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Abstract

The initiation of Aspergillus fumigatus infection occurs via dormant conidia deposition into the
airways. Therefore, conidial germination and subsequent hyphal extension and growth occur in a
sustained heat shock (HS) environment promoted by the host. The Cell Wall Integrity Pathway
(CWIP) and the essential eukaryotic chaperone Hsp90 are critical for fungi to survive HS.
Although A. fumigatus is a thermophilic fungus, the mechanisms underpinning the HS response
are not thoroughly described and important to define its role in pathogenesis, virulence, and
antifungal drug responses. Here, we investigate the contribution of the CWIP in A. fumigatus
thermotolerance. We observed that the CWIP components PkcA, MpkA, and RImA are Hsp90
clients and that a PkcACG579R mutation abolishes this interaction. PkcAG%79R also abolishes MpkA
activation in the short-term response to HS. Biochemical and biophysical analyses indicated that
Hsp90 is a dimeric functional ATPase, which has a higher affinity for ADP than ATP and prevents
MpkA aggregation /n vitro. Our data suggest that the CWIP is constitutively required for A.
fumigatus to cope with the temperature increase found in the mammalian lung environment,
emphasizing the importance of this pathway in supporting thermotolerance and cell wall integrity.
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Introduction

Aspergillus fumigatus is the most common Aspergillus species to cause systemic infections
in humans (Latge & Chamilos, 2019). The clinical spectrum of aspergillosis varies, but
preexisting immunosuppression is most often associated with establishment of invasive
pulmonary aspergillosis, the most severe form of infection that accounts for high mortality
rates (van de Veerdonk er al., 2017, Brown et al., 2012, Brown et al., 2014, Sugui et al.,
2014, Kousha et al., 2011). A. fumigatus is a thermophilic saprophytic fungus that can grow
at temperatures up to 55 °C and survive as conidia at temperatures up to 70 °C (Araujo &
Rodrigues, 2004, Albrecht et al., Brakhage & Langfelder, 2002, Rhodes & Askew, 2010).
Therefore, this attribute of A. fumigatus biology allows adaptation to temperatures found
before and after infection mammalian hosts. In contrast, other species such as A. flavus, A.
terreus and A. niger are less tolerant to germination and growth at higher temperatures
(Weber et al., 2009, Perfect et al., 2001, Araujo & Rodrigues, 2004). Such species are also
less commonly as causing invasive infection (Hedayati et al., 2007).

The initiation of A. fumigatus infection occurs via dormant conidia deposition into the
airways. Therefore, conidial germination and subsequent hyphal extension and growth occur
in a sustained heat shock (HS) environment found in mammalian hosts. It has long been
hypothesized that thermotolerance significantly contributes to A. fumigatus pathogenicity
(Albrecht et al., 2010, Rhodes, 2006, Bhabhra & Askew, 2005). While many studies have
focused on defining differentially expressed genes during HS, few molecules have been
thoroughly investigated to comprehensively link the function of these proteins to heat
adaptation and virulence (Albrecht et al., 2010, Bhabhra & Askew, 2005, Do et al. 2009,
Chang et al., 2004, Zhou et al., 2007, Sueiro-Olivares et al., 2015).

Elevated temperature causes protein damage and misfolding leading to altered and potential
loss of protein function. Hsp90 (90 kDa heat shock protein) is a conserved and essential
eukaryotic molecular chaperone that mediates proteostasis (McClellan et al., 2007, Zhao et
al., 2005, Schopf et al., 2017). The ATP-dependent Hsp90 machine assists a subset of
proteins involved in several cellular processes during posttranslational folding and
macromolecular assembly. Numerous Hsp90 client proteins are protein kinases, transcription
factors (TF) and other signaling proteins involved in key signal transduction pathways
(Taipale et al., 2012). Pivotal studies in fungi have shown that when Hsp90 function is
compromised, the rapid evolution of resistance to azoles and echinocandins in fungal
pathogens such as Candida albicans and A. fumigatus is abrogated (Cowen & Lindquist,
2005, Cowen et al., 2009, Singh et al., 2009, Lamoth et al., 2014a).

In addition to altered protein function, heat stress impacts the essential fungal cell wall
(CW). One signaling cascade widely employed by fungi to maintain cell viability in
response to different sources of stresses including thermal stress is the Cell Wall Integrity
Pathway (CWIP) (Altwasser et al., 2015, Bruder Nascimento et a/., 2016, Rocha et al., 2015,
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Valiante ef a/., 2009). The apical kinase of the CWIP, PkcA, is central to the signaling
through this cascade and leads to the activation of the downstream MAP kinase MpkA and
the activation of the TF RImA (Rocha et al., 2020, Rocha et al., 2016, Rocha et al., 2015).
CWIP-mediated transcriptional responses allow cells to prioritize the remodeling and repair
of CW damage; thus, linking drug susceptibility and morphogenesis (LaFayette et a/., 2010,
Altwasser et al., 2015).

Cooperating mechanisms between the CWIP and Hsp90 function have been observed in A.
fumigatus since mutants of these genes are concomitantly more susceptible to CW stress and
elevated temperatures (Lamoth et al., 2012, Rocha et al., 2015, Valiante et al., 2009). Also,
hsp90 mediates the caspofungin paradoxical effect (Aruanno et al., 2019, Lamoth et al,
2014a, Lamoth et al., 2014b). At the protein level, the MpkA homologs in yeast and C.
albicans are known Hsp90 clients (LaFayette et a/., 2010, Diezmann et al., 2012). However,
the molecular mechanisms underpinning Hsp90’s function in A. fumigatus CW integrity
remains unknown.

Here, we investigated the contribution of the A. fumigatus CWIP proteins PkcA, MpkA and
RIMA in thermotolerance and their functional and physical interactions with Hsp90. We
observe that PkcA and Hsp90 physically interact in A. fumigatus, and the PkcAG579R
mutation abolishes this interaction. Biochemical and biophysical analyses indicate that
Hsp90 is a dimeric functional ATPase, which prevents MpkA aggregation /n vitro.

Cell wall integrity pathway (CWIP) mutants are less tolerant to heat shock (HS)

Previous results indicated that A. fumigatus CWIP mutants colony radial growth on solid
media is impacted at 45 °C (Rocha et al., 2016). To further assess the link between CW
integrity and thermotolerance, we quantified the susceptibility of the CWIP mutants to HS.
The viability of conidia exposed to HS for 12 and 24 h at 45 °C or 50 °C was significantly
reduced in comparison to the wild-type strain. Viability of conidia was about 75% lower in
both pkcACS9R and AmpkA strains exposed to 45 °C, and this value was strikingly as low
as 83% and 95% for the same strains incubated at 50 °C for 12 h. The reduction in the
viability of Ar/mA conidia reached 35% and 65% after 12 h of incubation at 45 °C and 50
°C, respectively (Fig. 1A). These results suggest that high temperature HS can be fungicidal
to conidia from these mutant strains. Subsequently, we investigated the metabolic activity of
the mature A. fumigatus biofilm consisting of hyphal cells exposed to HS. The 2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) assay was
employed to test the biofilm response to HS as previously described (Dhingra et al., 2018).
Consistent with the observed decrease in conidia viability, biofilms of pkcAG579R and
AmpkA strains also exhibited a significant decrease in metabolic activity when the biofilm
was incubated for 60 or 120 min at 48 °C (Fig. 1B). This reduction in metabolic activity
reached about 50% for the pkcAG579R mutant and was more severe for the AmpkA strain
(60% and 78%, respectively). In contrast, no significant reduction in metabolic activity was
observed for the Ar/mA strain. The biofilms obtained for the pkcASS79R and AmpkA strains
were very fragile, and the use of collagen-coated plates was crucial to maintain and stabilize
the biofilm during the experiment. The surface of the pkcAC579R and AmpkA mutants has
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reduced extracellular matrix and altered composition of the carbohydrates exposed at the cell
wall, as reported previously (Manfiolli et al., 2018, Rocha et al., 2015). Metabolic activity of
the biofilms at the baseline was similar since four times higher amount of AmpkA conidia
was inoculated to achieve similar growth rate and equal glucose consumption, as described
earlier (Jain et al., 2011). These results reinforce the observation that thermotolerance is
significantly impaired when key protein kinases of the CWIP are deficient. The lack of a
phenotype for the Ar/mA strain during biofilm HS suggests other un-studied transcriptional
regulators downstream of the canonical CWIP protein kinase are involved at the time points
studied.

