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In fungi, the group III hybrid histidine kinases (HHK) act as important sensors to regulate osmoadapta-
tion, hyphal growth, morphogenesis, conidia formation and virulence. They are molecular targets for
antifungal agent fludioxonil. They typically have HAMP domain repeats at the NH2-terminus that are
important for their activity. Interestingly, the numbers of HAMP domain vary among the orthologs from
different genera. The orthologs from basidiomycetes harbor seven HAMP domains whereas those from
yeast contain five HAMP domains. In order to understand the functioning of a seven-HAMP module,
we have constructed a yeast-like chimera DhNik1–Tco1 containing seven HAMP domains. The functional
characterization of this chimera in yeast Saccharomyces cerevisiae showed that the sixth HAMP domain
played important regulatory role. Our results indicated that the negative regulation of histidine kinase
activity by the penultimate HAMP domain could possibly be an evolutionarily conserved theme in the
group III HHK containing different lengths of poly HAMP module.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction lone HHK in this organism. Sln1p belongs to the group VI HHK
Genomes of fungi harbor large repertoire of two component hy-
brid histidine kinases (HHK) that are used to sense the fluctuations
in the extracellular and the intracellular conditions. They are called
hybrid histidine kinase because their histidine kinase domain and
the receiver domain are fused in a single polypeptide [1–3]. Based
on the domain organization, the fungal HHKs are classified into 11
groups [1]. HHKs are absent in the genomes of human and animals
and therefore they are considered as ideal molecular targets for
antifungal agent [2,4]. In fact, few antifungal agents e.g., fludioxonil
and iprodione that are widely used in agriculture, target group III
HHK [5]. Group III HHK constitutes an important signaling compo-
nent in fungi that regulates osmo-adaptation. NIK1 of Neurospora
crassa was the first member of this group to be identified and the
deletion of NIK1 conferred osmosensitivity to the host [6,7], Subse-
quently, NIK1 orthologs were also identified in many species [8–
11].

The members of the group III HHK have been shown to regulate
the HOG pathway, a MAP kinase pathway that mediates the osmo-
tic and the oxidative stress responses in yeast and fungi [12–14].
The HOG pathway is regulated by the upstream HHK through a
multi-step phosphor-relay mechanism. In Saccharomyces cerevisi-
ae, this pathway is regulated by Sln1p which is surprisingly the
and it regulates the HOG pathway negatively through a phospho-
relay mechanism involving Sln1p-Ypd1p-Ssk1p [15–16]. Group III
HHK complements sln1 mutation in S. cerevisiae and also regulates
the HOG pathway negatively through Ypd1p and Ssk1p [17–18].
Besides their role in the osmoadaptation, the members of the
group III HHK are also involved in regulating hyphal growth, mor-
phogenesis, conidia formation and virulence in fungi [19–22].

The members of the group III HHK are cytosolic proteins and the
mechanism through which they sense and respond to the changes
in the external osmolarity remained unclear. The presence of
HAMP domain repeats in the NH2-terminal region is a unique fea-
ture of this group of proteins. HAMP domains are composed of �50
amino acid residues with two amphipathic helices joined by a con-
nector [23,24]. HAMP domains are quite common in proteins such
as histidine kinases, adenyl cyclases, methyl accepting chemotaxis
proteins (MCP) and phosphatases that are involved in the signaling
in prokaryotic organisms [24]. Many MCPs contain a single HAMP
domain connecting the transmembrane domain and the cytosolic
kinase control module. In MCP, this domain mainly functions as
a signal conversion module [24]. HAMP domain repeats play an
important role in the functionality of the group III HHK. Many
osmosensitive and fludioxonil resistant mutants of N. crassa har-
bored point mutation in the HAMP domain repeats of Nik1p
[25,26]. The regulatory role of the HAMP domain repeats were fur-
ther elaborated in a recent study with a group III HHK (DhNik1p)
from halotolerant yeast Debaryomyces hansenii. DhNik1p contained
five HAMP domains which were functionally distinct and the posi-
tions and the arrangements of the HAMP domains were important
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for the activity of DhNik1p in vivo [17]. Most importantly the
fourth HAMP domain negatively regulated the activity of DhNik1p
in response to high osmolarity as well as the antifungal agent flu-
dioxonil [17,18]. Although the HAMP domain repeat is a common
feature among the group III HHKs, the number of repeat units var-
ies across the genera [17,26]. For example, Nik1 ortholog Tco1p
from basidiomycetes Cryptococcus neoformans which is a human
pathogen, has seven HAMP domain repeats [14]. Tco1p functions
as sensor kinase upstream to the HOG1 MAPK pathway in C. neo-
formans. It also controls virulence and sensitivity to the antifungal
agent fludioxonil in this organism. The role of individual HAMP do-
main in the functionality of Tco1p is not known. It is also not clear
how the poly HAMP unit of Tco1p which contains seven HAMP do-
mains regulates the kinase activity in response to osmostress or
the antifungal agent fludioxonil. To address this, we have carried
out structure–function analysis of a chimeric group III HHK
(DhNik1–Tco1p) containing the seven HAMP domains of Tco1p.
Our result showed that the sixth HAMP domain played important
regulatory role and in the absence of this domain DhNik1–Tco1p
behaved like a constitutively active kinase which was unrespon-
sive to fludioxonil. Thus, the negative regulation of the histidine ki-
nase activity by the penultimate HAMP domain could possibly be a
common theme in the group III HHK containing poly HAMP mod-
ule of different length.
2. Materials and methods

