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Abstract Chitin synthesis is a process maintained across
the fungal kingdom that, thanks to the power of genetic
manipulation of yeast cells, is now beginning to be un-
derstood. Chitin synthesis is based on the regulation of
distinct chitin synthase isoenzymes whose number
ranges from one in Schizosaccharomyces pombe to seven
in some filamentous fungi, such as Aspergillus fumigatus.
This high diversity makes it difficult to find a unique
model of regulation. However, the results available
suggest common themes in regulation. The arrival of the
genomic era, together with the development of fungal
genetic technology should allow experimental ap-
proaches to this process.
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Introduction

In nature, fungal cell life depends on an extracellular
structure, the cell wall. This provides skeletal support to
fungal cells, at the same time allowing the interaction of
such cells with the surrounding environment. The integ-
rity of this structure is essential for cell survival in hostile
environments; and fungal cells devoid of cell wall – the
so-called fungal protoplasts – can only survive under
laboratory conditions where the osmotic support that
prevents cell lysis can be provided externally (for a re-
view, see Orlean 1997). It is therefore not surprising that

the cell wall is universally distributed in all fungal taxo-
nomic groups. This broad distribution includes fungi
responsible for several human and animal pathologies,
which became notorious in the past two decades because
of the increased number of immunocompromised hosts,
where these pathologies primarily develop. Accordingly,
the fungal cell wall was used as a primary target for the
development of new antifungal agents, some of which are
likely to be marketed in the near future (Georgopapa-
dakou 2001; Tkacz and DiDomenico 2001).

The fungal cell wall varies in composition and in
structure between different groups; and several decades
ago these differences were used for taxonomic classifi-
cation (Bartnicki-Garcia 1968). Today, although this
classification is no longer in use, it still reflects major
differences between fungal groups that help to under-
stand some of the hypotheses developed in this review
article. Essentially, two types of molecules form fungal
cell walls: fibrous polymers and gel-like polymers. The
former constitute the structural skeleton of walls, while
the gel-like molecules act as interconnecting molecules.
The variations in the relationship between both types of
molecules guarantee the dynamic properties of the fungal
wall required for survival under different environmental
conditions (for a recent review, see Smits et al. 2001).

This review does not attempt to address the fungal
cell wall per se, a matter that was reviewed recently
(Smits et al. 1999, 2001), but rather one of the fibrillar
components of this structure: the chitin polymer. Chitin
is a linear polymer of N-acetyl-glucosamine. It is crys-
talline and extraordinarily strong, with a tensile strength
much greater than that of many artificial materials. This
strength is the result of extensive hydrogen bonding
along the chains while they are being formed. The im-
portance of chitin in cell wall architecture is well docu-
mented and it was described several decades ago that
inhibition of chitin synthesis produces cell death (for a
review, see Cabib et al. 1996). This polymer appears to
be widely distributed in the fungal kingdom, since nearly
all fungi have significant amounts of chitin in their cell
walls (Bartnicki-Garcia 1968).
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At the cellular level, chitin is the result of the activity
of an enzyme called chitin synthase (CS). This was
originally described in the late 1950s, but its corre-
sponding gene was described in 1986 in the yeast
Saccharomyces cerevisiae (Cabib et al. 1996). Since then,
many more CS genes of fungal origin have been de-
scribed. Recently, the presence of CS-like genes was re-
ported in other evolutionary groups, such as insects,
bacteria, protozoa and even vertebrates (Bulawa and
Wasco 1991; Gagou et al. 2002; Semino et al. 1996).

This review does not aim at offering an evolutionary
study of fungi, or an extensive review of chitin synthesis.
Instead, based on the functional and genomic data col-
lected so far, it attempts to explain the enormous di-
versity of CSs and the complex regulatory mechanisms
involved in their control.

The CS genes in fungi

S. cerevisiae contains three CSs

From the 1950s to the mid-1980s, a considerable
amount of information was collected about the bio-
chemical properties of CSs from different fungi. Many

such properties are strain-specific, but interestingly most
of those synthases were reported as zymogenic enzymes,
being localized in the plasma membrane. These results
led to a regulation model based on the cellular com-
partmentalization of the inhibitors and activators of
such activities (Cabib et al. 1982). However, this model
was highly speculative, due to the intrinsic limitations of
the biochemical approach. During the 1980s, Cabib’s
group began a search for the gene(s) that encodes yeast
CS activity, the so-called CHS genes. This screening was
based on the in vitro determination of CS from thou-
sands of mutants and led to the identification of the
ScCHS1 gene, which encodes the catalytic subunit of
the major in vitro CS activity. However, it very soon
became apparent that this activity does not participate
in the synthesis of cellular chitin (Bulawa et al. 1986).
Further efforts led to the isolation of a second CS gene,
through a screening based on the increased in vitro CS
activity in the absence of ScCHS1 (Silverman et al.
1988). This gene, ScCHS2, encodes a new CS activity
(Sburlati and Cabib 1986), whose participation in chitin
synthesis is minor, although its function is very impor-
tant for cell survival (Bulawa and Osmond 1990). Both
genes share a considerable amount of homology
(Fig. 1a, b).

