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Summary

A soluble protein inhibitor of chitin synthetase (UDP-2-acetamido-2-deoxy-
D-glucose:chitin 4-8-acetamidodeoxyglucosyltransferase, EC 2.4.1.16) was iso-
lated from the cytoplasm of Mucor rouxii. By gel filtration, the molecular
weight of the inhibitor was estimated to be 17 500. The inhibitor was effective
against crude or purified (chitosome) preparations of chitin synthetase. Unlike
the chitin synthesis inhibitor from Saccharomyces spp., the inhibitor from M.
rouxii does not operate by blocking the proteolytic activation of chitin synthe-
tase zymogen but by inhibiting the operation of activated enzyme. Presumably,
the inhibitor forms part of the regulatory mechanism of chitin synthesis in the
cell,

Introduction

Cabib and Farkas [1] proposed a model for the activation of chitin synthe-
tase (UDP-2-acetamido-2-deoxy-D-glucose:chitin 4-3-acetamidodeoxyglucosyl-
transferase, EC 2.4.1.16) ‘““zymogen” from Saccharomyces spp. by an activating
factor later identified as proteinase B [2,3]. This model includes a heat-stable
protein [4] which inhibits the protease [5]. It was suggested [1] that this pro-
tein inhibitor served as a safety mechanism to prevent untimely initiation of
chitin synthesis.

* Predoctoral fellow from CONACYT, Mexico.
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The mycelial form of Mucor rouxii contains a soluble non-dialyzable inhib-
itor of chitin synthesis [6]. Yeast cells of M. rouxii also contain the inhibitor
and in greater concentration than the mycelium [7]. In this communication,
we describe the purification and properties of the inhibitory protein of chitin
synthetase from yeast cells of M. rouxii. The inhibitor was tested for its ability
to block the activity of crude or purified preparations of chitin synthetase. The
crude preparation was the mixed membrane fraction of a cell-free extract,
treated with a detergent (Brij 36T) to prevent spontaneous activation of the
zymogen [7]. The purified enzyme preparation was a suspension of chito-
somes; these newly found microvesicle-like structures are considered to be the
cytoplasmic containers and conveyors of chitin synthetase zymogen in fungal
cells [8,9].

Methods

The strain of Mucor rouxii, the culture media and growth conditions have
been described [7]. Yeast cells were harvested by filtration through a sintered
glass filter, washed with 0.05 M KH,PO,/NaOH buffer, pH 6.0, containing 10
mM MgCl, (referred to throughout this publication as phosphate/magnesium
buffer) and broken with a Braun MSK cell homogenizer. Cell-free extracts
were centrifuged at 1000 X g to remove cell walls and the supernatant was cen-
trifuged at 68 000 X g for 1 h. The pellet was labelled mixed membrane frac-
tion. The supernatant fraction was used as starting material for the purification
of the inhibitor. Chitosomes from yeast cells of M. rouxii were purified by a
sucrose gradient centrifugation method [9]. Chitosomes from mycelium of
M. rouxii were prepared by the same technique.

Mixed membrane fraction treated with the non-ionic detergent Brij 36T was
used to measure the inhibition of activation of chitin synthetase during puri-
fication of the inhibitor. Mixed membrane fraction was resuspended in phos-
phate/magnesium buffer, treated with 10 mM Brij 36T for 1 h at 0°C, centri-
fuged at 68 000 Xg for 1 h and washed twice by centrifugation at the same
speed. The sediment was resuspended in buffer and kept at 0°C. This prepara-
tion was stable and could be activated by incubation with proteases [7].