2.1. Yeast strains and growth conditions

S. cerevisiae strains RJ1428 (MATa sln1D::LEU2 his3-D200 leu2D1
ura3–52 trp1D63 with pRS-PTP2 URA3) [27] and NM2 (MATa ura3
leu2 his3 sln1-ts4 ste11D::HPH) [17] were used in this study. The
media used were YPD (1% yeast extract, 2% peptone, 2% dextrose)
and SD minimal medium (2% glucose and 0.67% yeast nitrogen
base without amino acids) (Difco). Only supplements that were re-
quired by the strains were added.
2.2. Plasmid construction

DhNik1–Tco1 chimera was constructed by replacing the five-
HAMP module of DhNik1p with the seven-HAMP module from
Tco1p. It was constructed by combining three PCR fragments using
overlap extension PCR [28]. Firstly, a 156 bp fragment correspond-
ing to the NH2-terminal region (preceding the five-HAMP module)
of DhNik1p was amplified using forward AR5 (50-GGGAATTCCA-
TATGATGGGTACACCCGAATTAATG-30) and reverse AR2 (50-GAGA-
AGTTCATTGGCCGACTTGGAGGTATC-30) primers. In the second
PCR, a 1820 bp fragment corresponding to the seven-HAMP mod-
ule of Tco1p was amplified from plasmid pTco1 [14] using forward
AR1 (50-CGGCCAATGAACTTCTCAAAGCTCAAGTTC-30) and reverse
AR3 (50-GGTGTTTCTCTCGATGGACTCTCTGAGATTG-30) primers.
The third PCR was done to amplify the hybrid histidine kinase
region comprising of 1926 bp from pDhNik1 using AR4
(50-CCATCGAGAGAAACACCGCTGCAAGGG-30) and AR-8 (50-
ACGCGTCGACTCAATCAAGATATTCAATCCTTGG-30) as forward and
reverse primers respectively. The three PCR products were taken
as template for the subsequent overlap extension PCR to create
DhNik1–Tco1 chimera using the forward AR5 (50-GGGAATTCCA-
TATGATGGGTACACCCGAATTAATG-30) and the reverse AR-8 (50-
ACGCGTCGACTCAATCAAGATATTCAATCCTTGG-30) primers respec-
tively. The amplified PCR product was initially cloned in pGEM5Z
vector at Sma1 restriction site to obtain pGEM-DhNik1–Tco1. The
positive clone was confirmed by DNA sequencing. Finally, the
3.9 kb Nde1/Sal1 fragment from pGEM-DhNik1–Tco1 correspond-
ing to the ORF encoding DhNik1–Tco1 (1300 aa) was cloned in
plasmid pRS423 [29] along with the promoter of DhNik1 to obtain
pDhNik1–Tco1. pRS423 is a multicopy yeast episomal vector with
2l ori and HIS3 marker.