Fig. 1a, b. Homologies among
the different chitin synthases in
yeast. a Clustal W alignment of
the indicated fragments from
the three Saccharomyces cerevi-
siae chitin synthase (CS) pro-
teins. Numbering indicates the
relative amino acid position
inside each protein. Asterisks
mark conserved amino acids
and single/double dots mark
conservative substitutions.
Underlined regions show amino
acid conservation between
ScChs1p and ScChs2p (59%
identity), which is significantly
higher than that observed be-
tween the three proteins (22%
identity, amino acids in bold).
b Sequence identity between the
complete CS proteins from
S. cerevisiae and Candida albi-
cans. Each value indicates the
percentage of identity between
two numbered proteins
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In the late 1980s, two different approaches were used
for the direct selection of mutants deficient in chitin
synthesis in vivo. Our group selected for mutants resis-
tant to calcofluor white, a drug that interacts directly
with chitin, producing cell death (Roncero et al. 1988).
At the same time, C.E. Bulawa selected for mutants
deficient in chitin synthesis in vivo (Bulawa 1992). These
screenings partly overlapped, leading to the isolation of
several mutants deficient in chitin synthesis, from which
the corresponding genes were isolated: CHS3, CHS4,
CHS5, CHS6 and CHS7. Most of them proved to be
regulatory proteins, although the original CHS name
was maintained. However, CHS3 appears to encode a
new and different CS protein (Valdivieso et al. 1991).
This protein shows only limited homology with the other
S. cerevisiae CS genes previously described, but contains
a region of 120 amino acids with more than 22% iden-
tity (Fig. 1a). This region contains the QRRRW motif,
which can be considered the signature motif for CSs (for
a review, see Valdivieso et al. 1999), since it is essential
for the catalytic activity (Cos et al. 1998). Further work
with the null mutants of these genes allowed the iden-
tification in yeast of three different CS activities (Choi
and Cabib 1994; Choi et al. 1994b), each with specific
cellular functions. No further CS genes were found, after
the complete sequencing of the S. cerevisiae genome.

A similar picture arose from the study of Candida
albicans, where three genes (CaCHS1, CaCHS2,
CaCHS3) were also promptly described. Recently,
through the genomic approach, a fourth gene (CaCHS8)
was described in this organism (for a review see Munro
and Gow 2001).

Direct comparison of the S. cerevisiae and C. albicans
CHS sequences points to the existence of two main
groups of CHS genes (Fig. 1b). One of these groups in-
cludes the original ScCHS1 gene, together with its ho-
mologous genes, with which it shares at least 30%
identity. The other group includesScCHS3, together with
its C. albicans homologue, both highly conserved (56%
identity) but significantly different from the other group.

Fungal genomes contain more than three CHS genes

Much more information about fungal CHS genes has
emerged in recent years, due to the efforts of several
groups attempting to identify the different CHS genes
present in filamentous fungi. Most of these efforts were
based on the identification of the conserved domain
found in all CSs described (Fig. 1a). This high degree of
conservation allowed the design of specific primers for
PCR amplification. Today, more than 150 fungal CHS
genes have been totally or partially sequenced, although
to date only a few of them have been functionally char-
acterized. Independently of their experimentally tested
function, CHS gene sequences can be compared and
aligned using different algorithms. Figure 2 shows a
neighbour-joining tree of CHS proteins after Clustal W
alignment (Thompson et al. 1994). This alignment is

based on only some fungal genomes because a complete
tree with more than 150 protein sequences would be
very complicated. The sequences selected are from or-
ganisms about which we have more information con-
cerning CHS functionality; and references will be cited
later. However, the results obtained using both a partial
set of sequences and the whole set are essentially the same
(data not shown). Interestingly, CHS-like genes have
also been found in insects (Gagou et al. 2002), nematodes
(Veronico et al. 2001) and even bacteria (Bulawa and
Wasco 1991). Therefore, their sequences can also be
compared.

The most obvious conclusion from the tree is that
there are two well defined families of CSs. The upper
part of Fig. 2 defines a family of genes that includes the
ScCHS1/2 and CaCHS1/2 genes. However, the inclu-
sion of fungal genes allows the subdivision of this family
into three different classes: I, II and III. Apparently,
classes I and II are present in yeast and filamentous
fungi, but class III is exclusive to filamentous fungi.
Several sequences isolated from other filamentous fungi

Fig. 2. Neighbour-joining tree of CS proteins from different
organisms after Clustal W analysis (Thompson et al. 1994). The
protein sequences compared include the conserved region shown in
Fig. 1a plus the corresponding C-terminal extensions, although
direct alignment of this domain gave very similar results (data not
shown). The references for the original citations are given in
Table 1, with the exception of the C. albicans CaCHS8 sequence,
which was obtained directly from the NCBI nucleotide database
(http://www.ncbi.nlm.nih.gov/Microb_blast/unfinishedgenome. html).
Af Aspergillus fumigatus, Ca C. albicans, Ce Caenorhabditis elegans,
Dme Drosophila melanogaster, En A. nidulans, Nc Neurospora
crassa, Sc S. cerevisiae. NodC is from Sinorhizobium meliloti
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support the existence of class III CHS genes, but also
their absence in yeasts.

