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The N-terminus of the Aspergillus fumigatus group lll hybrid
histidine kinase TcsC is essential for its physiological activity and

targets the protein to the nucleus
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ABSTRACT  Group Il hybrid histidine kinases are fungal-specific proteins and part of
the multistep phosphorelay, representing the initial part of the high osmolarity glycerol
(HOG) pathway. TcsC, the corresponding kinase in Aspergillus fumigatus, was expected to
be a cytosolic protein but is targeted to the nucleus. Activation of TcsC by the antifun-
gal fludioxonil has lethal consequences for the fungus. The agent triggers a fast and
TcsC-dependent activation of SakA and later on a redistribution of TcsC to the cyto-
plasm. High osmolarity also activates TcsC, which then exits the nucleus or concentrates
in spot-like, intra-nuclear structures. The sequence corresponding to the N-terminal
208 amino acids of TcsC lacks detectable domains. Its loss renders TcsC cytosolic and
non-responsive to hyperosmotic stress, but it has no impact on the antifungal activity of
fludioxonil. A point mutation in one of the three putative nuclear localization sequences,
which are present in the N-terminus, prevents the nuclear localization of TcsC, but not
its ability to respond to hyperosmotic stress. Hence, this striking intracellular localization
is no prerequisite for the role of TcsC in the adaptive response to hyperosmotic stress,
instead, TcsC proteins that are present in the nuclei seem to modulate the cell wall
composition of hyphae, which takes place in the absence of stress. The results of the
present study underline that the spatiotemporal dynamics of the individual components
of the multistep phosphorelay is a crucial feature of this unique signaling hub.

IMPORTANCE Signaling pathways enable pathogens, such as Aspergillus fumigatus, to
respond to a changing environment. The TcsC protein is the major sensor of the high
osmolarity glycerol (HOG) pathway of A. fumigatus and it is also the target of certain
antifungals. Insights in its function are therefore relevant for the pathogenicity and new
therapeutic treatment options. TcsC was expected to be cytoplasmic, but we detected
it in the nucleus and showed that it translocates to the cytoplasm upon activation.
We have identified the motif that guides TcsC to the nucleus. An exchange of a single
amino acid in this motif prevents a nuclear localization, but this nuclear targeting is no
prerequisite for the TcsC-mediated stress response. Loss of the N-terminal 208 amino
acids prevents the nuclear localization and renders TcsC unable to respond to hyperos-
motic stress demonstrating that this part of the protein is of crucial importance.

KEYWORDS  Aspergillus fumigatus, TcsC, HOG pathway, group Il hybrid histidine kinase,
nuclear localization sequence, Ypd1, SakA

roup Il hybrid histidine kinases (HHK) are fungal-specific signaling molecules that
G control responses to different stress conditions. All HHK possess a highly conserved
C-terminal signaling module and a diverse N-terminal sensing module. For group llI
HHK, this part consists of several HAMP domains (1). These domains were first identified
in histidine kinases, adenylate cyclases, methyl-accepting proteins, and phosphatases
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of bacteria. Each HAMP domain is an alpha-helical region of approximately 50 amino
acids (aa). Structural data, which are available for some bacterial poly-HAMP
domains, indicate that conformational changes mediate the signal transmission process
(2, 3). Their modular architecture makes poly-HAMP domains versatile tools for the
processing of various environmental signals. Fungal HHK can be divided into 11 different
groups depending on their sensing modules (4, 5). HHK of groups VI and Ill have been
functionally linked to the high osmolarity glycerol (HOG) pathway and play an important
role in the adaptation to hyperosmotic stress, but are furthermore involved in responses
to a wide array of other stress conditions (6).

TcsC is the only group Il HHK of Aspergillus fumigatus, a pathogenic mold that
menaces severely immunocompromised patients. Deletion of the tcsC gene impairs
the ability of the mutant to adapt to hyperosmotic and high salt stress. Even under
ambient conditions, the AtcsC colonies are smaller and have a distinct morphology. A
general feature of mutants that lack group Ill HHK is their resistance to the antifungal
pyrrolnitrin and its chemical derivative fludioxonil (7). Further phenotypes of the AtcsC
mutant include a sporulation defect under certain stress conditions and an increased
resistance to cell wall stressors, such as Calcofluor white (CFW) and Congo red (CR) (8).
Treatment of A. fumigatus with fludioxonil results in an increase of the internal glycerol
concentration and a dramatic swelling of the hyphal cells. This characteristic ballooning
is accompanied by the formation of additional septa, closure of septal pores, an elevated
number of nuclei per compartment, and a profound reorganization of the cell wall (8,
9). The outcome of this process is a rupture of the cell envelope and a release of the
cytoplasmic content. This ability to kill fungal cells and the fact that group Il HHK
do not exist in mammals makes them attractive targets for the development of novel
antifungals (10).