Seven deletion mutants were generated using overlap extension
PCR strategy, wherein individual HAMP domains were deleted.
These mutants were named as DH1, DH2, DH3, DH4, DH5, DH6
and DH7. Another set of six different truncated constructs were
generated where the HAMP domains were deleted sequentially
such that the number of thesedomains were serially reduced
(DH1–2, DH1–3, DH1–4, DH1–5, DH1–6 and DH1–7). For DH1, a
�2.3 kb fragment which carried a deletion in HAMP1 domain
was made by overlapping extension PCR using mutagenic forward
(50- CAAGTCGGCCAATGAAGTCGAGCGTGTGTCTTTGG-30) and re-
verse (50- CGCTCGACTTCATTGGCCGACTTGGAGGTATC-30) primers.
This fragment was cloned into pDhNIk1–Tco1 at Nde1-EcoR1 site
replacing the original fragment to obtain DH1. All other constructs
were made in a similar way using different mutagenic primers the
sequence of which will be made available upon request. Mutations
in all the clones were confirmed by automated DNA sequencing.
2.3. Western blotting

Phosphorylated Hog1p in S. cerevisiae strain NM2 (sln1-ts
ste11D) expressing DhNik1–Tco1 was detected by western blotting
[30]. Cells were grown in SD medium at 28 �C until OD600 of 0.5–
0.7 and then shifted to 37 �C for 1h. The total cell extract
(�20 lg protein) from each sample was blotted onto nitrocellulose
membrane and dually phosphorylated Hog1p was detected using
anti-dually phosphorylated p38 antibody (Cell Signaling Inc.,).
The level of Hog1p was detected in the same blot after re-probing
with anti Hog1p antibody (Y-215; Santacruz Biotech).
3. Results and discussion

The presence of HAMP domain repeats at the NH2-terminus is a
unique feature of the group III HHK. The poly HAMP unit acts as
sensor and regulates the histidine kinase activity of the group III
HHK in response to osmostress or the antifungal agent fludioxonil.
Interestingly, the number of the HAMP domain repeats varies
among the orthologs from different genera. The orthologs from
yeast, filamentous ascomycetes and basidiomycetes contain five,
six and seven HAMP domain repeats respectively. Tco1p is one of
the well characterized group III HHKs from the basidiomycetous
human fungal pathogen C. neoformans [14]. Tco1p had been shown
to regulate a plethora of cellular events, including stress responses,
drug sensitivity, sexual reproduction, and virulence in this organ-
ism which was primarily through the HOG pathway. SMART anal-
ysis showed that Tco1p contained seven HAMP domain repeats
(Fig. 1A). Each HAMP domain was interspersed with a linker region
having HAMP like features [31]. To dissect the role of individual
domain in the seven-HAMP module we have constructed a chimera
DhNik1–Tco1 by swapping the five-HAMP module in DhNik1p
(53–475 amino acid residues) with the seven-HAMP module
(208–814 amino acid residues) of Tco1p (Fig. 1A). This construct
was expressed under the regulation of DhNIK1 promoter in S. cere-
visiae strains RJ1428 carrying sln1 deletion. In S. cerevisiae deletion
of sln1 gene is lethal as it causes constitutive activation of HOG
pathway. In RJ1428, the lethality of sln1 deletion was suppressed
by expressing a phosphatase, PTP2, from a URA3 based multicopy
plasmid. Thus, the presence of this plasmid becomes essential for
the survival of the strain RJ1428 and this can be assayed easily
using 5-Fluoroorotic acid (5-FOA) plate as the URA3 positive cells
will not grow on this plate. RJ1428 transformed with plasmid har-
boring DhNik1–Tco1 showed good growth on 5-FOA plate (Fig. 1B).
In comparison, the control strain containing the vector failed to



Fig. 1. Complementation of sln1 mutation in S. cerevisiae by DhNik1–Tco1 chimera.
(A) Diagrammatic representation of the domain architecture of DhNik1p, Tco1p and
DhNik1–Tco1 chimera. Five-HAMP module of DhNik1p was replaced by the seven-
HAMP module of Tco1p to create DhNik1–Tco1 chimera. HHK represents histidine
kinase and receiver domains. (B) S. cerevisiae strain RJ1428 transformed with vector
pRS423 or DhNik1–Tco1 was patched on SD plate and SD plate containing 1 mg/ml
5FOA. Growth of the cells incubated at 28 �C for two days is shown. (C)
Immunoblots showing the level of Hog1p phosphorylation in S. cerevisiae strain
NM2 (sln1-ts) expressing DhNik1–Tco1 at non-permissive temperature (37 �C).
Cells were grown on SD medium with required nutrient supplement at 28 �C till
exponential phase (OD600 � 0.7) before exposing them to 37 �C. The level of dually
phosphorylated Hog1p (P-Hog1) was detected in the cell extracts with anti-
phospho p38 antibody. Un-induced control – total extract from cells grown at 28 �C.
+ve control – cell extracts from NM2 grown at 28 �C up to exponential phase and
exposed to 0.7 M NaCl for 15 min. Blots were re-probed with anti Hog1 antibody to
detect total Hog1. P-Hog1 or Hog1 indicate phosphorylated or total Hog1p in the
blot.