Unless otherwise stated, inhibitor assays were performed as follows: Brij-
treated mixed membrane fraction was incubated in a final volume of 125 ul
with 20 mM N-acetylglucosamine, 0.2 mM ATP, 0.5 mM UDP-[*C]GlcNAc
(0.2 Ci/mol), 10 mM MgCl, and 50 mM KH,PO,/NaOH buffer, pH 6.0, in the
presence of trypsin (400 ug/ml) or Rennilase (6.6 mg/ml) and several dilutions
of inhibitor for 30 min at 22°C. These concentrations of proteases gave opti-
mum activation (10—15-fold) of Brij-treated mixed membrane fraction. In
some assays, suspensions of purified chitosomes were used in lieu of mixed
membrane fraction as a source of chitin synthetase. In such cases, much lower
concentrations of trypsin or Rennilase were employed. The reaction was stop-
ped with a drop of glacial acetic acid and chitin synthesized was measured by a
filtration method [7]. 1 unit of chitin synthetase was the amount of enzyme
that catalyzed the incorporation of 1 nmol of N-acetylglucosamine into chitin
in 1 min. Inhibitor activity was measured as percentage of inhibition of chitin
synthetase. Inhibitor activity was also expressed in units; one unit being that
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amount which caused 1% inhibition. Specific activity was calculated per mg
protein, The relative amounts of chitin synthetase and inhibitor in the assays
were adjusted so that percentage of inhibition was in the range of 10—50%,
where inhibition was fairly proportional to inhibitor concentration. Proteo-
lytic activity was measured with either casein (pH 6.0) or acid-denatured hae-
moglobin (pH 3.0) [10]. After 1 h at 22°C, the mixtures were precipitated with
0.3 M trichloroacetic acid, and after 1 h at 0°C they were centrifuged at 1000 ¥
g. The supernatant was assayed with Folin’s reagent [11]. Neutral proteinase
activity was also measured with Azocoll (Calbiochem, La Jolla, California,
U.S.A.) in 0.1 M Tris - HC] buffer at pH 7.4; acid protease was also measured
with fibrin blue (Calbiochem, La Jolla, Calif.) in 0.1 M citrate buffer, pH 2.5.
Protein was measured by Lowry’s method [12]. Molecular weight determina-
tions were made by gel filtration on columns of Sephadex G-100 (Pharmacia,
Uppsala, Sweden) and Bio-Gel P-60 (BioRad, Richmond, Calif.). The columns
were calibrated for each different concentration of NaCl used in the eluting
buffer against a set of non-enzymatic protein markers (myoglobin, chymo-
trypsinogen, ovalbumin and bovine albumin) purchased from Schwarz/Mann
(Orangeburg, N.Y)),

Trypsin, 5 X crystallised and casein (Hammersten) were from NBCo (Cleve-
land, Ohio); a pure acid protease from Rhizopus chinensis was obtained from
Miles Laboratories (Elkhart, Ind.). Rennilase, a crude acid protease from Mucor
miehei, was supplied by Novo Enzyme Corp. (Mamaroneck, N.Y.). Mexicain
a crystalline protease from Pileus mexicanus [13], was a gift from M. Castafneda-
Agulld, Instituto Politécnico Nacional, México. Brij 36T, a product of Atlas
de México, was a gift from Carlos Gitler, Instituto Politécnico Nacional,
México. Neutral protease from Phycomyces blakeesleanus was provided by P.
Fischer, California Institute of Technology, Pasadena. Crude bovine haemoglo-
bin was purchased from Calbiochem. UDP-[1-*C]GlcNAc was obtained from
ICN (Irvine, Calif.). Sephadex gels G-25 and G-100 were from Pharmacia (Upp-
sala, Sweden). Bio-Gel A-bm was from BioRad (Richmond, Calif.). Soybean
trypsin inhibitor was from Sigma Chemical Co. (St. Louis, Mo.). Pepstatin A
was from the Protein Research Foundation (Osaka, Japan).

Results

Purification of the inhibitor

In the studies by Cabin and co-workers [1,4,5], the protein inhibitor of
chitin synthesis was extracted from Saccharomyces cells by boiling. This
method was not applied to isolate the inhibitor from M. rouxii since heating at
70—100°C completely abolished the inhibitory properties of the supernatant
fraction. Instead, we precipitated the inhibitory substance from the superna-
tant fraction by 0.4 saturation with (NH,),SO, (a larger quantity of inhibitor
could be precipitated by 0.7 saturation but the specific inhibitory activity of
the precipitate was lower and its protease content higher). The ammonium
sulfate-precipitated fraction was dialyzed and subjected to gel filtration in a
Sephadex G-100 column (Fig.1l). Fractions 45—72 were combined, concen-
trated in an Amicon Model 202 ultrafiltration cell equipped with a UM-2 mem-
brane (Amicon, Lexington, Massachusetts) and further fractionated by gel filtra-
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Fig. 1. Separation of chitin synthetase inhibitor by gel filtration. The crude supernatant was precipitated at
0.4 saturation with ammonium sulfate; the precipitate was redissolved in phosphate magnesium buffer,
pH 6.0, dialyzed against the same buffer, applied (20 ml; 350 mg protein) to a Sephadex G-100 column
(83 X 2,6 cm) and eluted with the above buffer. Fractions of 5 ml were collected. Absorbance was
recorded at 280 nm; inhibitory activity is expressed in units (see Methods).