The other family includes the homologues of the
ScCHS3 and CaCHS3 genes. The proteins encoded by
the genes included in this family share a high degree of
similarity but are clearly distinct from the other family, a
distinction that is also supported by analysis of their
functions (Table 1). Nevertheless, while S. cerevisiae and
C. albicans, both of them yeasts, contain only one of
such genes, filamentous fungi contain two. Apparently,
this would also be the case for other non-conventional
yeasts (Valdivieso et al. 1999). Based on this difference,
the separation of the members of this family into two
classes was proposed. Class IV would be present in yeast
and fungi, while class V would be exclusive to filamen-
tous fungi. Over the past few years, several other CHS

genes belonging to class V have been isolated and, sur-
prisingly, all of them have been found to encode proteins
of around 1,500 amino acids and contain a myosin
motor-like domain in their amino-terminal part (Munro
and Gow 2001). The only exception appears to be the
UmCHS6 gene (Xoconostle-Cazares et al. 1997), al-
though a likely explanation for this discrepancy is that
it would be due to a sequencing error. In Aspergillus
fumigatus (Mellado et al. 1996b) and A. oryzae (Chigira
et al. 2002), a sixth class of CHS genes was described
(see also Fig. 2). However, caution should be exercised
when defining new CHS classes before any further
experimental work has been carried out.

Another very important conclusion can also be drawn
from this picture, since CHS-like genes from insects and
nematodes cluster with classes IV and V, suggesting a

Table 1. Functional characteristic of chitin synthases (CS ) from different organisms. None No function yet proposed

Gene Mutant defect Proposed function References

Class I
ScCHS1 Lysis at acidic pH Repair function during cytokinesis Cabib et al. (1992)
CaCHS2 Minor reduction in chitin levels Accessory enzyme? Gow et al. (1994)
CaCHS8 Minor reduction in chitin levels None Munro and Gow (2001)
AfchsA No apparent defect None Munro and Gow (2001)
EnchsC No apparent defect Redundant function in spore formation Fujiwara et al. (2000)
WdCHS2 No apparent defect None Wang et al. (2001)
UmCHS Minor reduction in chitin levels None Gold and Kronstad (1994);

Xoconostle-Cazares et al. (1996)
Class II
ScCHS2 Defective in septum formation;

growth impaired
Synthesizes chitin of primary septum Shaw et al. (1991); Silverman et al. (1988)

CaCHS1 Unviable Involved in primary septum
and lateral cell wall integrity

Munro et al. (2001)

AfchsB No apparent defect None Munro and Gow (2001)
EnchsA Minor reduction in chitin synthesis;

required for Spore formation
CS involved in conidiogenesis Culp et al. (2000); Fujiwara et al. (2000);

Motoyama et al. (1997)
Ncchs2 No apparent defect None Din and Yarden (1994)
UmCHS2 40% reduction in chitin;

no growth defect
Similar to ScCHS2? Gold and Kronstad (1994);

Xoconostle-Cazares et al. (1996)
Class III
AfchsC No apparent defect None Mellado et al. (1996a)
AfchsG Abnormal growth; no chitin defect CS required for hyphal growth Mellado et al. (1996a)
EnchsB Abnormal growth; no chitin defect CS required for hyphal growth Borgia et al. (1996)
Ncchs1 Abnormal growth; no chitin defect CS required for hyphal growth Yarden and Yanofsky (1991)
WdCHS3 No apparent defect None Wang and Szanislo (2000)

Class IV
ScCHS3 Very reduced chitin levels Major CS in vivo; not essential Valdivieso et al. (1991)
CaCHS3 Very reduced chitin levels Major CS in vivo; not essential Bulawa et al. (1995); Mio et al. (1996)
AfchsF No apparent defect None Munro and Gow (2001)
EnchsE 35% reduction in chitin Involved in bulk chitin synthesis Specht et al. (1996)
Ncchs4 Significant reduction in chitin Major CS in vivo in some conditions Din et al. (1996)
UmCHS5 50% chitin reduction;

reduced virulence
Relevant CS in vivo Xoconostle-Cazares et al. (1997)

WdCHS4 40% reduction in chitin None Wang et al. (1999)
Class V
AfchsE 30% reduction in chitin; excessive

hyphal swelling
Involved in bulk chitin synthesis Aufauvre-Brown et al. (1997)

EnchsD 35% reduction in chitin;
significant growth defect

Major CS in vivo Specht et al. (1996); Horiuchi et al. (1999)

UmCHS6 70% reduction in chitin; required
for virulence

Major CS in vivo Xoconostle-Cazares et al. (1997)

WdCHS5 Required for virulence and growth
at 37 �C

Major CS in vivo? Liu et al. (2001)

Class VI
AfchsD 20% reduction in chitin;

no apparent defects
None Mellado et al. (1996b)
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common evolutionary origin for all CSs. In addition, the
NodC gene from Sinorhizobium meliloti also shows sig-
nificant similarity, suggesting a very ancient origin for
these genes. Based on these data, it is possible to propose
the main evolutionary trends in CSs. Their origin is very
old, starting with a gene directly related to the second
family and already present in bacteria. A very ancient
gene duplication at the base of the fungal kingdom would
have originated the two CHS families. The unique gene
of family I also duplicated very early, so all fungi contain
class I and II genes. Some time later, a further duplica-
tion led to the third class currently observed, although
this third class appears to have emerged only in fila-
mentous fungi. In certain specific cases, such as in
A. fumigatus, further duplications occurred in the recent
past, producing several isoenzymes in the same class. A
similar situation can be found in family II in which, from
an initial gene (class IV) present in all fungi, a duplication
in the ancestor of filamentous fungi led to class V genes.

