6P syn-
thase, is an essential gene (for a review, see reference 7). As
GlcNACc6P accumulates in nagd cells growing in medium
devoid of amino sugars, it must ultimately be derived from
the de novo synthesis of GIcN6P by GImS, which is destined
for synthesis of PG and the LPSs of the outer membrane. As
no acetyltransferase for GIcN6P has been characterized, the
most likely origin of the GIcNACc6P in nagA strains is recy-
cling of the PG. The LPS of the outer membrane of gram-
negative bacteria also contains GIcN, but it is not known to
undergo any turnover and the work of Park (21) showed that
radioactive GlcN was stably incorporated into the LPS frac-
tion, whereas radioactivity was slowly lost from the PG of
isolated sacculi.

In this work the effect of mutations in the recycling pathway
on the accumulation of GIcNACc6P in vivo was investigated.
The results show that mutations in one or more genes of the
recycling pathway reduce but do not eliminate GIcNAc6P ac-
cumulation in nagA strains. However, when these mutations
are present in the same strain with a mutation in the nagE gene
encoding the GIcNAc6P-specific transporter of the GIcNAc
PTS, GIcNAC6P levels decrease to the background level. This
shows that the GlcNAc PTS is another pathway that is involved
in recycling the GIcNAc component of PG. The manXYZ-
encoded PTS transporter is also capable of GIcNAc uptake,
and its effect on the recycling process was also examined.

MATERIALS AND METHODS

Bacterial methods. The starting strains carrying antibiotic resistance replace-
ment-deletion mutations in the PG-recycling genes and PTS genes used in this
work are listed in Table 1. They were introduced sequentially by P1 transduction
into MC-B1. MC-B1 is MC4100 carrying a single copy of the nagB-lacZ fusion on
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a \ lysogen. Expression of the nagB-lacZ fusion depends on the level of GIcNAc6P,
which is the inducing signal for the NagC repressor. The AnagA::FRTkan and
AnagA::FRTcm mutations remove only the 5" half of nagA, leaving the nagC
promoters intact (24). Antibiotic cassettes which are flanked by FRT sites were
cured by transformation with the pCP20 plasmid expressing the Flp recombinase
(5). Curing strains that carried nagE::FRTkan and nagA::FRTcm simultaneously
resulted in loss of the intervening nagB gene. The loss of nagB did not affect the
accumulation of GIcNACc6P in strains when the cured and uncured versions were
both tested. The nagA:tc534 insertion mutation (25) had the same effect on
GIcNAC6P accumulation as nagA::FRTcm or kan replacement, but it affected
nagC expression and the nagB-lacZ fusion was derepressed. The final genotypes
of the strains tested are shown in Table 1, in which genes are listed in the order
in which they were introduced. Strains bearing nag4 mutations are not very
stable, especially on LB medium, and were kept on minimal glucose plates
containing Casamino Acids. Several independent constructs carrying different
alleles of the same gene and/or with the mutations introduced in a different order
when possible were tested. Mutants with similar genotypes are organized in eight
mutant groups, which are shown in Fig. 2B. The groups with the suffix “m” all
carry a manXYZ mutation. The presence of the mutations, either cured or with
the antibiotic cassette, was verified by PCR analysis of the bacteria using pairs of
oligonucleotides located upstream and downstream of the mutated gene. The
nagZ::cm mutation cotransduces about 50% with nagK, and the presence of the
correct nagK allele was verified systematically by PCR.

Bacteria used for B-galactosidase assays and GIcNAc6P measurements were
grown aerobically in morpholinepropanesulfonic acid (MOPS) medium with
0.2% glucose and 0.5% Casamino Acids at 37°C. For B-galactosidase assays
aliquots were removed throughout the exponential phase, and values are re-
ported for cultures whose absorbance at 650 nm ranged from 0.5 to 1.0.

