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FIG. 1. Hydrolysis of isolated glycan strands followed by HPLC.
Glycan strands, poly(MurNAc-GIcNAc), » 39, Were incubated with
enzyme samples as described in Materials and Methods. The reaction
was stopped by boiling, and the assay sample was applied to a 5-pm
Nucleosil 300 C, column (125 by 4.6 mm). Elution was first with 0.1
mM sodium phosphate buffer, pH 2.0, containing 5% acetonitrile for 5
min, and then with 100% methanol for 5 min before switching back to
starting buffer. The radioactivity in the eluent was monitored. Isolated
anhydrodisaccharide eluted at 4 min.

isolated from murein sacculi labeled with p-[1-’H]-N-acetyl-
glucosamine (Amersham Buchler, Braunschweig, Germany)
by digestion with human serum amidase following the proce-
dure of Harz et al. (11). The solubilized glycan strands were
fractionated in the range of 1 to 30 disaccharide units by
reversed-phase high-performance liquid chromatography
(HPLC) as described elsewhere (11, 23). Glycan strands longer
than 30 disaccharide units were finally eluted in one fraction by
a stepwise increase of the elution solvent to 100% methanol
(23). The material was desalted by HPLC as described else-
where (11) and used as substrate for the enzyme.

Enzyme aliquots were incubated in the presence of 0.5 pg of
[PH]GlIcNAc-labeled poly(MurNAc-GIcNAc), . 3, (about
4,000 cpm) in a total volume of 100 ul of 10 mM sodium
acetate buffer, pH 4.2, containing 10 mM MgCl, for 30 min at
37°C. The reaction was stopped by boiling the samples for 5
min. The separation of product and substrate was accom-
plished by reversed-phase HPLC on a 5-um Nucleosil 300 Cis
column (125 by 4.6 mm; Bischoff, Leonberg, Germany). The
pH of the sample was adjusted to 3.5 by the addition of about
10 pl of 20% phosphoric acid. The sample was applied onto
the column and fractionated at room temperature with 0.1 mM
sodium phosphate buffer, pH 2.0, containing 5% acetonitrile at
a flow rate of 1 ml/min (Fig. 1). The material that elutes after
4 min consists of the disaccharide GlcNAc-8-1,4-anhydro-
MurNAc (23). After 5 min, elution was continued with 100%
methanol, causing unreacted substrate and the intermediate
oligosaccharides to elute in a single peak at 11 min. The
radioactivity in the eluent was monitored by a flow-through
scintillation counter (model A-100; Canberra/Packard, Down-
wers Grove, IlIL.).

Enzyme purification. All preparations were carried out at
4°C.

(i) Enzyme solubilization. Cells of E. coli MUF16 (wet
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FIG. 2. Elution of murein hydrolase activity from an SP Sepharose
HP ion-exchange column. Membrane proteins (916 mg in 300 ml) from
E. coli MUF16 solubilized by 2% Triton X-100 and 0.5 M NaCl were
applied onto a HiLoad 26/10 SP Sepharose column and eluted with a
linear NaCl gradient in buffer II. Enzyme activity was determined as
described in Materials and Methods. Activity with murein sacculi as
substrate (open circles) was measured in 20-pl aliquots of the frac-
tions. The release of radioactivity in 100 ul of the supernatant after
precipitation of high-molecular-weight murein is shown. Enzyme ac-
tivity with isolated glycan strands as substrate (closed circles) was
assayed in 20-pl aliquots of the fractions. The dashed line indicates salt
molarity, and the dotted line indicates UV Ag.

