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Previous work, using solubilization of yeast cell walls by carboxymethylation, before or after digestion with
B(1-3)- or B(1-6)glucanase, followed by size chromatography, showed that the transglycosylases Crhlp and
Crh2p/Utr2p were redundantly required for the attachment of chitin to 3(1-6)glucan. With this technique,
crhIA crh2A mutants still appeared to contain a substantial percentage of chitin linked to B(1-3)glucan. Two
novel procedures have now been developed for the analysis of polysaccharide cross-links in the cell wall. One
is based on the affinity of curdlan, a 3(1-3)glucan, for 3(1-3)glucan chains in carboxymethylated cell walls. The
other consists of in situ deacetylation of cell wall chitin, generating chitosan, which can be extracted with acetic
acid, either directly (free chitosan) or after digestion with different glucanases (bound chitosan). Both meth-
odologies indicated that all of the chitin in crh1A crh2A strains is free. Reexamination of the previously used
procedure revealed that the (3(1-3)glucanase preparation used (zymolyase) is contaminated with a small
amount of endochitinase, which caused erroneous results with the double mutant. After removing the chitinase
from the zymolyase, all three procedures gave coincident results. Therefore, Crhlp and Crh2p catalyze the
transfer of chitin to both (3(1-3)- and 3(1-6)glucan, and the biosynthetic mechanism for all chitin cross-links

in the cell wall has been established.

The fungal cell wall protects the cell against internal turgor
pressure and external mechanical injury. To fulfill these func-
tions, it must be endowed with a resilient structure. Presum-
ably, the cell wall strength is largely due to the cross-links that
bind together its components, mainly polysaccharides, giving
rise to a tightly knit mesh (6, 11-13). Interestingly, the cross-
links must be created outside the plasma membrane, because
most of the polysaccharides are extruded as they are synthe-
sized at the membrane; therefore, they do not exist inside the
cell. This posits a thermodynamic problem, because there are
no obvious sources of energy in the periplasmic space. About
20 years ago we proposed that the free energy may come from
existing bonds in the polysaccharide chains and that the new
cross-links may be originated by transglycosylation, thus creat-
ing a new linkage for each one that is broken (5).

Ascertaining the mechanism of cross-link formation seemed
a worthwhile endeavor, both because of the theoretical impli-
cations and because the cell wall is a proven target for anti-
fungal compounds; therefore, more knowledge about its syn-
thesis can be of practical interest. For this type of investigation
to proceed, it was necessary to devise some method for the
quantitative analysis of cell wall cross-links. We developed
such a procedure for the evaluation of the proportion of cell
wall chitin that is free or bound to B(1-3)- or B(1-6)glucan (4).
In this methodology, chitin was specifically labeled in vivo with
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[**C]glucosamine; cell walls were isolated, and their proteins
were eliminated by alkali treatment. The insoluble residue was
solubilized by carboxymethylation and analyzed by size frac-
tionation chromatography. By treating the cell walls with dif-
ferent glucanases before carboxymethylation and comparing
the chromatographic profiles, we were able to determine the
amount of chitin bound to the different glucans, as well as the
fraction that was free (4). Armed with this procedure, we could
now analyze the cell wall of different mutants that appeared to
be candidates for cross-links defects. In this way we found that
the two putative transglycosylases Crhlp and Crh2p were re-
dundantly required for the formation of the chitin-B(1-6)glu-
can linkage. A double mutant crhIA crh2A had no chitin at-
tached to B(1-6)glucan, although it still contained apparently
normal amounts of chitin-B(1-3)glucan complex (7). Further
work supported the notion that Crhlp and Crh2p function as
transglycosylases, transferring portions of chitin chains to glu-
can (8). This confirmed our earlier hypothesis.

With the initial intention of finding easier and faster meth-
ods, I devised two novel procedures for cell wall analysis. One
is based on the affinity between B(1-3)glucan chains, the other
on the conversion of chitin in situ into its deacetylated product,
chitosan, followed by extraction of the chitosan with acetic acid
before or after treatment with specific glucanases. With a wild-
type strain, both procedures gave similar results to those of the
carboxymethylation-chromatography technique. However, in
the double mutant cril A crh2A all of the chitin appeared to be
free with both new methods. Further investigation showed that
the older procedure led to erroneous results for the double
mutant, because of the presence of a small amount of chitinase
in the B(1-3)glucanase preparation used. After reconciling the
results, I conclude that Crhlp and Crh2p are necessary for the
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TABLE 1. Strains used in this study

Strain Genotype f;)flé rri‘;ger

FY001 MATa his3A200 ura3-52 leu2Al 7
trpl AG3

RCA001 MATa his3A200 ura3-52 leu2Al 7
crhl::kanMX4

RCA002 MATa his3A200 ura3-52 leu2Al 7
crh2::LEU2

RCA003 MATa his3A200 ura3-52 leu2Al 7
crhl::kanMX4 crh2::HIS3

4250-3B MATa his3 ura3 trpl GALI cdc24-5 R. Wickner

formation of cross-links between chitin and either B(1-6) or
B(1-3)glucan.