GIcNAc(6P) measurement. Bacteria were grown to an optical density at 650
nm (ODygs;) of about 1.0 and then rapidly chilled in ice. The ODgs, was then
measured precisely, and the equivalent of 25 ODygs, units was harvested by
centrifugation, resuspended in 1.5 ml H,O, transferred to an Eppendorf tube,
and recentrifuged. The pellet was resuspended in 1.0 ml H,O and placed in a
boiling water bath for 5 min to obtain a hot water extract (10, 21). Denatured
proteins and debris were removed by centrifugation, and the supernatant was
lyophilized. In other experiments soluble metabolites were extracted by the cold
methanol procedure (15). The lyophilized sample was dissolved in water. The
GIlcNACc level was estimated by a modification of the Morgan-Elson procedure
basically as described previously (8). Fifty microliters of extract (equivalent to 5
ODys units of bacteria) was mixed with 75 ul 2 M potassium borate (12.36 g
boric acid/100 ml, adjusted to pH 9.2 with KOH), boiled for 3 min, and then
cooled to room temperature in water. Then 625 pl of Ehrlich’s reagent [1 g
4-(dimethylamino)benzaldehyde acidified with 1.25 ml HCl and dissolved in 100
ml glacial acetic acid] was added and incubated at 37°C for 25 min. The tubes
were centrifuged at 4°C to cool them and remove any precipitated material, and
the optical density of the purple color was measured at 585 nm. Standard curves
were constructed using GIcNAc. Similar values were obtained for GIcNAc6P
accumulation by the hot water and cold methanol methods. The background
values were lower with the cold methanol method. The Morgan-Elson procedure
does not distinguish GleNAc from GIcNAc6P, and this is indicated in the text by
GIcNACc(6P).

To determine the amount of GIcNACc6P in the extracts, aliquots were treated
with 3 wg/ml GIcNAc6P deacetylase in 50 mM Tris (pH 8.0), 25 uM ZnCl, for
30 min at 37°C before the Morgan-Elson procedure was carried out. This amount
of deacetylase was sufficient to remove at least an extra 50 nmol of GlcNAc6P
added to the extract-containing reaction mixture. In addition to GlcNAc and
GIcNACc6P, some other compounds, like MurNAc6P (but not anhMurNAc,
GlcNAc-anhMurNAc disaccharide, or UDP-GIcNAc, in which carbon 1 of the
amino sugar is not available for chromogen formation [3]), should react with
Ehrlich’s reagent. High concentrations of some other compounds are also re-
ported to interfere but were not likely to be important in the extracts used in this
study since for the wild-type strain grown on Glc the background values are <1
nmol/5 ODgs units of bacteria. The material referred to as nonphosphorylated
GlcNAc included any (potential) cross-reacting compounds.

RESULTS

Mutations in the PG-recycling pathway reduce but do not
eliminate GIcNAc6P accumulation in strains carrying nagd
mutations. The GIcNAc levels in the soluble extracts of glu-
cose-grown strains carrying a nagA mutation were measured
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TABLE 1. Bacterial strains”