weight, 100 g) were suspended in 250 ml of 10 mM Tris-
maleate buffer, pH 5.2, containing 10 mM MgCl, and 1 mM
dithiothreitol (DTE) (buffer I). After the addition of 1 pg of
DNase per ml and 1 mM phenylmethylsulfony! fluoride, the
cells were broken by passage through a French pressure cell
(American Instrument Company, Silver Spring, Md.) at a
pressure of 18,000 Ib/in® Cell envelopes were collected by
centrifugation at 100,000 X g for 90 min. The pellet was
washed once with buffer I supplemented with 1 M NaCl and
once with simple buffer I. Membrane proteins were extracted
with 2% Triton X-100 and 0.5 M NaCl. Accordingly, the
envelopes were suspended in 250 ml of 10 mM Tris-maleate,
pH 5.2, containing 20 mM EDTA, 0.5 M NaCl, 0.1 mM DTE,
1 mM phenylmethylsulfonyl fluoride, and 2% Triton X-100
and stirred gently overnight. The suspension was cleared by
centrifugation at 100,000 X g for 60 min, and the supernatant
was dialyzed against four changes of 2 liters of buffer I, first
with buffer I containing 0.25 M NaCl (2 h), next with buffer I
containing 0.125 M NaCl (2 h), and finally with two changes of
buffer I with no NaCl added (overnight). To remove precipi-
tated material, the preparation was centrifuged at 100,000 X g
for 30 min. The solubilized enzyme was then subjected to the
enzyme purification procedure described below.

(ii) SP Sepharose HP ion-exchange fast-protein liquid chro-
matography (FPLC). The solubilized enzyme (300 ml, 916 mg
of protein, 4,030 U) was applied at a flow rate of 10 ml/min to
a HiLoad 26/10 SP Sepharose HPLC column (Pharmacia,
Freiburg, Germany) equilibrated with buffer I containing 2%
Triton X-100. The column was washed until the UV baseline
was stable, and then it was washed with one column volume of
buffer I containing 0.2% Triton X-100 (buffer II). The proteins
were eluted with a linear gradient of buffer II to 1 M NaCl in
10 mM Tris-maleate, pH 6.8, containing 10 mM MgCl,, 1 mM
DTE, and 0.2% Triton X-100 (1,000 ml) (Fig. 2). Fractions 83
to 96 (5 ml each) showing enzymatic activity with both murein
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FIG. 3. Elution of Mit38 of E. coli MUF16 from a MonoS ion-
exchange FPLC column. Enzyme activity was determined with
[PH]A,pm-labeled murein sacculi as described in Materials and Meth-
ods. The dashed line indicates salt molarity, and the dotted line
indicates the UV A,g,. Aliquots of each fraction were analyzed by
SDS-12.5% PAGE and stained with silver nitrate (21) as shown in the
inset. Fractions 35 to 39 were combined and subjected to preparative
SDS-PAGE (see Fig. 4).

sacculi and glycan strands were combined (70 ml); concen-
trated by dialysis against polyethylene glycol 20,000 (Merck,
Darmstadt, Germany) to about 20 ml; and dialyzed against 10
mM potassium phosphate, pH 6.8, containing 10 mM MgCl,,
0.1 mM DTE, and 0.2% Triton X-100 (buffer III) (SP Sepha-
rose HP fraction; 60.7 mg of protein, 904.4 U).

(iii) Heparin-Sepharose affinity chromatography. The dia-
lyzed SP Sepharose HP fraction (18 ml) was applied to a
heparin-Sepharose column (Pharmacia; 5 ml, 5.5 by 1 cm)
equilibrated with buffer III at a flow rate of 12 ml/h. The
column was washed with buffer III before elution with a linear
molarity gradient from 10 to 500 mM buffer III (200 ml). The
fractions (2 ml each) containing enzymatic activity were pooled
(42 ml) and dialyzed against buffer III (heparin-Sepharose
pool; 15.3 mg of protein, 680.9 U).

(iv) Poly(U)-Sepharose 4B affinity chromatography. The
heparin-Sepharose pool was pumped at a flow rate of 8.4 ml/h
onto a poly(U)-Sepharose 4B column (Pharmacia; 7 ml, 3.5 by
1 cm) equilibrated with buffer III. The column was washed with
buffer III before elution with a linear gradient of 10 to 500 mM
buffer III (200 ml). The fractions (1.4 ml each) showing
enzymatic activity were combined (26 ml), concentrated by
dialysis against polyethylene glycol 20,000, and dialyzed against
buffer II [poly(U)-Sepharose pool; 12.5 ml, 4.1 mg of protein,
291.9 U].

