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Abstract Comparative genomics allows comparison of
different proteins that execute presumably identical
functions in different organisms. In contrast to para-
logues, orthologues per definition perform the same
function and interact with the same partners and, con-
sequently, should display conservation in all these
properties. We have employed 20 fungal genomes to
analyse key components of the high osmolarity glycerol
signalling pathway of Saccharomyces cerevisiae. Among
the proteins scrutinised are a complete phosphotransfer
module, a MAP kinase, two scaffold proteins, one of
which is also a MAPKK, and two transcription factors.
Sequence alignments, domain structure and size analy-
sis, combined with the rich information available in the
literature, allowed us to probe previous structural and
functional studies and to generate hypotheses for future
experimental studies. Although certain domains are too
highly conserved across fungal species for meaningful
comparative studies, others, like interaction domains,
can be studied in closely related species. Moreover,
putative functionally relevant sites for protein modifi-
cations can be identified in such comparative studies. We
provide several relevant examples and present a number
of previously un(der)characterised domains of potential
functional significance in osmosensing and signal
transduction. We propose that any functional protein
analysis in fungi should make use of the unique resource
that fungal genome sequences offer.
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Introduction

The availability of genome sequences from closely related
species offers opportunities to study the evolution of
genome organisation (Langkjaer et al. 2003; Dietrich
et al. 2004; Dujon et al. 2004; Fabre et al. 2004; Kellis
et al. 2004; Koszul et al. 2004), to identify regulatory
sequences (Cliften et al. 2003) or to facilitate genome
annotation (Brachat et al. 2003; Dujon et al. 2004; La-
fontaine et al. 2004). In addition, such genome sequences
are invaluable tools for the functional analysis of pro-
teins and cellular pathways. Because we are limited in our
ability to decode the information of primary sequences in
terms of protein structure and function, the interpreta-
tion of protein sequences is still largely based on com-
parison. Genome sequences from yeasts and fungi offer
the opportunity to investigate functional protein do-
mains and to identify residues of functional importance.
Hence, comparative genomics is a tool to probe previous
functional and structural analysis studies, to aid the
interpretation of the effects of specific mutations and to
generate hypotheses for functional analysis.

Comparing sequences of orthologous proteins from
different organisms to aid functional studies is done un-
der the implicit assumption that protein function is ex-
actly the same in the set of the organisms studied. In the
accompanying paper (Krantz et al. 2006) we have inves-
tigated the osmosensing HOG (high osmolarity glycerol)
signalling pathway from Saccharomyces cerevisiae and
tried to identify orthologues for 40 proteins in 19 different
species. For components that are part of the core of the
system, this was readily possible. For a number of pro-
teins, however, either sequence conservation was too
poor to identify reliable orthologues in all organisms
studied, or they simply do not exist. This suggests that
certain features of the pathway are not identical across
fungi and indeed experimental studies on this popular
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signalling network in different species indicate that signal
perception, the connection of certain pathwaymodules as
well as response mechanisms are different (see e.g. (Hull
and Heitman 2002; Alonso-Monge et al. 2003; Smith
et al. 2004; Furukawa et al. 2005)). Hence, certain protein
properties may differ between fungi and this needs to be
taken into account when comparing fungal protein
sequences for functional studies.

Different taxonomic groups of fungal species with
different lifestyle and evolutionary relationship are
subject to genome sequencing, making the growing set of
sequences particularly valuable. For instance, the ge-
nomes of five very closely related sensu strictu plus two
senso lato Saccharomyces yeasts have been sequenced
and these species have similar lifestyles and hence likely
have highly similar properties also at the proteome level
(Cliften et al. 2003; Kellis et al. 2003). Furthermore,
eight other yeast genomes are available from organisms
that have different life styles and belong to different
taxonomic subgroups (Wood et al. 2002; Dietrich et al.
2004; Dujon et al. 2004; Jones et al. 2004; Kellis et al.
2004). The molecular properties of their proteins may
have diverged to different extent. In addition, genome
sequences from five filamentous fungi have been in-
cluded in this analysis, four of which belong to the as-
comycetes (published only N. crassa (Borkovich et al.
2004)) and one (Ustilago maydis) to the basidiomycetes.
Further functional divergence can be expected in pro-
teins from these organisms. While functional divergence
cannot be expected to affect principal biochemical
properties such as protein kinase activity or DNA
binding, it likely concerns features such as interaction
with or modification by other proteins.

The HOG pathway from S. cerevisiae (Fig. 1) con-
sists of two branches that seem to sense osmotic
changes in different ways (de Nadal et al. 2002; Hoh-
mann 2002; O’Rourke et al. 2002; Saito and Tatebay-
ashi 2004; Sheikh-Hamad and Gustin 2004; Westfall

et al. 2004). The Sln1-branch consists of the Sln1-
Ypd1-Ssk1 phosphorelay system, where Sln1 is a sensor
histidine kinase, Ypd1 a phosphotransfer protein and
Ssk1 a response regulator (Posas et al. 1996; Santos
and Shiozaki 2001; Wolanin et al. 2002; Catlett et al.
2003). Hyperosmotic shock deactivates Sln1, leading to
enhanced levels of dephospho-Ssk1, which is an acti-
vator of the MAPKKKs Ssk2 and Ssk22 (Posas et al.
1996). In this study we have included the entire three-
protein phosphorelay system, since its detailed function
is of great interest. Ssk2 and Ssk22 activate the
MAPKK Pbs2 by phosphorylation, which in turn
activates the MAPK Hog1 by phosphorylation (Maeda
et al. 1994). We included Hog1 in this study as an
example of a highly conserved protein. The Sho1-
branch contains two scaffold proteins that are crucial
for signalling and specificity: the plasma membrane-
localised Sho1 (Raitt et al. 2000; Seet and Pawson
2004) as well as the MAPKK Pbs2 (Posas and Saito
1997; O’Rourke and Herskowitz 1998). Sho1 recruits
Pbs2 to the cell surface during signalling (Raitt et al.
2000; Reiser et al. 2000). Both Sho1 and Pbs2 can bind
the MAPKKK Ste11 (Zarrinpar et al. 2004). Since
both Sho1 and Pbs2 are crucially important in signal-
ling and have a range of known functional features,
both were included in this study. Ste11 is activated by
phosphorylation, which is mediated by the Ste20 kinase
and probably Cla4 (Raitt et al. 2000; Reiser et al. 2000)
and requires Ste50 (Ramezani-Rad 2003). Ste20 acti-
vation in turn depends on the membrane-bound G-
protein Cdc42 (Elion 2000; Ramezani-Rad 2003).
Activated Hog1 has numerous targets in the cell, such
as the transcription factors Msn2/Msn4, Hot1, Sko1
and Smp1 (Rep et al. 1999a, 2000, 2001; Alepuz et al.
2001, 2003; Proft et al. 2001; Proft and Struhl 2002; de
Nadal et al. 2003). We included Hot1 and Sko1 in this
analysis as an example of relatively poorly conserved
‘‘peripheral’’ proteins in signalling (Krantz et al. 2006).