MATERIALS AND METHODS

Strains used and growth conditions. The strains used are listed in Table 1. The
growth medium was YEPGal/Raf (2% peptone, 1% yeast extract, and 2% each
of galactose and raffinose). The growth temperature was 30°C, except for strain
4250-3B, which was grown at 25°C. The experimental results depicted in Fig. S1
and S2 in the supplemental material were carried out at more than one temper-
ature, as described previously (references 4 and 7, respectively).

In vivo labeling and carboxymethylation-chromatography procedure. In vivo
labeling of chitin with ['*C]glucosamine was the same for all procedures de-
scribed here and was carried out as described elsewhere (4). The carboxymeth-
ylation-chromatography method was performed as previously described (4).

Preparation of [“C]B(1-6)glucan and ['*C]carboxymethyl-B(1-3)glucan.
FYO001 cell growth and labeling with ['*C]glucose was carried out essentially as
described for ['*C]glucosamine labeling (4), with the following differences. Cells
were grown in YEPD, centrifuged, and suspended in 20 ml of a similar medium,
but containing only 0.5% glucose, at a density of ~1.5 X 107 cells/ml. ['*C]glu-
cose (0.1 mCi [3.7 MBq], 250 mCi/mmol; MP Biomedicals) was added, and the
yeast was allowed to grow at 30°C for ~2.5 generations. Cells were harvested,
and cell walls were prepared and treated with alkali as described previously (4).

For the preparation of B(1-6)glucan, 300 wl of cell wall suspension (420,000
cpm) was incubated overnight at 37°C on a rotator with 15 pl of Zymolyase 100T
(10 mg/ml in 1 M Tris-HCI [pH 7.5]) and 0.02% sodium azide as a preservative.
The tube was centrifuged 5 min at 16,000 X g. The supernatant was dialyzed
overnight against 300 ml of water in a Pierce cassette with a 3,500-molecular-
weight cutoff. About 120,000 cpm were recovered in 0.4 ml of dialysate.

For the preparation of carboxymethylated B(1-3)glucan, 150 wl of labeled cell
walls (210,000 cpm) was incubated overnight at 37°C on rotator with 8 wl of 1 M
sodium acetate (pH 5) and 10 pl (~0.27 pg of protein) of recombinant B(1-
6)glucanase (3). The tube was centrifuged 5 min at 16,000 X g. The pellet was
carboxymethylated as described previously for the carboxymethylation of cell
walls (4). About 114,000 cpm were recovered in 0.85 ml of carboxymethylated
material. Portions of each polysaccharide containing 10,000 cpm were used for
tests with the curdlan procedure.

Curdlan method. Curdlan was purchased from Carbomer (San Diego, CA). A
2% suspension is prepared in 0.05 M citrate (pH 3.5). Of this suspension, 0.3 ml
was placed in a 2-ml microcentrifuge tube with a conical bottom. The tube was
heated at 56°C in a dry bath for 10 min; 0.3 ml of the citrate buffer was added,
and the tube was shaken in a Mini-Beadbeater (Biospec Products) for 60 s and
then cooled to room temperature. An additional 0.4 ml of citrate buffer was
added, and the tube was shaken in the Mini-Beadbeater for 20 s. '*C-labeled
samples (10,000 cpm) of carboxymethylated cell walls, either untreated or pre-
digested with recombinant B(1-6)glucanase (3), as previously described (4), were
added to the tubes with curdlan gel, prepared as outlined above. The tubes were
shaken in the Mini-Beadbeater for 20 s and then placed in a rotator at room
temperature for 30 min, followed by centrifugation for 5 min at 16,000 X g.
Supernatants were transferred to other tubes, and their volume and radioactivity
were measured. The pellets were washed twice with 0.7 ml of the citrate buffer,
and the washings were pooled and counted. The total radioactivity in the first
supernatant plus washings was calculated. The washed pellets were suspended in
0.5 ml of the citrate buffer, transferred to a scintillation vial, and counted. The
radioactivity in each supernatant (plus the washings) was calculated as a per-
centage of the total radioactivity recovered. The radioactivity of the supernatant
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from untreated cell walls yielded the amount of free chitin, whereas that from
walls pretreated with B(1-6)glucanase corresponds to the free chitin plus the
chitin bound to B(1-6)glucan. The difference between the two values represents
the chitin bound to B(1-6)glucan. The chitin linked to B(1-3)glucan is given by
the difference between the total sum of radioactivity recovered in the fractions
and the radioactivity of the supernatant (plus the washings) from walls treated
with B(1-6)glucanase. As a control, one can also use walls pretreated with
B(1-3)glucanase, where all of the radioactivity should be found in the superna-
tant.