Recent data showed that TcsC executes its activity via the histidine phosphotransfer
(Hpt) protein Ypd1 and the downstream response regulators Skn7 and SskA (11, 12);
all four proteins form a so-called multistep phosphorelay (13). Our current knowledge
of the mechanisms that activate TcsC and other group Ill HHK is still in its infancy.
The localization of these proteins within the fungal cells is a relevant feature in this
context, but to date only two group Ill HHK have been characterized in this respect:
DhNIK1 of Debaryomyces hansenii was detected in the cytoplasm, but not in the
nucleus after heterologous expression in Saccharomyces cerevisiae (14), whereas Nik1 of
Candida guilliermondii was distributed throughout in the whole nucleo-cytoplasm (15).
In a previous study, we analyzed the intracellular localization of a set of N-terminally
truncated TcsC proteins and detected all of them in the cytoplasm (16). This and the
absence of predictable targeting motifs suggested that TcsC is a cytoplasmic protein.
However, our data show that in the absence of stress, TcsC resides in the nucleus and this
was the starting point for the current study.

RESULTS

TcsC harbors several domains that are depicted in Fig. 1A. In this study, we have
characterized the N-terminal part that consists of 208 aa; the different regions and key
residues of this part of the TcsC protein are summarized in Fig. 1B.

The function of a protein is often influenced by its intracellular localization. TcsC is
predicted by the WoLF PSORT algorithm to be a cytosolic protein (cyto: 14), but the
second-best option is nucleo-cytoplasmic (cyto_nucl: 9.5). PSORT Il, which includes the
“NNCN: Reinhardt’s method for cytoplasmic/nuclear discrimination,” predicts a cytoplas-
mic localization for TcsC with a score of 76.7.

Based on this information, we expected TcsC to be a cytosolic protein, but a GFP-TcsC
fusion was enriched in distinct organelle-like structures that, by co-expression with RFP-
StuA, were identified as nuclei (Fig. 2A). A small part of the nucleus contained only RFP-
StuA, but no GFP-TcsC (Fig. 2A, enlargements). In their size and shape, these intra-nuclear
structures resembled nucleoli, and co-expression of GFP-TcsC and fibrillarin

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio.01184-24 2

Downloaded from https://journals.asm.org/journal/mbio on 10 June 2024 by 141.84.41.5.


https://doi.org/10.1128/mbio.01184-24

Research Article mBio

A

G RCRCRCRCRC] SN~ 2%

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
5\5-9 1 27 1 58
| !-_
R1 R2
0 62 162 208

FIG 1 Schematic representation of the TcsC protein of A. fumigatus. The complete protein is depicted in panel A. The domains and regions are predicted using
the SMART algorithm. The indicated sequences 55-64 and 127-158 are regions of low complexity. Panel B shows only the N-terminus. The basic regions 1 and 2
(R1 and R2) are indicated in red. The acidic region (A) is depicted in green. Residues that represent borders of truncated proteins are also indicated.

(Afu1g14220)-RFP confirmed this (Fig. 2B). Hence, GFP-TcsC is recruited to the nucleus,
but it is excluded from the nucleoli.

To analyze the dynamics of GFP-TcsC, we bleached a hyphal region containing one
nucleus (Fig. 2C, boxed region). This treatment resulted in a loss of GFP-fluorescence in
this nucleus and a strongly reduced fluorescence in the whole cytoplasm (Fig. 2C, 1 min).
The bleached nucleus regained some fluorescence after 21 min, but it took another
40 min until the level was comparable to that of non-bleached nuclei (Fig. 2C). These
data demonstrate a slow exchange of GFP-TcsC molecules between the cytoplasmic and
the nuclear compartment.

To analyze whether GFP-TcsC is functional, we expressed it in a AtcsC mutant and
analyzed the phenotypes of the resulting strain. As expected from previous studies, the
growth of the AtcsC mutant was strongly impaired in the presence of 2 M sorbitol (Fig.
3A), but expression of GFP-TcsC resulted in colonies that were comparable to that of the
wild type. GFP-TcsC also restored the sensitivity of the complemented mutant to
fludioxonil (Fig. 3B). Fludioxonil-treated hyphae of the complemented strain showed a
characteristic ballooning, a shedding of galactomannan and a much stronger CFW
staining (data not shown). Taken together, these results demonstrate that GFP-TcsC can
functionally complement the AtcsC mutant.

A nuclear localization of GFP-TcsC was also observed in the AtcsC mutant (Fig. STA)
indicating that the presence of native TcsC is no prerequisite for the targeting of the
fusion protein. Moreover, the position of the GFP moiety in the fusion had no influence
on the localization, since TcsC-GFP showed a similar nuclear enrichment as GFP-TesC (Fig.
S1B).

Using live cell microscopy, we analyzed the localization of GFP-TcsC in fludioxonil-
treated hyphae over time. The nuclear enrichment of GFP-TcsC vanished after approxi-
mately 40 to 60 min (Fig. 4, upper set of images). A truncated TcsC protein comprising aa
1-746, which comprises the N-terminus and all HAMP domains, but lacks the signaling
module, is also targeted to the nucleus (Fig. S2B). This fusion protein showed no
redistribution in response to fludioxonil (Fig. S2D) demonstrating that the signaling
module is essential for this process.