An interesting example of such evolutionary trends
can be found in Schizosaccharomyces pombe, a relatively
modern yeast, in which only one functional CHS gene
has been described (SpCHS1; Arellano et al. 2000). This
gene belongs to class I and only makes minute amounts
of chitin during sporulation. Since vegetative cells do not
contain appreciable amounts of chitin, it is not surpris-
ing that other CHS genes have been lost during evolu-
tion in this fission yeast.

Not only is this model coherent with the sequencing
data, it is also supported by analysis of the functions of
the different classes of CSs.

The function of CSs in fungi

Table 1 summarizes our current knowledge about the
functions of CSs in different organisms. Although con-
siderable efforts have been directed towards the char-
acterization of the CS system in filamentous fungi,
most of our knowledge comes from yeasts, especially
Saccharomyces cerevisiae, where the power of genetic
manipulation makes such study much easier. Therefore,
we focus our discussion on yeast, leaving a broader
discussion for the end of this section.

Early studies on ScCHS1 indicated that it encodes
the major in vitro CS, but that the activity of CSI does
not have any in vivo function (Bulawa et al. 1986). Later
work demonstrated that CSI is involved in cytokinesis
and is responsible for repairing the chitin network after
cell division. This activity counterbalances the role of
chitinase in this process. The contribution of CSI to bulk
chitin synthesis is negligible and the only phenotype
observed in this mutant is a high degree of lysis in acidic
media, where chitinase is more active (Cabib et al. 1989,
1992). The homologous gene in C. albicans, CaCHS2,
could have a very similar function (Gow et al. 1994),
although some indirect evidence suggests that it could
also participate in the synthesis of chitin in lateral walls
(Munro and Gow 2001).

ScCHS2 encodes a CS activity involved in the for-
mation of the chitin disc that physically separates
mother and daughter cells and constitutes the primary
septum. Its function in cell biology is very important and
it was originally described as being essential (Silverman
et al. 1988). Further work revealed that this activity is
only essential under certain specific growth conditions in
S. cerevisiae (Bulawa and Osmond 1990). However, its
C. albicans homologue, CaCHS1, was shown to be ab-
solutely essential for cell survival (Munro et al. 2001).
The very specific function of this activity demands a very
tight regulatory mechanism that must be co-ordinated
with the cell division cycle.
ScCHS3 encodes the CS activity responsible for more

than 90% of cellular chitin (Valdivieso et al. 1991). Most
of this chitin is localized in the ring that forms the bud
scar, although a minor part is uniformly distributed
throughout the cell wall (Shaw et al. 1991). In addition,
this CS activity is responsible for synthesizing chitin at
the base of the shmoo projection during mating and also
during sporulation, when chitin is deacetylated to form
the chitosan layer of ascospores (for a review, see Val-
divieso et al. 1999). chs3 mutant ascospores are imma-
ture due to the lack of chitosan and are more sensitive to
damaging agents (Pammer et al. 1992). CSIII also forms
an essential part of the salvage pathway response that
ensures cell survival after cell wall damage (for a review,
see Popolo et al. 2001). The picture seems to be very
similar in C. albicans, although only limited information
is available. Despite the major contribution to chitin
synthesis, CSIII activity is completely dispensable in
C. albicans and chs3 cells grow normally (Bulawa et al.
1995; Mio et al. 1996). C. albicans chs3 mutants are
virulent, despite the considerable reduction in total
chitin (Mio et al. 1996).

The data on fungal CS are more fragmented and
sometimes even contradictory and it is therefore very
difficult to arrive at direct conclusions. Some of these
problems arose owing to the difficulty involved in ob-
taining double or triple mutants in filamentous fungi, a
genetic tool that has been crucial to our understanding
CS biology in yeast. The most important conclusions
that can be drawn from our limited knowledge are that
filamentous fungi have a family I CS isoenzyme directly
involved in maintaining cell wall integrity, while they
have another, from family II, that is more involved in
chitin synthesis (see Table 1). This would be similar to
what happens in yeast, where this role is attributed to
class II and class IV enzymes respectively. However, the
greater diversity of CSs in filamentous fungi means that
these specific roles have been assumed by class III and
class V enzymes, which are present only in these fungi
and which are probably evolved from their yeast homo-
logues. Very little is known about the myosin domain
found in most fungal class V CSs, although some authors
have speculated about the possibility of its use for the
intracellular transport of this CS (Horiuchi et al. 1999).