Chitosan method. All centrifugations below are for 5 min at 16,000 X g. To
screw-cap 1.5-ml conical microcentrifuge tubes, 100 pl of ['*C]glucosamine-
labeled cell walls (cell walls not treated with alkali; see reference 4 and 30 pl of
alkali-treated carrier cell walls (4) were added. The tube was centrifuged, and the
supernatant was discarded. The cell walls were suspended in 100 ul of 50%
sodium hydroxide. This and all following suspensions were done in a small
amount of liquid with a thin (2-mm-diameter) glass rod. The remainder of the
liquid was used to wash the glass rod into the suspension (vortexing does not
work well with these pellets). The tube, with the screw cap only partially adjusted,
was then placed in a small beaker, which was put inside a larger beaker covered
with aluminum foil. The assembly was autoclaved for 20 min at 121°C. After
cooling, the tube was centrifuged, and the supernatant was discarded. The pellet
was suspended in 150 pl of 10 M potassium acetate, and 50 wl of a 10%
suspension of Sephadex G-10 was added as the carrier. After centrifugation, the
pellet was washed once with 200 pl of 10 M potassium acetate and once with 200
pl of 0.02 M sodium hydroxide. The chitosan that originated from the free chitin
was then extracted by suspending the pellet in 200 pl of 10% acetic acid and
placing the tube on a rotator at room temperature. All extractions with acetic
acid were performed for a minimum of 3 h or overnight, according to conve-
nience. After rotation, the tube was centrifuged, the supernatant was saved, and
the pellet was washed with 200 pl of water that was added to the first superna-
tant. The radioactivity of the combined fraction represents the free chitin (chi-
tosan). The pellet was suspended in 185 wl of water, and 5 pl of 1 M sodium
acetate (pH 5) and 10 pl of recombinant B(1-6)glucanase (3) were added. After
3 h of incubation at 37°C on rotator, the tube was centrifuged. The supernatant
was saved and counted. The pellet was extracted with 200 wl of 10% acetic acid
as described above, followed by centrifugation. The supernatant was then saved,
and the pellet was washed with 200 pl of water, which was added to the first
supernatant. The radioactivity of this fraction was added to that of the B(1-
6)glucanase digestion supernatant to yield the amount of chitin bound to B(1-
6)glucan. The pellet was suspended in 185 (or 165) pl of water, and 5 pul of 1 M
potassium phosphate (pH 6.3) and 7.5 pl of Zymolyase 100T (Associates of Cape
Cod) at 10 mg/ml in 1 M Tris-HCI (pH 7.5) (or 30 pl of chitinase-free zymolyase
[see below for the preparation]) were added. The mixture was incubated on a
rotator at 37°C for 3 h and then centrifuged. The supernatant was saved and
counted. The radioactivity represented the small chitin attached to B(1-3)glucan
(see, however, Results for correction). The pellet was extracted with 200 pl of
10% acetic acid, as described above. After centrifugation, the radioactivity of the
supernatant was determined. This corresponded to the large chitin bound to
B(1-3)glucan.

Determination of conversion of chitin to chitosan with nitrous acid. Treat-
ment of chitosan with nitrous acid converts glucosamine to anhydromannose,
which separates itself from the polymer and dissolves in water (1). Because the
glucosamine here was labeled with '“C, it is possible to measure the percent
conversion of chitin to chitosan from the amount of radioactivity solubilized by
nitrous acid. After autoclaving in 50% sodium hydroxide and washing with
potassium acetate and 0.02 M sodium hydroxide as described above, the pellet
was suspended in 100 pl of 0.2 M hydrochloric acid, followed by 100 wl of 50 mM
sodium nitrite. The mixture was rotated for 3 h at room temperature and
centrifuged. The radioactivity of the supernatant fluid represents the amount of
chitin converted to chitosan, although it is not an exact measure, because if some
short tracks of chitin are still acetylated, they would be liberated as water-soluble
chitin oligosaccharides.

Sephacryl S-300 chromatography. The same Sephacryl S-300 column (80 cm
long, 51 cm in diameter) was used throughout. For the previously published
procedure (4), the same buffer (50 mM Tris-HCI [pH 7.5] containing 150 mM
sodium chloride and 0.03% sodium azide) was used. For acetic acid extracts from
the chitosan procedure, 10% acetic acid, containing 1 M sodium chloride, was
used to equilibrate the column. The high sodium chloride concentration was
needed to prevent the attachment of chitosan to the Sephacryl bed.