Strain Relevant genotype Reference(s) Mutant group
Strains with mutations in PTS and
PG-recycling genes
DY nagA:FRTcm nagA::FRTem
DY nagA::FRTkan nagA::FRTkan
IBPC534 nagA::tc534 25
HfrHO1 ampG::kan 10
TP77 nagZ::cm 2
TB71BK nagK::FRTcm 29
TP71B anmK anmK::FRTcm 31
TI2 murQ::FRTkan 12
MG1655 murP murP::FRTkan 4
JW0662 nagE::FRTkan 1
DY manXYZ::FRTcm manXYZ::FRTcm
IBPC707 manXYZ::Tn9 26
IBPC590 AnagEBACD::tc 23,24
Strains analyzed
MC-B1 MC4100 NRS/nagE-B B
MC-B11 nagA::tc534 1
MC-B31 nagA::FRTkan 1
MC-B48 nagK murQ anmK AnagEBACD::tc 11
MC-B51 nagK murQ anmK nagA::FRTkan 3
MC-B52 AnagEBACD::tc 10
MC-B61 nagA::FRTcem 1
MC-B62 nagK murQ anmK ampG::kan nagZ::cm B
MC-B71 manXYZ::FRTcm nagE::FRTkan B
MC-B90 nagE::FRTkan nagA::FRTcm 5
MC-B120 nagK murQ anmK ampG::kan nagZ::cm AnagEBACD::tc 12
MC-B123 nagK murQ anmK nagZ::cm nagA ampG::kan 4
MC-B124 nagK murQ anmK ampG::kan nagA nagZ::cm 4
MC-B125 manXYZ nagE::FRTkan nagA::FRTcm Sm
MC-B128 nagE::FRT kan nagA::FRTcm 5
MC-B134-1P nagK murQ anmK manXYZ nagE nagB nagA ampG::kan nagZ::cm 8m
MC-B134-2R murQ anmK manXYZ nagE nagB nagA ampG::kan nagZ::cm 9m
MC-B137 nagK murQ anmK manXYZ nagE ampG::kan nagZ::cm B
MC-B139 nagK murQ anmK manXYZ::FRTcm nagA::FRTkan 3m
MC-B141 manXYZ nagE nagB nagA ampG::kan nagZ::cm 6m
MC-B144 nagK murQ anmK nagE::FRTkan nagA::FRTcm 7
MC-B157 ampG::kan nagZ::cm nagA::tc534 2
MC-B158 ampG::kan nagA nagZ::cm 2
MC-B159 nagK murQ anmK nagA::FRTcm 3
MC-B160 nagK murQ anmK nagE::FRTkan nagA::FRTcm 7
MC-B162 nagK murQ anmK manXYZ nagE::FRTkan nagA::FRTcm 7m
MC-B163 nagK murQ anmK nagA::tc534 3
MC-B166 nagK murQ anmK manXYZ nagE::FRTkan nagA::tc534 7m
MC-B170 nagK murQ anmK nagE nagB nagA manXYZ::FRTcm Tm
MC-B171 nagE::FRTkan nagA::FRTcm 5
MC-B174 nagA::FRTcem 1
MC-B174C nagA 1
MC-B175 nagE::FRTkan nagA::FRTcm 5
MC-B175C nagk nagB nagA 5
MC-B177 nagA::FRTcem Im
MC-B178 nagE::FRTkan nagA::FRTcm Sm
MC-B179 nagE::FRTkan nagA::FRTcm Sm
MC-B180 nagA manXZ::FRTcm 1m
MC-B181 nagE nagB nagA manXZ::FRTcm S5m
MC-B182 nagA manXYZ::Tn9 1m
MC-B204 nagE nagB nagA ampG::kan nagZ::cm 6
MC-B205 nagK murQ anmK nagE nagB nagA nagZ::cm ampG::kan 8
MC-B206 nagK murQ anmK manXYZ nagE nagB nagA nagZ::cm ampG::kan 8m
MC-B210 manXYZ nagA ampG::kan nagZ::cm 2m
MC-B212 nagA ampG::kan nagZ::cm 2
MC-B221 nagK murQ anmK nagA ampG::kan nagZ::cm 4
MC-B222 nagK murQ anmK manXYZ nagA ampG::kan nagZ::cm 4m
MC-B223 nagE nagB nagA ampG::kan nagZ::cm 6
MC-B224 manXZ nagE nagB nagA ampG::kan nagZ::cm 6m
MC-B225 nagK murQ anmK nagA::FRTkan manXYZ::FRTcm 3m
MC-B265 murP nagA::FRTcm
MC-B270 murP manXYZ nagA::FRTcm
MC-B275 murP nagE::FRTkan nagA::FRTcem
MC-B280 murP manXYZ nagE::FRTkan nagA::FRTcm

“ All strains whose designation begins with MC-B are derivatives of MC-B1 (MC4100 carrying a nagB-lacZ fusion on a X lysogen). Strains are divided into mutant
groups based on the set of mutations carried (Fig. 2B). The manXYZ derivatives of the mutant groups are indicated by the suffix m. Mutant group B contains the nag4 ™
strains tested in the experiments whose results are shown in Table 2. The strains in a group can carry the same or different alleles introduced in a different order and/or
cured for the antibiotic cassette. Mutations are listed in the order in which they were introduced. FRT indicates that the antibiotic resistance cassette is surrounded
by FRT sites. The suffix C in a strain designation indicates that the antibiotic cassette was cured by transformation with pCP20 (5).