We next analyzed whether the nuclear targeting of GFP-TcsC is energy-dependent.
Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) inhibits oxidative phosphorylation
and at a concentration of 200 uM, it causes an immediate growth arrest of A. fumigatus
hyphae (data not shown). Fludioxonil treatment of hyphae expressing GFP-TcsC and RFP-
fibrillarin resulted in the translocation of GFP-TcsC from the nucleus to the cytoplasm,
whereas RFP-fibrillarin remained in the nucleoli (Fig. 4, upper set of images). Pretreat-
ment of hyphae with CCCP prevented the fludioxonil-induced translocation of GFP-TcsC
to the cytoplasm (Fig. 4, lower set of images) indicating that this process is energy-
dependent.
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FIG 2 Localization of GFP-TcsC in A. fumigatus strain AfS35. Panel A shows the localization of the nuclear marker RFP-StuA in red, the distribution of GFP-TcsC

in green, and an overlay of both channels. The insets show enlargements of one nucleus. Panel B shows germlings co-expressing GFP-TcsC and RFP-fibrillarin.
The results of a bleaching experiment are shown in panel C. The initial fluorescence image (before bleaching) shows a hypha with four nuclei. The area that was
bleached is boxed. The other images show the green fluorescence at the indicated time points post-bleaching. The position of the bleached nucleus is indicated
by arrows. All fluorescence images represent maximum projections, only the bright field image in panel B depicts one optical plane. The bars in the leftmost
panels of A, B, and C represent 5 um each and are valid for all images of the respective panel.
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FIG 3 Analysis of the biological activity of GFP-TcsC. Drop dilution assays were performed to compare the ability of the parental strain AfS35, the AtcsC mutant,

and the AtcsC mutant expressing GFP-TcsC to grow in the presence of 2 M sorbitol (panel A) and 1 pug/mL fludioxonil (panel B). The data demonstrate that the

fusion protein can restore wild-type-like responses to hyperosmotic stress and the antifungal agent fludioxonil.

To investigate whether the fludioxonil-induced redistribution of TcsC is reversible,
hyphae were pretreated with fludioxonil for 3 h, washed, and then analyzed by live cell
microscopy. The GFP-TcsC fluorescence in the nuclei was initially weak, but became more
and more prominent and after approximately 45 min the nuclear enrichment reached a
level that resembled that of untreated control hyphae (Fig. 5 and data not shown). This
indicates that the fludioxonil-induced migration of GFP-TcsC is reversible and linked to
the activation of TcsC.

TcsC enables hyphae to adapt to hyperosmotic stress (8); we, therefore, analyzed the
localization of GFP-TcsC after a shift to a medium containing 1.2 M sorbitol. This treat-
ment resulted in an immediate shrinkage of the cytoplasm that was evident as a
retraction of the cellular membrane from the cell wall (Fig. 6A). GFP-TcsC showed a fast
redistribution in response to high osmotic stress; the clearly defined nuclei disappeared,
and individual nuclei became blurry and in some cases, their fluorescence nearly
vanished. The cytoplasmic shrinkage was detectable until 35 to 40 min after the osmotic
shock (Fig. 6A). At that time, the GFP-TcsC fluorescence in the nuclei was concentrated in
small, dot-like structures that converged over time and a “normal” nuclear localization of
GFP-TcsC was restored after approximately 55 min (Fig. 6A). Co-expression of TcsC-GFP
and fibrillarin-RFP revealed that the morphology of the nucleoli was largely unaffected
by the hyperosmotic shock (Fig. 6B).
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FIG 4 Fludioxonil triggers an energy-dependent translocation of GFP-TcsC to the cytoplasm. Short hyphae of A. fumigatus expressing GFP-TcsC and fibrillarin-

RFP were incubated with 1 pg/mL fludioxonil (upper set of images) or they were pretreated with 200 uM carbonyl cyanide m-chlorophenyl hydrazine (CCCP)

for 5 min and then exposed to fludioxonil (lower set of images). Images were taken at the indicated times after addition of fludioxonil and show maximum

projections of stacks of confocal images. The bar indicates 5 um and is valid for all images.

Nanduri and Tartakoff (17) reported that a hyperosmotic shock induces a transloca-
tion of several nuclear proteins of S. cerevisiae, including Cbf5p, to the cytoplasm. This
raised the possibility that the translocation of GFP-TcsC simply reflects a transient and
unspecific release of nuclear proteins. To address this, we generated a GFP fusion of the
A. fumigatus protein Afu5g05710 that shares 69.4% identical amino acids with S.
cerevisiae Cbf5p. GFP-Afu5g05710 was targeted to the nucleus and remained there after
a shift to a medium containing either 1.2 M sorbitol or 1 ug/mL fludioxonil. In hyphae
that were exposed to 1.2 M sorbitol, the shape of the nuclei changed from a round to
more drop-like morphology; treatment with fludioxonil had no impact on the morphol-
ogy of the nuclei (Fig. S3). These data indicate that the overall structure of the nuclei is
not dramatically changed by both treatments and that the observed redistribution of
GFP-TcsC is specific for this protein.