Fig. 2. DhNik1–Tco1 confers fludioxonil sensitivity to S. cerevisiae. (A) S. cerevisiae
strain NM2 harboring vector pRS423 or DhNik1–Tco1 was grown at 28 �C up to
exponential phase. 5 ll of the ten fold serial dilutions of these cultures (normalized
to OD600 1.0) was spotted onto SD plate or SD plate containing 5 lg/ml fludioxonil.
Plates were incubated at 28 �C for two days before photographed. (B) S. cerevisiae
strain NM2 harboring DhNik1–Tco1 was grown at 28 �C up to exponential phase
before being exposed to fludioxonil (5 lg/ml). Total extracts of the cells were
collected at different time points were subjected to immuno-blotting to detect the
level of dually phosphorylated Hog1p (P-Hog1). Total extract from cells grown at
28 �C was loaded as control.
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grow on 5FOA plate as the presence of the plasmid expressing PTP2
was essential for its growth. These results indicated that DhNik1–
Tco1 could complement sln1 mutation in S. cerevisiae.

In S. cerevisiae, Sln1p negatively regulates the HOG pathway.
Earlier we have shown that DhNik1p also regulated the HOG path-
way in a similar fashion [17,18]. Under normosmolarity conditions,
the kinase activity of Sln1p prevents the activation of Hog1p. We
therefore, wanted to check whether DhNik1–Tco1 was also profi-
cient in preventing the HOG pathway activation in the absence of
Sln1p. For this S. cerevisiae strain NM2 expressing DhNik1–Tco1
was grown to early logarithmic phase (OD600 � 0.7) and then ex-
posed to 37 �C for different length of time. The levels of phosphor-
ylated Hog1p in the total cell extract were determined by
immunoblotting. As expected, in the un-induced control cells
grown at 28 �C, no phosphorylated Hog1p was detected. S. cerevisi-
ae strain NM2 harbors temperature sensitive allele sln1-ts and
therefore, the incubation of the cells at 37 �C activates the HOG
pathway. However, the phosphorylated Hog1p could not be de-
tected in NM2 which was expressing DhNik1–Tco1 and exposed
to 37 �C (Fig. 1C). The level of phosphorylated Hog1p remained un-
changed even after 6 h of exposure to non-permissive temperature
(data not shown). These results thus indicated that the chimeric
construct was proficient in regulating the HOG pathway.

The members of the group III HHK are molecular target for the
antifungal activity of fludioxonil and the heterologous expression
of the group III HHK renders S. cerevisiae cells sensitive to this
compound. Therefore, we checked whether DhNik1–Tco1 chimera
could also confer fludioxonil sensitivity to S. cerevisiae. For this,
DhNik1–Tco1 construct was transformed into S. cerevisiae and
the fludioxonil sensitivity of the transformant was checked on SD
plates containing 5 lg/ml fludioxonil by dilution spotting. S. cerevi-
siae expressing DhNik1–Tco1 did not show any growth and it was
highly sensitive to fludioxonil (Fig. 2A). Earlier studies showed that
the inhibition of the group III HHK by fludioxonil in S. cerevisiae re-
sulted in the inappropriate activation Hog1p [5,11,18]. Therefore,
we determined the level of phosphorylated Hog1p in S. cerevisiae
expressing DhNik1–Tco1 by immunoblotting after exposing the
cells to fludioxonil. In control untreated sample, the phosphory-
lated Hog1p could not be seen (Fig. 2B). In comparison, the phos-
phorylated Hog1p appeared within five minutes of exposure to
fludioxonil. The level of phosphorylated Hog1p remained similar
even after six hours indicating the constitutive activation of the
HOG pathway by fludioxonil. Together these results suggested that
DhNik1–Tco1 chimera could recapitulate group III HHK function in
S. cerevisiae efficiently.