and were found to be about 30 nmol per 5 ODgs, units of
bacteria (Fig. 2A, group 1). Assuming that 1 ODgs, unit of E.
coli is about 10° cells (18) and that the volume of one E. coli
bacterium is about 10~ "2 ml (9, 13), this means that the intra-

cellular concentration of accumulated GIcNAc6P was about 5
mM. White (33) estimated that there was a similar concentra-
tion in his nag4A mutant. The Morgan-Elson reaction does not
distinguish between the free sugar and the 6-phosphorylated
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FIG. 2. Effect of recycling and nagE mutations on levels of GIcNAc plus GIcNAc6P and nagB-lacZ expression. (A) Soluble extracts of strains
belonging to the different mutant groups (see panel B) were tested to determine the levels of GIcNAc plus GIcNAc6P by the modified
Morgan-Elson method. Values for different strains belonging to the same mutant group are combined, and the results are the means and standard
deviations for between 2 to 10 independent cultures. (B) Genotypes of strains in the different mutant groups. (C) B-Galactosidase activities of the
nagB-lacZ fusion in strains belonging to mutant groups 1 to 8 and the isogenic manXYZ groups 1m to 9m. The data are the means and standard
deviations for 2 to 10 independent cultures. (D) Total GlcNAc reacting material was measured by the Morgan-Elson method in soluble extracts
of mutant group 1 to 8 strains and the isogenic manXYZ strains (mutant groups 1m to 8m) before and after treatment of the extracts with NagA
(GIcNAC6P deacetylase). The first bar in each set of four bars indicates the total amount of GIcNAc plus GIcNAC6P in the manXYZ™ strain; the
second bar indicates the amount of GIcNAc6P in the manXYZ™ strain; the third bar indicates the total amount of GIcNAc plus GIcNAC6P in the
manXYZ strain; and the fourth bar indicates the amount of GIcNACc6P in the manXYZ strain. A subset of the extracts tested to obtain the data
in panel A were reanalyzed in this test. The data are the means and standard deviations for two to six independent cultures. 5OD, 5 ODgs, units.

form. As shown below, most of GIcNAc measured in the ex- responsible for production of nonphosphorylated GIcNAc and
tracts was in the 6-phosphorylated form. Where free GIcNAc is anhMurNAc; and mutations in anmK, murQ, and nagK, whose
not distinguished from the phosphorylated form, the term products convert anhMurNAc and GIcNAc to GIcNAc6P. The
GIcNACc(6P) is used. All the strains used carry a nagB-lacZ mutant strains are divided into groups according to the sets of
fusion on a \ lysogen, which is repressed by the GIcNAc6P- mutations that they carry, which are listed in Fig. 2B. For exam-

sensitive NagC repressor. The nag4 mutation causes the nagB- ple, group 3 strains carry mutations in anmK, murQ, and nagk, as

lacZ fusion to be fully derepressed (Fig. 2C, group 1) (25). well as in nagA. Several strains carrying similar sets of mutations
The nagA mutation was introduced into strains carrying muta- were tested. The exact genotypes of the different strains are

tions in genes involved in PG recycling, including ampG shown in Table 1.

(GlcNAc-anhMurNAc peptide permease), nagZ (p3-N-acetylglu- Mutations either in nagZ and ampG or in nagK, anmK, and

cosaminidase), anmK (anhMurNAc kinase), murQ (MurNAc6P murQ were found to reduce the level of GIcNAc(6P) by 40 to
etherase), and nagK (GlcNAc kinase) (Table 1 and Fig. 2B). 60% (Fig. 2A, mutant groups 2 and 3). Moreover, there was no
For convenience, these mutations are considered in the fol- additive effect when the five mutations were combined in the
lowing two classes: mutations in ampG and nagZ, which are same strain (group 4), which is consistent with the hypothesis that
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TABLE 2. Effect of PG recycling on the basal level of
nagB expression”