tion on Sephadex G-25 (Fig. 2). The inhibitor appeared after the void volume.
Active samples (53—74) were combined and concentrated. Representative data
for the preparation of one batch of inhibitor are shown in Table I. The data in
Figs. 1 and 2 correspond to another batch of the inhibitor. The yields of
inhibitor were variable.

The Sephadex columns separated the inhibitor from the rest of the protein
found in the ammonium sulfate fraction (Figs. 1, 2; A,5, determinations). The
separation was probably due to some weak binding between the inhibitor and
the Sephadex gel which caused sufficient retardation in the movement of the
inhibitor through the columns. There was no peak of ultraviolet light absor-
bance corresponding to the inhibitor peak in the gel filtration profiles (Figs.
1 and 2) because the amount of inhibitor present was too small to be detected
spectrophotometrically. The inhibitor yield in the preparation shown in Fig. 2
was 730 ug protein as measured by Lowry’s method. In both Sephadex G-100
and Sephadex G-25 separations, a small portion of the inhibitory material
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Fig. 2. Purification of chitin synthetase inhibitor by gel filtration. The inhibitor separated by gel filtration
in Sephadex G-100 (Fractions 45-72; Fig. 1) was concentrated (23 ml; 31 mg protein) and applied to a
column of Sephadex G-25 (100 X 2.5 cm) and eluted with phosphate/magnesium buffer. Fractions of
5 ml were collected. Absorbance was measured at 280 nm; inhibitory activity was measured and expressed
in units,
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TABLE I
PURIFICATION OF CHITIN SYNTHETASE INHIBITOR FROM CYTOSOL OF MUCOR ROUXII

The same batch of Brij-treated mixed membrane fraction was used for assays at all steps of purification.

Step Total Total Specific Yield Purifica-
protein activity * acitivity (%) tion fac-
(mg) (units) (units/mg tor
protein) (-fold)
Crude supernatant fraction 1532 177 000 116 100 1
(NH4)2 504 precipitate 131.8 49 000 373 28 3.2
Sephadex G-100 eluate 10.0 52 600 5 260 30 46
Sephadex G-25 eluate 1.7 40 300 23 750 23 204

* One unit of inhibitor is the amount which caused 1% inhibition of chitin synthetase.

appeared at or near the void volume. The nature of this material and its rela-
tionship to the bulk of the inhibitor have not been determined.

Properties of the inhibitor

The inhibitor present in the crude extract was highly unstable and was com-
pletely destroyed after 1 day at 0°C. Presumably, the proteases present in the
crude extract destroyed the inhibitor. After partial purification, the inhibitor
became much more stable; e.g., after precipitation with (NH,4),SO,, the prepa-
ration lost only 25% of its inhibitory activity after 3 days at 0°C. The purified
inhibitor was only slowly destroyed upon storage at 0°C in the presence of
0.02% NaN; for several weeks but freezing quickly destroyed most of the inhib-
itory activity of the purified preparation.

The inhibitor was digested by proteases. Trypsin (0.8 mg/ml) completely
destroyed the activity of the inhibitor (0.1 mg/ml) in 3 h. Acid protease from
Rhizopus chinensis (0.16 mg/ml) destroyed 70% of inhibitor (0.1 mg/ml) in
3 h.