Fig. 1 The HOG pathway.
Osmotic stress is perceived via
two distinct input branches, the
Sho1 and Sln1 branch, both of
which activate the MAPKK
Pbs2 via distinct MAPKKK.
Sln1-Ypd1-Ssk1 constitutes a
phosphotransfer system, which
links to the MAPK module via
either of the two MAPKKK
Ssk2 and Ssk22. The
mechanism of activation via the
Sho1 branch is less clear, but
requires co-scaffolding by Sho1
and the MAPK Pbs2, as well as
the MAPKKK Ste11. Once
activated, Pbs2 activates the
MAPK Hog1, which, in turn
stimulates transcription via a
number of transcription factors.
Hog1 also activates cytoplasmic
targets such as the MAPKAP
Rck2
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Materials and methods

Multiple alignments and motif prediction

Multiple alignments were performed with Clustal W
(http://www.ebi.ac.uk/clustalw/) (Thompson et al.
1994), using default settings, and the quality histograms
were derived from Jalview. Domain definitions were
retrieved using Pfam (http://www.sanger.ac.uk/Soft-
ware/Pfam/) (Bateman et al. 2002) and FingerPRINT-
Scan (http://www.ebi.ac.uk/printsscan/) (Attwood et al.
2000). Transmembrane predictions were made at (http://
www.cbs.dtu.dk/services/TMHMM-2.0/) (Moller et al.
2001). Searches of protein databases were performed
using FASTA (http://www.ebi.ac.uk/fasta) (Pearson
1990). Helix predictions were done according to (Suzuki
and Brenner 1995).

Analysis of size

Proteins, and protein domains, from yeasts and fila-
mentous fungi were considered as two separate popu-
lations. Each protein size was compared to the average
and standard deviation based on the rest of its popula-
tion. Probability was calculated from the resulting t-
distribution, and the threshold of significance was set to
0.001. After elimination of all outliers, yeast and fila-
mentous fungi were compared with heteroscedastic t
tests, with a threshold of significance of 0.01.

Results

Sln1

Sln1 is the sensor histidine kinase of the Sln1 branch of
the HOG pathway. A number of functional properties
are encoded in its protein sequence, some of which may
overlap. (1) Localisation in the plasma membrane; (2)
Osmosensing; (3) Control of histidine kinase activity; (4)
Dimerisation; (5) Binding of ATP; (6) Hydrolysis of
ATP and transfer of the phosphate group to a histidine
residue; (7) Acceptance of the phosphate group on a
histidine residue; (8) Transfer of the phosphate group to
an aspartate in the C-terminal receiver domain; (9)
Interaction with the Ypd1 phosphotransfer protein; (10)
Transfer of the phosphate group to a histidine in Ypd1.

We included 16 sequences in the analysis. The trun-
cated Saccharomyces kluyveri open reading frame was
restored using DNA sequence information and the
truncated Debaryomyces hansenii open reading frame
was included in this analysis as such (Krantz et al. 2006).
The well-characterised S. cerevisiae protein has 1,220
amino acids (Fig. 1 and Supplementary Fig. 1).

Membrane insertion of Sln1 is achieved by means of
two transmembrane domains. The first transmembrane
domain (TMD1) is located close the N-terminus and its

deletion renders the protein unresponsive to osmotic
changes, i.e. constitutively active (Ostrander and Gor-
man 1999). TMD1 is preceded by a fully conserved Gln
residue (position 22 in S. cerevisiae), which in turn is
preceded by one or two basic residues two and six
positions upstream of Gln22. A surplus of positively
charged residues commonly marks the cytoplasmic face
of TMDs (von Heijne 1989; White and von Heijne
2004). The prediction of the exact position of the TMD
varies between proteins and hence differs somewhat
from the sequence alignment. The transmembrane do-
main is characterised by a central block of small
hydrophobic residues in which two positions (Val27 and
Leu35, S. cerevisiae positions) are perfectly conserved.
The distal end of TMD1 is predicted for S. cerevisiae
Sln1 after Phe46. This position is followed by hydro-
philic residues in all proteins.

The second TMD probably starts with the perfectly
conserved Ile334. Also TMD2 is preceded by positively
charged residues, commonly two, which are commonly
one and four residues upstream of the conserved Ile334.
In this case, however, they mark the predicted peri-
plasmic face. TMD2 probably ends at Trp356, which is
conserved in all yeast Sln1 (except Yarrowia lipolytica).
The sequence of TMD2 is well conserved, for instance
Gly337 is conserved in 15/16 sequences, Pro352 in 15/16
sequences.

Deletion of the large extracellular domain between
TMD1 and TMD2 inactivates Sln1. Since replacing the
extracellular domain with a leucine zipper renders the
construct constitutively active, it was suggested that the
extracellular domain mediates dimerisation (Ostrander
and Gorman 1999). The length of this domain varies
considerably between species, but is rather consistent
within the three different groups of organisms. The Y.
lipolytica domain (391 residues) is significantly larger
than that of the other yeasts (290±7 residues,
P=6.8·10�8). Sln1 from filamentous fungi has a sig-
nificantly larger extracellular domain of 364±8 amino
acids (P=1.16·10�5, t test).

The extracellular domain is overall poorly conserved
at the sequence level. However, our comparison reveals
certain patterns. Up to Gly99 (there is a Gly in this
region in all 16 proteins) the sequences align without
gaps; several residues are conserved in the majority of
the sequences and there seems to be a consistent pattern
of charged, hydrophilic and hydrophobic residues. In
particular, there is a conserved pattern of no less than
ten hydrophobic residues (Leu53, Leu58, Ile60, Leu64,
Ile69, Leu73, Leu76, Leu83, Leu89 and Leu93; Leu, Val
or Ile are acceptable in any of these positions), poten-
tially forming a leucine zipper.

Following Gly99, sequences diverge and the align-
ment contains numerous gaps. However, deletion of
residues 138–150 impairs Sln1 function (Reiser et al.
2003) while mutation of the putative N-glycosylation
sites Asn138 and Asn142 does not have an effect.
Asn138 is not conserved, even not among closely related
Saccharomyces species and Asn142 is not conserved

154



beyond Ashbya gossypii, confirming that those residues
probably do not have a specific role. Pro158 is conserved
but this region aligns differently in different ClustalW
runs. Hence, the functional significance and conserva-
tion of this region remain uncertain.