In prokaryotic sensor histidine kinases, HAMP domain has been
shown to play active role in the intra-molecular signal transduc-
tion from the trans-membrane to the cytoplasmic kinase domain
[24]. DhNik1–Tco1 possesses seven HAMP domains. Previous stud-
ies indicated that HAMP domain repeats were very important for
the functionality of the group III HHKs and they appeared to act
as both sensor and the regulatory modules in response to the
changes in the external osmolarity [17,18]. The mutations in the
HAMP domains of Nik1p orthologs conferred osmo-sensitive and
fungicide resistance phenotype to the host [11,12,19,25]. In the
case of DhNik1p which contained a five HAMP module, it was ob-
served that the individual domains had distinct roles and moreover
the positions and the arrangement of the HAMP domain repeats
were crucial for its function. To investigate the role of each HAMP
domain in DhNik1–Tco1, we constructed a set of mutants where



Fig. 4. Functional analysis of DhNik1–Tco1 mutants carrying serial deletion in
HAMP domains. (A) S. cerevisiae strain RJ1428 transformed with mutants of
DhNik1–Tco1 was patched on SD plate and SD plate containing 1 mg/ml 5FOA.
Growth of the cells incubated at 28 �C for two days is shown. (B) Dilution spotting of
S. cerevisiae strain NM2 transformed with HAMP domain mutants of DhNik1–Tco1
on SD plate or SD plate containing 5 lg/ml fludioxonil. Plates were incubated at
28 �C for two days and 10�1 and 10�2 dilutions are shown. (C) Cartoon showing the
effect of fludioxonil on the activity of DhNik1–Tco1 and DH6 mutant.
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individual HAMP domains were deleted. These mutants were
introduced into S. cerevisiae strain RJ1428 and the growth pattern
of the transformants was checked on 5FOA plate. The deletion of
HAMP1, HAMP2, HAMP3, HAMP4, HAMP5 or HAMP7 domain re-
sulted in a nonfunctional allele as the cells carrying these mutants
could not grow in the presence of 5FOA (Fig. 3A). In contrast, the
growth pattern of DH6 on 5FOA plate was quite similar to
DhNik1–Tco1 (Fig. 3A). This result clearly indicated that HAMP6
domain was dispensable for the kinase activity of DhNik1–Tco1
whereas the other HAMP domains were essential for it. Next we
checked whether these HAMPdomain mutants could confer fludi-
oxonil sensitivity to S. cerevisiae. For this, the mutant constructs
were transformed into S. cerevisiae strain NM2 and the growth pat-
terns of the transformants were checked on fludioxonil plates by
dilution spotting. As expected, the mutants DH1, DH2, DH3,
DH4, DH5 and DH7 showed fludioxonil resistance as they were
nonfunctional. However, the mutant DH6 which could functionally
complement sln1 mutation, also showed resistance to fludioxonil
(Fig. 3B). These results indicated that the histidine kinase activity
of DH6 was unresponsive to fludioxonil. Earlier studies showed
that the constitutive kinase mutants did not confer fludioxonil sen-
sitivity to S. cerevisiae [18]. The mutant DH6 behaved in a similar
fashion. To understand the role of each domain further, the HAMP
domains were sequentially deleted in DhNik1–Tco1 to obtain
DH1–2, DH1–3, DH1–4, DH1–5, DH1–6 and DH1–7. In DH1–2,
the first two HAMP domains were deleted whereas the mutant
DH1–7 was devoid of all seven HAMP domains. To examine the
functional consequences of these deletions, these constructs were
transformed into RJ1428 strain and the growth pattern of the
transformants was examined on 5FOA plate. The mutants carrying
deletion in first two, three or four HAMP domains did not grow
5FOA plate which indicated that they were non functional
(Fig. 4A). Similarly the removal of all the HAMP domains (DH1–
7) also resulted in a nonfunctional allele. In comparison, the
growth of the mutant DH1–6 on 5FOA plate was quite similar to
that of DhNik1–Tco1. With the mutant DH1–5, fewer colonies ap-
peared on 5FOA plate, suggesting that this mutant also retained ki-
nase activity albeit partially. Interestingly, the mutant DH1–6 also
showed fludioxonil resistance phenotype and thereby indicating
that it was also a constitutive kinase mutant (Fig. 4B).