Elimination of chitinase activity from zymolyase. Chitin for this purpose was
purified from the commercial product (Sigma-Aldrich) by suspending 1 g in 100
ml of dimethylacetamide containing 6% lithium chloride. After overnight stirring
at room temperature, the suspension was centrifuged to eliminate the insoluble
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A CURDLAN METHOD

Uses mild-alkali-treated, carboxymethylated cell walls
1) No enzymatic digestion before carboxymethylation

CM-free chitin I— Unbound

CM-chitin(small)-B((1-3)glucan

CM-chitin(large)-p(1-3)glucan

Bind to curdlan
CM-chitin-B(1-6)glucan-B(1-3)glucan

2) B(1-6)glucanase digestion before carboxymethylation
CM-free chitin (original + B(1-6)glucan-linked) I‘ Unbound

CM-chitin(small)-B((1-3)glucan
CM-chitin(large)-p(1-3)glucan

|~ Bind to curdlan

B CHITOSAN METHOD
Uses cell walls autoclaved with strong alkali

1) Free chitosan extracted directly with acetic acid

2) Chitosan-B(1-6)glucan-B(1-3)glucan: extracted with acetic
acid after digestion with B(1-6)glucanase

3) Chitosan(small)-B((1-3)glucan: extracted with water after
digestion with B(1-3)glucanase

4) Chitosan(large)-B(1-3)glucan: subsequently extracted with
acetic acid

FIG. 1. Outline of the two novel procedures for determination of
chitin cross-links. In both cases chitin was specifically labeled in vivo
with [**C]glucosamine and estimated in the various fractions by radio-
activity measurement. For details of the procedures, see Materials and
Methods. (A) Curdlan method. Free chitin was determined from the
unbound radioactivity (step 1). This value was subtracted from the
unbound radioactivity (step 2) to obtain the chitin attached to B(1-
6)glucan. The chitin bound to B(1-3)glucan can be calculated by sub-
tracting the unbound value (step 2) from the total or by determining
the bound radioactivity (step 2). (B) Chitosan method. Each step 1 to
4 was performed on the insoluble residue remaining from the preced-
ing step. The radioactivity of each extract was measured.

residue. The supernatant fluid was added to an equal volume of water in a
mechanical homogenizer and homogenized for 3 min. After centrifugation for 5
min at 3,000 X g, the chitin pellet was washed five times with water and sus-
pended in water.

This chitin was used to prepare a 1-ml bed volume column in a 7-mm-diameter
tube. The column was equilibrated with 0.1 M potassium phosphate (pH 6.3). A
10-mg portion of Zymolyase 100T was dissolved in 1 ml of 1 M Tris-HCI (pH
7.5). The solution was dialyzed overnight, with one change, against 200 ml of 0.1
M potassium phosphate (pH 6.3). A precipitate that formed during dialysis was
centrifuged off for 5 min at 16,000 X g. The supernatant was applied to the chitin
column described above. The emerging fluid and a 1-ml wash with 0.1 M potas-
sium phosphate (pH 6.3) were pooled. About 70% of the B(1-3)glucanase activity
was recovered, as measured with reduced laminarin as the substrate and the Park
and Johnson method for reducing sugar (16).

Measurement of chitinase activity. Chitinase was measured by viscosimetry,
with the falling-sphere method, where the viscosity of a solution is determined by
the time taken by a sphere to travel down a tube containing the solution. I used
a home-made viscosimeter, with a 0.2-ml pipette as the tube and a 1-mm-
diameter glass bead as the sphere.

The substrate for the chitinase reaction, carboxymethylchitin, was prepared
from commercial chitin (Sigma-Aldrich) by a minor modification of Hirano’s
procedure (9). The reaction mixture contained carboxymethylchitin (1.5 mg),
enzyme, and 0.1 M potassium phosphate (pH 6.3) in a total volume of 450 pl.
Incubation was at 37°C for 15 to 30 min, and the reaction was stopped by placing
tubes in a boiling water bath for 5 min.
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RESULTS

Curdlan method. The procedure we previously devised (4)
allows the quantitative determination of the three forms of
chitin in the cell wall, free chitin, chitin-B(1-3)glucan, and
chitin-B(1-6)glucan-B(1-3)glucan, but it is rather cumbersome
because it requires, in addition to the carboxymethylation step,
several chromatographic separations, followed by lengthy cal-
culations. Searching for a simpler methodology, I tried to take
advantage of the affinity of B(1-3)glucan chains for each other,
due to hydrogen bonds, which accounts for the insolubility of
several polysaccharides with this structure (17). One of them is
curdlan, which has the unusual property of forming a gel when
heated at 56°C in an aqueous suspension (14). This gel can be
disrupted by suspending it in buffer, followed by vigorous shak-
ing. Preliminary experiments showed that 80 to 90% of the
radioactivity of '*C-labeled carboxymethylated B(1-3)glucan
could be adsorbed by the curdlan gel, whereas none of
[**C]B(1-6)glucan (not carboxymethylated) was picked up by
the gel. This showed that the curdlan gel was able to adsorb
specifically chains of the same structure, even when modified
by attached acetic acid residues. It seems probable that the
adsorption of the carboxymethylated B(1-3)glucan is not com-
plete because of impurities in the preparation. Based on these
results, one would expect that, when presented with the mix-
ture of polysaccharides produced by carboxymethylation of the
"4C-labeled cell walls (Fig. 1A), curdlan should be able to
adsorb all of them, except for the free chitin. In fact, when the
experiment was carried out, ca. 40% of the radioactivity re-
mained in the supernatant, an amount similar to that of free
chitin, as determined by the chromatographic method (Table
2). Pretreatment of the cell wall with B(1-6)glucanase in-
creased the amount of radioactivity in the supernatant by ca.
15% of the total, which would correspond to the chitin bound
to B(1-6)glucan, which was again similar to that calculated by
the chromatographic procedure (Table 2). The amount of
chitin attached directly to B(1-3)glucan can be calculated by
difference with the total (Fig. 1 and Table 2). Furthermore,
when the cell walls were treated with B(1-3)glucanase before
carboxymethylation, none of the radioactivity was adsorbed by
curdlan, as expected. For the calculations, this incubation with
B(1-3)glucanase is not necessary. One limitation of the curdlan
method is that it does not discriminate between the large and
small chitin attached to P(1-3)glucan that were previously
identified (4). Aside from this limitation, the data yielded by
the curdlan gel procedure, which does not require chromatog-
raphy, were similar to those of the previous method. However,
when the curdlan method was applied to the crhlA crh2A
double mutant, a surprising result was obtained: whereas a