A block between Tyr185 and Ile237 aligns rather well.
Gly211 and Ala219 are conserved and Tyr212 and
Thr214 are conserved in 15/16 sequences. Moreover,
several residues are chemically conserved. In particular,
this region also contains a pattern of small hydrophobic
residues, although not as well pronounced as the puta-
tive zipper at the beginning of the extracellular loop:
Leu191, Ile193, Val206, Ile210, Ile212 (or Ile213),
Ala216, Leu219. This region has, to our knowledge, not
been investigated.

Following this domain the Y. lipolytica protein has an
insert that makes the extracellular domain longer. Fi-
nally, sequences just preceding TMD2 are also well
conserved: Gly302 and Trp313 are fully conserved and
there is chemical conservation in several other positions
as well as a pattern of acidic residues. Using the entire
extracellular domain in FASTA searches against all
proteins in databases identifies osmosensing histidine
kinases but no other significant matches.

The second transmembrane domain is followed by a
HAMP (Histidine kinases, Adenylyl cyclases, Methyl-
binding proteins, Phosphatases) domain, which is found
especially in transmembrane sensor histidine kinases
(Aravind and Ponting 1999). It seems to serve as a linker
between the transmembrane domain and the histidine
kinase domain and may also be important for dimeri-
sation. The sequence 359PIVRLQKAT367 contains 5/9
perfectly conserved amino acids (bold) and three further
residues are chemically conserved. HAMP domains are
then commonly followed, at some distance, by a second
conserved block, which is characterised by a conserved
Gly. This is not apparent in Sln1. Typical for the third
block of the HAMP domain are the conserved Asp520,
Asn 529, Met531 and Leu535. This region of the HAMP
domain is predicted to fold into two helices, followed by
a coiled-coil region that extends into Helix 1 of the
highly conserved histidine kinase acceptor region (Tao
et al. 2002). As compared to the bacterial EnvZ two-
component osmosensor, Sln1 has an insertion of 25
residues, which exists in all fungal Sln1 orthologues. The
coiled-coil is required for kinase activity and presumed
to position kinase and acceptor domain of the two su-
bunits of a dimer (Tao et al. 2002). Glu543 and Thr550
were suggested to be important based on mutagenesis
studies (Tao et al. 2002). Thr550 is fully conserved while
Glu543 tolerates the chemically identical Asp in this
position. Interestingly, the size of the HAMP region is
well conserved in filamentous fungi (138±2), and sig-
nificantly shorter than in the yeast species (178±27
(P=3.0·10�3, t test)). This difference is due to the spacer
between the two conserved blocks.

Immediately distal to the HAMP domain and the
associated coiled-coil follows the histidine kinase
phosphoacceptor domain. This H-domain is important

both for dimerisation and accepts the phosphate group
from the second kinase in the Sln1 dimer. The phos-
phorylated histidine residue is at position His576. The
domain is composed of two helices, as predicted from
the bacterial EnvZ, which have almost identical se-
quences in all fungal Sln1 orthologues. Also sequences
following the second helix are well conserved.

The histidine kinase ATPase domain starts with
Gly680 and runs until Glu931. The distance to the H
domain is perfectly conserved in yeast (48 residues), and
shorter than in filamentous fungi (77±2 (P=2·10�4, t
test)). The ATPase domain contains four blocks of
conserved residues called the N, G1, F and G2 boxes,
which form the ATP-binding cleft (Dutta et al. 1999;
Dutta and Inouye 2000). The N-box is located around
Asn691 followed by a spacer (residue 716–847), which is
unique for Sln1s. While its sequence is poorly conserved,
the size is similar within filamentous fungi (99±15) and
yeasts (154±10), with the exception of Candida albicans
(335 residues, P=8.7·10�8). The G1, F and G2 boxes
are close together around Gly861 (G1 box, two fully
conserved Gly), Phe873 (F-box, two fully conserved
Phe) and Gly888 (G2-box, four fully conserved Gly).

The ATPase domain is again followed by a spacer
(residues 932–1,088) that does not show obvious se-
quence conservation. The response regulator receiver
domain of Sln1 starts with Lys1089 (always a basic
residue in this position) and extends to about position
1,200. The receiver residue is Asp1151. Overall, the do-
main is highly conserved. In database searches, the Sln1
orthologues cluster together, separate from other fungal
histidine kinases, including the closest Sln1 homologues
in Schizosaccharomyces pombe and Ustilago maydis,
which lack transmembrane domains (Fig. 2). The crystal
structure of the Sln1 response regulator domain in
complex with Ypd1 has been determined (Xu et al.
2003).

The C-terminus is commonly short, although in some
filamentous fungi more than 100 amino acids long, and
rich in charged amino acids.

Ypd1

The phosphotransfer proteins (Hpts) are commonly
small proteins (167 amino acids in S. cerevisiae) but Sz.
pombe Spy1 is predicted to be 295 amino acids due to a
unique N-terminal extension that is unrelated to any
other protein. Hpts have two functions: (1) interaction
with response regulator domains; (2) exchange of
phosphate groups with response regulator, specifically
between an aspartate and a histidine residue. It appears
that Hpts do not encode any particular discrimination
between different response regulator domains (Xu et al.
2003; Porter and West 2005), consistent with the
observation that fungal genomes only encode one single
Hpt but several histidine kinases and response regulator
proteins (Catlett et al. 2003).
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The crystal structure of Ypd1 has been determined
individually (Xu and West 1999) as well as in a complex
with the response regulator domain of Sln1 (Xu et al.
2003). In addition, a detailed mutational analysis for the
requirements for interaction with the Ssk1 response
regulator (Porter et al. 2003) as well as all three yeast
response regulators (Ssk1, Sln1 and Skn7) has been
performed (Porter and West 2005). These studies pro-
vide the framework for interpretation of the multiple
alignments.