The molecular weight of the inhibitor was estimated by gel filtration in
columns of Sephadex G-100 and Bio-Gel P-60. When the columns were eluted
with phosphate/magnesium buffer, the elution volume of the inhibitor corre-
sponded to a molecular weight of 10 000. However, because of the observed
retardation of inhibitor in Sephadex columns (see above), the gel filtration was
repeated with 0.5 or 1.0 M NaCl in the eluting buffer. At either NaCl concen-
tration, the elution volume of the inhibitor in Bio-Gel P-60 indicated a molec-
ular weight of 17 500. This value is probably a better estimate of the molecular
size of the inhibitor.

When the purified inhibitor was heated at 50, 60, 70 or 80°C, there was only
a partial loss of inhibitory activity (41—44%). These results are in contrast with
the complete destruction of the inhibitor observed in the supernatant fraction
heated at 70°C. Presumably, heating accelerated the proteolytic destruction of
the crude inhibitor, or the inhibitor was lost by co-precipitation with proteins
coagulated during heating. A similar case was reported for the Y inhibitor of
baker’s yeast carboxypeptidase which is thermolabile in crude extracts but
thermostable in purified form {14].

The inhibitor was effective against crude (mixed membrane fraction) or puri-
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fied (chitosome) preparations of chitin synthetase of M. rouxii (Fig. 3). Since
both preparations contained a large proportion of chitin synthetase in a zymo-
genic state, proteases were routinely added to the assays to activate the
zymogen. The inhibitor was effective regardless of the protease (acid protease
from Rhizopus chinensis, Rennilase, trypsin or mexicain) used to activate the
zymogen,

The inhibitor had no effect on the digestion of casein or haemoglobin by
trypsin, acid protease from Rhizopus chinensis, mexicain, papain or Rennilase.
Also, it did not inhibit the endogenous proteolytic activity of the mixed mem-
brane fraction from yeast of mycelial cells of M. rouxii, measured with either
casein (pH 6.0), haemoglobin (pH 3.0), or fibrin blue (pH 2.5) and it had no
inhibitory effect of Azocoll hydrolysis by a crude neutral protease from Phy-
comyces blakesleeanus known to activate the chitin synthetase of this fungus
(Fischer, P., personal communication). Finally, the purified inhibitor showed
no proteolytic activity against casein (pH 6.0) or haemoglobin (pH 3.0).

Further evidence that the inhibitor of M. rouxii did not prevent activation of
the chitin synthetase zymogen but blocked directly the operation of active chi-
tin synthetase was obtained in the following experiments. Purified chitosomes,
from yeast cells of M. rouxii, were preactivated with either trypsin or Rennilase
in the presence and absence of the inhibitor. Proteolysis was stopped by addi-
tion of soybean trypsin inhibitor or pepstatin A respectively. Inhibitors and
proteases were then removed from the chitosomes by filtration through a Bio-
Gel A-5m column. The activated chitosomes, which eluted in the void volume,
were assayed for chitin synthetase activity (no protease was added to assay
mixtures). As shown in Table II, the inhibitor did not affect the activation of
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Fig. 3. Effect of inhibitor on chitin synthetase. A. Brij-treated mixed membrane fraction (4 mg protein)
was incubated with Rennilase (3.33 mg/ml) & with several concentrations of purified inhibitor in a final
volume of 0.125 ml, All other reagents were in the usual concentration in the chitin synthetase assay.
After 30 min, the reaction was stopped with 1 M NaOH and the whole mixture filtered, washed once with
1 M NaOH & twice with approx. 20 ml of 1 M acetic acid/95% ethanol (80 : 20, v/v). The filters were
dried, placed in scintillation vials with 3 ml scintillation fluid and counted. B. Mycelial chitosomes (17.5
1g protein) were incubated with Rennilase (800 ug/ml) at various concentrations of inhibitor, After 1 h
the reaction was stopped, and the mixture treated as in A. Inhibition was calculated as described in
Methods.