TABLE 2. Comparison of different procedures for the measurement
of cross-links between chitin and other polysaccharides
in strain FY001

% of total chitin in each fraction as determined

by:
Cross-link
Carboxymethylation and ~ Curdlan  Chitosan
chromatography method method
Free chitin 43 41 31
Chitin — B(1-6)glucan 16 15 25

Chitin — B(1-3)glucan 41 44 44
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normal amount of chitin bound to B(1-3)glucan had been
found by the chromatographic procedure (7), here 100% of the
radioactivity remained in the supernatant, as if all of the chitin
were free. Because the curdlan method was new and not thor-
oughly explored, it was first thought that the unexpected result
might come from a quirk of the procedure, perhaps as a result
of the high molecular weight of chitin in the double mutant. It
seemed, however, that in order to understand the discrepancy
it would be necessary to develop a third procedure, based on a
different principle from the other two.

Chitosan method. In the search for a third procedure for the
analysis of chitin cross-links, I turned to chitosan, the deacety-
lated analog of chitin. Chitin is totally insoluble in aqueous
solvents, because of the strong hydrogen bonds between the
>N-H groups of one chain and the >C=O groups of an
adjacent chain. The >C=0 groups are no longer present in
chitosan, thus eliminating the hydrogen bonds, and this com-
pound is soluble in dilute acetic acid, with protonation of the
now free amino groups. It seemed that if one could convert all
of the cell wall chitin to chitosan in situ, it should now be
possible to extract the free chitosan (coming from free chitin)
with acetic acid (Fig. 1B). Subsequently, one could treat the
cell walls with B(1-6)glucanase, followed by a similar acetic
acid extraction, to obtain the chitosan bound to B(1-6)glucan
(Fig. 1B). This would leave in the insoluble residue only the
chitosan attached to B(1-3)glucan, which could be removed by
digestion with B(1-3)glucanase. The problem here was the
deacetylation of chitin, which must be done without breaking
other bonds. It would be desirable to accomplish this operation
with a mild and specific method. Chitin deacetylases were
considered as possible agents. However, these enzymes act
very sluggishly on native chitin (2). Trials with a Cryptococcus
deacetylase (kindly provided by V. Bouriotis) led to a conver-
sion of only 10% of the cell wall chitin to chitosan, as measured
with the nitrous acid procedure (see Materials and Methods).
The alternative was treatment of the cell walls with concen-
trated (50%) sodium hydroxide at high temperature. Although
usually this treatment is carried out for many hours, No et al.
(15) found that 20 to 30 min is sufficient if the reaction is
carried out in the autoclave. This was the chosen treatment
(see Materials and Methods). Observation in the microscope
showed that, despite the harsh treatment, the cell walls, al-
though shrunken, maintained their shape. If they were washed
with water, they tended to disintegrate. However, a wash with
high salt (10 M potassium acetate) stabilized and somehow
clumped the walls, which could then be washed with water.
Nitrous acid liberated more than 90% of the radioactivity from
the washed cell walls, showing that chitin had been effectively
converted to chitosan.

The cell walls were subjected to the series of alternative
extractions and enzymatic digestions outlined above (see Ma-
terials and Methods). Note that in this case one can theoreti-
cally discriminate between small and large chitin attached to
B(1-3)glucan, because the former should be solubilized in wa-
ter by B(1-3)glucanase action, whereas the latter should re-
quire subsequent acetic acid extraction (see, however, below).
The results showed a reasonable agreement with those of the
chromatographic procedure and of the curdlan method (Table
2). When the procedure was applied to the crhlA crh2A mu-
tant, again practically all of the chitosan was in the first acetic
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acid extract, as if all of the original chitin were free. The
coincidence of this result with the corresponding one of the
curdlan method, which is based on an entirely different prin-
ciple, suggested that the carboxymethylation-chromatography
procedure should be reinvestigated.