B-Galactosidase activity

Strain Genotype (Miller units)
(mean * SD)
MC-B1 Wild type 383
MC-B62 ampG nagZ anmK murQ nagK 33+2
MC-B71 nagk manXYZ 34+4
MC-B137  anmK murQ nagK ampG nagZ 33+2
nagk manXYZ

“ MC-B1 carrying mutations in either the dedicated recycling pathway, the
PTS pathway, or both pathways were grown in minimal glucose medium at 37°C,
and the B-galactosidase activities were determined.

they affect the same pathway. Thus, despite the loss of the five
genes of the dedicated recycling pathway for amino sugars, high
levels of GIcNAc(6P) still accumulated in a strain lacking the
nagA-encoded deacetylase.

Mutations in nagE reduce GlcNAc(6P) levels in strains car-
rying nagA mutations. Another enzyme known to produce
GIcNAC6P is the nagE-encoded PTS transporter for GlcNAc
(19). Introduction of the nagE mutation together with the nagA4
mutation (mutant group 5) resulted in an approximately 60%
decrease in GlcNAc(6P) levels (Fig. 2A, compare group 5 with
group 1). Similarly, a strain carrying a deletion of the entire nag
operon (AnagEBACD::tc), including nagE and nagA, also ac-
cumulated much less GIcNAc(6P) than a strains with the sim-
ple nagA mutation (Fig. 2A, group 10).

Mutations in the recycling pathway together with a nagE
mutation reduce the GIcNAc6P levels to basal levels. In strains
carrying ampG and nagZ mutations and/or anmK, murQ, and
nagK mutations of the recycling pathway together with nagE
and nagA mutations, the levels of GlcNAc(6P) detectable in
the soluble extracts were low (Fig. 2A, mutant groups 6, 7, and
8). The values obtained were similar to the values obtained for
the wild-type strain growing on glucose (about 1 nmol/5 ODs,,
units of bacteria), showing that together the two pathways
encoded by ampG, nagZ, anmK, murQ, nagK, and nagE were
responsible for the accumulation of all the GIcNAc(6P) in
nagA strains. Similarly, introducing the anmK, murQ, and nagk
mutations or the five recycling mutations into the AnagEBACD
strain also resulted in levels of GIcNAc(6P) near the back-
ground level (Fig. 2A, mutant groups 11 and 12).

ManXYZ contributes to the GIcNAc6P pool. Determining
the level of expression of the nagB-lacZ fusion is an alternative
method for monitoring the levels of GIcNACc6P in the cell since
nagB is repressed by the GIcNAc6P-sensitive repressor NagC.
In all of the strains in which only the recycling pathway or the
nagE PTS pathway was eliminated the nagB-lacZ fusion was
still fully induced (Fig. 2C, mutant groups 1 to 5), even though
the GIcNACc(6P) level dropped about 50%. However, for the
strains carrying mutations in both pathways lower levels of
nagB-lacZ activity were measured (Fig. 2C, mutant groups 6 to
8). In the presence of the five recycling mutations and the nagE
mutation the B-galactosidase activity was about 150 U (Fig. 2C,
mutant group 8), but this value is still higher than the value
obtained for the wild-type nagA ™ strain (MC-B1) growing on
glucose (38 U) (Table 2). The manXYZ operon encodes an-
other PTS capable of transporting and phosphorylating several
hexoses, including GlcNAc. Introduction of a manXYZ dele-
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tion reduced the B-galactosidase activity to about 30 U in
strains carrying mutations in nagK, murQ, anmK, and nagFE,
showing that ManXYZ is also involved in the conversion of
amino sugars derived from the PG to GIcNAc6P (Fig. 2C,
mutant groups 7m and 8m). Interestingly, the presence of a
nagK™" allele (introduced by cotransduction with the nagZ muta-
tion [see Materials and Methods]) increased the GIcNAc(6P)
level slightly (Fig. 2A, group 9m) and increased nagB-lacZ B-ga-
lactosidase activities from 30 U to about 500 U (Fig. 2C, group
9m). As this strain has the ampG nagZ genotype (as well as nagE
and manXYZ), this observation implies that there is some mech-
anism that generates intracellular GIcNAc, the substrate of NagK,
other than the AmpG-NagZ pair.