PkcA-dependent MpkA phosphorylation is required for early adaptation to HS

A critical consequence of HS is the transcriptional activation of chaperones and co-
chaperones that are part of the cell responses to withstand the temperature increase. To probe
further into the contribution of the CWIP to HS, we used biofilm hyphae to measure the
MRNA levels of selected genes predicted to encode chaperone and co-chaperone proteins
and known CWIP protein encoding genes. This list of genes includes the chaperones /sp90
(AFUB_052690) (Lamoth et al., 2012) and the two cytosolic Asp70, i. e., hsp70
(AFUB_007770); and hscA (AFUB_083640; Saccharomyces cerevisiae SSBLI SSB2
homologs) previously characterized (Lamoth et a/., 2015). In addition, we included the non-
characterized genes: hsp3C-like protein (AFUB_072390); which encodes a putative integral
plasma membrane heat shock protein (Dinamarco et al., 2012), ssc70 (AFUB_025800; yeast
SSCI), which possibly encodes a mitochondrial Hsp70, similar to the human mortalin, and
the A. fumigatus homolog of the HS transcriptional regulator AsfZ (AFUB_050430; S.
cerevisiae and C. albicans HSF1 homolog). Most of these genes encode proteins known to
be Hsp90 clients or required for the Hsp90 cycle and ATP hydrolysis (O’Meara et al., 2019).
We observed that mRNA abundance of pkcA, mpkA and rimA was induced at least 2 log, -
fold in the wild-type strain after 30 min of HS at both 37 °C and 48 °C, respectively, further
supporting their expected role in the HS response in A. fumigatus (Fig. 2A-B and Fig. S1).
Importantly, the mRNA levels of pkcA increased the most among all the tested CWIP genes,
reaching about 3.8 log, -fold increase post 120 min HS at 37 °C (Fig. S1). Interestingly,
there was an increase in the mRNA levels of pkcA (4 to 4.8 log,-fold) in the AmpkA mutant
at 48 °C and a significant decrease in the mRNA levels of 7/mA in the pkcAC579R and
AmpkA strains at both temperatures. As expected, there were significant increases in the
mRNA abundance of genes involved in HS response in the wild-type strain, such as the
chaperone Asp90, which was 3.6 log, -fold induced after 30 min of HS at both temperatures.
The only exception was the AscA chaperone. We observed marked decreases in the mRNA
levels of AsfA, hsp90and hsp70 genes at both temperatures in the three CWIP mutants.
Altogether, these data indicate that the mRNA levels of predicted A. fumigatus HS effectors
are in part controlled by key regulators of the A. fumigatus CWIP.

The transcriptional analysis indicated that pkcA is very important for HS adaptation
including the host’s physiological temperature (37 °C). Based on this observation, we
constructed PkcA::GFP fusions for both the wild-type and the G579R variant under the
control of the native promoter to investigate the subcellular localization of PkcA during HS.
Under standard laboratory conditions, confocal microscopy revealed that both PkcA:: GFP
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and PkcAGS79R::GFP localizes at the hyphal tips (dome shape), septum and sites of
branching (Fig. 2C), as previously described for A. nidulans (Teepe et al., 2007). To
quantitatively determine if PkcA::GFP and PkcAG>79R::GFP showed differences in
localization at the population level prior to and during HS, the percent number of hyphal tips
containing tip localized PkcA was determined for both isoforms of PkcA over time (Fig. 2D,
upper table panel). To further quantify localization dynamics at the individual hyphae level,
a tip enrichment score was calculated (Fig. 2D) by taking the tip fluorescence and dividing
by the fluorescence of the adjacent cytoplasm for each hyphal tip, as demonstrated in Fig. S2
and Data File 1. This quantification revealed that under non-HS conditions (0 min), wild-
type PkcA had a significantly higher degree of enrichment at the hyphal tip in comparison to
the PkcAG379R jsoform (p<0.0001). From a biological standpoint the tip enrichment score is
indicative of the degree to which cells bias the localization of PkcA, and differences may be
suggestive of a difference in initial response potential to stress. On the application of HS
treatment, both isoforms of PkcA moved from the previously observed sites of accumulation
and became distributed throughout the cytosol, without any differences between the isoforms
observed in the first 8-minutes post HS (Fig. 2C-D). At 10- and 12-minutes post-HS the
PkcAGS79R jsoform began returning to the hyphal tips, with 52.4% and 67.2% tip
localization, respectively. In contrast, the percent tip localization for the wild-type PkcA at
10- and 12-minutes post-HS remained low at 24.5% and 20.6%, respectively (Fig. 2D, upper
panel p<0.05 and p<0.001, respectively). Consistently, the wild-type PkcA’s tip enrichment
score was significantly lower than PkcAC579R at these timepoints (Fig. 2D). Together these
results indicate the G579R mutation results in faster recruitment of PKcA back to the hyphal
tip after HS. Additionally, signs of cell lysis were observed exclusively in the
pkcACST9R::GFP strain shortly after application of HS (Fig. S2C), along with a small
population of germlings (less than 5% of the population) showing an accumulation of
PkcAGS79R in vesicle-like structures (Fig. S2D). Our data suggests that wild-type PkcA
spends more time in the cytosol after HS, and this brief sub cellular relocation likely
orchestrates the HS response before it is recruited again to the hyphal tips. Although
PkcAGS9R jsoform regains baseline tip localization sooner, the susceptibility of the mutant
strain to elevated temperatures suggests that this dynamic is associated with the deficient HS
response.

To further understand the contribution of CWIP regulators to thermotolerance and HS, we
investigated the activation of this pathway by assessing the phosphorylation status of the
MAP kinase MpkA after HS up to 240 min. The MpkA phosphorylation at 37 °C was
maintained at constant levels in both the wild-type and Ar/mA mutant during HS (Fig. S3).
In the pkcAC5T9R mutant strain there was a small but highly reproducible increase in MpkA
phosphorylation in the replicate experiments after 30 to 240 min of HS. In contrast to the
results at 37 °C, when the cells were exposed to 48 °C, MpkA was rapidly phosphorylated in
the wild-type strain (10-15 min) and followed by a large drop in phosphorylation after the
initial increase (Fig. 2E). MpkA phosphorylation in the Ar/mA strain at 48 °C was similar to
wild-type, though a single phosphorylation peak was detected after 10 min of HS. In
contrast to the results at 37 °C, phosphorylated MpkA was absent in the pkcAC579R strain at
all time points tested at 48 °C. These data suggest that PkcA is critical to phosphorylate
MpKA in response to severe HS.
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Taken together, these results suggest that PKcA is the critical upstream protein kinase of the
CWIP in response to HS conditions, and that MpKA is an important downstream effector
phosphorylated through a PkcA dependent mechanism to activate and sustain the HS
response, including key chaperones such as Hsp90.

Hsp90 inhibition causes loss of viability of the CWIP mutants

The observation that #sp90 mRNA levels are reduced in the CWIP regulator mutants (Fig. 2)
prompted us to investigate whether Hsp90 would be required for the CWIP response by
assessing the susceptibility of the CWIP mutant strains to the Hsp90 inhibitors radicicol and
geldanamycin (Fig. 3A-B). All the CWIP mutant strains showed higher sensitivity to these
compounds in comparison to the wild-type strain. The viability was determined via alamar
blue reduction and the 1Cs for each strain was calculated based on an inhibitor versus
normalized response model. This analysis showed that all the CWIP mutants are
significantly more susceptible to radicicol and geldanamycin than the wild-type strain (Fig.
3C-D and Table S1).

Subsequently, we investigated Hsp90 protein levels in the pkcASS79R ArimA and AmpkA
mutants during HS. At 37 °C, Hsp90 protein levels did not significantly change in the wild-
type and in the Ar/mA mutant strain. Consistent and small increases in Hsp90 abundance
occurred up to 120 min of HS for pkcACS79R and AmpkA strains (Fig. S4). However, when
cells were incubated at 48 °C, the Hsp90 abundance rapidly increased in the wild-type strain
early after 10 min. The rapid increase in Hsp90 protein levels was delayed for all CWIP
mutants as noticeable increased expression was observed only after 30-120 min of HS (Fig.
3). Taken together, these results indicate that Hsp90 is important for the CWIP in response to
HS in part through a PkcA mediated mechanism.

PkcA, MpkA and RImA are constitutive Hsp90 clients in A. fumigatus

Consequently, we next questioned whether Hsp90 physically interacts with the A. fumigatus
CWIP components. As a first approach to address this question, we utilized Co-
immunoprecipitation (Co-IP) experiments for each component of the CWIP when cells were
exposed to HS (at 37 °C or 48 °C) or CW stress induced by congo red (CR). Consistent with
our results suggesting Hsp90 and PkcA working together to mediate the CWIP response to
HS, our Co-IP experiments identified a non-described protein-protein interaction in fungi
between Hsp90 and PkcA under these conditions (Fig. 4). We next further dissected the
significance of the conserved cysteine-rich domain (C1B) of PkcA in this interaction (Fig.
4A), through introduction of a G579R mutation into the pkcA..3xHA tagged strain and
analyzed the Hsp90 interaction with this mutated isoform. The pkcA®579R is a hypomorphic
mutation initially identified in A. nidulans pkcA isolated in a genetic screen that identified
hypersensitivity strains to calcofluor white (Teepe et al,, 2007). The pkcAC>7°R allele is
located at a conserved site immediately beside the C1B regulatory domain (Fig. 4A). We
observed that the point mutation G579R abolished this interaction at both conditions tested
(Fig. 4C). These results suggest that the C1B domain of PkcA may be required for the
physical interaction of Hsp90 and PkcA in A. fumigatus and that the conformational
changes likely caused by this G to R substitution impair Hsp90-PkcA recognition.
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To further validate this novel observation, we expressed a C-terminally truncated form of
both the wild-type and G579R mutated PkcA in £. coli, which encompasses the residues
409-1106 and harbors most of the regulatory domains of PkcA (Fig. 4A). Despite many
efforts, PkcA(409-1106) was expressed only in the insoluble form, which precluded the use
of the protein in functional pull-down assays. Therefore, given this experimental limitation,
we decided to use this £. coli expression system to perform Far Western blot (FWB)
analysis. In brief, FWB can detect specific protein-protein interaction in a complex mixture
of proteins and is particularly useful for examining interactions between proteins that are
difficult to analyze by other methods due to solubility problems or because they are difficult
to express in cells (Edmondson & Roth, 2001, Jadwin et al., 2015, Wu et al., 2007).
Accordingly, £. coli extracts containing PkcA(409—1106) or PkcA(409-1106)S57°R proteins
were immobilized on PVDF membrane and then probed with purified and folded Hsp90,
which was subsequently detected by a-Hsp90. In support of the /n vivo data, FWB
recapitulated the results of the Co-IP and confirmed the lack of Hsp90 interaction with the
mutated protein (Fig. SSA-B). Our FWB analysis also suggest that the two HR1 and C2
domains are not essential for Hsp90 interaction with PkcA.