What was wrong with the carboxymethylation-chromatogra-
phy method. In an attempt to understand the cause of the
different results with the curdlan and chitosan methods, com-
pared to the older procedure, I incubated carboxymethylated
cell walls of the crhIA crh2A mutant with the B(1-3)glucanase
preparation (Zymolyase 100T) and applied both the untreated
and the enzyme-digested preparation to a Sephacryl S-300
column (Fig. 2A). Note that the experiment was done in the
reverse order than the standard procedure, where the enzy-
matic treatment precedes the carboxymethylation. Despite this
change, the zymolyase digestion resulted in a pronounced shift
to the right of the radioactive peak, as found previously with
the published method. It was reasoned that, if this effect was
due to glucanase action, it should also be produced by a re-
combinant B(1-3)glucanase. The commercial preparation
Quantazyme contains such a protein, expressed from a gene of
the same organism from which zymolyase is obtained, Oersk-
ovia xanthineolytica (Arthrobacter luteus). However, Quan-
tazyme incubation had no effect on the chromatographic pro-
file of the radioactive material (Fig. 2A). This result strongly
suggested that zymolyase contained, in addition to B(1-3)glu-
canase, some other enzymatic activity that was responsible for
the observed shift. Based on the data from the curdlan and the
chitosan procedures, the carboxymethylated cell walls of the
crhIA crh2A mutant should contain only carboxymethylated
chitin, which is a good substrate for chitinases. Accordingly,
zymolyase caused a time-dependent and enzyme concentra-
tion-dependent decrease in viscosity of authentic carboxymeth-
ylchitin (Fig. 2B). I successfully eliminated the chitinase activ-
ity from the zymolyase preparation by filtering the latter
through a chitin column (see Materials and Methods and Fig.
2B). When this chitinase-free preparation was used to digest
crhIA crh2A cell walls before carboxymethylation, the chro-
matographic profile generated was the same as for untreated
cell walls (Fig. 3A) or for cell walls treated with B(1-6)glu-
canase, which was previously shown to have no effect on cell
walls of the double mutant (7). The effect of untreated zymol-
yase is shown for comparison (Fig. 3B). Clearly, now all three
procedures coincide in indicating that in the double mutant all
of the chitin is free; therefore, Crhlp and Crh2p are required
for the formation of cross-links between chitin and both B(1-
3)- and B(1-6)glucan.

Reevaluation of previous results. In view of the results with
the crhIA crh2A double mutant, it was important to verify
whether the use of chitinase-containing zymolyase had caused
other errors. Cell walls of the wild-type FY001 were analyzed
with the chitinase-free zymolyase, both with the carboxymethyl-
ation-chromatography and with the chitosan procedure (Table
3). The results did not differ greatly from those of Table 2. The
chromatographic profiles obtained after incubation with either
untreated or purified zymolyase (Fig. 4A and B) do show some
difference, but it does not amount to much. On the other hand,
chromatography of the fraction made water soluble by zymol-
yase digestion showed a pronounced decrease in the small
chitin fraction, which was reduced in about half, when the
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FIG. 2. (A) Chromatography of crhIA crh2A carboxymethylated cell walls on a Sephacryl S-300 column, either untreated or after digestion with
zymolyase or Quantazyme. The void volume in this and all subsequent Sephacryl columns is at fractions 26 to 27. Also, in all Sephacryl columns
the radioactivity represents chitin labeled in vivo with ['*C]glucosamine. (B) Determination of chitinase in zymolyase by viscosimetry. Travel time
is the time taken by a glass bead to travel the length of a 0.2-ml pipette filled with the solution to be tested. Incubation time is the time of incubation
with zymolyase previous to the measurement of viscosity. Symbols: @, 7.5 l of zymolyase, 10 mg/ml; [J, 15 pl of zymolyase, 10 mg/ml; O, 60 pl
of purified zymolyase [contains an amount of B(1-3)glucanase activity similar to that of 15 pl of crude zymolyase]. The broken line indicates the

travel time with water as the test solution.

purified enzyme was used (Fig. 4C). This fraction disappeared
completely in the crhlA crh2A double mutant when the puri-
fied zymolyase was used (see below in Fig. 6).