(v) MonoS ion-exchange FPLC. The poly(U)-Sepharose
pool was applied at a flow rate of 1 ml/min to a MonoS
prepacked HR 5/5 column (Pharmacia; 1 ml, 0.5 by 5 cm)
equilibrated with buffer II. The column was washed with
equilibration buffer, and the proteins were eluted with a linear
gradient of 0 to 750 mM NacCl in buffer II (Fig. 3). Fractions 35
to 39 (0.5 ml each) containing enzymatic activity were com-
bined (2.5 ml) and dialyzed against buffer II (MonoS pool; 0.59
mg of protein, 174.6 U).

SDS-polyacrylamide gel electrophoresis (PAGE). The gel
system described by Lugtenberg et al. (17) was used. A
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gradient of polyacrylamide from 10 to 18% turned out to be
best for the separation of the 38-kDa enzyme protein. Analyt-
ical gels were stained with silver nitrate (21), and preparative
ones were stained with Coomassie blue.

Determination of the amino acid sequence. The protein
band corresponding to MIt38 was cut out from an SDS-PAGE
gel and digested with endoproteinase LysC (10 pg) in 200 pl of
25 mM Tris-HCI, pH 8.5, for 6 h at 37°C. The peptides were
extracted with two portions of 400 pl of 60% CH;CN in 0.1%
trifluoracetic acid (TFA) overnight. The peptides were frac-
tionated on Supersher 60RP select B (Merck) by using a linear
gradient of 0.1 to 0.15% TFA in acetonitrile (1%/min) at a flow
rate of 200 pl/min. The N-terminal amino acid sequence of
selected peptides was determined by using an automatic Se-
quencer Porton 3600 (Beckman Instruments, Fullerton, Calif.)
and a Microphore-HPLC System- Gold (Beckman Instru-
ments) basically according to the method of Edman and Begg
(6).

Analytical methods. Proteins in solution were quantified
according to the method of Bradford (3) by using bovine serum
albumin as a standard.

RESULTS

Purification of an MIlt. Analysis of murein hydrolase activity
in the SIt70 deletion mutant MUF16 had revealed the presence
of a lytic transglycosylase in the membrane fraction that could
only be released with detergents (23). Efficient solubilization of
the enzyme needed 2% Triton X-100 combined with 0.5 M
NaCl. However, a lower amount of Triton X-100, namely,
0.2%, was sufficient to keep the enzyme in solution. It was
important to reduce the concentration of the detergent in a
stepwise fashion to avoid precipitation of the bulk of proteins.
It had been shown that this membrane enzyme is able to
degrade isolated murein glycan strands (23). Therefore we
used two different enzyme assays, the common test for murein
hydrolases with murein sacculi as a substrate and the more
specific one with murein glycan strands, to look for the
presence of Mlt activity in column eluates.

Most of the contaminating soluble enzyme activity, probably
due to SIt35 (8), could be removed by washing the membranes
with 1 M NaCl (23). Remaining activity could finally be
separated during the first purification step by HilLoad SP
Sepharose FPLC (Fig. 2). Two activity peaks in the murein
sacculi assay were found, with one also showing activity in the
glycan strand assay. This fraction, eluting between 0.53 and
0.63 M NaCl, was further purified. Similar to the Slt, the
membrane-bound enzyme binds both to heparin-sulfate and to
poly(U)-Sepharose. Consequently, both materials were used
for additional purification of the Mlt by affinity chromatogra-
phy. From the heparin-Sepharose column, the enzyme eluted
between 0.1 and 0.25 M phosphate buffer, and from the
poly(U)-Sephdrose column it eluted at a concentration in
phosphate buffer from 0.1 and 0.15 M.

A major enrichment of the enzyme was finally achieved by
cation-exchange FPLC on MonoS (Fig. 3). The specific activity
of the enzyme eluting between 0.4 and 0.5 M NaCl was
increased to 295.9 U/mg. The final yield of the purified enzyme
activity was about 4%, and the purification factor was about
67-fold (Table 1). The degree of purification of the enzyme was
determined by denaturing SDS-PAGE of the activity-contain-
ing fractions of the MonoS column chromatography. As shown
in Fig. 3, one protein, migrating between ovalbumin and
carbonic anhydrase, was coeluting with the enzyme activity.
This protein was subjected to amino acid sequence determina-
tion (see below).
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TABLE 1. Purification of MIt38 from the envelope fraction of E. coli MUF16”

