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Walls, purified from hyphae of the ascomycete Aspergillus nidulans, autolyzed
on incubation and liberated glucose, mannose, galactose, N-acetylglucosamine,
and soluble oligosaccharides. Digestion proceeded at linear rates until approxi-
mately 3% of the wall polymers had been hydrolyzed and then slowed markedly.
The change in the rate of autolysis was not due to loss of enzyme activity but was
caused by the disappearance of a fraction of the wall which was highly
susceptible to digestion. Radioactive labeling showed that this fraction was the
newly formed wall. The new wall was highly susceptible to enzyme action both
when it was deposited at the apex in growing hyphae or when deposited laterally
in hyphae treated with cycloheximide. The relations between wall modification
and apical growth are discussed.

Microorganisms commonly produce enzymes
which can hydrolyze polymers in their own
walls (for review, see 3, 6), and these are
considered to play important roles in cell
growth. Functions in which autolysin action has
been implicated include daughter cell separa-
tion (2), wall extension (5, 6), morphogenesis
(22-24), and cell fusion (12).
To participate in any of these processes,

autolytic enzymes must act on particular sites
in the wall and in a controlled manner. There is,
however, very limited information on the distri-
bution of autolysins in the cell envelope (18), on
the factors that affect this distribution (13), and
on how the extent of their activity is regulated
(17). This is particularly true of fungi, where
studies have mainly aimed at demonstrating
the presence of autolytic enzymes (11, 23, 24).
The vegetative hyphae of filamentous fungi

are an extreme example of wall metabolism
restricted to a specific site, since new wall is
deposited only at the apex, whereas protoplasm
extending back for hundreds of microns sup-
plies precursors for wall synthesis (8, 21). They
would thus appear to be well suited for studying
site-specific activities of wall hydrolases. In the
present work, we have investigated if wall
autolysins act at the sites of wall formation in
hyphae of Aspergillus nidulans and how their
activity is controlled. Our results, based on
kinetics of autolysis and differential labeling of
lateral and apical walls, show that newly
formed wall was indeed digested preferentially.
However, this did not appear to be due to a

specific location of autolysins at the sites of wall
synthesis, as in Streptococcus faecalis (18), but
to an increased resistance of older wall.

MATERIALS AND METHODS
Strain, media, and growth conditions. Aspergil-

lus nidulans R21 (yellow conidia and requiring p-
aminobenzoic acid) was grown on a mineral salts (19)
medium containing 3 g of (NH4)2SO4, 1 mg of
p-aminobenzoic acid, and either 1 or 5 g of glucose per
liter. Conidial suspensions for inocula were prepared
as previously described (19), and cultures were incu-
bated on a rotary shaker at 37 C.

Continuous radioactive labeling of mycelium was
carried out by inoculating conidia into medium con-
taining 5 g of glucose per liter and 0.05 ,ACi of
[U-14C.]glucose (specific activity, 3 mCi/mmol; Radio-
chemical Centre, Amersham) per ml and incubating
for 15 to 20 h. To label for short periods, a 15- to 20-h
culture in medium containing 5 g of glucose per liter
was rapidly filtered through fine-mesh nylon netting
and the mycelium on the filter was washed with
prewarmed medium and resuspended in medium
containing 1 g of glucose per liter. [U-14C]glucose or
[1_-H]glucose (specific activity, 5.3 Ci/mmol; Radio-
chemical Centre, Amersham) was then added to give
final concentrations of 0.5 and 5 Ci/ml, respectively,
and incubation was continued for 60 or 90 min.