Twenty proteins were included in the analysis (Sup-
plementary Figure 2). The predicted start of the Sac-
charomyces castelli and S. kluyveri proteins is most

probably a sequencing or annotation error. According
to the crystal structure of Ypd1, the protein folds into a
bundle of four helices, aA, aB, aC and aD (Fig. 3). Helix
C contains the phospho-accepting histidine in position
64. The mutational analysis was performed as alanine
scanning and of course other substitutions may confer
different effects (Porter et al. 2003; Porter and West
2005). Ile13 and Glu16 seem to be important for inter-
action with Skn7, Ssk1 and to a lesser extent Sln1. Ile13
seems to tolerate Val and Thr, and Glu16 is replaced by
Gln in several organisms. Mutation of Met20, Asp21,
Asp23, Asp24, Glu27, Leu31 and Gln38 affect interac-
tion with all response regulators. Met20 is conserved and

Fig 2 Alignment of the fungal
histidine kinases. The Sln1
orthologues cluster together,
separate from the other
histidine kinases, including the
best hits in Sz. pombe and U.
maydis

Fig 3 Ypd1 conservation. The
ratio of conservation for each
of the residues providing the
interaction surfaces with the
response regulators in Sln1,
Ssk1 and Skn7. The colour
coding of the bars indicates for
which interactions their
corresponding residues is highly
important; black (all), striped
(Skn7 and Ssk1), chequered
(Skn7 and Sln1), grey (only
Skn7) and white (none).
Compare to (Porter et al. 2005).
The four boxes at the bottom
indicate the positions of the
helixes
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followed by a block of usually four acidic residues (only
two instances where this block is only two or three res-
idues). Then Asp60 seems to play an important role in
protein interaction but this residue is only conserved in
closely related yeasts. The sequences following the
phospho-accepting His64 play roles in interaction with
specifically Skn7, and to different extent also with the
other response regulators. This entire region is highly
conserved. Residues Phe65 (Tyr in one instance), Lys67
(Arg in one instance), Gly68 (conserved), Ser69 (con-
served), Ser70 (Ala in two instances), Leu73 (can be Val
or Ile), Gln76 (not conserved), Trp80 (not conserved)
and Asp83 (can be Asn) seem to be important according
to mutational and structural analysis (Porter et al. 2003;
Porter and West 2005). The availability of such multiple
alignments allows now to extend the mutational analyses
and interpretation of the structural data.

Mutation of Gly74 to Cys has recently been shown to
cause pradimicin resistance (Hiramoto et al. 2005). This
residue is one of two conserved Glys (the other being
Gly 68) that introduce a turn between two helices, where
the first helix contains the phosphorylated His64.

Ssk1

Ssk1 contains the following functionalities: (1) interac-
tion with Ypd1; (2) accepting a phosphate group on an
aspartate; (3) interaction with Ssk2/Ssk22 when
dephosphorylated.

Nineteen proteins were included in the analysis
(Supplementary Fig. 3). A second candidate found in U.
maydis was excluded, because its response regulator is

different from that of the other Ssk1 proteins (Fig. 4).
Ssk1 orthologues differ substantially in size between 522
amino acids in Sz. pombe and 1,658 amino acids in U.
maydis.

The large (501 amino acids in S. cerevisiae) N-terminal
domain is poorly conserved and does not contain known
functional domains. There are, however, some elements
that show conservation. Ile246 marks the start of a
stretch of three hydrophobic residues, followed by the
element Asp/Glu249 Pro250 Asp/Glu251, which is con-
served in yeasts (not Sz. pombe). Another short conserved
patch of hydrophobic amino acids follows Ile385. Ssk1 of
the four filamentous ascomycetes, however, display an
extensive conserved stretch following Arg340 until about
Ser438 (in Maghaporthe grisea). The functional signifi-
cance of any of those regions remains to be studied.

The only known functional domain is the response
regulator receiver domain at Pro502-Leu651. The
phospho-receiving aspartate is located at position
Asp554. The response regulator domain also overlaps
with the domain needed for interaction with Ssk2, which
is located between 475 and 670 (Posas and Saito 1998).

When the Ssk1 receiver domain is used in FASTA
searches against databases, it identifies with highest
score putative Ssk1 orthologues from fungi, followed by
response regulators of histidine kinases from bacteria
and plants. The response regulator domains from Sln1
and Ssk1 are far more different from each other than
they are from orthologues of other organisms (Fig. 4).
This adds confidence to the orthologue identification
and is consistent with the observation that the response
regulator domain of Sln1 fails to interact with Ssk2
(Posas and Saito 1998).

Fig 4 The bacterial response
regulators from Ssk1 (top) and
Sln1 (bottom) are more related
to their orthologues in other
species than to each other. The
second putative Ssk1
orthologue in U. maydis is
unrelated to either of the two
(as well as to S. cerevisiae Skn7,
data not shown)
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Sho1

Sho1 fulfils the following functions: (1) localisation to
the plasmamembrane by means of transmembrane do-
mains; (2) interaction with an unknown protein to
localise Sho1 to places of cell expansion; (3) interaction
with Pbs2, Fus1, Ste11 and probably other proteins.

Seventeen proteins were used for this analysis. All
proteins are characterised by four predicted transmem-
brane domains and a C-terminal SH3 (Src homology 3)
domain. The U. maydis protein appears well conserved
in domain structure and size but often differs where all
other sequences are identical (Supplementary Fig. 4).

The N-terminal block with four TMDs stretches
from Asp31 to Lys161 (S. cerevisiae). The four TMDs
are densely packed. The loops are only five (between
TMD2 and 3) or eight (between TMD3 and 4) amino
acids long. The first loop is somewhat variable in fila-
mentous fungi. Although the prediction of the exact
location of the TMDs differs somewhat between dif-
ferent proteins (probably an artefact of the prediction),
there is strong conservation of the size of the entire
block: 124±4 residues in yeasts and 129±3 in fila-
mentous fungi, including U. maydis). Assuming aligned
endpoints, the variation virtually disappears in yeasts,
unlike filamentous fungi, which vary due to a variable
insert between TMD1 and TMD2 (±1 and ±5,
respectively). The start of the TMD1 is characterised
by the conserved peptide Asp31 Pro32 Phe33 Ala34
(except U. maydis). TMD2 starts with Phe65 (Tyr in
some species, Val in U. maydis) and is characterised by
an almost perfectly conserved Trp67 Trp68 dipeptide
(Trp Phe in two filamentous fungi, including U. may-
dis). The start of TMD3 may be marked by Arg93 (Lys
or His in some species). TMD4 may start around
Ala124 and is characterised by the perfectly conserved
(also U. maydis) dipeptide Ala127 Gly128. TMD4
seems to be the best conserved TMD at primary se-
quence level.