We have previously reported that GFP-TcsCy19_1337, which lacks the N-terminal
sequence up to the first HAMP domain, shows a cytoplasmic localization and can
mediate the antifungal activity of fludioxonil (16). We reinvestigated this strain and
detected the GFP fusion protein in the cytoplasm, but not in the nuclei (Fig. S4). This
demonstrates that the N-terminus is essential for the nuclear targeting. Expression of
TcsCy10-1337 in @ AtesC mutant led to a mixed phenotypic outcome: on Aspergillus
minimal medium (AMM) plates, the slightly reduced colony size of the AtcsC mutant was
not restored, but the TcsCy1_1337-expressing strain lost the typical morphology of AtcsC
colonies, namely, their white rim and their straight edge (Fig. 7A). On plates with
hyperosmotic stress (1 M NaCl, 1.2 or 2.4 M sorbitol), the TcsCyqg-_1337-€xpressing strain
formed colonies that were much smaller than those of the wild type (Fig. 7B through D).
This demonstrates that the N-terminus is essential for the physiological function of TcsC,
namely, its ability to enable wild-type-like growth under hyperosmotic conditions.
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FIG 5 After the removal of fludioxonil, GFP-TcsC migrates back to the nuclei. Hyphae of A. fumigatus strain AfS35 expressing GFP-TcsC were pretreated with
fludioxonil (1 pg/mL) for 3 h. The medium was then replaced by fresh Aspergillus minimal medium (AMM) without fludioxonil and the sample was analyzed by
life cell microscopy at the indicated times after removal of fludioxonil. The images show maximum projections of stacks of confocal images. The bar in the first
panel represents 5 um and is valid for all other panels. The increased number of nuclei is typical for fludioxonil-treated hyphae.
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FIG 6 Redistribution of GFP-TcsC in hyphae that encountered a hyperosmotic shock. At t = 0 min, hyphae were transferred to
a medium containing 1.2 M sorbitol. The presented images were taken at the indicated time points. The fluorescence images
are maximum projections of confocal stacks. Panel A shows the distribution of GFP-TcsC after the shift to a hyperosmotic
(Continued on next page)
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FIG 6 (Continued)

medium. Three nuclei are indicated by arrowheads in the images taken after 0 min and 5 min. The detachment of the
cytoplasmic membrane from the cell wall is still visible 35 min after the hyperosmotic shock (indicated by arrowheads in the
bright field image). The results of a similar experiment with a strain expressing GFP-TcsC- and fibrillarin-RFP are shown in panel
B. All images of this panel were taken 35 min after the hyperosmotic shock. The distribution of GFP-TcsC is affected, whereas
the localization pattern of fibrillarin-RFP remains undisturbed. The scale bars represent 5 um and are valid for the respective
set of panels.

Another striking feature of the AtcsC mutant is its enhanced resistance to the cell wall
stressors CFW and CR, a phenotype that disappeared after the expression of TcsCy10-1337
(Fig. 8A and B, respectively). On CR-containing plates, colonies of the wild type, the
complemented AtcsC mutant, and the mutant expressing TcsCy10-1337 had a pro-
nounced red periphery, a feature that was less evident for the AtcsC colonies (Fig. 8C).
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FIG 7 Functional characterization of TcsCy19-1337. Drop dilution assays were performed with the indicated number of conidia per spot. The parental strain

AfS35, its AtcsC mutant as well as the mutant expressing either full-length TcsC or TesCy10-1337 Were grown at 37°C on plates with AMM for 48 h (panel A) and on

AMM plates supplemented with either 1 M NaCl (panel B), 1.2 M sorbitol (panel C), or 2.4 M sorbitol (panel D) for 72 h.

Month XXXX Volume 0 Issue 0

10.1128/mbio.01184-24 9

Downloaded from https://journals.asm.org/journal/mbio on 10 June 2024 by 141.84.41.5.


https://doi.org/10.1128/mbio.01184-24

Research Article

A 5x10* 5x10° 5x10% 5x10' 5x10°
AfS35

AtcsC

AtcsC + tesC

AtesC + tesC

210-1337

AMM + CFW (15 pg/ml)

5x10* 5x10° 5x10% 5x10" 5x10°
B AfS35

AtcsC

AtcsC + tesC

AtcsC + tesC

210-1337

C AMM + CR (50 pg/ml)

AtcsC + tesC

) AfcsC 7 AtcsC + tesC

210-1337

FIG 8 The enhanced resistance of the AtcsC mutant to cell walls stress is abolished after expression
of TcsCy10-1337. Drop dilution assays on plates containing 15 pg/mL CFW or 50 pg/mL CR are shown
in panels A and B, respectively. The plates were inoculated with conidia of the indicated strains and
incubated for 48 h at 37°C. The numbers of conidia per spot are indicated. Microscopic images showing
close-ups of the edge of colonies grown on CR-containing plates are shown in panel C.

This indicates that the presence of TcsC or TesCy_1337 results in an increased sensitivity
to these stressors. The different CR binding to the colonies suggests that TcsC and
TcsCy10-1337 modulate the cell wall architecture and thereby generate additional
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binding sites for CR. We have recently shown that the cell walls of the AtcsC mutant and
the wild type differ in their composition, e.g., the amount of alpha-1,3-glucan is much
lower in the mutant (18), which implies that, even in the absence of stress, TcsC has an
impact on the cell wall architecture.

In conclusion, the data presented so far demonstrate that the N-terminal 209 aa of
TcsC are required for the nuclear localization and the response to hyperosmotic stress,
but not for the antifungal effect of fludioxonil or a wild-type-like sensitivity to cell wall
stressors. In the next step, we constructed a TcsCq_59g-GFP fusion, which lacks all HAMP
domains and the complete signaling module. After expression in AfS35, TcsCqi_o0g-GFP
was efficiently targeted to the nucleus (Fig. 9C).