Preparation of purified hyphal walls. Batches of
walls were routinely prepared from 400 ml of a 15- to
20-h culture. The mycelium was collected on nylon
nets by filtration, washed, and suspended in cold 0.5
M phosphate buffer (pH 7). The mycelium, sus-
pended in 50 ml of buffer, was homogenized in an
Omnimix (Sorvall Corporation, Newtown, Conn.) at
16,000 rpm for 5 min with cooling. The hyphae were
then broken in a Sonifier, (model S110, Branson
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Corp., Danbury, Conn.) fitted with a cooling vessel.
Sonic treatment was carried on at full power output
for periods of 15 miri, followed by a 5-min cooling
interval, until only broken hyphae were seen under
the phase microscope. This required a minimum of 45
min of sonic treatment.
The wall fraction was purified by repeated centrifu-

gations at 12,000 x g for 10 min and at 120 x g for 10
min in the cold and the precipitate was washed with
0.5 M phosphate buffer (pH 7). Finally, the walls were
washed three times with distilled water by centrifug-
ing at 12,000 x g for 10 min.
To obtain walls free of autolytic enzymes, the wall

fraction prepared as above was heated for 5 min at
100 C in 4% (wt/vol) sodium dodecyl sulphate (SDS)
and then washed by centrifugation to remove the
detergent.

Autolysis of isolated walls. Walls were suspended
in 0.02 M phosphate buffer, (pH 7) containing 100 Ag
of merthiolate per ml and incubated with shaking at
37 C. The concentration of walls in the suspension
was determined by drying and weighing and was
usually approximately 10 mg/ml. Samples taken for
analysis were cooled and centrifuged at 12,000 x g for
10 min in the cold, the supernatant was filtered
through a membrane filter (average pore size 5 Mm;
Millipore Corporation, Bedford, Mass.), and the fil-
trate was used for further analysis.

Isolation of the products of autolysis and of
chemical hydrolysis. The supernatants from auto-
lyzing walls were shaken with Dowex 1 and Dowex 50
ion-exchange resins to separate neutral from charged
compounds. The resin was removed by centrifugation
and washed three times with water, and the superna-
tants containing the neutral sugars were combined.
Charged compounds were extracted from the resins
with 3 N HCl.

Sugars were separated by thin-layer chromatogra-
phy on cellulose plates (0.16 mm thickness; Eastman
Kodak Co., Rochester, N.Y.) with ethyl acetate-pyri-
dine-water (8:2:1) as solvent. Each plate was devel-
oped five times, and spots were located with alkaline
silver nitrate. When determining specific activities,
the sugars were first heated for 60 min at 100 C in 3 N
HCI or 2 N H2SO4 to hydrolyze any oligosaccharides
present, the acids were removed by drying or the
addition of barium carbonate, and the monomers
were chromatographed. Sugars were eluted from the
chromatograms by scraping off the appropriate re-
gions of cellulose and extracting with hot methanol.
Radioactivity in the eluates was determined by liquid
scintillation counting, and sugar concentration was
determined by the colorimetric assays described
below. The charged compounds eluted from the
ion-exchange resins consisted solely of amino acids,
and these were separated and estimated on an auto-
matic amino acid analyzer (Beckman Instruments,
Inc., Fullerton, Calif.).

Walls were hydrolyzed chemically by heating in 3 N
HCI or 2 N H2SO4 at 100 C for 3 h to obtain free sugars
and at 120 C for 18 h to hydrolyze chitin and proteins.
The acids were removed either by drying or by the
addition of barium carbonate. The specific activities
of monomers in acid hydrolysates were determined as

described above for autolysates with the following
exception. During autolysis, chitin was degraded to
N-acetylglucosamine and the acetylated amino sugar
was analyzed together with the neutral sugars. Acid
hydrolysis, however, produced free glucosamine which
was bound by the ion-exchange resins and then eluted
together with the amino acids. Glucosamine was
therefore assayed in the amino acid analyzer, and its
radioactivity was determined by passing the column
effluent from the amino acid analyzer through a flow
cell fitted in a Tri-Carb spectrometer (Packard In-
struments Co., Inc., Downers Grove, Ill.).