Between the transmembrane section and the SH3
domain at 303–359, there is a linker domain that has
been regarded as poorly conserved. However, within
groups of organisms there is size conservation: 100±2
residues in filamentous ascomycetes, while U. maydis is
significantly longer (141 residues, P=0.00041), and
146±11 residues in yeasts, excluding Y. lipolytica (109),
D. hansenii (119) and C. albicans (200). In addition, the
sequence is rather well conserved within the yeasts
(again excluding Y. lipolytica, D. hansenii and C. albi-
cans) and within the filamentous ascomycetes (Fig. 5).
Linker size in yeasts is significantly longer than in fil-
amentous ascomycetes (P=5.7·10�8), t test). More-
over, this linker appears to contain sequences of
potentially more specific importance. Leu223 and
Glu227 are perfectly conserved and Gly225 and Asn228
are conserved in 16/17 proteins (except U. maydis).
This uncharacterised element deserves investigation.
The region between residues 170 and 210 has been

implicated in the binding of Ste11 (Zarrinpar et al.
2004). However, this region is not conserved outside
the Saccharomyces sensu strictu group and is of low
complexity. However, it has been pointed out that
additional sequences must be involved in Ste11 binding
(Zarrinpar et al. 2004).

The SH3 domain, which interacts with Pbs2 and
Fus1, shows a high degree of conservation. In this do-
main the U. maydis protein does not deviate from the
others. Using the SH3 domain in database searches re-
veals with highest scores the fungal Sho1 orthologues
studied here, followed by tyrosine kinases from different
organisms that have a structural organisation (SH3)-
(SH2)-(Tyr-kinase) and play a role in cell shape orga-
nisation. The overall sequence identity within this 57
amino acid region is 35% (61% similarity). Pro352,
which has been shown to be essential for Fus1 interac-
tion (Nelson et al. 2004), is conserved. The region be-
tween Ile302 and Glu360 has been studied in detail by
mutational and comparative analysis to identify residues
that determine the strength of interaction with Pbs2
(Marles et al. 2004). This study focused on three residues
based on the conservation with the FYN tyrosine kinase
SH3 domain. Exchange of Tyr309 by Ala reduced
binding affinity. This residue is conserved (in Neurospora
crassa: Phe). Glu317 is fully conserved. Tyr355, muta-
tion of which strongly affects interaction with Pbs2, is
also fully conserved.

Fig 5 Multiple alignment of the Sho1 linker. Despite the poor
overall alignment with identities as low as 4%, there is a relatively
high conservation within groups. Among yeasts, Y. lipolytica
stands out (4–15% identity towards other yeasts), as do D. hansenii
and C. albicans (32% towards each other, 12–21% and 17–27%
versus. other yeasts, respectively). Apart from these, this domain is
rather well conserved in yeasts (34–55% outside the sensu strictu
group (86–92% inside)). Similarly, the sequences from filamentous
fungi are rather well conserved (31–54%), excluding that of U.
maydis (7–18%). In contrast, there is very low conservation
between these two groups (8–20%)
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Pbs2

Pbs2 is another particularly interesting protein since it
serves as a scaffold protein for several components of the
HOG pathway, as the MAPKK of the system and as the
node where the two upper branches of the pathway
converge. Hence, the following functions are encoded in
the protein sequence: (1) interaction with the MAPKKK
Ste11; (2) interaction with the MAPKKKs Ssk2 and
Ssk22; (3) phosphorylation by these kinase within the
activation loop; (4) interaction with the Hog1 MAPK;
(5) binding of ATP; (6) transfer of the phosphate group
to the activation domain of Hog1; (7) interaction with
Sho1; (8) interaction with Nbp2 to target the phospha-
tase Ptc1 to Pbs2.

Seventeen proteins were included in this analysis. The
likely Pbs2 orthologue from U. maydis is lacking large
portions of the N-terminus, indicative of either an
annotation problem or a fundamentally different path-
way architecture. Fusarium graminearum and N. crassa
both have a second Pbs2 homologue, which, however,
also lacks large parts of the N-terminus and hence those
were eliminated from this analysis ((Krantz et al. 2006)
Supplementary Fig. 5).

The protein kinase domain is the best conserved part
and located between residues 360 and 623 in S. cerevisiae
Pbs2. It starts with the ATP-binding domain, which is
followed by about 40 amino acids insertion in the se-
quences of the filamentous ascomycetes. The following
sequences are highly conserved in all proteins but there
are certain sections where filamentous fungi differ from
yeasts, such as around position 535 and towards the
distal part of the protein kinase domain. The overall
sequence identity between residues 360 and 623 is as
high as 43%. The residues in the activation domain
phosphorylated by the MAPKKKs for activation of
Pbs2 (Ser514 and Thr518) are conserved; 27/31 residues
in this section are identical across all sequences.

The large N-terminal part of Pbs2 is poorly con-
served, the alignment shows many gaps and its size
differs substantially. Pbs2 from filamentous ascomycetes
tends to be smaller (P=0.002, t test), but there is an
overlap of the size distribution between the groups
(278±19 as compared to 345±56 in yeasts).

Mutational analysis showed that residues 46–56 are
important for signalling through the Sln1 branch and
contain a docking site for the Ssk2/Ssk22 MAPKKK
(Tatebayashi et al. 2003). Residues Ala52, Arg53, Val54
and Ala56 were found to be important. Ala52 and Ala56
are conserved in all yeasts (except Sz. pombe) and Arg53
and Val54 are chemically conserved. In filamentous
fungi and in Sz. pombe this docking site is not conserved.
However, Arg53 is part of a stretch of several basic
residues that is well conserved among yeasts down to C.
glabrata, with the exception of Sz. pombe Wis1. Arg61 is
conserved in all proteins, except Wis1. Hence it is pos-
sible that for interaction with a MAPKKK these basic
residues play a role. The Ste11-binding site has been
mapped to residues 56–162 and hence may overlap that

for Ssk2/Ssk22, as well as the binding site for Sho1 [see
below (Zarrinpar et al. 2004)].

Residues 91–101 (VNKPLPPLPVA), forming a pro-
line-rich element (PXXP, SIM element for SH3-inter-
acting motif), mediate interaction with the SH3 domain
of Sho1 and are necessary for signalling through the
Sho1 branch (Raitt et al. 2000; Reiser et al. 2000). The
core of this element (KPLPPLP) is perfectly conserved
down to D. hansenii. Also Sz. pombe (which is lacking a
Sho1 orthologue) has a proline-rich element (PPL-
PRAVP) in this region; its possible interaction partner is
not known. Y. lipolytica, M. grisea, N. crassa and F.
graminearum appear to have some proline residues in this
region, however, the sequence arrangement is different.
C. albicans and A. nidulans lack any prolines in this area.
It has recently been noted that A. nidulans Sho1 does
indeed not signal to Pbs2 (Furukawa et al. 2005).

Residues 283–353, i.e. the sequences immediately
proximal of the kinase domain, are required for signal-
ling from Pbs2 to Hog1 (Zarrinpar et al. 2004), probably
as a docking site. In fact, sequences distal from Leu316
align without gaps and show significant similarity, with
several residues fully or chemically conserved. This re-
gion deserves further investigation.