Analysis of the N-terminal 208 aa for putative domains or motifs revealed only
two regions of low complexity corresponding to positions 55-64 and 127-158 (Fig.
1B and 9A). However, we identified three charged motifs (Fig. 9A): an acidic region (aa

A MTGADETLTAASAILQTLARGPDASISDPNSSHKTTNGCDTKFAKLPGEPSQAKAAFEFE

region 1

LEALIRRVRHLEFQVVSHQPYPRPAPELPLSSTKNSDFLWLFGLSRLSSHEGAASNSSCG

region 2

MOQETSRRRQRTRRIRREAEDNEADEALDDDDSDDDVDSRTRLVREEDISYLRNHVQKQA

TesC GFP

1-208"

TesC GFP

62208~

TesC GFP

71-208

TcsCR12D.GFP
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L[ Sl 7 TCSC1_208A127’137 -GEP
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FIG 9 Analysis of the N-terminal part of TcsC. The N-terminal 208 aa of TcsC are depicted in panel A. The predicted nuclear localization sequences (NLS)

are indicated in bold, and clusters of basic and acid residues are written in red or green letters, respectively. Positions that mark the boundaries of further

truncated fusion proteins are highlighted in yellow. Recruitment of TcsC1_20g-GFP, TesCe-208-GFP, TesCq_162-GFP, TesCq_ogg™ ' "**-GFP, and TesCq_z08”">*"-GFP to

the nucleus is shown in panels C, E, G, O, and S, respectively. The corresponding bright field images are depicted in panels B, D, F, N, and R. A reduced nuclear

targeting of TcsCyq_208-GFP, which lacks region 1, is shown in panel |, and the corresponding bright field image in panel H. The abolished nuclear recruitment

of TesCq_po™'”"7-GFP and TcsCq_pos" °-GFP is evident in M and Q, respectively. The corresponding bright field images are shown in L and P. The bar in B

represents 5 um and is valid for all images.
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138-158, indicated in green) as well as a shorter and a longer basic region (region 1:
aa 66-69 and region 2: aa 127-137; indicated in red). The basic regions harbor three
sequences that resemble classical monopartite NLS (consensus K(K/R) X(K/R)): 66RRVRgo,
128RRQR131, and 133RRIR136 (Fig. 9A, indicated in bold) and TcsCq_pqg alone is predicted
to be a nuclear protein (PSORT II; reliability of 94.1). We generated two additional fusion
proteins, TcsCq_162-GFP and TcsCgy_208-GFP harboring all charged regions, but each
lacking one of the flanking sequences. Both fusions showed a nuclear localization (Fig.
9E and G), but a further truncation to TcsCyq_50g resulted in a much weaker nuclear
fluorescence (Fig. 91), which suggests that the RRVR motif of region 1 is not essential but
contributes to an efficient targeting.

A deletion of region 2 in TcsCqi_oog -GFP abolished the nuclear targeting (Fig.
8M), whereas TcsCq_p08""*"*8-GFP, which lacks the acidic region, showed a clear nuclear
localization (Fig. 90). Loss of region 1 in TcsCy_p08“**°-GFP had no obvious impact on
the nuclear targeting, indicating that this motif is not essential (Fig. 9K). In conclusion,
these data demonstrate that nuclear targeting depends primarily on the basic region 2.

To further examine the functional importance of the charged regions, one amino acid
was mutated in each motif; we introduced an acidic residue in the basic motif and vice
versa. After expression in the A. fumigatus wild type or the AtcsC mutant, GFP-TcsCR'2%°
was localized in the cytoplasm, whereas GFP-TcsCP'™>*" was targeted to the nucleus (Fig.
9Q and S, respectively, and data not shown). This demonstrates that the R129D exchange
alone is sufficient to prevent a nuclear targeting. Although we observed no defect in
the nuclear localization of TcsCP'*™, it is remarkable that the morphology of this strain
was striking with hyphae showing an irregular morphology (Fig. 9R). Phenotypic testing
of AtcsC strains expressing either TcsC, TesCt'?%°, or TesCP'**™M revealed that all of them
resembled the wild type in their sensitivity to fludioxonil and their ability to adapt to
hyperosmotic stress (Fig. 10B through D, respectively). Hence, both mutated forms of
TcsC were functional, although they reside in different cellular compartments under
resting conditions. On AMM, the colonies of the mutant expressing TcsC™'*P were slightly
smaller and had a more pronounced white rim compared to the wild type and were more
similar to colonies of the AtcsC mutant. On plates containing the cell wall stressors CR or
CFW, expression of both mutated TcsC proteins resulted in an increased resistance as is
typical for the AtcsC mutant (Fig. 10E and F). Hence, TcsC has an impact on the resistance
level to CFW or CR in the wild type, but not in strains expressing either TcsC*'?*° or
TCSCD155H.