Chemical assays. In the supernatants of autolyz-
ing walls, sugars were assayed with anthrone (20) with
glucose as standard and free glucose with glucose
oxidase (Glucostat, Worthington Biochemical Corpo-
ration, Freehold, N.Y.). Acetylated amino sugars were
determined as described by Reissig (14), free amino
sugars by the method of Levvy and McAllen (10), and
amino acids with ninhydrin (1).

After elution from chromatograms, sugars were
assayed with anthrone (20) using the appropriate
sugar as standard and amino sugars as described
above.

Electron microscopy. Walls were fixed and stained
with 1.5% (wt/vol) aqueous KMnO4 for 30 min at 4 C,
washed with distilled water, and dehydrated through
ethanol. They were then embedded in Epon 812 as
described previously (19). Ultrathin sections were cut
with a diamond knife on an LKB Ultratome III and
examined in a Phillips EM 300 electron microscope.

RESULTS
Autolysis of isolated walls. Purified walls,

incubated in buffer containing merthiolate to
prevent bacterial contamination, released solu-
ble sugars, amino sugars, and amino acids (Fig.
1). These compounds were liberated at linear
rates for the first 3 to 5 h, and then the rate of
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FIG. 1. Autolysis of purified A. nidulans walls.
Walls, at a concentration of 41.6 mg/ml, were incu-
bated at pH 7, and sugars and amino acids in the
supernatant were estimated. Symbols: *, neutral
sugars, anthrone with glucose standard; 0, glucose
oxidase; A, amino sugars; A, amino acids, ninhydrin
with arginine standard.
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digestion slowed markedly. In the pH range of
5.5 to 8, autolysis was most rapid at pH 7, and
after 48 h at this pH, approximately 3% of the
wall (dry weight) had been solubilized (Fig. 1).
No soluble compounds were liberated from
walls heated with SDS (results not shown).
The great reduction in the rate of autolysis

after only a fraction of the wall had been
hydrolyzed suggested that either the enzymes
had lost activity or that easily accessible sub-
strate had been utilized. The addition of fresh
walls, which had been heated with SDS, showed
that enzyme activity had not been lost and that
disappearance of substrate was responsible for
the change in rate (Fig. 2). The liberation of
amino acids did not increase in rate when fresh

pg/ml
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FIG. 2. Effect of adding SDS-treated walls to au-

tolyzing walls. Walls, at a concentration of 8.2 mg/ml,
were incubated, and after 5 h SDS-treated walls were
added to 1 portion (final concentration of SDS-
treated walls, 10 mg/ml). (A) Neutral sugars (an-
throne) in supernatant. Symbols: 0, untreated walls;
0, untreated plus SDS-treated walls. (B) Amino
sugars in supernatant. Symbols are the same as in
(A).

SDS-treated walls were added (results not
shown), but this is not surprising, since SDS
would be expected to remove the protein from
the wall preparation.

Walls isolated from hyphae treated with cy-
cloheximide were used in some labeling experi-
ments, and these showed autolysis kinetics
quite similar to the ones described above. How-
ever, the rate of protein digestion relative to
that of glucans and chitin was markedly less
than in walls from normally growing hyphae
(Table 1).
Nature of autolysis products. Chromatogra-

phy of the supernatants from autolyzing walls
showed the presence of oligosaccharides and
four reducing spots which co-chromatographed
with glucose, mannose, galactose, and N-acetyl-
glucosamine. The structure of the oligosaccha-
rides was not investigated further in the present
work except to show that acid hydrolysis of the
combined fraction yielded glucose, mannose,
galactose, and glucosamine. Column chroma-
tography on an automatic amino acid analyzer
confirmed that the amino sugar formed by
autolysis was glucosamine and showed the pre-
sence of 14 amino acids among the autolysis
products. No D amino acids could be detected
with D amino acid oxidase.
The monomers produced by autolysis were

thus identical to those formed by acid hydrol-
ysis of A. nidulans walls (9, 16), and all the
major wall polymers must have been autolysin
substrates.