The exact reasons for some filamentous fungi con-
taining a higher number of CHS genes (see previous
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section) remain unclear. However, these fungi have more
complex differentiation patterns than yeast and there-
fore it would not be surprising that the higher diversity
of CSs could be due to the specialization of each CS in
single differentiation processes, which could be mediated
by temporal or spatial restrictions.

The regulation of CSs

The variety of CSs in fungi, together with their specific
function in the cell cycle, strongly suggests the existence
of specific regulatory mechanisms for each of them.
Again, our knowledge in this area comes from the yeast
Saccharomyces, because what we know about filamen-
tous fungi is several years behind our current knowledge
about yeast. In this section, we describe the specific
mechanisms involved in the regulation of each CS in
S. cerevisiae, comparing them with the current limited
knowledge derived from other fungal systems.

Regulation of CSI

CSI activity was originally described as zymogenic.
However, no direct evidence for proteolytic processing
of this activity in vivo has been demonstrated experi-
mentally. The catalytic subunit of CSI is Chs1p, which is
encoded by the ScCHS1 gene (Bulawa et al. 1986).
ScCHS1 is expressed at high levels during vegetative
growth, although it must be under transcriptional reg-
ulation because its expression increases strongly both
during mating (Appeltauer and Achstetter 1989) and
after activation of the salvage pathway (Valdivieso et al.
2000). We do not know the physiological relevance of
this regulation, since absence of this activity does not
produce any apparent phenotype under these biological
conditions (Bulawa et al. 1986; Santos et al. 1997). The
expression of the CaCHS2 homologue is also induced
shortly after the induction of hyphal formation (Chen-
Wu et al. 1992; Munro et al. 1998).

Chs1p is fairly stable inside the cells (Choi et al.
1994a) and its levels do not change significantly during
the cell cycle (Ziman et al. 1996). No genes directly in-
volved in the control of CSI activity have been de-
scribed, but the current model for this activity suggests
that Chs1p would be mobilized from an internal pool of
specialized vesicles, the chitosomes, from where it would
be activated and sorted by an unknown mechanism
(Ziman et al. 1996). The possibility of proteolytic regu-
lation of this CS currently remains open.

Regulation of CSII

This activity, whose catalytic subunit is encoded by the
ScCHS2 gene, was originally described as zymogenic, but
again there is no direct evidence for this type of regulation
in vivo. ScCHS2 expression is cell cycle-regulated (Igual

et al. 1996) and, in consequence, CSII activity peaks just
before cytokinesis (Choi et al. 1994a). Expression of this
gene is strongly reduced during mating and sporulation,
two conditions in which no primary septum is formed
(Choi et al. 1994a). Our current model for this activity
suggests that it is transported to the septum site by the
general secretory pathway, where it acts in the formation
of the primary septum (Shaw et al. 1991). Its function
depends directly on the formation of the acto-myosin ring
(Schmidt et al. 2002). CSII is inactivated by proteolytic
processing in the vacuole after endocytosis. This inacti-
vation is dependent on the general endocytic pathways
and on Pep4 protease (Chuang and Schekman 1996). The
homologous CaCHS1 gene is expressed at low but con-
stant levels, but no further insight into this regulation has
been gained so far (Munro et al. 1998).

Regulation of CSIII

The existence of CSIII activity was demonstrated in
1990 (Bulawa and Osmond 1990), but its actual char-
acterization began in 1994 (Choi and Cabib 1994; Choi
et al. 1994b), although its activity was already known to
depend on several genes (see above for a historical per-
spective). The catalytic subunit of this activity is Chs3p
(Valdivieso et al. 1991), but the products of the CHS4,
CHS5, CHS6 and CHS7 genes are required for func-
tional CSIII activity (for a review, see Valdivieso et al.
1999), although they do not code for CS proteins.

Chs3p levels remain fairly constant inside the cell,
mainly because of the absence of transcriptional regu-
lation during the cell cycle, but also because of a very
extended protein half-life (Ziman et al. 1996). These
results immediately suggested a complex posttransla-
tional regulation, which was confirmed after observing
that high levels of Chs3p do not produce any phenotype,
either in vivo or in vitro (Cos et al. 1998).

The current model indicates that CSIII activity is
regulated inside the cells by a specialized mechanism of
vesicle sorting (Ziman et al. 1996), coupled with a
pathway based on endocytic recycling (Chuang and
Schekman 1996; Holthuis et al. 1998). In this model,
Chs3p protein is maintained inside specialized vesicles
called chitosomes (TGN/early endosome vesicles) and
is transported to the specific sites of function (Valdivia
et al. 2002), where it becomes activated. Inactivation
occurs via endocytosis. However, the protein is not de-
graded but instead is maintained inside the chitosomes
(Chuang and Schekman 1996; Valdivia et al. 2002). The
involvement of other S. cerevisiae Chs proteins in this
regulation is discussed below.