The data presented so far indicate that activation of TcsC causes its redistribution
within the cell. TcsC executes its physiological and antifungal activity via the response
regulators Skn7 and SakA (11). Skn7 is a nuclear protein, both in its activated or non-
activated form, whereas SakA translocates from the cytoplasm to the nucleus upon
activation. In the AfS35 wild type, SakA-GFP translocated to the nucleus within 2 min
after the addition of fludioxonil (Fig. 11A). In the AtcsC mutant, GFP-SakA showed no
translocation in response to fludioxonil; instead, we observed a weak nuclear enrichment
of the fusion protein at all time points and in the presence and absence of fludioxonil
(Fig. 11B). This demonstrates that SakA is activated in a TcsC-dependent manner and
this activation occurs before a redistribution of TcsC from the nucleus to the cytoplasm
is evident. In S. cerevisiae, Hog1p becomes activated by phosphorylation (19), and the
corresponding site is well-conserved in SakA. We have mutated the residues TGY at
positions 171 to 173 of SakA to AGA. The resulting GFP fusion protein, GFP-SakA*,
showed no nuclear translocation in response to fludioxonil and was hardly detectable
in the nuclei of resting hyphae (Fig. 11C). This demonstrates that the translocation of
SakA to the nucleus is triggered by its phosphorylation at residues 171 and/or 173.
The fludioxonil-induced translocation of SakA-GFP to the nucleus was also detectable
in AtcsC strains expressing either TcsCy19-1337 (Fig. 11D) or TesCH'*P (data not shown)
indicating that both proteins can activate the MAP kinase cascade of the HOG pathway.
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FIG 10 Phenotypic analysis of strains AtcsC + tcs and AtcsC + tcsC°"**". The two strains under investigation and the control strains AfS35 (wild type), AtcsC,

and AtcsC + tcsC were grown at 37°C on the indicated media. The numbers of conidia per spot and the concentrations of the supplements are indicated.
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mBio
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SakA-GFP

FIG 11 Impact of fludioxonil on the localization of SakA-GFP. Images were taken before and at the indicated time points after the addition of fludioxonil

(1 pg/mL). GFP images of the wild-type strain AfS35 and its AtcsC mutant are shown in panels A and B, respectively. SakA*-GFP indicates a mutation of the

putative phosphorylation site of SakA. In the wild type, SakA*-GFP showed no translocation in response to fludioxonil (panel C). The localization of SakA-GFP in

AtcsC expressing TcsCy10-1335 is shown in panel D. The bar in panel C represents 5 um and is valid for all images.

DISCUSSION

We identified TcsC as the first group Il HHK that is recruited to the nucleus. This targeting
occurs no matter whether TcsC is fused to the N- or C-terminus of GFP. Proteins that are
smaller than 60 kDa can freely diffuse through the nuclear pore (20, 21), but TcsC with
a molecular weight of approximately 150 kDa requires the nuclear import machinery
to pass through the nuclear pore. Remarkably, GFP-TcsC is excluded from the nucleoli,
a membrane-less organelle within the nucleus where ribosome biogenesis takes place.
From the different GFP-TcsC fusion proteins that were analyzed in this study, only some
show this exclusion from the nucleolus.

The information for the nuclear targeting resides in the N-terminal 208 aa of TcsC.
A fusion protein comprising this part of TcsC is small enough to travel freely through
the nuclear pore. Since nucleoli are not separated by membranes from the rest of the
nucleus the exclusion of TcsCq_5pg-GFP from the nucleolus indicates that these truncated
TcsC moieties bind to yet unknown molecules or structures, that are present in the
nucleus, but not in the nucleolus.

Bleaching experiments indicate a slow shuttling of full-length GFP-TcsC molecules
between the cytoplasm and the nucleus. Activation of TcsC by fludioxonil results in
cytoplasmic localization of the vast majority of the GFP-TcsC proteins, which requires
approximately 2 h. Removal of fludioxonil induced a re-localization of the nuclei in a
roughly similar time course. Hence, the kinetics of the translocation in either direction are
slow. We initially assumed that the translocation of TcsC indicates an activation, but this
concept is challenged by two observations: the TcsC-dependent phosphorylation and
translocation of SakA occurs already 2 min after the addition of fludioxonil (this study;
8) and RNAseq data indicate a strong and TcsC-dependent transcriptional response 1 h
after the addition of fludioxonil (18). The migration of TcsC from the nucleus to the
cytoplasm represents therefore a late event in the response to fludioxonil. A model that
depicts the situation before as well as 2 and 60 min after the addition of fludioxonil
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is shown in Fig. 12. According to this model, fludioxonil activates TcsC immediately,
which is in line with the fact that fludioxonil induces an immediate growth arrest of A.
fumigatus hyphae (9). An activation of SakA requires TcsC and is evident after 2 min in
the presence of fludioxonil, a time point when only low amounts of TcsC are present
in the cytoplasm. Activation of SakA results in an elevated osmotic pressure in the
cytoplasm. Other, largely Skn7-dependent processes run in parallel and weaken the cell
wall, which paves the way for the dramatic morphological changes that are characteristic
of fludioxonil-treated hyphae. We hypothesize that activated TcsC proteins are retained
in the cytoplasm, which then slowly depletes TcsC from the nucleus (Fig. 12). The slow
kinetics of this process correlates well to the gradual turn-over of TcsC in the nuclei of
non-stressed cells.