Association of autolysins with the envelope
fraction. Walls purified by the method de-

TABLE 1. Autolysis of walls from hyphae with and
without cycloheximide treatment

Amino acid&a/sugars in
Wall sample autolysate

Neutral sugarsb Amino sugars

With cycloheximidec
5 h 0.2 0.29

15 h 0.16 0.24
48 h 0.16 0.23

No cycloheximide'
5 h 0.33 0.66
15 h 0.35 0.6
48 h 0.4 0.59

a Ninhydrin with arginine as standard.
b Anthrone with glucose as standard.
c Hyphae, grown for 15 h, were shaken for 3 h with

100 jg of cycloheximide per ml, and walls were
isolated. The purified walls were incubated for the
stated times.

d As in footnote c, but no cycloheximide addition.
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scribed above or by variations of it were not
completely free from cytoplasm and membrane
fragments. This was apparent from electron
micrographs (Fig. 3) and from the trace
amounts of ribose found in acid hydrolysates of

the preparations. However, little autolytic ac-
tivity could be detected in the cytoplasmic
fraction obtained after the sonic treatment step
in wall purification. When cytoplasm (1.7 mg of
protein/ml, final concentration) was added to
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FIG. 3. Section through purified A. nidulans walls after staining with permanganate. x49,000. Note that no
characteristic membrane profiles are associated with the walls. The arrows indicate contaminating cytoplasm.
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SDS-treated walls, the rate at which free glu-
cose and amino sugars were liberated was 14
and 7%, respectively, of that obtained with an
equal concentration of purified walls not treated
with SDS. When cytoplasm (1.7 mg of protein/
ml) or purified walls (0.033 mg of protein/mg
wall [dry weight]) were added to SDS-treated
walls labeled with 14C, the radioactivity solubi-
lized per hour was 340 counts per min/mg of
cytoplasmic protein and 2,580 counts per
min/mg of wall protein. Thus, the source of
autolytic activity in the wall preparations was
not the small amount of cytoplasmic contami-
nation. Rather, autolysins appeared to be firmly
enough attached to the cell envelope to with-
stand repeated washing with 0.5 M phosphate
buffer.
Location of autolysis sites on hyphal walls.

Hyphae lay down new wall at the apex, and
selective labeling of the apical wall was there-
fore possible by pulse labeling cultures with a
radioactive substrate. Isolation of the walls of
such hyphae and determination of the specific
activity of the autolysis products would then
show if there was any preferential digestion of
apical as opposed to older wall.

In Table 2, the specific activities of autolysis
of products isolated in a typical experiment are
compared with those of the monomers obtained
from a portion of the same wall by chemical
hydrolysis. The differences in the two sets of
specific activities show that autolysis did not
occur at random along the hyphal wall but
preferentially in the apical portion. The differ-
ences in the specific activities of the products of
autolysis and of chemical hydrolysis tended to
be greatest after short periods of autolysis. For
comparison with data in Table 2, the ratio of
specific activities after 15 h of autolysis was 3.7
for glucose, 2.8 for glucosamine, and 3.2 for
galactose.

TABLE 2. Relative rates of autolysis in apical and
lateral wallsa

Sp act of purified monomerb

Monomer From acid From auto-

hydrolysate lysatec

Glucose.9 39.4
Galactose .............. 5.8 23.8
Mannose ............... 10.4 24.7
Glucosamine ........... 9.5 29.8

a Hyphae were grown for 15 h with nonradioactive
glucose and then for 1 h with [14C]glucose. After
purification of the wall fraction, one portion was
hydrolyzed by acid and another allowed to autolyze.

b Expressed as 103 counts/minute per micromole.
c Monomers were isolated after 1 h of autolysis.