Recently, evidence has been reported that Pbs2
interacts with the adaptor protein Nbp2, which has an
SH3 domain (Mapes and Ota 2004). Nbp2 is thought to
target the protein phosphatase Ptc1 to Pbs2. Interaction
with the SH3 domain of Nbp2 does not appear to use
the same proline-rich domain as that of Sho1, but rather
a sequence located at residues 187–190 (PRRP). This
area contains a second such element (196–199), which
does not seem to be required for Nbp2 interaction
(Mapes and Ota 2004). The specific element at 187–190
is only conserved in Pbs2 of Saccharomyces sensu strictu
yeasts. However, Pbs2 orthologues from most species
have a PXXP element within this region. We did not
locate such an element in this area of Pbs2 from only D.
hansenii and C. albicans. This suggests that indeed the
region around position 190 could serve as target for
interaction of SH3-containing proteins. It should, how-
ever, be noted that all Pbs2 sequences contain several
PXXP motifs at various, non-conserved positions.

Following the protein kinase domain S. cerevisiae
Pbs2 has a short C-terminus of about 45 amino acids. In
filamentous ascomycetes there is a poorly conserved
insertion of about 30 amino acids, which is rich in acid
residues. This is followed in all proteins by a region rich
in basic residues and then a stretch VPALHMGGL,
which is well conserved in yeasts (except Sz. pombe).
This segment is not functionally characterised but has
been implicated in Hog1 localisation in a recent paper
(Sharma and Mondal 2005).

Hog1

The MAPK Hog1 has the following functional features:
(1) interaction with Pbs2; (2) activation by phosphory-

159



lation in the activation loop; (2) shuttling between
cytosol and nucleus and hence interaction with several
relevant proteins; (3) binding of ATP; (4) ATP hydro-
lysis and phosphorylation of target proteins; (5) inter-
action with a range of target proteins (Rck2, Hot1,
Sko1, Msn2, Smp1 and probably more); (6) interaction
with several protein phosphatases (Ptp2, Ptp3, Ptc1) and
dephosphorylation by those.

Hog1 orthologues from all 20 organisms included in
the study were compared. The overall identity is no less
than 62% (Supplementary Fig. 6). This high sequence
identity makes it difficult to distinguish certain func-
tional domains. The only remarkable differences are
small insertions in the proteins from F. graminearum, A.
nidulans and N. crassa. Still, the proteins from filamen-
tous fungi are significantly smaller than their yeast
counterparts (364±10 and 421±31, respectively
(P=7.1·10�6, t test)). It appears that the C-terminus of
the N. crassa protein may be incorrectly annotated.
Yeasts seem to have an alanine-rich C-terminus, which is
missing in the filamentous fungi.

A set of mutations has been isolated that cause Hog1
to be active independently of phosphorylation by Pbs2
(Bell et al. 2001; Yaakov et al. 2003). Those mapped to
the following positions: Tyr68 (conserved), Glu170
(conserved), Ala314 [also accepts Cys and was mutated
to Thr in (Bell et al. 2001; Yaakov et al. 2003)], Phe318
(conserved), Trp 320 (conserved), Phe322 (conserved),
Trp332 (conserved) and Asn391 (not conserved).

Sko1

Sko1 is a DNA-binding protein that mediates both
repression and activation of expression of a subset of
Hog1 target genes (Proft et al. 2001; Rep et al. 2001;
Proft and Struhl 2002). Sko1 has multiple functions that
must be decoded in its sequence: (1) sequence-specific
binding to DNA (2) interaction with Hog1 (3) phos-
phorylation by Hog1 (4) interaction with the Tup1/Ssn6
corepressor complex (5) phosphorylation by cAMP-
dependent protein kinase (PKA) (6) shuttling between
the cytosol and the nucleus and hence interaction with
relevant proteins. We included 12 yeast proteins in this
analysis (Supplementary Fig. 7). Putative orthologues
from filamentous fungi and fission yeast are conserved
only within the DNA-binding domain and hence may be
regulated in different ways.

The DNA-binding domain is of the basic leucine
zipper (bZIP) type and located at positions 427–488 in
the S. cerevisiae protein. Sixteen residues are identical in
this region. The DNA-binding domain is characterised
by a short block of acidic residues, followed by a first
block of basic amino acids and the almost perfectly
conserved sequence FLERNRVAAS, a second block of
basic amino acids and the actual leucine zipper. How-
ever, none of the leucine residues is conserved, rather the
zipper reads I K/Q K I/M E X D/E L/V X F/I Y/L E X
E/G Y X D/E L/M X X I/V/M/L X X L/F X X I/V/L.

The zipper consists of two parts with regularly spaced
small hydrophilic residues.

Sequences required for nuclear localisation of Sko1
have been reported to overlap with those involved in
DNA-binding, or at least being close to those (Pascual-
Ahuir et al. 2001). Indeed, preceding the bZIP region,
most Sko1 orthologues have sequences that could serve
as bipartite nuclear localisation signal (two adjacent
basic residues, ten arbitrary residues and then three basic
residues out of five). At the same time, the basic blocks
within the bZIP also fulfil this requirement.

Hog1 phosphorylates Sko1 on Ser108, Thr113 and
Ser126 (Proft et al. 2001). Phosphorylation sites are
characterised by Ser/Thr Pro. All three phosphorylation
sites are conserved, although the first site is moved by
one position in D. hansenii and Saccharomyces mikatae.
The entire section of about 20 residues is quite well
conserved and characterised by a central, almost per-
fectly conserved GGSKRLPPL element that separates
the second and the third phosphorylation site. The sig-
nificance of this sequence has not been studied so far and
it is tempting to speculate that it plays a role in protein
interaction.

Protein kinase A phosphorylates Sko1 on Ser380, Ser
393 and Ser399 (Pascual-Ahuir et al. 2001). Sites for
PKA phosphorylation are commonly characterised by
two basic residues, followed by an arbitrary residue and
the phosphorylated Ser/Thr. The block of PKA-depen-
dent phosphorylation sites is located within the region of
basic residues preceding the bZIP domain and consti-
tuting a possible bipartite nuclear localisation sequence.
Since PKA stimulates nuclear accumulation of Sko1
(Pascual-Ahuir et al. 2001) it is possible that phos-
phorylation activates this localisation signal. However,
neither the possible nuclear localisation signal upstream
of bZIP nor the PKA-dependent phosphorylation sites
are conserved across yeasts. This could indicate that the
PKA-dependent regulation of Sko1, whose precise
function is not fully understood (Pascual-Ahuir et al.
2001), is a speciality of Saccharomyces yeasts. It is worth
noting that Sko1 is the main factor in yeast binding to
consensus cAMP-response elements (CREs), which
mediate transcriptional PKA responses in eukaryotes,
while in S. cerevisiae the effect of PKA on expression
from CREs is moderate (Hohmann 2002).