We importantly also detected an MpkA interaction with Hsp90 in our Co-IP experiments
with previous reports in C. albicans (LaFayette et al., 2010) (Fig. 4D). Consequently, as an
additional control for the FWB experiments with Hsp90 and PkcA, we ran a parallel FWB
where MpkA was immobilized onto PVDF membrane, probed with purified and folded
Hsp90 and detected by the antibody (Fig. S5C). As expected, the results confirmed the
Hsp90 and MpKA interaction observed by Co-IP and further support the observed FWB
results with PKcA.

Interestingly, we also detected an interaction between Hsp90 and RImA in A. fumigatus,
which has not been described in either S. cerevisiae or C. albicansto date (Fig. 4E). These
results are consistent with our previous report which indicated that r/mA and mpkA
genetically interact to maintain cell homeostasis during CW and heat stresses (Rocha et a/.,
2016). In line with this idea, we observed that MpkA and RImA physically associate
constitutively (Fig. S6A). Based on this finding, we assumed that Hsp90 interaction with
RIMA could be indirect since these three proteins may exist as a complex inside the nucleus
when the CWIP is activated. We next tested whether RImA and Hsp90 directly interact and
used the yeast two-hybrid assay (Y2H) as an additional test to ascertain this interaction (Fig.
S6B-C). The results indicate that bait-RImA interacted with prey-Hsp90 (and vice versa)
and supports the results observed by Co-IP. Altogether, these data indicate that Hsp90
physically interacts with the main described regulators of the CWIP in A. fumigatus. Given
that all the interactions observed in Fig. 4 were also detected in the control condition, we
conclude that CWIP proteins constitutively interact with Hsp90 in A. fumigatus.

Recombinant A. fumigatus Hsp90 binds ADP and ATP with different affinities and is a
functional ATPase

To gain a deeper understanding of A. fumigatus Hsp90 function and to evaluate its main
structural properties, we successfully cloned and expressed rAfHsp90 in £. colias described
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in the materials and methods section and Table S2. The efficiency of the protein purification
was assessed by 10% SDS-PAGE yielding highly purified Hsp90 (Fig. 5A).

As a first approach to assess structural properties of the rAfHsp90, circular dichroism (CD)
spectropolarimetry and intrinsic tryptophan fluorescence spectroscopy were used to analyze
secondary and local tertiary structures of the protein, respectively. The CD spectra presented
a similar profile to that reported for different Hsp90 orthologues, with secondary structure
content estimated as 33% of a-helix, 17% of B-sheets, 17% of turns and 33% of random
coils (Fig. 5B), also similar to previous characterizations (Minari et al., 2019, Silva et al.,
2013). The intrinsic emission fluorescence spectra for Hsp90 (Fig. 5C) indicated a
maximum emission wavelength (Anax) at around 334 nm, suggesting that the five Trp
residues in the polypeptide are buried or partially protected from the solvent. In the presence
of the denaturing agent guanidine hydrochloride (Gnd-HCI), the spectra underwent a red
shift, and the A pax changed to 351 nm, indicating the protein denaturation and Trp
exposition to the solvent. Altogether, these data indicate rAfHsp90 was obtained properly
folded.

Analytical size-exclusion chromatography (aSEC) was used to assess protein hydrodynamic
properties such as the Stokes radii (Rs) and protein shape. The elution profile of the
rAfHsp90 in comparison to that of the standard protein mix indicated that it presents an
estimated apparent molecular mass (MM g5,,) of 430 + 30 kDa, suggesting that it could be
arranged as a pentamer in solution (Fig. 5D-E). The estimated Rs for rAfHsp90 was 68 + 2
A leading to a frictional ratio of 1.85 + 0.06, which can be due to the elongated shape
attributed to Hsp90 as dimers. Similar results were reported for Hsp90 of Leishmania
braziliensis (Silva et al., 2013), which is a highly elongated and flexible dimer in solution
(Seraphim et al., 2017) and is 63% identical to AfHsp90. Likewise, our results suggest that
rAfHsp90 is probably a highly elongated dimer in solution.

It is known that the low ATPase activity of Hsp90 is required for the chaperone cycle and
this enzymatic activity relies on the N-domain dimerization as well as the synergistic
interaction with different co-chaperones and resulting conformational changes (Schopf et af,
2017). Based on these features, the ATP hydrolysis rate varies in different species (Minari et
al., 2019, Chatterjee & Tatu, 2017). To evaluate the functionality of the rAfHsp90, we
determined its binding affinities to ADP and ATP by isothermal titration calorimetry (ITC),
which also allowed obtaining the thermodynamic parameters of the nucleotide binding. We
observed that the interactions between rAfHsp90 and the natural ligands were exothermic as
represented by the negative peaks of the isothermograms (Fig. 6A-B). The interaction with
ATP showed an apparent enthalpy change (AH 45,;) of —4600 + 800 cal mol~1 and an
apparent entropy change (AS,, of +5 + 1 cal mol~1 K1, suggesting a process driven by
both enthalpy and entropy (Fig. 6A). It is also observed that interaction with ADP has a
higher AH 4, (11500 + 700 cal mol~1), indicating that the reaction is enthalpically driven
but showed an entropic penalty (AS ) of =16 + 2 cal mol-1 K1 (Fig. 6B). The estimated
interaction stoichiometry indicated that 2 adenosine nucleotide interacts with 1 Hsp90 dimer
in solution. Fig. 6C depicts the thermodynamic signature for rAfHsp90 interaction with
adenosine nucleotides. As observed for Hsp90 orthologues (Minari et al., 2019), the
rAfHsp90 interaction with adenosine nucleotides present different thermodynamic
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signatures. Interactions with ATP are driven by both enthalpy and entropy, while interactions
with ADP are highly driven by enthalpy and have an entropic penalty. These results indicate
molecular interaction differences with such molecules. In spite of that, the apparent Gibbs
energy change (AG4,p) Was around —6.3 to —6.8 kcal mol~1 which means binding affinities
in the same order reflecting in dissociation constants (Kp) of 12 + 2 uM to ADP and 24 + 2
UM to ATP. These values are in the same range of those determined to Hsp90 orthologues in
the same conditions (Minari et a/., 2019). To mention some orthologues previously studied,
AfHsp90 is 61%, 64% and 75% identical to Hsp90 of Plasmodium falciparum, human
(alpha isoform) and yeast, respectively (Minari et al.,, 2019). rAfHsp90 showed low ATPase
activity as evaluated by the kinetic parameters obtained by the Michaelis-Menten fitting of
the ATPase activity rate (Fig. 6D). The data indicated a Michaelis constant (Ky,) of 231 uM
and a turnover number (kcat) of 0.47 min~L. These values are of the same order as that
reported for Hsp90 orthologues and consistent with a cycling mechanism involving multiple
conformational changes. Altogether, these results indicated that rAfHsp90 obtained here has
all signatures of a folded and functional Hsp90.

Biochemical properties of recombinant MpkA

We initially explored the biochemical properties of MpkA since this is the first report of a
successful filamentous fungal MAP kinase recombinant expression. The expression
conditions are described in Table S2, and the efficiency of the protein purification assessed
by 10% SDS-PAGE is shown in Fig. S7A. The results indicated that highly purified
recombinant MpkA (rAfMpkA) was obtained. Again, CD spectropolarimetry and intrinsic
tryptophan fluorescence spectroscopy were used to analyze secondary and local tertiary
structures of this protein. The CD spectra presented a similar profile to that reported for
different rAfMpkA orthologues, such as the human ERK2 and the Arabidopisis thaliana
MAP kinase (51% and 50.6% identity with MpkA, respectively) for which resolved
crystallographic structures are available (PDB ID: 1PME and 5CI6, respectively) (Fox et al.,
1998, Wang et al., 2016). Our results indicated that rAfMpkA presents secondary structure
content estimated as 34% of a-helix, 16% of p-sheets, 17% of turns, and 32% of random
coils (Fig S7B). The intrinsic emission fluorescence spectra for rAfMpkA (Fig. S7C)
indicated a A,y at around 336 nm, suggesting that the four Trp residues in the polypeptide
are buried or partially protected from the solvent. In the presence of the denaturing agent
guanidine hydrochloride (Gnd-HCI), the spectra underwent a red shift, and the Amax
changed to 347 nm, indicating the protein denaturation and Trp exposition to the solvent.