Metabolic regulation of chitin synthesis in S. cerevisiae

Very recently, an unexpected mode of chitin synthesis
regulation in yeast was proposed. This mode of regula-
tion would be based on the availability of the substrate
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for CSs: UDP-N-acetyl-glucosamine. The expression of
the GFA1 gene, which is directly involved in glucos-
amine metabolism, is increased when more chitin is re-
quired for cell growth, while alterations in the expression
of this gene produce a direct effect on the rate of chitin
synthesis (Lagorce et al. 2002). To date however, the
specific effect of this regulation on each CS activity re-
mains unknown.

This type of regulation might be of crucial impor-
tance in the responses mediated by the compensatory
mechanism in yeast (Lagorce et al. 2002; Popolo et al.
2001), a situation in which chitin synthesis is increased,
but in which conventional regulatory mechanisms do
not appear to play any relevant role (Garcia-Rodriguez
et al. 2000).

The role of other chs genes in yeast

Much of the story concerning CSIII regulation was
elucidated through the characterization of the other
CHS genes in S. cerevisiae, whose specific functions are
summarized in Table 2 and are described below.

CHS7

This encodes an integral membrane protein that is lo-
cated at the ER (Trilla et al. 1999). Chs7p acts as a
specific chaperone for Chs3p, allowing its sorting from
the ER (Fig. 3). Chs7p appears to remain in the ER; and
hence its role was assumed to be similar to that of the
Shr3p protein in the transport of several amino acid
permeases. In the absence of this protein, Chs3p accu-
mulates in the ER, producing an inactive protein both
in vivo and in vitro (Trilla et al. 1999).

Chs7p appears to be present in limited amounts in the
cell, since overexpression of Chs3p leads to a strong ac-
cumulation of this protein in the ER that can be relieved

by increasing the intracellular amounts of Chs7p. This
joint overexpression produces significantly higher
amounts of CSIII, suggesting that the transcriptional
regulation of CHS7 could be an important mechanism in
the regulation of chitin synthesis in vivo. Consistent with
this notion, CHS7 expression is increased under several
experimental conditions (Trilla et al. 1999).

CHS6

CHS6 was initially described as CSD3 (Bulawa 1992)
and was shown to be required for chitin synthesis in vivo
but not for CSIII activity in vitro (Bulawa 1993). This
observation would place the participation of Chs6p in a
late step in the control of CSIII activity. Today, we know
that it is also involved in CSIII activity, since mutants
have some defects in this activity (our unpublished data).
This had previously gone unnoticed, probably for tech-
nical reasons. It is a Golgi protein required for the an-
terograde transport of Chs3p to the membrane (Fig. 3;
Ziman et al. 1998). Very recently, it was shown to be
involved in the correct transport of the TGN/early en-
dosome vesicles containing Chs3p to the plasma mem-
brane (Valdivia et al. 2002). Its function and localization
seem to be very similar to those of Chs5p, although this
protein is required for proper sporulation but not for
mating (our unpublished data), exactly the opposite of
what was reported for Chs5p (Santos et al. 1997).
S. cerevisiae contains a close homologue of Chs6p

named YKR027p (43% identity). However, this gene
has no apparent function in the control of chitin syn-
thesis either in vivo or in vitro (our unpublished data).

CHS5

CHS5 was identified from a mutant isolated as being
resistant to calcofluor white (Roncero et al. 1988). The

Table 2. Relevant characteristics of proteins involved in CSIII activity in Saccharomyces cerevisiae

Protein Intracellular localization Proposed function Reference

Chs3p Integral plasma membrane protein Catalytic subunit of CSIII Valdivieso et al. (1991)
Chs7p Integral ER protein Required for Chs3p exit from ER Trilla et al. (1999)
Chs6p Golgi protein Required for Chs3p transport into PM

from TGN/early endosomal vesiclesa
Valdivia et al. (2002)

Chs5p Golgi protein Required for Chs3p transport into PM
from TGN/early endosomal vesiclesa

Santos and Snyder (1997);
Valdivia et al. (2002)

Chs4p Plasma membrane-associated protein Probable direct activator of CSIII through
its interaction with Chs3p; involved
in Chs3p localization at the septum site

DeMarini et al. (1997),
Ono et al. (2000); Trilla et al. (1997)

Bni4p Septin-associated protein Involved in anchoring the CSIII complex
to the septin structure through direct
interaction with Chs4p

DeMarini et al. (1997)

Shc1p Plasma membrane-associated protein Exclusively expressed during sporulation;
probable direct activator of CSIII through
interaction with Chs3p during spore
formation

Sanz et al. (2002)

a Although the proposed function for Chs5p and Chs6p is the same, it remains to be tested whether both proteins are involved in exactly
the same step
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Chs5p protein was shown to be required for CSIII ac-
tivity and also for chitin synthesis in vivo (Santos et al.
1997). It appears to be a Golgi protein required for the
correct sorting of Chs3p inside the cell, since chs5 mu-
tants accumulate this protein in Golgi vesicles (Fig. 3;
Santos and Snyder 1997). Its function seems to be spe-
cifically related to Chs3p transport during vegetative
growth, although its participation in the transport of
other membrane proteins cannot be excluded. It was
also shown that Chs5p is not required during sporula-
tion but is very important during mating, where it is
required for proper cell fusion (Santos et al. 1997). Al-
though its function in this process is not completely
understood ,it appears to participate in the transport of

certain specific mating proteins, such as Fus1p (Santos
et al. 1997).