Fig. 4. Kinetics of inhibition of chitin synthetase. Samples of Brij-treated mixed membrane fraction were
incubated with trypsin (0.4 mg/ml) and various concentrations of inhibitor at two substrate concentrations.
Data were plotted according to the method of Dixon [15].
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TABLE II

EFFECT OF CHITIN SYNTHETASE INHIBITOR ON THE PROTEOLYTIC ACTIVATION OF CHITIN
SYNTHETASE

Two samples of chitosomes were pre-incubated with 25 ug trypsin (Expt. A) or 5 mg rennilase (Expt. B)
either in the absence or in the presence of 1.26 uM inhibitor in a total volume of 2.5 ml (Expt. A) or
1.75 ml (Expt. B). A third sample of chitosomes was incubated with buffer alone. After 30 min at 22°C,
the reaction mixtures received 100 ug soybean trypsin inhibitor (Expt. A) or 50 ug pepstatin A (Expt. B)
and were subjected to gel filtration through Bio-Gel A-5m. The columns (0.83 X 16.6 cm) were equili-
brated and eluted with phosphate/magnesium buffer containing the corresponding protease inhibitor. The
chitosomes were recovered in the void volume, and their chitin synthetase activity was measured without
addition of protease and expressed in units per mg protein.

Pre-incubation conditions Chitin synthetase activity (units)
Experiment A Experiment B
(trypsin) (Rennilase)

Buffer 0.06 0.04

Protease 0.47 0.94

Protease plus inhibitor 0.51 1.00

chitin synthetase zymogen by trypsin or Rennilase. In a similar experiment,
chitosomes were preactivated in the same manner with either trypsin or Renni-
lase; proteolysis was stopped by soybean trypsin inhibitor or pepstatin A,
respectively. Protease and inhibitor were removed and the activated chitosomal
enzyme was assayed in the presence and absence of inhibitor. In either case, the
inhibitor caused a 35% reduction in enzymatic activity (Table III). In a further
experiment, purified chitosomes from yeast cells of M. rouxii were preactivated
with Rennilase (800 ug/ml) and proteolysis stopped by addition of pepstatin A
(10 pg/ml). The chitosomes were then added to chitin synthetase assay mix-
tures in the presence and absence of 2.5 uM inhibitor. Samples were taken at
intervals of 10 min for 1 h. In both cases, the reaction proceeded at a linear
rate but, in the presence of inhibitor there was a 40% reduction in chitin syn-
thetase activity.

Kinetic analysis of inhibition of activity of chitin synthetase showed that the
inhibitor competed with the substrate, UDP-GIcNAc (Fig. 4). The K; value for
the inhibitor, calculated as described by Dixon [15], was 0.63 uM.

TABLE III
EFFECT OF INHIBITOR ON CHITIN SYNTHETASE ACTIVITY OF PREACTIVATED CHITOSOMES

Chitosomes were preactivated and treated as described in Table II. The chitin synthetase activity of the
chitosomes was then assayed in the absence or presence of 1.26 uM inhibitor.

Chitosomes Chitin synthetase activity (units) % Inhibition
preactivated

with without inhibitor with inhibitor

Trypsin 0.307 0.200 35.0

Rennilase 0.630 0.415 34.0
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Discussion

Contrary to what had been previously suspected [6,7,9], the protein inhibi-
tor of chitin synthesis from M. rouxii turned out to be quite different from the
one isolated from Saccharomyces cerevisiae by Ulane and Cabib [5]. Besides a
two-fold difference in molecular weight, the two inhibitors differ sharply in
modus operandi. The inhibitor from S. cerevisice (mol. wt. approx. 8500) acts
indirectly by inhibiting the endogenous protease (proteinase B) [2,3] that
activates the chitin synthetase zymogen. In contrast, the inhibitor from M.
rouxii, presently described (mol. wt. approx. 17 500), does not inhibit pro-
teases but blocks directly the operation of active chitin synthetase. Since pro-
teinase B affects various other enzymes [16], the inhibitor isolated from Sac-
charomyces [5] cannot be considered specific for chitin synthesis. On the other
hand, since the inhibitor from M. rouxii competes with UDP-GlcNAg, it is
probably specific for chitin synthetase. Our data do not rule out the possibility
that M. rouxii may also contain an inhibitor(s) of the activating protease(s) of
chitin synthetase zymogen, similar to that found in Saccharomyces [5]. The
role of the chitin synthetase inhibitor of M. rouxii in vivo has yet to be estab-
lished; presumably, it is an additional component of the regulatory mechanism
of chitin synthesis.
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