The elution profile of the MpkA in comparison to that of the standard protein mix obtained
by aSEC indicated that rAfMpkA presents an Rs of 31 + 1 A and an MM app BStimated as 55
+ 4 kDa, suggesting that it is arranged as a globular monomer in solution (Fig. S7TD-E),
since the calculated frictional ratio was 1.24 + 0.04. Similar results were reported for the
His-tagged human ERK2, which was massively present as a monomer in solution, as
observed by SEC coupled with multi-angle laser light scattering and analytical
ultracentrifugation (Callaway et al., 2006, Kaoud et a/., 2011). Human ERK proteins are
monomers in the non-phosphorylated state, although they can form dimers /n vitro, which
are necessary for MAP kinase activity (Khokhlatchev et a/,, 1998, Philipova & Whitaker,
2005, Casar et al., 2008). Nevertheless, monomeric ERK2 was reported to specifically
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associate with nuclear proteins (Casar et al., 2008). Altogether, our results strongly suggest
that rAfMpkA is a monomer in solution that presents all the signatures of a folded and
functional MAP kinase. Additional investigation is needed to understand the in vivo
structural modifications of MpkA and their relevance in the context of the CWIP signaling.

Hsp90 has chaperone activity and prevents aggregation of MpkA

Here, we demonstrated by Co-IP and FWB that MpkA interacts with Hsp90, even in the
non-HS condition (Fig. 4 and Fig. S5), suggesting that MpkA may constitutively require the
chaperone activity of Hsp90 and undergo thermal instability during HS. With the observed
functionality of the rAfHsp90, we sought to investigate if direct chaperone activity could be
recorded between rAfHsp90 and rAfMpkA, as it has been described that Hsp90 can stabilize
proteins, such as citrate synthase and malate dehydrogenase (MDH) and protect them from
aggregation in a temperature-induced aggregation model (Silva et al., 2013).

Initially, we verified the aggregation properties of rAfMpkA by incubating increasing
concentrations of folded MpkA at 42 °C up to 120 min. Although MpKkA did not lose its
secondary structure when subjected to high temperatures, as observed by the CD signal upon
heating (data not shown), and was stable up to 50 min of incubation at 42 °C, it had a high
aggregation profile after incubation at 42 °C for 120 minutes(Fig. 7A). Our tests revealed
that rAfHsp90 protected rAfMpkA from aggregation in a dose-dependent manner even in a
substoichiometric concentration (1 rAfHsp90:2 rAfMpkA) leading to 25% prevention of
MpkA aggregation (Fig. 7B). The maximum prevention values were 76% when rAfHsp90
was added in a 5-fold molar excess (5 rAfHsp90:1 rAfMpkA). As an additional control, we
performed a similar experiment to measure the ability of rAfHsp90 to prevent the
aggregation of a known Hsp90 client: the human MDH (Fig. 7C). The values were similar
(about 76%) using the same molar ratio (5 rAfHsp90:1 MDH). Taken together, these results
reinforce that MpkA is an Hsp90 client and that this chaperone is fully functional /n vitro.

Discussion

A. fumigatus experiences HS when initiating infection and the initial cell divisions after
breaking the dormancy of the conidia occur under constant HS conditions imposed by the
human host. There is limited information in A. fumigatus connecting thermotolerance and
the cellular regulators of fungal stress adaptation, including the CWIP and Hsp90. Previous
reports have shown that inhibition of Hsp90 causes increased susceptibility to antifungals.
The increased susceptibility to caspofungin in Hsp90 depleted cells is of particular interest
because it links the function of Hsp90 and the CWIP (LaFayette et a/., 2010, Lamoth ef al.,
2012, Lamoth et al., 2014b). Here, we revealed that the main components of the CWIP
interreact with the Hsp90, including the TF RImA, described as an Hsp90 client for the first
time in any fungus (Fig. 8). We provide evidence that PkcA is crucial for the short-term
response to HS in a MpkA-dependent manner and that the C1B domain of the PkcA is
important for Hsp90 interaction. We propose that identifying the specific interplay between
Hsp90 and the CWIP can add new information on how to navigate towards a specific Hsp90
inhibitor as a tool to weaken the fungal CW and disrupt thermotolerance.
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We reciprocally confirmed the relationship between Hsp90 and the CWIP mutants by
observing that pkcACST9R, AmpkA and ArimA were highly susceptible to HS and
pharmacological inhibition of Hsp90 (Figs. 1 and 3). Also, HS response requires early
activation of CWIP, as observed by the increased MpkA phosphorylation upon HS, which is
mostly dysregulated in the Ar/mA or absent in the pkcAC57R strains (Fig. 2). The lack of
MpkA phosphorylation in the pkcAG>79R mutant is unexpected while potentially reflects the
absence of the upcoming signal to the three-component MAP kinase cascade activation. We
previously showed during CW stress, there is a decrease in the MpkA phosphorylation if
PkcA activity is genetically or pharmacologically perturbed (Rocha et a/., 2015). Here, our
data suggest that HS response via CWIP is highly dependent on a fully functional PkcA.
Previous reports also suggest that HS and CR sensitivity is sensed via the mechanosensor
MidA (Fig. 8) that signals though PkcA-MpkA circuitry (Dichtl ef al,, 2012, Samantaray ef
al., 2013) and not surprisingly, thermosensitivity of AmpkA strain is more severe than the
sensitivity caused by sublethal concentration of CW stressing agents (Valiante et a/., 2009).
Interestingly, MpkA was quickly phosphorylated in wild-type after 10 min of HS, indicating
that this event is essential for short term heat adaptation. This nonetheless differs to what
was observed in C. albicans, in which Mkc1MPKA is linked to long term adaptation to HS
(Leach et al., 2012a). We provide evidence that CWIP in A. fumigatus is required at the
beginning of thermal adaptation, concomitantly with the presumably function of HsfA-
Hsp90 regulatory circuit (Leach et al., 2012c, Leach et al., 2012b, Nicholls et a/., 2009),
which is central to short-term initiation of HS response in eukaryotes, but not investigated
here. Consistently, the increase in MpkA phosphorylation exactly coincides with the
increase in Hsp90 abundance after 10 min of HS, which is severely delayed in the CWIP
mutants, but robustly sustained up to 120 min after HS in all mutant strains (Fig 3). So, we
suggest that the CWIP is a crucial element in heat adaptation in A. fumigatus, with a much
earlier role in comparison to C. albicans. This feature can ultimately point to the differences
in the mold lifestyle and may support the intrinsic thermophilic nature of A. fumigatus.

We showed that three components of the A. fumigatus CWIP are Hsp90 clients (Figs. 4 and
S5-6). On the one hand, this finding is not surprising for the MAPK MpkA, since their
orthologues are known Hsp90 clients (Zhao et al., 2005, LaFayette et al., 2010). On the
other hand, we demonstrated that the CWIP apical kinase PkcA and the downstream TF
RIMA are part of the growing list of the fungal Hsp90 clientele. One of the most interesting
and unexpected findings of this study is that r/mA is playing a minor role in supporting
thermotolerance downstream of mpkA, despite its importance in the maintenance of the CW
integrity (Rocha et a/., 2016), thus suggesting that other unidentified TFs regulate adaptation
to temperature fluctuations in A. fumigatus. Quantitative analyses of Hsp90 clients in human
cells indicated that only 7% of the clients are TFs. In humans, MEF2B (myocyte-specific
enhancer factor) associates with the essential co-chaperone Cdc37, which binds to HSP90
early in the chaperone cycle (Taipale et al., 2012). MEF2B is the closest RImA homolog
(50% identity, 6e-21), and our results suggest that in fungi, the interaction of this TF with
the Hsp90 machinery is direct, without co-chaperone intervention (Fig. S6).

These two non-reported Hsp90 physical interactions reflect the plasticity of this chaperone,
whose interaction network varies widely according to environmental cues (Diezmann et al.,
2012, Lamoth et al,, 2016, O’Meara et al., 2019). Similar to what is reported in mammalian
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cancer cells, in which Hsp90 assists the stabilization of tumorigenic cells by buffering
oncogenic mutations and protecting oncoproteins that are considered “addicted” to Hsp90
(Li et al,, 2012), we argue that a similar landscape occurs in fungi in that the CWIP is a
primary target of Hsp90. Supporting this notion, we demonstrate that the Hsp90 stabilizes
the CWIP components even under control conditions, suggesting that they are constitutively
chaperoned (buffered) by Hsp90 (Fig. 4). In fact, we demonstrated Hsp90 chaperone activity
on MpKA in vitro (Fig. 7), where no other potential partners or facilitatory events occur, thus
reinforcing the biological significance of the constitutive /7 vivo interaction observed by the
Co-IP experiments. Our data suggest that this interaction occurs with Hsp90 in both open
and closed states since neither co-chaperones nor adenosine nucleotides were added in the
reaction cell. Notably, we did not detect interaction between Hsp90 and the MAP kinase of
the HOG (High Osmolarity Glycerol) pathway SakA by Co-IP under CW stressing
conditions (data not shown), again suggesting the prominent role of the CWIP in
thermotolerance.