. . Total Total Yield Purification
Purification step protein (mg) activity (U) (%) Sp act (U/mg) (fold)
Membrane extract 916 4,030 100 44 1
SP Sepharose 60.7 904.4 224 14.9 34
Heparin-sulfate 15.3 680.9 16.9 44.5 10.1
Poly(U)-Sepharose 4.1 291.9 7.2 71.2 16.2
MonoS 0.59 174.6 43 295.9 67.3

2 Enzyme activity was determined with murein sacculi as substrate according to the assay described in Materials and Methods.

Substrate specificity of the enzyme. An interesting feature of
MIt38 is its activity with isolated murein glycan strands (23).
This particular property allowed a clear-cut distinction of the
membrane enzyme from the soluble one. The assay uses
poly(MurNAc-GIcNAc) longer than 30 disaccharide units. By
an exomuramidase-like action, anhydrodisaccharide units,
which can be separated from the oligosaccharides by reversed-
phase HPLC as described in detail in Materials and Methods
and shown in Fig. 1, are split off (23). In addition, the purified
enzyme activity also degrades insoluble, high-molecular-weight
murein sacculi, a reaction catalyzed also by the other known
lytic transglycosylases (1, 8, 23).

Determination of molecular mass. The molecular mass of
the enzyme was determined by SDS-PAGE on a 10 to 18%
polyacrylamide gradient gel (Fig. 4). From a plot of the R,
values for the standard proteins phosphorylase, bovine serum
albumin, ovalbumin, carbonic anhydrase, trypsin inhibitor, and
a-lactalbumin and the purified Mlt, an apparent molecular
mass of 38 kDa can be calculated. The presence of a detergent
such as Triton X-100 that is absolutely necessary to keep the
enzyme in solution does not allow a determination of the
native molecular mass by gel filtration procedures. Nondena-
turing gel electrophoresis was not tried.

Biochemical properties of the enzyme. The effect of pH on

1 | B

FIG. 4. SDS-PAGE of purified MIt38. Electrophoresis was per-
formed on a 10 to 18% polyacrylamide gel (17). Lane A, molecular
mass standards (from top to bottom, phosphorylase b, 94 kDa;
albumin, 67 kDa; ovalbumin, 43 kDa; carbonic anhydrase, 30 kDa;
trypsin inhibitor, 20.1 kDa; a-lactalbumin, 14.4 kDa); lane B, 1 pg of
purified MIt38. The gel was stained with Coomassie brilliant blue.

the enzymatic reaction with murein sacculi and with murein
glycan strands was determined. For both reactions, a maximum
was reached at about pH 4.0 to 4.5 (Fig. 5). Magnesium at a
concentration of 10 mM stimulated the activity by a factor of
2.5, whereas 10 mM EDTA did not affect the enzymatic
reaction. The isolated enzyme shows a pronounced tempera-
ture dependency (Fig. 6). With sacculi, the optimal tempera-
ture is between 28 and 30°C, and with glycan strands, it is
between 34 and 36°C. A rapid decline in activity was found at
temperatures beyond the optimal one.

Kinetic properties of the enzyme. The enzymatic reaction
with murein sacculi at a concentration of 50 pg/ml was linear
with time up to 20 min at 30°C. Determination of a Michaelis
constant (K,,,) is not possible, since the substrate is insoluble.
However, the apparent maximum velocity (V,,,,,) of the reac-
tion can be determined. Accordingly, initial velocity measure-
ments were done at various substrate concentrations in the
range of 2.5 to 50 mg/liter. At higher substrate concentrations,
a decrease of the reaction velocity was observed (Fig. 7). From
a double-reciprocal Lineweaver-Burk plot, an apparent K,,, of
about 52.6 mg/liter can be calculated. V,,, was determined to
be about 2.2 mg/liter/min.