Location of autolysis sites on the walls of
hyphae treated with cycloheximide. The api-
cal wall is also the newly synthesized portion of
the hyphal envelope and the above findings do
not answer the question of if it is the age of the
wall or its position on the envelope that deter-
mines susceptibility to autolysis. To investigate
this, we used the finding that in the presence of
cycloheximide, wall is laid down all around the
hypha and not exclusively at the apex (19).
Hyphae were grown first with [4C ]glucose, then
for a short period with [3H]glucose to label the
tip, and finally incubated in medium contain-
ing cycloheximide and nonradioactive glucose.
The wall fraction was purified, and the specific
activity of sugars obtained by autolysis and acid
hydrolysis was determined. The content of 14C
and 'H in the autolysis products was several
times lower than that in the sugars isolated
after acid hydrolysis (Table 3). The distribution
of 3H, the isotope labeling the tip, may be noted
in particular. It indicates that apical wall was
broken down less rapidly than that deposited
subapically in the presence of cycloheximide.
Thus, the newly formed, unlabeled wall was
digested preferentially by the autolytic en-
zymes, and it was the age rather than position
on the envelope which determined the rate of
hydrolysis.

DISCUSSION
In common with other species of microorga-

nisms (3, 6, 11, 23), hyphae of A. nidulans
contained enzymes which could hydrolyze their
own wall polymers and which were attached to
the hyphal envelope. These enzymes have not
yet been isolated and characterized, but the
products of their action clearly show that they

TABLE 3. Relative rates of autolysis in lateral wall,
apical wall, and wall made in the presence of

cycloheximidea

Ratio of sp act of acid
hydrolysisb to sp act of

Monomer autolysise

14C 'H

Glucose ................ 2.84 2.16
Galactose .............. 5.8 5.35
Glucosamine ........... 6.13 4.47

a Hyphae were grown for 15 h with [14C]glucose,
then for 1 h with [3H]glucose, and finally for 3 h with
nonradioactive glucose and 100 ug cycloheximide per
ml. After purification of the wall fraction, portions
were hydrolyzed by acid or autolyzed.

b Counts per minute per micromole of purified
monomer.
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could digest all the major wall polymers (9, 16).
However, only a small proportion of each of
these polymers was readily hydrolyzed, whereas
the remainder was digested at a much slower
rate.
The labeling experiments showed that the

fraction highly susceptible to autolysis was the
newly formed wall. Even when newly formed
wall was deposited in close vicinity to old lateral
wall, as in the presence of cycloheximide, it was
digested preferentially. Preferential autolysis of
new wall also explains the relatively slow rate of
protein hydrolysis in walls from hyphae treated
with cycloheximide (Table 1). The youngest
wall, formed in the presence of cycloheximide,
would not contain proteins, and any amino
acids liberated would have had to come from
older, resistant sections.

It is of interest to compare wall autolysis in A.
nidulans to that in Streptococcus faecalis,
where autolysins again preferentially digest
newly formed wall (18). In the coccus, the whole
wall is susceptible to autolysis, but active
enzyme is specifically located at sites of wall
synthesis. In hyphae, there appears to be no

localization of autolysin, but the wall acquires
resistance shortly after its deposition.
No conclusions can be drawn at present about

the biochemical nature of the change to resist-
ance and how general a phenomenon this may
be in filamentous fungi. However, Wessels and
Koltin (23) have implicated a change in the
susceptibility of R glucan to autolysin action as

a factor in the morphogenesis of Schizophyllum
commune. Several lines of evidence have dem-
onstrated that, in a variety of species, new wall
undergoes modification after its deposition. Mi-
croscope observations have shown that older
wall is thicker than apical wall (7), some

fluorescent dyes stain the tip but not older
sections of hyphae (4), and abrupt changes in
external osmotic pressure induce swelling pri-
marily in the hyphal apex (15). It is tempting to
speculate that such modification is responsible
for changes in the rate of autolysis, and we are
attempting to investigate this process and its
possible role in determining sites of wall synthe-
s1s.
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