Here, we identified a potential region of the PkcA protein which is important for Hsp90
interaction since the G579R mutation abolished the Hsp90-PkcA recognition. With the
exception of some Hsp90 interactors for which a defined structural determinant is known
(Schopf et al., 2017), we still have only a rudimentary understanding of what determines
client protein binding by Hsp90. There is no typical interaction domain between Hsp90 and
its clientele, which encompass a wide range of proteins with unrelated amino acid sequences
and functions. It has been suggested that protein surface electrostatics features and active
conformation, rather than the primary sequence, define the capacity of the Hsp90 to
recognize client kinases (Taipale et a/., 2010, Schopf et al., 2017, Citri et al., 2006, Luo et
al., 2017). The PkcACG579R mutation is located juxtaposed outside the formal boundaries of
the C1B domain (Figs. 4A and 8), which is present in conventional, novel and fungal PKC
isoforms and a known binding site for the second messenger diacylglycerol (DAG) in
conventional and novel, but not in fungal PKCs (Newton, 2018, Schmitz & Heinisch, 2003,
Herrmann et al., 2006, Teepe et al., 2007). In mammalian cells, Hsp90 is reported to interact
with conventional PKCBII via a conserved Pro residue in the PxxP motif of the C-terminal
tail of the kinase, which we also identified in PkcA (Fig. 4A). Mutations in these two Pro
result in a kinase that is not activated by priming phosphorylation which does not bind
Hsp90 and Cdc37 (Gould et al., 2009). In the absence of the resolved structure of fungal
PKC’s, confident PkcA modeling to understand the impact of the G579R substitution is not
feasible. Thus, it remains to be determined if a perturbation on the tertiary structure of PkcA
impairs the Hsp90-PkcACGS79R interaction or whether C1B vicinity is a fungal-specific
Hsp90 interaction domain. For the same reasons, it is difficult to conclude why both the
wild-type and the mutated PkcA isoform reside in the hyphal tip (Fig. 2) or what is the exact
meaning of the reallocation of this protein to the cytosol during HS. It is known that the C1
domain of Pkcl binds to the small GTPase Rhol in S. cerevisiae (Nonaka et al., 1995).
Based on the yeast model [reviewed in Heinisch and Rodicio (2018) and references therein],
Pkc1 resides at the cytosol in an inactive form. Activation is primed by phosphorylation by
upstream kinases (not yet identified in A. fumigatus). Since C1B domain of fungal PKCs do
not respond to DAG, Rhol protein could be the recruiting component of the inactive protein
to the membrane via HR1 domains (Fig. 8) by binding other lipids, such as
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phosphatidylserine (Nomura et al., 2017, Ryckbosch et al., 2017). C1 domains then
associate to the plasma membrane’s inner leaf, relieve the hindrance caused by the
pseudosubstrate over the catalytic site domain, which folds properly to allow
accommodation of ATP substrate within the C-terminal tail (Schmitz ef a/., 2001, Schmitz &
Heinisch, 2003). Active Pkcl then phosphorylates its target proteins, which can be
downstream CWIP targets (Fig. 8). In a laser damage wound-healing model, yeast Pkcl
disappears from the resident budding sites and subsequently appears at the cell wall/
membrane at the laser-induced damage site after 8.8 min to promote cell recovery (Kono et
al., 2012). 1t is tempting to speculate that the disappearance of PkcA during HS in A.
fumigatus occurs with the same dynamics as the observed in laser wounded yeast in an
Hsp90-independent manner and the return to the hyphal tip is a physiological consequence
since these are the areas of de novo growth, which are more sensitive to temperature
fluctuations and cell wall damaging agents. As shown in Fig. 2, the initial response potential
may be altered given that the tip-to-cytoplasmic protein ratio is lower in the mutant at
baseline, and that the duration of the response/signaling may not be sufficient to confer
resistance to stress since we observe PKCAC579R isoform returning to the hyphal tips sooner.
We can also suggest that the recruitment of unchaperoned PkcAG579R jsoform is
accompanied by an inefficient repositioning of the mutated C1B domain in the inner
membrane leaf that is not ideal for promoting or sustaining the activation of PkcA (Fig. 8).

In conclusion, our results have contributed significantly towards the understanding of how
CWIP actively participates in the regulation of thermotolerance in A. fumigatus and add
information about the importance of Hsp90 in the events coordinated by this signaling
cascade. Moreover, we report the first demonstration of the main biochemical properties of
Hsp90 and MpkA in fungi and the identification of a single residue substitution that
abolishes Hsp90 interaction with PkcA. Further structural characterization of the CWIP
proteins will be an essential step to define how these interactions take place to mediate their
critical role in fungal pathogenesis and antifungal drug responses.

Materials and Methods

Strains and culture conditions

The A. fumigatus strains used in this study are described in Table S3. All the strains were
maintained in complete (YG) or minimal medium (MM), as described previously (Malavazi
& Goldman, 2012). To grow pyrG- auxotrophic strains, the media was supplemented with
1.2 g/L of uridine and uracil. If required, pyrithiamine (Sigma) or hygromycin (Millipore)
was added to the culture medium in a concentration of 0.1 ug/mL or 200 pg/mL,
respectively. Liquid cultures to produce biofilm hyphae of the relevant strains exposed to HS
were obtained by inoculating 1x107 conidia in 50 mL of MM for 24 h at 30 °C and
subsequently heat-shocked at 37 °C or 48 °C with pre-warmed fresh MM for 15, 30 or 60
min. To induce CW stress, the cultures were grown in MM at 37 °C and subjected to CR
exposure for 30 min with the required concentrations indicated in each experiment. For the
AmpkA strain, the amount of conidia used was four times that of the wild-type strain to
achieve equal glucose consumption (Jain et al., 2011). Mycelia from each time point were

Cell Microbiol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rocha et al.

Page 14

collected via vacuum filtration, flash-frozen in liquid nitrogen and stored at —80°C until used
for either protein or RNA extractions.

Susceptibility of the CWIP mutants to thermal stress

The susceptibility of conidia to high temperature was accessed accordingly to (Richie et al.,
2009). Briefly, 1x102 conidia of each strain were inoculated in solid MM and incubated at
45 °C or 50 °C for 12 and 24 h. Subsequently, plates were incubated at 37 °C for 24 h. The
percentage of survival was obtained by CFU counting in comparison to the control plates
(30 °C). The 2,3-bis-(2-methoxy-4- nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
salt (XTT) assay was used to measure the metabolic activity of mature A. fumigatus biofilm,
as previously reported (Moss et al., 2008). Briefly, 1x10° conidia were incubated in 500 uL
of MM in 24-well plates and biofilm was formed by 22 h of incubation at 37 °C, followed
by an incubation at 30 °C for 2 h. Due to the defect in the pkcAC579R and AmpkA strains to
form biofilm, plates were coated with collagen (Cell Applications) prior to inoculation in
order to facilitate cell adhesion and stabilization of the biofilm. Control plates were
maintained at this temperature, while thermal stress was induced in the biofilm by
incubating the plates at 45 °C for 1 or 2 h. Absorbances measured at 490 nm from the treated
and control plates were used to calculate the percentage of reduction in the metabolic
activity based on the XTT reduction that generates a water-soluble formazan product.

Susceptibility assays to Hsp90 inhibitors

To evaluate the susceptibility of the CWIP mutants in the presence of Hsp90 inhibitors,
1x103 conidia of each strain were grown in 0.2 mL of liquid MM in 96-well plates
supplemented with varying concentrations of the drugs. To monitor growth, 10% alamar
blue (Thermo Fisher) was used as previously reported (Rocha et al., 2018). The plates were
incubated for 48 h at 37 °C and photographed. To generate the survival curves, 100 uL of
culture medium was placed in black 96-well plates (CellStar 650086) and the fluorescence
intensities (A=590 nm) of treated and untreated samples (n=4) for each strain were obtained
after 24 and 48 hours of incubation (37 °C), according to the manufacturer’s protocol. The
values were used to calculate the percentage of viability. Data were fit with a nonlinear
regression following a variable slope model of [inhibitor] vs. normalized response in
GraphPad Prism version 8.4.3 according to the following equation. Y= 100/(1 + (/C50/
X)NHillSlope). No special handling of outlier was enabled, and no curve fitting restraints
were included. From this model, the inhibitory concentration 50 (IC50) and its 95%
confidence interval were calculated for each strain using the likelihood ratio asymmetric
method.