Group III HHKs constitute an important class of molecular tar-
get for antifungal agents [5]. The presence of HAMP domain re-
peats is a unique structural feature in this group [5,23,17,25]. In
the case of DhNik1p which contained five HAMP domains, the
Fig. 3. Functional analysis of DhNik1–Tco1 mutants carrying deletion in HAMP
domains individually. (A) S. cerevisiae strain RJ1428 transformed with HAMP
domain mutants of DhNik1–Tco1 was patched on SD plate and SD plate containing
1 mg/ml 5FOA. Growth of the cells incubated at 28 �C for two days is shown. (B)
Dilution spotting of S. cerevisiae strain NM2 transformed with HAMP domain
mutants of DhNik1–Tco1 on SD plate or SD plate containing 5 lg/ml fludioxonil.
Plates were incubated at 28 �C for two days and 10�1 and 10�2 dilutions are shown.
poly-HAMP module appeared to act as sensor as well as regulator
for the C-terminal kinase domain [17,18]. In comparison to
DhNik1p, orthologs from basidiomycetes harbor seven HAMP do-
mains. How these structurally distinct organizations perform sim-
ilar function is not very clear. Present study is the first
documentation to understand the role of individual HAMP domain
in a seven-HAMP module. Since the functional characterization
was carried out in S. cerevisiae, we have made a chimeric yeast-like
group III HHK having a seven-HAMP module. Compare to the yeast
orthologs e.g., DhNik1p, Tco1p has much longer NH2-terminal end
(208 amino acid) preceding the seven-HAMP module which may
have functional importance in their native host (Fig. 1A). In fact,
S. cerevisiae strain expressing DhNik1–Tco1 exhibited fludioxonil
sensitivity at much lower concentration than that was observed
with Tco1p (data not shown). Moreover DhNik1–Tco1 showed
much stronger phenotypic complementation of sln1-ts mutation
at 37 �C than Tco1p. To determine the contributions of each HAMP
domain in the functionality, we made several deletion mutants of
DhNik1–Tco1. The phenotypic analysis of the deletion mutants
showed that both DH6 and DH1–6 were functional and exhibited
resistance to fludioxonil. Unlike DhNik1–Tco1, fludioxonil did not
inhibit the activity of these mutants. In DhNik1–Tco1 the HAMP6
domain was not essential for kinase activity of DhNik1–Tco1 how-
ever, in the absence of this domain DhNik1–Tco1 became constitu-
tively active kinase. Therefore, HAMP6 domain in DhNik1–Tco1
appeared to be crucial for responding to the environmental stress
and fludioxonil sensitivity (Fig. 4C). In case of a yeast ortholog
DhNik1p, the fourth HAMP domain was shown to be crucial for
osmosensing and fludioxonil sensitivity [7,18]. The kinase activity
of DhNik1p was regulated negatively by the fourth HAMP domain.
The function of the HAMP6 domain in DhNik1p was analogous to
that of the fourth HAMP domain in DhNik1p. Thus, the negative
regulation by the penultimate HAMP domain, therefore, appeared
to be a common, evolutionarily conserved theme in group III HHK.

Acknowledgment

We thank J. Fassler and Y. S. Bahn for yeast strain and plasmid.
Supported by Grant no BT/PR10645/BRB/10/613/2008, DBT, India.
A.R is a recipient of SRF from the CSIR, India. We thank R. Sharma
and D. Bhatt for excellent technical assistance.



144 A. Randhawa, A.K. Mondal / Biochemical and Biophysical Research Communications 438 (2013) 140–144
References

[1] N.L. Catlett, O.C. Yoder, B.G. Turgeon, Whole-genome analysis of two-
component signal transduction genes in fungal pathogens, Eukaryotic Cell 2
(2003) 1151–1161.

[2] N. Chauhan, R. Calderone, Two-component signal transduction proteins as
potential drug targets in medically important fungi, Infect. Immun. 76 (2008)
4795–4803.

[3] Y.S. Bahn, C. Xue, A. Idnurm, J.C. Rutherford, J. Heitman, M.E. Cardenas, Sensing
the environment, lessons from fungi, Nat. Rev. Microbiol. 5 (2007) 57–69.

[4] M. Kruppa, R. Calderone, Two-component signal transduction in human fungal
pathogens, FEMS Yeast Res. 6 (2006) 149–159.

[5] C. Tanaka, K. Izumitsu, Two-Component signaling system in filamentous fungi
and the mode of action of dicarboximide and phenylpyrrole fungicides, in:
Odile Carisse (Ed.), Fungicides, Intech, 2011, pp. 523–538.