Further roles of ManXYZ. A manXYZ mutation was intro-
duced into strains belonging to each of the other groups of
PG-recycling and nagE mutants, resulting in mutant groups
1m to 8m (Fig. 2B). GIcNAc(6P) accumulation and nagB-
lacZ activity were measured. As described above, in the
presence of the other mutations preventing GIcNAc phos-
phorylation (nagK, murQ, anmK, and nagE; mutant groups 7
and 8), the manXYZ mutation reduced nagB-lacZ activity to
background levels (Fig. 2C, groups 7m and 8m), while in
other strains it had no significant effect on nagB-lacZ ex-
pression (Fig. 2C, groups 1m to 6m).

However, introduction of the manXYZ mutation had a par-
adoxical effect: it increased the GIcNAc(6P) levels measured
chemically (Fig. 2D, compare the first and third bars in each
section of the histogram). It should be recalled that the chem-
ical assay for GIctNAc does not distinguish between GIcNAc
and GIcNACc6P. To try to understand the effect of the manXYZ
mutation on increasing GIcNAc(6P) reacting material, I in-
vestigated whether the GIcNAc reacting material in the ex-
tracts was GIcNAc6P. The GlcNAc levels in the extracts were
measured after treatment with GIcNAc6P deacetylase (the
NagA gene product) to convert GIcNAc6P to GIcN6P. The
amounts of GIcNAc6P were estimated by determining the dif-
ference between the GlcNAc reacting material before treat-
ment with NagA and the GIcNAc reacting material after treat-
ment with NagA (Fig. 2D, compare the second and fourth bars
in each section of the histogram). The amount of GlcNAc6P
varied in the different strains, but it was mostly in the range
from 60 to 75% of the total GIcNAc reacting material. The
manXYZ mutation caused the level of GIcNAC6P to increase,
but not enough to account for all of the increase in the
GIcNACc(6P) level detected chemically, implying that the
manXYZ mutation increased the levels of both phosphorylated
and nonphosphorylated GlcNAc.

Mutations in the recycling and PTS pathways and the basal
level of expression of nagB. The fact that the combination of
PTS and recycling mutations prevented accumulation of
GIcNAC6P in nagA strains raised the question of whether these
mutations also affected the GIcNAc6P levels in wild-type
(nagA™) strains and hence the level of repression of NagC-
controlled genes in the absence of exogenous GlcNAc. Com-
binations of recycling pathway and PTS mutations were tested
to determine if there was any effect on nagB-lacZ expression in
the nagA™ background (Table 2). The presence of recycling
and PTS mutations resulted in only a very small (maximum,
15%) decrease in nagB-lacZ B-galactosidase activity, suggest-
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ing that the pool of GIcNAc6P from PG recycling does not
strongly affect NagC binding to its operator sites.

DISCUSSION

Role of the PTS in PG recycling. According to the most
recent model for PG recycling (22), lytic transglycosylases pro-
duce anhydro-muropeptides in the periplasm. Anhydro-mu-
ropeptides and anhydro-disaccharides are transported into the
cell by AmpG. As mutations in the ampG and nagZ genes
reduced the amount of GIcNAc(6P) that accumulated in a
nagA strain only by about one-half, GIcNAc must be able to
enter the cytoplasm by an alternative route. The results
presented here show that the NagE PTS transporter is also
responsible for at least one-half of the GIcNAc(6P) that
accumulates in a nagA strain. As mutations in nagkE, to-
gether with mutations in the dedicated recycling pathway,
reduced GIcNAc(6P) levels to values near the background
value, this shows that the two pathways are jointly respon-
sible for the majority of the recycling of PG. The generic
hexose PTS transporter encoded by manXYZ contributes
slightly to the level of GIcNAc6P since a mutation in this
operon was necessary to really reduce GIcNAc6P levels to
the background level, as measured by the nagB-lacZ re-
porter. The nagB-lacZ fusion is thus a sensitive method for
measuring low levels of GIcNAc6P, which are not distin-
guishable by the chemical assay.