The TcsC molecule can be divided into an N-terminal sensing molecule (aa 1-750)
and a C-terminal signaling module (aa 751-1337) (16). According to the concept of
Bahn (22), the signaling module becomes activated and delivers phosphoryl groups
to the downstream HPt protein Ypd1. In A. fumigatus, Ypd1 is present in the whole
nucleo-cytoplasm and shuttles between both compartments. Ypd1 translocates much
faster than TcsC (12), which is likely due to its much smaller size.

TesC interacts with Ypd1 to modulate the activities of the two response regulators
SakA and Skn7. For the antifungal activity of fludioxonil, Skn7 is more important than
SakA (11). Under resting conditions, SakA is a cytosolic protein that translocates to the
nucleus upon activation, whereas Skn7 resides in the nucleus both, in the presence
and absence of stress (12). Due to the ability of Ypd1 to shuttle freely between the
nucleus and the cytoplasm, TcsC can activate both response regulators independent of
its localization.

In response to hyperosmotic stress, hyphal cells show a fast shrinkage of the
cytoplasm that entails a partial detachment of the cytoplasmic membrane from the
cell wall. Concomitantly, a high percentage of GFP-TcsC proteins migrated from the
nuclei to the cytoplasm. Approximately 40 min after the hyperosmotic shock, the normal
cellular morphology was restored. In this adaptation phase, GFP-TcsC became enriched
in distinct spots within the nuclei. A similar enrichment in punctuated structures after
exposure to hyperosmotic stress was reported for the TcsC ortholog Nik1 of C. guillier-
mondii, but in the yeast, these spots were not restricted to the nucleus (15). The nature

O min 2 min
4 N/ [cell wall ] "\
HHKs HHK |
YSd1-P ,//-/"?c;f/ Ypd1 | TesC
SskA-P SskA
SskB

K SakA / \SSkB-P*% SakA-P | [glycerol T]|/

mBio

60 min

4 [cellwall]

HHK

Ypd1t TesC
SskA

\SskB-P—»—»—» SakA-P | [glycerol ™

red = activated protein
«— : translocation
A rimpact

——— inactivation
<« : phosphotransfer

FIG 12 Model of events that are triggered by fludioxonil at an early (2 min) and later time point (60 min). The names of activated proteins are written in red. The

size of the letters indicates differences in the abundance of TcsC in the different cellular compartments. The dimer formation between phospho-SskA and SskB

results in inactivation of the MAP kinase cascade from SskB to SakA.
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of the TcsC-positive nuclear structures and their relevance for the adaptive response to
hyperosmotic stress is still an open issue. Co-expression with the nucleoli-specific protein
fibrillarin indicates that the TcsC-positive spots and the nucleoli are different cellular
structures. There are similarities between the TcsC-containing spots and nuclear stress
bodies and stress granules in mammalian cells (23, 24) that may help to tackle this point
in the future. After the hyperosmotic shock, the TcsC-positive spots enlarged and merged
to finally restore a normal nuclear enrichment of TcsC. The overall structure of the nuclei
was not affected by the hyperosmotic shock. In conclusion, these data demonstrate
that both, fludioxonil and hyperosmotic stress cause a re-localization of GFP-TcsC that
is reversed after removal of the antifungal or as soon as a new osmotic homeostasis is
established.

A truncated TcsC lacking the N-terminal 209 aa resides in the cytoplasm and is
excluded from the nucleus. This together with the nuclear targeting of TcsCq_o0g-GFP
demonstrates that the N-terminus of TcsC is both, essential and sufficient for the
recruitment to and the retention in the nucleus. An A. fumigatus strain expressing only
TcsCy10-1337 is unable to cope with hyperosmotic stress but is sensitive to fludioxo-
nil. Hence, the N-terminus is required for the nuclear targeting and the physiological
function of TcsC, but not for its interaction with fludioxonil.

Proteins are guided to the nucleus by motifs that are recognized by the nuclear
import machinery (20), e.g., the classical monopartite NLS with the consensus sequence
K(K/R)X(K/R). Three very similar motifs exist in the N-terminus of TcsC, one in region 1
(RRVR; aa 66-69) and two adjacent motifs in region 2 (RRQR and RRIR; aa 128-136).
Experiments with GFP fusions harboring the N-terminus of TcsC, but lacking either region
1 or 2 indicate that only region 2 is essential for the nuclear targeting.

To analyze this in more detail, we expressed TcsC™'*P in the genetic background
of a AtcsC mutant and analyzed its biological activities. TcsC*'?*° is no longer targeted
to the nucleus, but this mis-localization was not associated with a functional defect,
since TcsCMP enabled wild-type-like responses to fludioxonil and hyperosmotic stress.
In contrast, the loss of the N-terminal 208 amino acids renders TcsC unable to respond
to hyperosmotic stress, which indicates that this part of the protein is essential for this
adaptive response.