Together with Chs6p, Chs5p is required in the recy-
cling of endocytic vesicles (Valdivia et al. 2002), al-
though it is not known whether these two proteins
participate in exactly the same step of Chs3p sorting or
in two different steps.

This protein contains a fibronectin type III domain
(Bateman and Chothia 1996) and shows a striking re-
semblance to animal neurofilaments, which is probably
related to its function in vesicle trafficking.

CHS4

This was originally reported as SKT5 (Kawamoto et al.
1992), a gene involved in cell wall synthesis during
protoplast regeneration. However, the identity with
CHS4 remained unnoticed because of a significant se-
quencing error. The original chs4 mutant was isolated
due to its resistance to calcofluor white (calR2) and was
shown to be required for CSIII and chitin synthesis
(Bulawa 1993; Roncero et al. 1988). However, further
characterization of the mutant indicated that it produces
functional but highly zymogenic CSIII activity (Choi
et al. 1994b; Trilla et al. 1997). Overexpression of this
gene produces a significant increase in CSIII activity

Fig. 3a, b. Schematic representation of Chs proteins in Sacchar-
omyces cerevisiae. a Subcellular localization of Chs3p (1), Chs4p
(2), Chs7p (3) and Chs5p (4) in wild-type strains and localization of
Chs3p in chs4 (1b), chs7 (1c) and chs5 (1d ) mutant strains. The
insert shows chitin localization in a wild-type strain after calcofluor
white staining. Chs3p and Chs5p were localized by indirect
immunofluorescence after protein tagging with the haemagglutanin
epitope. Chs4p and Chs7p are visualized as green fluorescent
protein-chimaeric proteins. Specific methods are described by Trilla
et al. (1999). b Chs3p intracellular flux through the secretion
machinery, from the ER compartment to the septum site. Brackets
on the left indicate the subcellular localization where Chs3p transit
is stopped in the absence of each protein
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in vitro (Ono et al. 2000; Trilla et al. 1997). Taken to-
gether, these results suggest that Chs4p could act as a
direct activator of CSIII activity. The physical interac-
tion between Chs4p and Chs3p would also support this
notion (DeMarini et al. 1997; Ono et al. 2000).
CHS4 was also identified in a synthetic lethality

screening with the Cdc12p septin and was shown to in-
teract with Cdc10p septin through an anchor protein
named Bni4p, which plays a more general role in the
assembly of the septum machinery (DeMarini et al.
1997). Cells devoid of BNI4 have normal amounts of
chitin and CSIII activity (our unpublished data). How-
ever, in this mutant chitin is mislocalized, expanding to
the daughter cell through an excessive leakage of Chs3p
to that location (Sanz et al. 2002). The current model
indicates that a complex containing Chs3p/Chs4p is
positioned at the septum site through its interaction with
the Bni4p/Septin complex (DeMarini et al. 1997; see
Fig. 3 for a detailed scheme). However, to date, the
mechanism of this interaction and whether it is directly
related to the activation of CSIII activity remain to be
elucidated.

The product of this gene is required for chitin syn-
thesis during mating but not for proper sporulation,
because chs4 mutants form completely mature ascosp-
ores (Trilla et al. 1997). The reason for this is a very
rapid destruction of Chs4p at the beginning of the
sporulation process, even though transcription of this
gene continues well into the process (Sanz et al. 2002).
Not surprisingly, S. cerevisiae contains a CHS4 homo-
logue (Fig. 4) that is specifically induced during sporu-
lation: the SHC1 gene. This gene, which shows 45%
identity with CHS4, is required for the synthesis of the
ascospore’s chitosan layer and is therefore required for
spore maturation (Sanz et al. 2002). It is not expressed
during vegetative growth but, when expressed from an
inducible promoter, it is able to restore chitin synthesis
in a chs4 mutant. Therefore, both genes are functionally
redundant but biologically compartmentalized through
differential expression. However, although Shc1p can
restore chitin synthesis, it cannot properly direct Chs3p
to the septum site, producing a delocalized deposition of
chitin (Sanz et al. 2002). It appears to have the same
function as Chs4p in activating CSIII, but lacking the
localization domain.

Chs4p, Shc1p and other proteins are characterized by
the presence of multiple SEL1 domains, a type of do-
main presumably involved in protein–protein interac-
tions (Grant and Greenwald 1996). However, while
Chs4p has seven repeats, Shc1p has only four. It remains
to be seen whether these three missing repeats are re-
sponsible for the interaction of Chs4p with Bni4p.
C. albicans contains a CHS4 homologue that was

shown to complement the chitin synthesis defect of a
S. cerevisiae chs4 mutant by restoring CSIII activity
(Sudoh et al. 1999). However, its effect on chitin locali-
zation has not yet been tested.

The S. cerevisiae genome contains an additional and
distant homologue of CHS4/SHC1, the YDL203 gene

(Fig. 4), which is apparently not involved in the chitin
synthesis process.