The only known sugar substrate for NagE is GlcNAc. This
implies that some other enzyme is capable of cleaving the anhy-
dro-disaccharide formed in the periplasm by the lytic transglyco-
sylases to produce GIcNAc, the substrate of the NagE PTS, and
anhMurNAc. However no periplasmic glucosaminidase has been
described for E. coli. It is interesting that the Bacillus subtilis
homologue of nagZ (ybbD) has a signal sequence and is predicted
to be anchored to the periplasmic side of the membrane (22).

The two pathways, the dedicated recycling pathway encoded
by ampG, nagZ, nagK, murQ, and anmK and the PTS encoded by
nagE and manXYZ, function completely independently, since mu-
tations that eliminate one pathway reduce GlcNAc(6P) accumu-
lation by about 50%. This seems to eliminate the possibility that
the NagE-dependent recycling pathway involves NagE phosphor-
ylating free GIcNAc produced by AmpG and NagZ in the cyto-
plasm. Phosphorylation of cytoplasmic sugars has been described
for some PTS transporters (27), and NagE, in reconstituted ves-
icles, is capable of nonvectorial phosphorylation (19).

Treating the soluble extracts with GIcNAc6P deacetylase
removed 60 to 75% of the chemically detectable GlcNAc,
showing that not all the accumulated material in the nagA
strains is GIcNAc6P and that the remaining 25 to 40% is
probably free GIcNAc. In the nagA4 single mutant (group 1) the
nonphosphorylated GIcNAc accounts for about 30% (7.8
nmol) of the total GlcNAc reacting material (Fig. 2D, group
1). In the nagA strains carrying nagK, murQ, and anmK muta-
tions, which should prevent the phosphorylation of intracellu-
lar GIcNAc and anhMurNAc (group 3), the amount of non-
phosphorylated GIcNAc (5.4 nmol) was not greater than in
group 1 (Fig. 2D), implying that that there is some other route
for converting intracellular GIcNAc into GIcNACc6P or that the
free GIcNAc is exported to the medium. NagE is a possible
alternative route for phosphorylating GIcNAc since it was
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shown to produce nonvectorial phosphorylation of GlcNAc
(19). The ampG and nagZ mutations (groups 2 and 4), which
should prevent the formation of nonphosphorylated GIcNAc
in the cytoplasm, reduced the amount of the GIcNAc reacting
material measured after digestion with deacetylase (to about 3
nmol) but did not eliminate it (Fig. 2D, groups 2 and 4),
implying that there is an alternative route for production of
intracellular GlcNAc. Similarly, the increase in nagB-lacZ ex-
pression due to the nagK™ allele in group 9m (murQ anmK
ampG nagZ nagE nagA strain) (Fig. 2C) also implies that there
is a source of phosphorylatable cytoplasmic GlcNAc other than
AmpG and NagZ. In theory, the GIcNAc reaction after diges-
tion with GIctNAc6P deacetylase could be due to MurNAc6P
(but not anhMurNAc). Uehara et al. (30) obtained evidence
that MurP transports anhMurNAc into the cytoplasm in a
nonphosphorylated form because the 1,6-anhydro ring pre-
vents phosphorylation. This would allow anhMurNAc pro-
duced by the postulated periplasmic glucosaminidase to be
transported into the cytoplasm by MurP. In a anmK™" strain
(group 2), anhMurNAc should be converted to MurNAc6P,
but this cannot account for the GIcNAc reacting material in
group 4 anmK murQ mutants. Any major role for the murP-
encoded transporter in PG recycling seems to be ruled out by
the observation that strains carrying a murP mutation, with or
without nagE and manXYZ mutations (strains MC-B265, MC-
B270, MC-B275, and MC-B280 [Table 1]), behaved just like
the equivalent murP™ strains (data not shown).