The distinct morphology of AtcsC mutant colonies (8) indicates that TcsC fulfills
certain functions in non-stressed hyphae when the protein resides in the nucleus. The
finding that the colonies of the TcsC*'**P-expressing strain resembled those of the AtcsC
mutant provides a first hint that the nuclear localization of TcsC may be important for
these functions. Another observation that points in this direction is that TcsC?'?*°- or
TcsCP'**M-expressing strains showed a high level of resistance to the cell wall stressors
CFW and CR, similar to the AtcsC mutant. This resistance indicates that TcsC modulates
the cell wall in a way that renders hyphae more sensitive to CFW and CR. The high
resistance levels of the TcsCM'*P- and the TcsCP'**M-expressing strains suggest that this
activity requires recruitment of TcsC to the nucleus and depends on the acidic motif in
the N-terminus of TcsC, respectively. The irregular morphology of hyphae that express
TesCP™*M provides further support for this concept.

In summary, this study has identified the N-terminus of TcsC as a functionally
important part of the protein. The N-terminus guides the protein to the nucleus, but
this distinct localization is not required for its function in the adaptive stress response.
Hence, our data suggest that TcsC switches between two activities: in the absence of
stress, TcsC influences the cell wall composition and this requires its nuclear localization;
after activation by hyperosmotic stress or fludioxonil, TcsC activates the HOG pathway.
These distinct activities may reflect a switch in the enzymatic activity of TcsC as it was
previously reported for the group Il HHK Drk1 of Blastomyces dermatitidis that was
shown to switch from a kinase activity under resting conditions to a phosphatase activity
in the activated state (25). Our data demonstrate a well-orchestrated spatiotemporal
dynamic of TcsC, which represents another element in the complex architecture of
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the multistep phosphorelay. Further research is necessary to analyze the functional
significance of these entangled processes in more detail.

MATERIALS AND METHODS
Strains

The strains that were used in this study are summarized in Table S1. If not stated
otherwise the fungal strains were grown on plates containing AMM with or without
further supplements as indicated in the text. The recipe of AMM and the procedure used
to isolate conidia were described previously (26).

Generation of mutant strains

Strain AfS35, which lacks a functional non-homologous end-joining system, was used
to generate all mutant strains (27). For cloning experiments, all PCR reactions were
performed with the Q5 High Fidelity DNA Polymerase (New England Biolabs). All
oligonucleotides are listed in Table S2.

The plasmids pSK379, pSK379-RFP-Phleo, and pSK379-GFP have been described
previously (12, 28). Suitable PCR products were cloned into the Pmel or EcoRV site of
the target vector and after transformation, the fusion proteins were expressed from the
vector-derived gpdA promoter. To introduce point mutations or deletions, we used a
suitable plasmid and mutations were introduced with the Q5 Site-Directed Mutagenesis
Kit (New England Biolabs). The respective oligonucleotides were designed using the
NEBaseChanger software (https://nebasechanger.neb.com/). All constructs were verified
by sequencing and the plasmids were then introduced into protoplasts of the appropri-
ate target strain.

To obtain a strain with tagged nuclei, the C-terminal part of the stuA gene of A.
fumigatus (Afu2g07900) was amplified using oligonucleotides StuA in EcoRV-FOR and
StuA in ECoRV-REV (29). The resulting fragment of 471 bp was cloned in the proper
orientation into the EcoRV site of pSK379-RFP-hygro and the plasmid was subsequently
introduced into a GFP-TcsC expressing AfS35 strain. After transformation, strains derived
from colonies with the expected resistance were verified by PCR and in the case of
mutants that carried substitutions or short deletions also by DNA sequencing. Strains
expressing GFP or RFP construct were furthermore analyzed by fluorescent microscopy.

Sequence analysis

Sequences were compared using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/). The intracellular localization of TcsC was predicted using WoLF PSORT (https://
wolfpsort.hgc.jp) and pSORT Il (https://psort.hgc.jp).

Microscopy

To determine the spatial distribution of GFP fusion proteins, we grew the respective
strains in AMM in cell culture multi-well chambers or p-slides (IBIDI, Martinsried,
Germany). Viable hyphae were then analyzed using a confocal laser scanning microscope
Zeiss LSM880 with an attached climate chamber that was adjusted to 37°C. For bleaching
experiments, a part of the sample (indicated as a boxed area in the respective image)
was bleached with 488 nm laser light until the GFP signals had disappeared. Videos were
taken using the ZEN black software (Zeiss, Germany).

Microscopic images of colonies grown on agar plates were taken using a Leica
DM5000B microscope with an attached DFC3000G camera.
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Phenotypic tests

For drop dilution assays, freshly isolated conidia were counted using a Neubauer-
improved chamber, and a series of 10-fold dilutions were generated starting with 2 x
10’ conidia per milliliter. The indicated number of conidia were spotted in droplets of 2.5
pL onto AMM plates with or without supplements. If not stated otherwise, plates were
incubated for 48 h at 37°C, and only sorbitol- and NaCl-containing plates were incubated
for 72 h. High-resolution images of fungal colonies grown on CR-containing plates were
taken using a Leica M205C microscope and an attached Leica MC170 HD camera (Leica
Microsystems).

To determine whether the translocation of TcsC is an active process, GFP-TcsC- and
fibrillarin-RFP expressing short hyphae were pre-incubated with 200 uM CCCP; fludioxo-
nil was then added to the medium at a final concentration of 1 ug/mL and the samples
were analyzed by live cell microscopy.
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