RNA extraction, cDNA preparation and RT-gPCR procedures

Mycelia obtained under HS at 37 °C and 48 °C were disrupted by grinding in liquid nitrogen
with a pestle and mortar. The total RNA was extracted with Trizol reagent (Thermo
Scientific) according to the manufacturer’s protocol. The samples were treated with Turbo
DNase | (Ambion Thermo Scientific) according to the manufacturer’s protocol and
processed as described previously for cDNA synthesis (Rocha et al., 2015). The primers for
the individual genes were designed using Primer Express 3.0 software (Thermo Scientific)
and are listed in Table S4. Three independent biological replicates were used, and the
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relative log, fold change in mMRNA quantity was calculated using the comparative cycle
threshold (Ct) (AACt) analysis (Livak & Schmittgen, 2001). All values were normalized to
the expression of the A. fumigatus p-tubulin (fubA) gene. The log, fold change values were
submitted to a hierarchical clustering algorithm (Euclidian distance) by using the TMEV
software (available at http://www.tm4.org/mev.html). Statistical analysis was performed
using one-way ANOVA with Tukey’s posttestto assess differences in the mutant strains
compared to the same growth condition in the wild-type strain (p < 0.05).

Generation of GFP- and 3xHA-tagged strains

PkcA and PkcAG579R containing C-terminal fusions with GFP protein or 3xHA epitope
were constructed using the AakuB and pkcACS /R pyrG as recipient strains. The
pkcACSTOR pyrG- strain was obtained by the spontaneous loss of the pyrG prototrophy
marker upon 5-FOA treatment. The strategies and primers used to generate the substitution
cassettes are described in Fig. S8 and Table S5, respectively. The GFP:: pyrG fragment was
amplified from the plasmid pRS426-prxC (Rocha et al., 2018) using the primers Spacer GFP
pyrG and pyrG REV, while the 3xHA:: pyrG fragment was amplified from the plasmid
pOB430 using the primers linker 3xHA-pyrG FW pOB430 and linker 3xHA-pyrG REV
pOB430. The gene replacement cassettes were constructed by /7 vivo recombination in S.
cerevisiae following the description in (Malavazi & Goldman, 2012). In brief, they consisted
of a 1 kb 3’ fragment of pkcA gene (without the stop codon) that was cloned in-frame with
the GFP or 3xHA fragments. Transformants were validated by PCR with primers pkcA start
SC and pkcA 3R 3xHA or pkcA start SC and pyrG 200 REV to confirm each tagged strain.
The sensitivities of these strains to growth under 30 °C, 37 °C and 48 °C high temperature or
in the presence of CR were comparable to the wild-type strain, indicating that these alleles
are fully functional (Fig. S8l).

Fluorescent microscopy

PKcA::GFP or pkcACST9R::GFP tagged strains were cultured on glass-bottom dishes (Matek)
in 2 mL of MM at 37 °C for 10 h and for 1 additional hour at room temperature.
Subsequently, the medium was removed and 2 mL of fresh pre-warmed media (48 °C) was
added to induce HS in the germlings. Images were acquired every 2 minutes up to 12 min
after HS with a 63x oil-immersion objective (Nikon) using 488 nm laser line and an Andor
W1 Spinning Disk Confocal with a Nikon Eclipse Ti inverted microscope stand. Due to
toxicity when HS was combined with the laser, a different field of view was used for every
timepoint. Images were processed and quantified using imageJ Fiji (Schindelin ef a/., 2012,
Rueden et al., 2017). Sum Z-projections were generated, and the background subtracted
using the rolling ball method set to 50 pixels. To quantify tip localization a tip enrichment
score was generated by quantifying the sum fluorescence within a 3 um diameter circle at
the hyphal tip and dividing that by the sum fluorescence of the adjacent cytoplasm within a 3
pum diameter circle (Fig S2A-B). Hyphal tips with a tip enrichment score > 1.3 were
considered tip localized. At least 96 germlings were quantified for every timepoint in the
wild-type strain across 4 biological replicates, and at least 189 germlings were quantified for
every timepoint in the pkcACG579R ::GFPstrain across 6 biological replicates. To determine
differences in the degree of tip enrichment between the two strains, a two-way ANOVA with
Sidak’s multiple comparisons test was used.
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Protein extraction, immunoblotting analysis and Hsp90 antibody production

For protein extractions used for Western blots, 0.5 mL of lysis buffer was added to the
ground mycelia as described previously (Rocha et al., 2015). For Western blots, 50 ug of
protein from each sample were resolved in 12% SDS-PAGE and transferred to PVDF
membranes (GE Health Care). Detection of MpkA was achieved by using a-(phospho) P-
p44/42 and a-p44/42 MAPK antibodies (Cell Signaling Technologies; 9101 and 9107)
according to previous descriptions (Bruder Nascimento et al., 2016, Rocha et al., 2015). a-
v-tubulin (Santa Cruz Biotechnology; yN-20;) was used as the loading control as previously
reported (Rocha et al., 2018). Western blot signals were quantitated using ImageJ and
normalized to total MpkA protein levels. For the detection of the 3xFLAG and 3xHA
epitopes, mouse monoclonal a-FLAG or a-HA antibodies were used (Sigma; F1804 and
H3663, respectively) as previously reported (Rocha et al., 2020). The A. fumigatus Hsp90
was detected using a custom polyclonal a-Hsp90 antibody raised in rabbit and produced by
Imuny, Rheabiotech, Brazil (IM-0199, Batch 16057). Full-length recombinant Hsp90 tagged
with 6xHis expressed in £. coliand purified as described in the procedures below were used
in the immunizations. Raised antibody was purified by G protein affinity chromatography.
a-Hsp90 was used at a 1:20,000 dilution in TBST solution containing 5% skimmed milk for
16 h at 4 °C. The secondary antibody incubations were performed at room temperature for 2
h using a-rabbit 1gG-HRP (Sigma; A0545) and 1:5,000 dilution. For all experiments,
chemoluminescent detection was achieved by using an ECL Prime Western Blot detection
kit (GE HealthCare). Images were generated by exposing the PVDF membranes to the
ChemiDoc XRS gel imaging system (BioRad). The images were subjected to densitometric
analysis using the ImageJ software (Schneider et a/., 2012) and normalized to total MpkA or
y-tubulin protein levels (Figs. 2 and 3, respectively).

Co-immunoprecipitation (Co-IP) procedures

Strains carrying 3xHA or 3xFLAG epitopes were submitted to either HS at 37 °C or 48 °C
for 15 min or CW stress induced by CR exposure (10, 100 and 300 pg/mL) during 30 min.
To Co-IP 3xHA-tagged strains, Dynabeads Protein A (Thermo Fisher Scientific) coated with
a-HA antibody (Sigma; H3663) were used as described in (Fabri ef a/., 2018). For the Co-IP
of RImA::3xFLAG, the same conditions were employed but using 20 pL of a-Flag M2
Affinity Gel (Sigma; A2220). Cell extracts and agarose resin were then incubated with
shaking at 4 °C for 2 h. To release the proteins from the resins, samples were incubated with
30 pL of 2x Laemmli buffer and boiled for 5 min. 20 pL of the immunoprecipitated samples
were run in a 10% SDS-PAGE. Proteins were electroblotted for Western blot assay.

Two-hybrid yeast assay

The coding sequences of r/mA and Asp90were cloned in-frame into pGBKT7 (bait) or
pGADTY (prey) vectors, respectively, according to the manufacture’s recommendation for
the Matchmaker Gold Yeast Two-Hybrid System (Clonetch). The plasmid pGBKT7-rimA
was transformed into Y2H-Gold strain cells while the empty pGADT7 or the construct
pGADT7-hsp90 was transformed into the Y187 strain cells. The transformed yeasts were
mated for 24 h at 30 °C and plated on synthetic double dropout selection medium (DDO),
which lacks Trp and Leu for selection of mated strains. Positive interaction between bait and
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prey was assessed in high stringency quadruple dropout selection medium (QDQO), which is
deficient in Leu, Trp, His, adenine and supplemented with X-a-Gal (40 ug/mL) and 200
ng/mL of aureobasidin A (QDO/X/A). Plates were incubated at 30 °C for 5 days. Growth in
the QDO/X/A media indicates bait and prey fusion proteins interaction, so the DNA-BD and
AD are brought into proximity to activate transcription of four independent reporter genes
(AUR1, ADEZ, HIS3, and MEL 1). Positive and negative interaction controls were applied to
the same selection plates.

Cloning the hsp90, mpkA, rimA and truncated pkcA(409-1106) genes

The sequences of the Asp90 (AFUB_052690), mpkA (AFUB_070630) and r/imA
(AFUB_040580) transcripts were obtained from FungiDB (https://fungidb.org/fungidb/) and
used to design primers for reverse transcription reactions (Table S6) using the enzyme
SuperScript 11 Reverse Transcriptase (Thermo Fisher Scientific) according to the
manufacture’s recommendation. Full-length cDNA of Asp90and mpkA were obtained from
a HS-induced culture of CEA17 wild-type strain. A C-terminal truncated version of the
pkcA (AFUB_059540) gene spanning the nucleotides 1224 to 3321 of the transcript, which
comprised the residues 409-1106, was synthesized and cloned in pUC19 (Epoch Life
Sciences, USA) due to the failure of cDNA amplification. All the PCR products were cloned
in the pET15b (Millipore Sigma) expression vector using the Gibson Assembly system
(New England Biolabs), according to the manufacture’s protocol. To generate the clone
pkcA(409-1106) carrying the G579R mutation, the abovementioned pET15b-pkcA(409-
1106) was subjected to site-directed mutagenesis using the QuikChange Il XL Site-Directed
Mutagenesis Kit (Agilent Technologies). All the individual clones were validated by full
sequencing.