Another aspect of the small chitin fraction deserves com-
ment. Whereas in the carboxymethylation-chromatography
method most chitin fractions are together and can only be
distinguished by subtracting one curve from another, in the

chitosan procedure they are isolated separately. Although each
one can be evaluated simply by counting radioactivity, it was of
interest to examine their chromatographic profile (Fig. 5A).
The free chitin (chitosan) is clearly the one with higher mo-
lecular weight, whereas the large chitin attached to B(1-3)glu-
can and the chitin linked to B(1-6)glucan are smaller and
roughly of the same size. The small chitin linked to B(1-3)glu-
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FIG. 3. Chromatography on Sephacryl S-300 of crhlA crh2A carboxymethylated cell walls after the original walls were either left untreated or
digested with different enzymes. (A) Cell walls, either untreated or digested with either purified zymolyase or recombinant B(1-6)glucanase.
(B) Cell walls, either untreated or after digestion with crude zymolyase.

can is heterogeneous, consisting of at least two fractions. Only carboxymethyl residues. The presence of the higher-molecular-
the later fraction elutes at a position comparable to that of the weight fraction may result from the greater solubility of chi-
small chitin in Fig. 4C. This chitin seems to be smaller, which tosan in water relative to chitin. The contribution of each peak
is expected because it lacks the acetyl groups as well as the to the small chitin can be calculated by plotting the first half of
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TABLE 3. Comparison of different procedures for the measurement
of cross-links between chitin and other polysaccharides in strain
FY001 with the use of chitinase-free zymolyase

% of total chitin in each fraction as
determined by*:

Cross-link
Carboxymethylation Curdlan  Chitosan
and chromatography method  method
Free chitin 43 41 36
Chitin — B(1-6)glucan 21 15 22
Large chitin — B(1-3)glucan 26 27 (33)
Small chitin — B(1-3)glucan 11 16 (10)
Total chitin — B(1-3)glucan 37 44 43

“ Values for the curdlan method are the same as in Table 2 and are shown for
comparison. The percent values in parentheses have been corrected as described
in the text for the small chitin distribution (see also Fig. 5).

the second peak as symmetrical to the second half and obtain-
ing the first peak by subtraction (Fig. 5B). The first peak can
then be added to the value of the large chitin bound to B(1-
3)glucan (numbers in parentheses in Table 3). This brings the
values for the small chitin closer for the two methods. This
correction was applied to all of the data presented here for
small chitin-B(1-3)glucan, after carrying out the corresponding
chromatographic separations. Similar chromatography of sol-
ubilized chitosan from the crilA crh2A double mutant showed
that the corresponding chitin, which suffered no transfer to
glucans, has a higher molecular weight, as would have been
predicted (Fig. 5A).

The chitin distribution in the wild type and the crh mutants,
as obtained with purified zymolyase, did not greatly differ from
previous values (Fig. 6), except for the crhlA crh2A double
mutant (compare with Fig. 2 of reference 4) and was similar to
the older procedure and to the chitosan method (Fig. 6). Fi-
nally, two previously published experiments were repeated
with the carboxymethylation-chromatography procedure. One
was determination of chitin distribution at the mother-bud
neck and in lateral walls (see Fig. S1 in the supplemental
material, cf. with Fig. 8 in reference 4). The other was the effect
of temperature on the chitin distribution (see Fig. S2 in the
supplemental material, cf. with Fig. 6 of reference 7). In both
cases, the new results are similar to the previous ones, with
only minor quantitative differences.

DISCUSSION

In the work described here, an advance in methodology led
to the conclusion that previous results about the attachment of
chitin to other cell wall components were partially incorrect in
a crhlA crh2A strain. Based on this result, Crhlp and Crh2p
were found to be responsible for the linkage of chitin not only
to B(1-6)glucan, as previously reported (7) but also to the main
structural component of the cell wall, B(1-3)glucan. As part of
this investigation, I developed two new procedures for the
quantitative determination of chitin cross-links to other poly-
saccharides in the yeast cell wall, which may be useful for
future research, both in yeast and other fungi. These methods
are based on different principles from each other and from the
previously devised carboxymethylation-chromatography tech-
nique; therefore, they may provide critical information in dif-
ficult cases. After the curdlan procedure was devised and used,

EUKARYOT. CELL

a literature search showed that the same principle, adhesion
between different B(1-3)-linked polysaccharides, had been
used for a different purpose, i.e., to study the effect of molec-
ular weight on the action of schizophyllan, a fungal polysac-
charide, on the regeneration of yeast protoplasts (10). This
confirms the specificity of the polysaccharide interaction. In
their work, Hisamatsu et al. (10) used curdlan hard gel, ob-
tained at 120°C, which I found less effective than the soft gel
formed at a lower temperature.

Both the curdlan and the chitosan procedures are simpler
than the older one because they do not require a chromato-
graphic step. The chitosan method does not even entail car-
boxymethylation. The whole operation is carried out in a mi-
crocentrifuge tube, from which the different extracts are
withdrawn, thus minimizing losses. The procedure is much
faster than the carboxymethylation-chromatography method,
lasting 2 to 3 days instead of about 10. In addition, several
samples can be run simultaneously. The correction described
above for the small chitin linked to (1-3)glucan does require
one chromatographic separation, but three such chromatogra-
phies can be run in 1 day.