[6] L.A. Alex, K.A. Borkovich, M.I. Simon, Hyphal development in Neurospora crassa,
involvement of a two-component histidine kinase, Proc. Natl. Acad. Sci. USA 93
(1996) 3416–3421.

[7] M.M. Schumacher, C.S. Enderlin, C.P. Selitrennikoff, The osmotic-1 locus of
Neurospora crassa encodes a putative histidine kinase similar to osmosensors
of bacteria and yeast, Curr. Microbiol. 34 (1997) 340–347.

[8] L.A. Alex, C. Korch, C.P. Selitrennikoff, M.I. Simon, COS1, a two-component
histidine kinase that is involved in hyphal development in the opportunistic
pathogen Candida albicans, Proc. Natl. Acad. Sci. USA 95 (1998) 7069–7073.

[9] W. Cui, R.E. Beever, S.L. Parkes, P.L. Weeds, M.D. Templeton, An osmosensing
histidine kinase mediates dicarboximide fungicide resistance in Botryotinia
fuckeliana (Botrytis cinerea), Fungal Genet. Biol. 36 (2002) 187–198.

[10] H. Avenot, P. Simoneau, B. Iacomi-Vasilescu, N. Bataillé-Simoneau,
Characterization of mutations in the two-component histidine kinase gene
AbNIK1 from Alternaria brassicicola that confer high dicarboximide and
phenylpyrrole resistance, Curr. Genet. 47 (2005) 234–243.

[11] A. Yoshimi, M. Tsuda, C. Tanaka, Cloning and characterization of the histidine
kinase gene Dic1 from Cochliobolus heterostrophus that confers dicarboximide
resistance and osmotic adaptation, Mol. Gen. Genomics 271 (2004) 228–236.

[12] N. Ochiai, M. Fujimura, T. Motoyama, A. Ichiishi, R. Usami, K. Horikoshi, I.
Yamaguchi, Characterization of mutations in the two-component histidine
kinase gene that confer fludioxonil resistance and osmotic sensitivity in the
os-1 mutants of Neurospora crassa, Pest Manag. Sci. 57 (2001) 437–442.

[13] T. Motoyama, K. Kadokura, T. Ohira, A. Ichiishi, M. Fujimura, I. Yamaguchi, T.
Kudo, A two-component histidine kinase of the rice blast fungus is involved in
osmotic stress response and fungicide action, Fungal Genet. Biol. 42 (2005)
200–212.

[14] Y.S. Bahn, K. Kojima, G.M. Cox, J. Heitman, A unique fungal two component
system regulates stress responses drug sensitivity sexual development and
virulence of Cryptococcus neoformans, Mol. Biol. Cell 17 (2006) 3122–3135.

[15] T. Maeda, S.M. Wurgler-Murphy, H. Saito, A two-component system that
regulates an osmosensing MAP kinase cascade in yeast, Nature 369 (1994)
242–245.
[16] S. Hohmann, Osmotic stress signaling and osmoadaptation in yeasts,
Microbiol. Mol. Biol. Rev. 66 (2002) 300–372.

[17] N. Meena, H. Kaur, A.K. Mondal, Interactions among HAMP repeats act as an
osmosensing molecular switch in a group III hybrid histidine kinase, J. Biol.
Chem. 285 (2010) 12121–12132.

[18] K. Furukawa, A. Randhawa, H. Kaur, A.K. Mondal, S. Hohmann, Fungal
fludioxonil sensitivity is diminished by a constitutively active form of the
group III histidine kinase, FEBS Lett. 586 (2012) 2417–2422.

[19] F. Chapeland-Leclerc, P. Paccallet, G. Ruprich-Robert, D. Reboutier, C. Chastin,
N. Papon, Differential involvement of histidine kinase receptors in
pseudohyphal development, stress adaptation, and drug sensitivity of the
opportunistic yeast Candida lusitaniae, Eukaryotic Cell 6 (2007) 1782–1794.

[20] M. Viaud, S. Fillinger, W. Liu, J.S. Polepalli, P. Le Pêcheur, A.R. Kunduru, P.
Leroux, L. Legendre, A class III histidine kinase acts as a novel virulence factor
in Botrytis cinerea, Mol. Plant Microbe Interact. 19 (2006) 1042–1050.