Protein expression and purification

Single colonies of £. coliBL21 Rosetta harboring each individual plasmids: pET15b-
pkcA(409-1106), pET15b-pkcA(409-1106)C579R  pET15b-mpkA and pET15b-hsp90 were
grown in LB (100 pg/mL ampicillin and 35 ug/mL chloramphenicol) for 16 h (37 °C). The
culture was diluted to ODggp 0.1 in 1 L of LB and cultured at 37 °C until the ODggg reached
0.6. IPTG was then added following the expression conditions shown in Table S2. Cells
were harvested by centrifugation, washed and resuspended in 25 mM sodium phosphate
buffer (pH 7.5) containing 500 mM NaCl [Hsp90 and PkcA(409-1106) cells] or 10 mM
Tris, 5 mM sodium phosphate, 100 mM NaCl, 1 mM EDTA buffer [MpkA cells]. The cell
suspensions were incubated on ice for 40 min after the addition of 30 pg/mL of lysozyme
(Sigma) and 5 U DNAse (Sigma). Cells were lysed by sonication, centrifuged at 43,000 g,
and the supernatant filtered with a 0.45 um membrane. Proteins were purified according to
Silva et al. (2013) with modifications. Briefly, the purifications were performed in two steps:
affinity chromatography using a HisTrap column (GE Healthcare), followed by size
exclusion chromatography using a Superdex 200 26/60 column (GE Healthcare) prepared in
40 mM HEPES (pH 7.5) buffer containing 100 mM KCI. Both purifications were performed
with columns coupled to an Akta Prime Plus (GE Healthcare) and using the same buffer as
the mobile phase. Protein purification was evaluated by 10% SDS-PAGE. Recombinant
protein concentrations were determined spectrophotometrically at 280 nm. The extinction
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coefficients for reduced proteins were determined using the ProtParam tool (http://
www.expasy.ch/tools/protparam.html) and are shown in Table S2.

Hydrodynamic characterization of recombinant Hsp90 and MpKkA proteins

Analytical size exclusion chromatography (aSEC) experiments were carried out and
analyzed according to Silva et a/. (2013).

Spectroscopy studies of Hsp90 and MpkA

Circular dichroism spectropolarimetry (CD) measurements for the evaluation of secondary
structures were performed using the Jasco J-815 spectropolarimeter. The CD spectra were
collected in a 0.2 mm path length quartz cell containing 2.5 pM of Hsp90 or 5 uM of MpkA
in 40 mM HEPES (pH 7.5) buffer containing 100 mM KCI. The OriginPro 8.0 software was
used for data analysis and processing through the equation:

0X 100 x MM

0] = —xTxn

Where [0] represents the average residual molar ellipticity, MM indicates protein molecular
mass (Da), C is the protein concentration (in mg/mL), | is the cuvette optical path and r7is
the number of aminoacid residues. Spectra deconvolution and secondary structure estimation
was done with the CDNN deconvolution (Bohm et af., 1992).

The intrinsic fluorescence emission analysis was performed using a Varioskan LUX
multimodal microplate reader (Thermo Fisher Scientific) to evaluate the local tertiary
structure of Hsp90 and MpkA. One puM of each protein (monomer concentration in the same
buffer abovementioned) was placed in a quartz cuvette. The excitation wavelength was 295
nm and the selected emission wavelengths ranged from 315 to 420 nm. To analyze chemical-
induced unfolding, each protein was incubated for 1 hour at room temperature with 5 M of
guanidine hydrochloride (Gnd-HCI).

Isothermal titration calorimetry (ITC) measurements of ATP/ADP binding to Hsp90

ITC experiments were used to measure the interaction of Hsp90 and its natural ligands ATP
or ADP in the presence of Mg2*. The assays were conducted as previously reported (Minari
et al., 2019) in a MicroCal ITC200 microcalorimeter (GE Healthcare).

Hsp90 ATPase activity

ATPase activity was determined according to the methods described previously using the
EnzChek Phosphate Assay Kit (E-6646; Molecular Probes) to monitor the inorganic
phosphate (Pi) released in solution (Silva et a/., 2013). Purified and folded AfHsp90 (2 uM;
monomer concentration) was suspended in 40 mM HEPES (pH 7.5) buffer containing 100
mM KCI and 5 mM MgCI2, in the presence of ATP (0 to 3 mM) for 90 min at 37 °C.
Subsequently, the samples containing the Pi hydrolyzed from ATP were incubated for 30
min (23 °C) with 0.2 U of purine nucleoside phosphorylase (PNP) and 0.2 uM of the
chromogenic substrate 2-amino-6-mercapto-7-methyl-purine riboside (MESG). The
absorbance (360 nm) was measured to quantify the Pi consumed in the reaction.
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Quantification of released Pi was achieved by interpolation of a standard curve in the range
of 0-60 uM of Pi. The negative control was represented by ATP alone. The amount of Pi
released per minute (i.e. Vg in pM/min) was plotted as a function of the ATP concentration
(mM), and a Michaelis-Menten fitting was applied to obtain the kinetic parameters using the
Origin software.

Far Western blot procedures

Cell lysates of E. coli expressing the relevant bait proteins were separated in a 10% SDS-
PAGE and electroblotted to PVDF membrane following standard protocols. The proteins
were subjected to /n7 /ocus denaturation on the membrane according to the protocol described
by Wu et al. (2007). Briefly, The PVDF membrane was soaked in fresh AC buffer (100 mM
NaCl, 20 mM Tris (pH 7.6), 0.5 MM EDTA, 10% glycerol, 0.1% Tween-20, 2% skim milk
and 1 mM DTT) containing different concentrations of Gnd-HCI (6, 3, 1 and 0.1 M) during
30 min for denaturing/renaturing the proteins bound to the membrane. Incubations with 6, 3
and 1 M of Gnd-HCI were done at room temperature while incubation with 0.1 M of Gnd-
HCI was done at 4 °C. One last incubation in AC buffer lacking Gnd-HCL for complete
renaturing was conducted at 4 °C for 1 hour. Membranes were blocked with 5% skim milk
in the PBST buffer (4 mM KH,POy4, 16 mM NayHPO4, 115 mM NaCl (pH 7.4) and
0.05%Tween-20) for 1 hour at room temperature. The membranes were probed with 15 pM
of purified and folded Hsp90 (bait) in protein-binding buffer (100 mM NaCl, 20 mM Tris
(pH 7.6), 0.5 mM EDTA, 10% glycerol, 0.1% Tween-20, 2% skim milk powder and 1 mM
DTT) overnight at 4 °C. After bait incubation, membranes were washed three times with
PBST for 10 min. Membranes were probed with the a-Hsp90 antibody and detected as
described above. To detect PkcA or MpkA, rabbit a-His antibody (Sigma; H1029) was used
at a 1:10,000 dilution in TBST solution containing 5% skim milk for 16 h at 4 °C.
Secondary antibody a-rabbit 1gG-HRP (1:10,000 dilution) was employed under de
conditions described above.

In vitro chaperone activity of Hsp90

Chaperone activity assays were performed in 40 mM HEPES buffer (pH 7.5) containing 100
mM KCI with 0.25, 0.5, 0.75, 1, 2.5 and 5 uM of Hsp90 in the presence of 10 uM of MpkA
protein, according to the previous description (Silva et al., 2013). Briefly, the aggregation
temperature is an indicator of protein stability and can be used to identify ligands that bind
and confer structural stability to a protein of interest. The aggregation is evaluated by light
scattering, which increases as protein undergoes aggregation under the tested conditions
(Jakob et al., 1995). The experiments were performed in a 96-well UV-Star Half-area
(Greiner) plate at 42 °C and protein aggregation was monitored at 320 nm in a Varioskan
LUX multimode microplate reader (Thermo Scientific) for 2 h. Controls containing rAf
Hsp90 at the indicated concentrations were performed to verify the aggregation of this
protein. As a negative control of chaperone activity, BSA was used at 1, 2.5, 5, 7.5, 10, 20,
30, 40 and 50 uM in the presence of 10 uM of MpkA. As the positive control, human malate
dehydrogenase (MDH), a known Hsp90 client protein, was purchased from Sigma and used
in the assay at the final concentration of 1 uM.
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Figure 1. CWIP genes contribute to thermotolerant growth.

(A) 1x102 conidia of each strain were exposed to temperatures of 45 °C and 50 °C for 12
and 24 h in Petri dishes containing solid MM. Subsequently, the plates were incubated at 37
°C for recovery for 24 h. The percentage of viable colonies was obtained in comparison to
the non-HS control (30 °C). (B) The XTT assay was used to measure the metabolic activity
of mature biofilm of CWIP mutants. The biofilms were obtained by growing each strain for
22 hin MM at 37 °C in 24-well plates. Biofilms were then incubated for 2 h at 30 °C.
Subsequently, the plates were heat-shocked at 48 °C for the indicated times. The results
were expressed as mean + SD, n = 4. * p <0.01 One-way ANOVA and Dunnett’s posttest.
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Figure 2. The CWIP coordinates cell responses to thermal adaptation and PkcA-dependent
MpkA phosphorylation is critical to protect cells from HS at 48 °C.