Binding of Hog1 as well as Tup1 requires the first 315
amino acids of the protein, but has not been mapped to
any further detail. Apart from the Hog1-dependent
phosphorylation sites there are two short regions of high
sequence similarity. Right at the N-terminus, following
residue 15, the sequence FDLEPNPFEQSF is almost
perfectly conserved, in fact also in Sko1 homologues
from some filamentous fungi. The sequence does not
bear any information as to its function and does not
identify any other sequences in the databases. Around
position 220 the element KSGLTPNESNIRTGLTP is
highly conserved (except K. lactis). Using this sequence
in a database search yields only Sko1 homologues from
fungi, including some filamentous fungi and in fact also
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K. lactis (following position 162; has not been captured
by ClustalW). To our knowledge these two conserved
elements have not been studied so far and may be
important for interaction with other proteins.

Hot1

Hot1 is a DNA-binding protein that is required for
expression of a subset of Hog1-regulated genes. It has
been shown to bind to target promoters and recruit
Hog1 to such promoters. Hog1 phosphorylates Hot1.
Hence, Hot1 has at least three functions: (1) DNA
binding, (2) Hog1 binding, (3) phosphorylation by
Hog1.

Hot1 is poorly conserved and we did not identify
orthologues beyond yeasts. For this reason, only ten
yeast sequences were included in the analysis (Supple-
mentary Fig. 8). Sequence conservation is restricted to
the very C-terminus. In this region (residues 620–719),
however, 47/100 residues are fully conserved. This re-
gion likely represents the DNA-binding domain (this
assumption is based also on moderate similarity to the
DNA-binding region of Gcr1, see below). The region
may fold into four helices of nine residues (helices 1–3)
and 15 residues (helix 4), respectively. These could be
arranged in a configuration of two helix-turn-helix mo-
tifs: the first and second helix as well as the third and
fourth helixes are each separated by two conserved
glycine residues, which likely introduce turns. The two
helix-turn-helix motifs are separated by a stretch rich in
basic residues, which extends into the third helix and
could make contact with the DNA phosphate backbone.
Sequence conservation extends to the very C-terminus,
which may form a fifth helix, preceded by another short
stretch of basic residues.

Using the putative DNA-binding region in FASTA
searches against databases only reveals the Hot1 or-
thologues used in this study, as well as Msn1 from
yeasts. Msn1 is known to have some redundant or
overlapping function with Hot1 (Rep et al. 1999b). The
C-terminus of Hot1 has some sequence and predicted
structural similarity to Gcr1, a regulator of glycolytic
and ribosomal protein genes, as well as the uncharac-
terised protein Ymr111. Hence, these four proteins seem
to share a common DNA-binding domain, which,
however, is not conserved at the sequence level beyond
yeasts. The S. cerevisiae Hot1 DNA-binding domain is
more similar to that of Hot1 orthologues than to the
other three homologues from S. cerevisiae.

There are five SerPro motifs in S. cerevisiae Hot1,
which seem to be phosphorylated by Hog1. A mutant of
Hot1 in which all those Ser residues (Ser30, Ser70,
Ser153, Ser360 and Ser410) were mutated to Ala was not
phosphorylated anymore by Hog1 (Alepuz et al. 2003).
Unexpectedly, this unphosphorylatable Hot1 derivative
turned out to be fully functional. None of these five
SerPro motifs is conserved among yeast Hot1 ortho-
logues, different orthologues have different numbers of

such SerPro dipeptides and Hot1 from S. kluyveri is
lacking possible Hog1 phosphorylation sites altogether.

The entire 620 amino acids N-terminus is not con-
served and we were unable to identify any regions that
could be likely candidates for interaction with Hog1.

Discussion

In this study we have undertaken detailed sequence
comparisons of fungal orthologues of eight different
proteins in the HOG signal transduction pathway. We
employed the fungal genome sequences for the identifi-
cation and characterisation of functional domains that
display little sequence conservation, or conservation for
only a few critical residues. Such motifs occur frequently
by chance, but their significance can be inferred from
their degree of ubiquity within orthologous. Examples
are residues for protein modification, such as phos-
phorylation or glycosylation, and domains involved in
protein–protein interaction. Emphasis is placed on
poorly conserved sequences as comparison of proteins
from relatively closely related species tends to be less
informative for characterisation of functional residues in
highly conserved domains. For instance, protein kinase
domains are highly conserved across all eukaryotes; the
entire sequence of the MAPK Hog1 sequence showed
more than 60% overall sequence identity across the 20
species included in this study. To pinpoint functionally
relevant residues for such highly conserved, generic do-
mains, sequence comparison across the entire eukaryotic
kingdom is potentially more informative. It should be
stressed that, in all cases, the information extracted from
comparative studies either supports interpretation of
previous functional or structural analyses or generates
hypotheses for future experimental studies.

Protein modification motifs

The analysis of protein modification motifs exemplifies
the utility and predictive power of comparative genom-
ics. Although both the Hot1 and Sko1 transcription
factors are phosphorylated by Hog1 concomitantly with
transcriptional activation, these phosphorylations seem
relevant for Sko1 only. Consistently, these sites are well
conserved in Sko1 but not in Hot1.

While Hot1 is phosphorylated at five positions by the
Hog1 kinase, mutation of all these five sites did not af-
fect function of Hot1 nor transcriptional activation of
target genes (Alepuz et al. 2003). In fact, none of these
five potential sites (sequence Ser-Pro or Thr-Pro) is
positionally conserved, and Hot1 from S. kluyveri does
not have a single potential Hog1 phosphorylation site.
Hence, sequence comparison alone would have strongly
suggested that phosphorylation of Hot1 by Hog1 is not
important for function. This observation also indicates
that many protein phosphorylations in the proteome
may not have functional significance but rather are a
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result of ‘‘vicinity’’ of a protein with a kinase; this aspect
should be considered in global protein phosphorylation
analyses.

In the case of Sko1, which is targeted by both the
HOG and PKA pathways, the Hog1 phosphorylation
sites are well conserved while the PKA sites are not.
Active Hog1 is known to convert Sko1 from a repressor
to an activator by phosphorylation at all three sites
(Proft and Struhl 2002), while the role of PKA is
somewhat unclear. PKA seems to affect subcellular lo-
calisation of Sko1 but has little effect on Sko1-dependent
transcriptional regulation (Pascual-Ahuir et al. 2001;
Proft et al. 2001). Together with the poor conservation
of phosphorylation sites this suggests that PKA-depen-
dent regulation of Sko1 may play only a minor role.