[21] T. Yamada-Okabe, T. Mio, N. Ono, Y. Kashima, M. Matsui, M. Arisawa, H.
Yamada-Okabe, Roles of three histidine kinase genes in hyphal development
and virulence of the pathogenic fungus Candida albicans, J. Bacteriol. 181
(1999) 7243–7247.

[22] K.L. Boyce, L. Schreider, L. Kirszenblat, A. Andrianopoulos, The two-component
histidine kinases DrkA and SlnA are required for in vivo growth in the human
pathogen Penicillium marneffei, Mol. Microbiol. 82 (2011) 1164–1184.

[23] L. Aravind, C.P. Ponting, The cytoplasmic helical linker domain of receptor
histidine kinase and methyl-accepting proteins is common to many
prokaryotic signaling proteins, Microbiol. Lett. 176 (1999) 111–116.

[24] J.S. Parkinson, Signaling mechanisms of HAMP domains in chemo-receptors
and sensor kinases, Annu. Rev. Microbiol. 64 (2010) 101–122.

[25] A. McCormick, I.D. Jacobsen, M. Broniszewska, J. Beck, J. Heesemann, et al., The
Two-component sensor kinase TcsC and its role in stress resistance of the
human-pathogenic mold Aspergillus fumigatus, PLoS ONE 7 (2012) e38262,
http://dx.doi.org/10.1371/ journal.pone.0038262.

[26] M. Oshima, S. Banno, K. Okada, T. Takeuchi, M. Kimura, A. Ichiishi, I.
Yamaguchi, M. Fujimura, Survey of mutations of a histidine kinase gene
BcOS1 in dicarboximide resistant field isolates of Botrytis cinerea, J. Gen. Plant
Pathol. 72 (2006) 65–73.

[27] W. Tao, C.L. Malone, A.D. Ault, R.J. Deschenes, J.S. Fassler, A cytoplasmic coiled-
coil domain is required for histidine kinase activity of the yeast osmosensors,
SLN1, Mol. Microbiol. 43 (2002) 459–473.

[28] S.N. Ho, H.D. Hunt, R.M. Horton, J.K. Pullen, L.R. Pease, Site-directed
mutagenesis by overlap extension using the polymerase chain reaction,
Gene 77 (1989) 51–59.

[29] T.W. Christianson, R.S. Sikorski, M. Dante, J.H. Shero, P. Heiter, Multifunctional
yeast-high-copy-number shuttle vectors, Gene 110 (1992) 119–122.

[30] P. Sharma, A.K. Mondal, Evidence that C-terminal non-kinase domain of Pbs2p
has a role in high osmolarity induced nuclear localization of Hog1p, Biochem.
Biophys. Res. Commun. 328 (2005) 906–913.

[31] V. Stewart, L.L. Chen, The S Helix Mediates Signal Transmission as a HAMP
Domain Coiled-Coil Extension in the NarX Nitrate Sensor from Escherichia coli
K-12, J. Bacteriol. 192 (2010) 734–745.

http://refhub.elsevier.com/S0006-291X(13)01192-3/h0005
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0005
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0005
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0010
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0010
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0010
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0015
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0015
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0020
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0020
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0160
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0160
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0160
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0160
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0030
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0030
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0030
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0035
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0035
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0035
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0040
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0040
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0040
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0045
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0045
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0045
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0050
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0050
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0050
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0050
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0055
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0055
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0055
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0060
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0060
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0060
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0060
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0065
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0065
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0065
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0065
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0070
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0070
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0070
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0075
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0075
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0075
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0080
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0080
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0085
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0085
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0085
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0090
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0090
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0090
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0095
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0095
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0095
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0095
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0100
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0100
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0100
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0105
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0105
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0105
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0105
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0110
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0110
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0110
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0115
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0115
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0115
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0120
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0120
http://dx.doi.org/10.1371/journal.pone.0038262
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0130
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0130
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0130
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0130
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0135
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0135
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0135
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0140
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0140
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0140
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0145
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0145
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0150
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0150
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0150
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0155
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0155
http://refhub.elsevier.com/S0006-291X(13)01192-3/h0155

	The sixth HAMP domain negatively regulates the activity of the group III HHK containing seven HAMP domains
	1 Introduction
	2 Materials and methods
	2.1 Yeast strains and growth conditions
	2.2 Plasmid construction
	2.3 Western blotting

	3 Results and discussion
	Acknowledgment
	References