CHS homologues in other fungi

Progress in the genome sequencing of other fungi cur-
rently allows the identification of putative CHS homo-
logues in addition to the catalytic CS genes (see above).
However, very little information has been obtained ex-
perimentally, although some work is under way.

Chs7p is unique in the S. cerevisiae genome. How-
ever, close homologues have been described in C. albi-
cans (M. Sanz, unpublished data), A. fumigatus (C.
Ortigosa, unpublished data), Ashbya gossipyi (NCBI,
accession number AF195003) and Neurospora crassa
(Whitehead Institute, Nc contig 3.322). The degree of

Fig. 4. Analysis of different ScCHS4 homologues. Figure repre-
sents a neighbour-joining tree after Clustal W analysis (Thompson
et al. 1994) of the complete protein sequences. Sequences were
identified by BLAST analysis in different databases. S. cerevisiae
sequences were obtained from SGD (http://genome-www.stanford.
edu/Saccharomyces), N. crassa from http://www-genome.wi.mit.
edu/annotation/fungi/neurospora and Schizosaccharomyces pombe
from http://www.sanger.ac.uk/Projects/S_pombe. A. nidulans,
Candida albicans and the remaining sequences were obtained from
the NCBI database (http://www.ncbi.nlm.nih.gov). Abbreviations
identify each organism, together with the number of the contig
containing the gene. Abbreviations are as in Fig. 2. CeSEL-1
is from Caenorhabditis elegans (accession number U50828.1),
EcSEL-1 is from Escherichia coli (accession number D90704.1)
and KIAA0141 is from Homo sapiens (accession number
NM 0147773.1)
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identity among all these genes is higher that 45%, which
suggests similar functions. Nevertheless, CaCHS7 can-
not complement the S. cerevisiae chs7 mutant (our un-
published data). It is likely that this gene would be
present in most, if not all, fungi that have chitin in their
cell walls. However, since the gene is involved exclusively
in CSIII activity, it is not surprising that Schizosac-
charomyces pombe and Caenorhabditis elegans, two or-
ganisms that do not have this activity and whose
genomes have been completely sequenced, lack a CHS7
homologue.

In addition to the YKR027 gene (see above), Sac-
charomyces cerevisiae contains several distantly related
CHS6 homologues whose function is not directly related
to chitin synthesis. Surprisingly, database searches fail to
identify any likely homologue of CHS6 in other fungi,
such as C. albicans, Aspergillus fumigatus or N. crassa.
The level of protein identity found is lower than 24%
(BLAST score 1·10–27), suggesting that these genes
could belong to the same family but are unlikely to be
functional homologues. So far, the reason why other
fungi do not have this gene remains a mystery.

Close homologues of the ScCHS5 gene have been
found in C. albicans, A. fumigatus and N. crassa (our
unpublished data). The sequence similarity is sufficiently
high (identity higher than 30%, BLAST score higher
than 1·10–55) to suggest a functional homology, al-
though this remains to be tested experimentally.

The situation is more complex for CHS4, because this
gene belongs to a huge family of genes, with represen-
tatives ranging from bacteria to humans. However, se-
quence comparisons indicate two very divergent gene
groups (Fig. 4). While we have no clues as to the char-
acterization of the lower group, the upper group is
defined by the well characterized ScCHS4 gene.
Unfortunately, we do not have any experimental data
on the fungal counterpart, but it should be noticed that
A. fumigatus andN. crassa, likeSaccharomyces cerevisiae,
contain a pair of homologues. In S. cerevisiae, this pair
is differentially regulated, indicating that fungal coun-
terparts might also be subject to such differential regu-
lation. C. albicans contains only one CHS4-like gene,
possibly related to the lack of sporulation in this or-
ganism, which in turn leads to a lack of the differentially
regulated homologue (see above). No clear evidence has
been obtained with respect to the characterization of
Schizosaccharomyces pombe homologues, but prelimi-
nary results indicate that these genes are not involved
in cell wall synthesis or chitin synthesis regulation
(M.H. Valdivieso, unpublished data).

Future prospects

One of the most interesting questions to be answered in
the future is whether class IV and class V enzymes are
subject to the same type of regulation. The answer to
this question will necessarily have to address the func-
tional characterization of the fungal class V enzymes,

which could also help to explain the higher degree of
diversity of CSs in filamentous fungi, compared with
yeast. This work will likely be carried out in parallel with
the characterization of some of the regulators of CS in
fungi. At the same time, such efforts should help in the
re-evaluation of this enzymatic activity as an antifungal
target.

The other important question to be solved is the
mechanism of activation/inactivation of CSIII in yeast
and filamentous fungi. In this respect, we believe that the
molecular characterization of the Chs4p function, in
conjunction with the characterization of the TGN
compartment where Chs3p is maintained, will be deci-
sive in answering this issue.

Regarding family I CSs, the precise function of the
different fungal isoenzymes remains to be characterized.
It could be crucial to the understanding of the partici-
pation of some of these CSs in septum formation, a
process believed to be essential for fungal growth. This
field will require further progress in the characterization
of ScChs2p and their likely filamentous fungal coun-
terparts, the class III isoenzymes.
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