Because in the chitosan method each type of chitin (now
chitosan) is extracted separately, it is possible to determine the
size of the individual fractions (Fig. SA). Interestingly, the
chitins linked to B(1-3)- and B(1-6)glucan show a similar size
distribution and are smaller than the free chitin, which suggests
that a relatively short fragment of the nascent chitin is trans-
ferred by Crhlp and Crh2p to the glucans. This type of exper-
iment also shows that the chitin of the double mutant crilA
crh2A has a higher molecular weight than any of the chitins
from the wild type (Fig. 5), a finding which is in agreement with
the expectation that no part of that chitin is transferred to an
acceptor.

There is fairly good agreement among the three procedures
now available (Table 3, Fig. 6). Some of the differences may
arise from the harsh alkali treatment in the chitosan method. It
would be desirable to find a milder way to deacetylate chitin,
but none is currently available, since the enzymatic treatment
with deacetylase proved ineffective, and acid hydrolysis would
break polysaccharide bonds. Where all three methods now
agree is in the absence of any bound chitin in the cell wall of
the crhlA crh2A mutant. The two new procedures were instru-
mental in forcing a review of the older one, which resulted in
the finding of chitinase contamination in zymolyase. It may be
asked whether the possibility of that contamination was enter-
tained earlier. Surprisingly, this was indeed the case. When it
was found that zymolyase solubilized in water a large amount
of radioactivity from ['*C]glucosamine-labeled cell walls (4), it
was first suspected that chitinase was responsible. However,
Quantazyme, which contains no chitinase, had a similar effect
(4) and the solubilized material turned out to be a mixture of
a chitin-B(1-6)glucan complex plus “small chitin,” previously
attached to B(1-3)glucan. Paradoxically, this result put to rest
our suspicion about the presence of chitinase in the zymolyase
preparation.

For a B(1-3)glucanase preparation free from chitinase, pu-
rification of zymolyase was preferred over use of Quantazyme,
for two reasons: first, from previous experience it seemed that
zymolyase digests B(1-3)glucan faster and more completely
than Quantazyme, perhaps because it contains more than one
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FIG. 5. (A) Chromatography on Sephacryl S-300 of different chitosan fractions extracted from FY001 (wild type) or RCA003 (crhlIA crh2A
mutant) cell walls with the chitosan procedure. (B) The second peak (yellow) is obtained by drawing a curve symmetrical to its second half, taking
fraction 58 as the maximum. The first peak (red) can then be drawn by subtracting the second peak calculated values from the experimental

measurements.

glucanase. Second, Quantazyme is no longer available com-
mercially, and preparation of the recombinant enzyme would
be laborious, whereas purification of zymolyase with a chitin
column is very simple and fast. Because the purification is
based on substrate affinity, it is very specific. The lack of effect

of the purified zymolyase on the chitin of the crhIA crh2A
mutant confirms that the chitinase was responsible for the
previous spurious results.

Except for the case of the crhlA crh2A double mutant, re-
sults with the purified B(1-3)glucanase do not differ greatly

FIG. 4. Chromatography on Sephacryl S-300 of different cell wall fractions from a wild-type strain (FY001). (A) Carboxymethylated cell walls,
either undigested or after incubation with different enzymes, including crude zymolyase. (B) Same as panel A, but purified zymolyase was used.
(C) Material solubilized in water by digestion of FY001 cell walls with either crude or purified zymolyase. The first peak corresponds to a
chitin-B(1-6)glucan complex (4), and the second peak corresponds to small chitin that was previously linked to B(1-3)glucan (4).
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from those obtained previously. The exception was in the sharp
decrease in the small chitin-B(1-3)glucan fraction. Thus, part
of that small chitin must come from degradation of chitin by
chitinase. It may be asked whether the small chitin-p(1-3)glu-
can is a separate entity or just represents the tail end of a wide
range of fragments of different lengths transferred from nas-
cent chitin to glucan. Analysis of the material generated by the
chitosan procedure suggests a separate peak for the small
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chitin (Fig. 5), but with the evidence at hand this point cannot
be settled.

Note that the results described here do not invalidate our
findings on transfer of chitin to B(1-3)-linked fluorescent
oligosaccharides (8). Rather, it may be concluded that the reac-
tions studied there serve as models for chitin transfer not only
to B(1-3)-linked side chains of B(1-6)glucan but also to the
main chain of B(1-3)glucan.

What is not in doubt is that the glycosyltransferases Crhlp
and Crh2p are responsible for the attachment of chitin to both
B(1-6)- and B(1-3)glucan, i.e., for all of the wall cross-links in
which chitin has been found to be involved. This finding sim-
plifies the situation with regard to chitin cross-links because a
single system gives rise to all of them. On the other hand, it is
not clear how the system is regulated to favor transfer to one
or the other of the acceptors. Previous work, confirmed here,
indicated that most of the bound chitin is linked to B(1-3)glu-
can at the mother-daughter neck, whereas it is attached to
B(1-6)glucan in the lateral walls. How this differential localiza-
tion is achieved remains to be explored. Another consequence
of the results reported here is that we know how to abolish all
chitin cross-links. This should facilitate studies of the physio-
logical function of the cross-links. Work toward that goal is in
progress.
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