Similarly, the lack of function of the putative glyco-
sylation sites in the extracellular domain of Sln1 (Reiser
et al. 2003) could have been predicted from the fact that
these sites are not conserved.

Interaction domains

This study identified several sequence elements that do
not have any known function but which are, on the basis
of their conservation within otherwise poorly conserved
domains, of potential functional importance. Examples
are elements described in Results section for the N-ter-
minal domain of Ssk1, the linker domain of Sho1 as well
as two elements in the Sko1 N-terminal part. All these
elements might play roles in protein–protein interaction
but this remains to be studied experimentally. In any
case, these observations highlight the value of protein
sequence comparison for the discovery of potentially
relevant domains.

Sites for protein interactions that have been studied
previously and re-investigated here include docking sites
on Pbs2 for Ssk2 and Nbp2. In both instances the sites
characterised in S. cerevisiae are only conserved in clo-
sely related species. There are two possible interpreta-
tions for this observation. Either Ssk2 and Nbp2
orthologues employ other sites in Pbs2 of other organ-
isms or the sequence requirements for protein interac-
tion have not been properly interpreted. In any case,
sequence comparison calls for re-investigation of these
interaction domains.

In well-characterised proteins such as Ypd1, conser-
vation and functionality can be directly compared for
individual residues. The crystal structure of this phos-
photransfer protein has been reported, individually and
in complex with the Sln1 response regulator, and de-
tailed mutational analysis has been performed to cha-
racterise the interaction interface with the three yeast-
response regulators, Sln1, Ssk1 and Skn7 (Xu and West
1999; Porter et al. 2003; Xu et al. 2003; Porter and West
2005). Although the correlation between conservation
and functional importance is high, Asp60 stands out as a
notable exception. It has been suggested that Asp60 and
Arg90 are involved in the stabilisation of the structure

via electrostatic interactions, but as neither of the two is
conserved or replaced by residues that otherwise could
form electrostatic or hydrogen–bond interactions, their
role should probably be re-interpreted. The same is true
for other charged residues such as Glu58, which is not
conserved either.

Clues to the cues

In spite of over a decade of intense studies, the input of
the HOG pathway has so far eluded characterisation.
Although input signals for both branches most probably
are generated at the plasma membrane, the mechanism
of perception is unknown. While sequence comparisons
alone are inconclusive as to the fundamental question of
osmosensing, they highlight features that may play
important roles in signal transmission.

In the case of Sln1, we noticed a conserved stretch of
hydrophobic residues in the extracellular domain. Pre-
sumably, this domain provides a leucine zipper for di-
merisation, as previously reported for its bacterial
counterpart, EnvZ (Yaku and Mizuno 1997). This is
consistent with the observation that a leucine zipper
introduced in place of TMD1 and the extracellular do-
main renders Sln1 active (Ostrander and Gorman 1999),
which in turn led to the suggestion that the extracellular
domain is indeed needed for dimerisation. The fact that
the zipper domain found in Sln1 stretches out over 41
residues and contains ten hydrophobic amino acids in
conserved positions indicates that it may have a more
specific function beyond dimerisation alone. Perhaps,
the zipper domains of two Sln1 molecules can interact at
different registers upon osmotic changes, which in turn
may result in tilts of the TMDs and a conformational
change at the inside of the cell, directly influencing the
activation state of the dimer. A detailed analysis of the
putative zipper might reveal more functional details and
alternative explanations. Hence, sequence comparison
emphasises the possible importance of a domain previ-
ously recognised and assists the design of a mutational
analysis.

Along a similar argumentation the domain of Sho1
containing four TMDs may have a more specific func-
tion than previously thought. The arrangement with
four TMDs is highly conserved across fungi that possess
Sho1 (and those extend into the basidiomycetes), al-
though this conservation is not apparent at the level of
overall sequence identity (only four conserved residues
over 160 amino acids). It is not obvious why a function
for membrane anchoring should be such well conserved,
and it stands in stark contrast to the findings that the
function of Sho1 can be taken over by an engineered
protein consisting of any membrane anchor that directs
Pbs2 to the cell surface (Raitt et al. 2000).

Recent data have demonstrated that in Aspergillus
nidulans Sho1 does not interact with Pbs2 (Furukawa
et al. 2005). This is due to the fact that Pbs2 of this
organism is lacking the proline-rich (PXXP) motif that is
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required for the interaction between Sho1 and Pbs2.
However, Sho1 of A. nidulans is conserved and can
interact with Pbs2 from S. cerevisiae. Interestingly, the
sequence KPLPPLP in Pbs2 is well conserved only in
yeasts, while filamentous fungi as well as C. albicans and
Y. lipolytica, which are quite distinct from S. cerevisiae,
do not have a domain in this position that could interact
with Sho1. Experimental studies are needed to confirm if
indeed Pbs2 is only activated via the Sln1 branch in such
organisms. Such a scenario, strongly suggested by the
studies in A. nidulans, would have two consequences.
First, it suggests that the link of the Sho1 branch, which
also plays a role in pseudohyphal development, to the
osmosensing HOG pathway is not a generic feature of
the architecture of this signalling system in fungi. This
was already implicated by the observation that Sz.
pombe lacks a Sho1 orthologue. The observation that
fungi possessing Sho1 do not use it for osmostress sig-
nalling through the HOG pathway further suggests that
the function of Sho1 is not primarily in osmosensing. It
has already been suggested that the Sho1 branch in S.
cerevisiae does not respond to turgor changes (Reiser
et al. 2003). A potentially appealing speculation is that
the Sho1 branch monitors mechanical stimuli dependent
on surface growth of fungi and hence is involved in
directing growth of fungal filaments. Such mechanical
stimuli may be physically similar to those caused by
osmotic changes and therefore yeasts might have
developed a link of this pathway to the osmosensing
system. It should be noted that the role of Sho1 and its
different domains in yeast pseudohyphal growth are not
well studied, while it is known that Sho1 is required for
pseudohyphal development (O’Rourke and Herskowitz
1998).

Conclusion

Taken together, sequence comparison of orthologues
from fungal species is a useful tool for functional anal-
yses and will become even more interesting with further
genome sequences becoming available. We suggest that
functional protein analysis of fungal proteins should
now always be aided by comparative studies both for the
design of mutational studies as well as for the interpre-
tation of the effect of mutations or of structural infor-
mation.
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