Partial amino acid sequences. Attempts to determine the
amino-terminal amino acid sequence of the protein, separated
by SDS-PAGE and blotted onto Immobilon polyvinylidene
difluoride membranes (Millipore Corp., Bedford, Mass.) failed
because the N terminus was found to be blocked. Therefore,
the Coomassie blue-stained protein band corresponding to
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FIG. 5. Effect of pH on the lytic transglycosylase reaction with
murein sacculi (open circles) and isolated glycan strands (closed
circles). Purified MIt38 (296 U/mg) was incubated in 10 mM Tris-
maleate containing 10 mM MgCl, and 1 mM DTE for 30 min at 30°C.
The pH of the buffer was adjusted to the indicated values. The enzyme
activity was determined as described in Materials and Methods.
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FIG. 6. Temperature dependency of the MIt reaction with either
murein sacculi (open circles) or isolated glycan strands (closed circles).
Purified MIt38 (296 U/mg) was incubated at the indicated tempera-
tures for 10 min with either murein sacculi or isolated glycan strands as
described in Materials and Methods.

MIt38 was eluted from the gel and subjected to endoproteinase
LysC digestion. The resulting peptides were separated by
reversed-phase HPLC, and the amino acid sequences of four
of the peptides were determined as described in Materials and
Methods. The following sequences were obtained (as shown by
the amino acids in parentheses, a few positions are uncertain):
Asn Gly His Ala Tyr Arg Ser Ile Gly Lys (peptide 1), Arg (Ser)

08 A
0.7 A
0.6 A
0.5 A1
0.4 A

03 ~1

Velocity (mg/I-min)

0.2 A

01 A
0.05 1
0.005 1.

10 20 30 40 50
Substrate (mg/l)

FIG. 7. Dependency of the reaction velocity on the concentration
of murein sacculi. The indicated amounts of [°H]A pm-labeled murein
sacculi were incubated at 30°C for 20 min with purified MIt38 (296
U/mg) as described in Materials and Methods.
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Gly Arg Leu Pro Ser Arg Ala Glu Ile Tyr Ala Gly Ala Leu
(peptide 2), Pro GIn Ser Phe Ala Pro Val Lys (peptide 3), and
Gly (Thr/Ser) Ala Ser Ala Val Pro Leu Val Gly Arg Ala Ser
Val Ala Ser (peptide 4). A computer-aided comparison with
the GenBank data base, done by using the GCG software
package (Genetics Computer Group, Wis.), revealed no iden-
tity with any of the sequences in the data base, including the
published sequence of the gene incorrectly presumed to be the
mit gene (8), msbB (14) (see below).

DISCUSSION

An Mlt had already been reported to exist and to have been
purified from E. coli (15, 19). However, it was later found that
the purified “MIt” protein was contaminated by a novel
soluble, but membrane-associated, lytic transglycosylase with a
molecular mass of 35 kDa (8). This enzyme has recently been
purified and is referred to as SIt35 (8). The nucleotide se-
quence of the presumed mit gene (8) turned out to be identical
to msbB, a protein totally unrelated to murein hydrolases (14).
Nevertheless, a true Mlt exists and is shown in the present
report to have a molecular mass of 38 kDa. Thus, E. coli is
equipped with three lytic transglycosylases: two soluble ones,
S1t70 and SIt35, and the membrane-bound Mit38.

Whereas lysozyme is an endomuramidase (5), all three lytic
transglycosylases are exoenzymes that processively degrade
murein (1, 8, 23). Another difference in the biochemical
properties of the lytic transglycosylases compared with ly-
sozyme is their rather low pH optimum (5). Since the three-
dimensional structure of SIt70 has already almost been solved
(24, 28), the details of the catalytic mechanism of the lytic
transglycosylation reaction may be elucidated soon.

MIt38 differs from the two Slts by its capacity to degrade
isolated poly(MurNAc-GlcNACc) glycan strands and may there-
fore have a unique function. It is expected that our current
attempt to clone the gene and to construct a mutant will shed
some light on the specific role of this enzyme.

With the isolation of a third lytic transglycosylase, MIt38, the
number of murein hydrolases isolated from E. coli rises to a
total of 10 enzymes (13, 25). Likewise, the number of murein
synthases in E. coli, which include some of the penicillin-
binding proteins, add up to a similar total (18, 26, 29). The
astonishing multiplicity of enzymes is likely to reflect the
complexity of the metabolic processes involved in growth and
division of the murein sacculus.
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