Perhaps the most surprising observation was the systematic
increase in the amount of GIcNAc(6P) reacting material pro-
duced by a manXYZ mutation in otherwise isogenic strains.
This was true for all the groups of mutations tested (Fig. 2D).
The simplest interpretation of this observation is that the
ManXYZ transporter is involved in reducing the concentration
of intracellular GIcNAc(6P) and could secrete GIcNAc and/or
GIcNACco6P. Alternatively, the manXYZ mutation stimulates
the turnover of PG. If ManXYZ behaves as an efflux pump, it
is not obvious whether it is the phosphorylated or nonphos-
phorylated form that is secreted. The increase in the amount of
GIcNACc(6P) occurs in strains completely missing the dedicated
PG-recycling enzymes encoded by ampG, nagZ, nagK, murQ,
and anmK (group 4), where the majority of the recycled
GlcNACc(6P) is due to NagE and so should be in the phosphor-
ylated form, and in the nagE mutant (group 5), where both
GlcNAc and GIcNAc6P can be formed. The effect of the
manXYZ mutation is most dramatic in ampG™ nagZ™ strains,
which might suggest that GIcNAc is the preferred secreted
substrate (Fig. 2D, mutant groups 3 and 5). If we assume that
the same amount of GIcNAc and anhMurNAc was transported
into the cytoplasm by AmpG and NagZ in group 7 mutants
(nagK murQ anmK nagE) as in group 5 mutants (nagE nagK ™"
murQ™ anmK™"), then the absence of phosphorylation by NagK
and AnmK significantly reduced the intracellular concentra-
tion of GIcNAc(6P) (Fig. 2A and D, compare groups 5 and 7),
presumably due to efflux of the nonphosphorylated sugars.
Uehara et al. showed that neither GlcNAc nor anhMurNAc
was retained in the cytoplasm of nagK or anmK mutants, sug-
gesting that there are efflux pumps for both GlcNAc and an-
hMurNAc (29, 31). Thus, both GlcNAc and anhMurNAc are
candidates for the secreted sugar in a ManXYZ-dependent
mechanism.



VoL. 191, 2009

Interestingly, the effect of the manXYZ mutation was appar-
ent even in strains in which both the dedicated recycling
and PTS routes are mutated (groups 6 to 8), although the
GIcNAc(6P) values were very low and near the background
levels (Fig. 2D, groups 6 to 8). The introduction of a manXYZ
mutation into group 7, which has the nagK murQ anmK nagE
ampG™ nagZ" genotype, increased the amount of GIcNAc
reacting material slightly from 1.9 nmol to 2.5 nmol/5 ODys,
units. More significantly, in the manXYZ strain the GIcNAc is
almost all nonphosphorylated GlcNAc, as shown by chemical
measurements (Fig. 2D, group 7m) and confirmed by the ac-
tivity of the nagB-lacZ fusion, which falls from 300 U to 30 U
(Fig. 2C, compare groups 7 and 7m). This shows that nagk,
murQ, anmK, nagE, and manXYZ code for the only enzymes
capable of generating phosphorylated GIcNAc. Mutating
manXYZ eliminated the residual GIcNAc6P and simultaneously
increased the intracellular GIcNAc level. Thus, although the work
described here seems to have revealed the existence of additional
pathways implicated in amino sugar transport across the cytoplas-
mic membrane, the two PTS transporters (NagE and ManXYZ)
and the sugar kinases (NagK and indirectly AnmK) are the only
enzymes able to generate GIcNAC6P.

Sugar excretion (called inducer expulsion) is a phenomenon
described for certain gram-positive bacterial PTS and is thought
to involve a sugar phosphatase, but the secretion mechanism has
not been identified (6). Some sugar efflux pumps have been de-
scribed for E. coli (e.g., the Set family [14]), and various phos-
phatases, including alkaline phosphatase, have been described for
the periplasm, which could generate free sugar as a substrate
for the NagE PTS transporter. The relationship of these systems
to the manXYZ mutant effect on the recycling of PG should be
addressed.
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