(A-B) The CWIP mutant strains present lower mRNA abundance of genes encoding the
major heat shock proteins. Expression of pkcA, mpkA, rimA, hsp30, hsp90, hsfA, hsp70,
ssc70, and hscA was investigated by RT-qPCR in the strains subjected to heat shock during
the indicated time points (h) at 37 °C (A) and 48 °C (B). Values represent the average log,.
fold change relative to the control cDNA (30 °C) for a specific gene compared to the same
time point of the wild-type strain (n=3 with 2 technical repetitions each; see Fig. S1 for
statistics). The values were submitted to a hierarchical clustering algorithm (Euclidian
distance) by using the WebMeV platform. (C) PkcA localizes at the hyphal tips, septum and
sites of new growth under physiological conditions, reallocates to the cytosol after HS and
eventually returns to the natural accumulation sites after HS recovery. The conidia of each
strain were inoculated in MM and incubated at 37 °C for 10 h and room temperature for 1 h.
Media was removed and replaced by fresh pre-warmed media at 48 °C to induce HS.
Recovery of the fluorescence was followed by the time indicated in the panels. Experiments
were independently repeated at least four times and representative germlings of a single
experiment are shown. Fluorescence was artificially colored in yellow to enhance
visualization. Scale bars =5 um. (D) Violin plot of the tip enrichment scores of pkcA::GFP
and pkcACSTOR::GFP strains. The mutant protein has a lower degree of enrichment at hyphal
tips under physiological conditions (0 min) while it regains baseline tip localization sooner
in comparison to the wild-type isoform. The upper table indicate the percent of hyphal tips
containing tip localized PkcA at the population level obtained from the average across
biological replicates (n = 4 for pkcA::GFP and n = 6 for pkcASS79R::GFP). Differences in
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the return of tip localization between the two alleles is seen at 10- and 12-minutes post-HS.
For both metrics, statistics were determined by two-way ANOVA with a Sidak’s multiple
comparison test. **** p<0.0001, * p<0.05, n.s. not significant. (E) The strains were cultured
for 24 h in MM at 30 °C. Subsequently, the mycelium was transferred to fresh pre-heated
MM and incubated at 48 °C for the indicated times. The phosphorylated and the total MpkA
amount were detected using a-P-p44/42 and a-p44/42 MAPK antibodies, respectively. The
a-y-tubulin antibody was used as loading sample control. Values indicate the ratio of
phosphorylated/non-phosphorylated MpkA. Representative images of three independent
experiments.
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Figure 3. The CWIP mutants are sensitive to Hsp90 inhibition and present late expression of
Hsp90 after HS.

(A-B) 1x10°2 conidia of the wild-type and CWIP mutants were inoculated in liquid MM
supplemented with different concentrations of radicicol and geldanamycin for 48 h at 37 °C.
(C-D) Viability after 24 h and 48 h of incubation (37 °C) was quantified by fluorescence of
the reduced alamar blue indicator added to each well. Dashed lines indicate the calculated
1C5p and shaded areas on each curve indicated the 95% confidence interval. (E-H) Hsp90
protein abundance during HS. The strains were grown for 24 h in MM at 30 °C and
subsequently heat-shocked at 48 °C for the indicated timepoints. An a-Hsp90 polyclonal
antibody was used to detect Hsp90 and y-tubulin antibody was used as the loading control.
Values indicate the ratio of Hsp90/ y-tubulin signals. Results are representative images of
three independent experiments.
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Figure 4. The CWIP proteins PkcA, MpkA and RImA are constitutive Hsp90 clients in A.
fumigatus.
(A) Domains and structural organization of PkcA sequence. The location of the Gly579,

which is mutated to an Ala in the PkcAG579R mutant, is highlighted in the red box. It is the
first residue juxtaposed after the C1B domain in the primary sequence of the polypeptide.
The black arrow indicates the C-terminal truncated version of the polypeptide, PkcA(409—
1106), expressed in bacterial system (see text for details). PkcA(409-1106) contained the
pseudosubstrate site (yellow), the C1 domain, which comprises the cysteine-rich repeats
C1A and C1B (green), the fungal specific Q/A/P-rich region (blue) and the catalytic domain
of the enzyme (magenta). The structure of PkcA was deduced from Prosite scan and from
comparison to other fungi based on (Herrmann et al., 2006, Teepe et al., 2007, Heinisch &
Rodicio, 2018). The white segment inside the C-terminal domain indicates the localization
of the PxxP region, which is described as necessary for Hsp90 and Cdc37 in mammalian
cells (Gould et al., 2009). Identification of PxxP was based in comparison to human PkcA-a
(NCBI accession number P17252.4, see text for details). Black and yellow lines indicate the
cDNA and polypeptide sequences, respectively. The wild-type and pkcA..3xHA (B),
PkcACSTOR :3xHA (C), mpkA::3xHA (D) and r/mA.-3xFLAG (E) tagged strains were used
in the Co-IP assays. Strains were grown at 30 °C (24 h) and subsequently upshifted to 37 °C
or 48 °C for 15 min to induce HS (left panels). To induce CW stress, strains were grown at
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37 °C (22 h) and subsequently exposed to 10, 100 or 300 ug/mL of congo red (CR) for 30
min (right panels). Dynabeads protein A bound to the a-HA antibody or a-Flag M2 Affinity
gel were used to immunoprecipitated MpkA and PkcA or RImA, respectively. Co-
immunoprecipitated Hsp90 was investigated by Western blot analysis using a-Hsp90
antibody. Hsp90 was also used as the input control for all the samples. Predicted fusion
protein sizes on the blot: MpkA::3xHA: 51.4 kDa; PkcA and PkcACG579R: 127.1 kDa;
RIMA::3xFLAG: 70.3; Hsp90: 80.6 kDa.
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Figure 5. Protein purification and spectroscopic characterization of Hsp90.
(A) 10% SDS-PAGE showing Hsp90 expression (arrow) in £. coli before and after IPTG

induction (lanes 2 and 3, respectively), proteins eluted from Ni*2-affinity chromatography
(lane 4) and after size exclusion chromatography (SEC; lane 5). The marker of MW is
shown in lane 1. (B) CD spectrum of rAfHsp90 acquired in the buffer 40 mM HEPES (pH
7.5), 100 mM KCI, and normalized for mean molar residual ellipticity. (C) Intrinsic
fluorescence spectroscopy experiments using the rAfHsp90 protein, in the presence and
absence of guanidine hydrochloride (Gnd-HCI). The fluorescence emission spectra reflect
the local tertiary environment of the Trp residues. (D) aSEC elution profile for rAfHsp90
and the standard protein mixture. rAfHsp90 eluted with a retention volume similar to
apoferritin. Molecular size of standard proteins: apoferritin (480 kDa), y-globulin (160
kDa), bovine serum albumin (BSA 67 kDa), carbonic anhydrase (30 kDa) and cytochrome C
(12.3 kDa). The blue dextran elution profile identifies the void volume. (E) The retention
volumes observed for the standard proteins were transformed into the Kav and plotted
against the Rs of the standard proteins to determine the Rs for rAfHsp90.

Cell Microbiol. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rochaetal.

A. Time (min)
0 10 20 30 40 50
L) 1 1 L]
0.20F
0.10F I J |
0.00 /-“ v rJr-# W
S -0.10F
@ L
© -0.20
S L
2.0.30F
-0.40F
-0.50
-t 0 B
c
©
4
|3}
-
g 1
—
9o Data: ATP — rAfHsp90
— Model: OneSites
=4 Chi*/DoF = 183
E n:24+03
3-2.0 - K,: 41000 10000 L mol”
o Ky: 24 £2 pM
R~ AH,,: -4600 * 800 cal mol”
1 L 1 A L A L
5 10 15 20
C. Molar Ratio
+10
4 ac,,
+5} B AH,,
- 'TAsapp
° 0
£
©
e
-10
-15

L] T
rAfHsp90 + ATP  rAfHsp90 + ADP

Page 33
B Time (min)
0 10 20 30 40
.I T T L) L)
0.00 | TTr !"‘T*Jr']wl Y‘r"ul el ‘lv-'!n
-0.20f ﬂ
8 L
b -0.40
= L
3
3 -0.60
-0.80
-1.00
o 00F
[
©
R
Q
2 20
Y L
o Data: ADP — rAfHsp90
— B Model: OneSites
o 4.0 Chi¥/DoF = 3500
£ n:1.5%0.2
- ¥ K,: 82000 % 10000 L mol”
© Ky: 12+ 2 pM
-g 6.0 AH,,: -11500 £ 700 cal mol”
[ L L A L A 1 A L A L A L A
0 2 4 6 8 10 12
D. Molar Ratio
1.0
0.8
K5
£ 06}
= Fit model: Michaelis-Menten
= Equation: V = V,_ *[ATPJ/(K, + [ATP])
- 04}
Q V,..: 0.94 £ 0.01 pM min"
o K,: 2315 uM
D02k K. 0.470 £ 0.005 min"
o Adj. R-Square: 0.99942
&
0.0 [
I A A AL A

0.5

10 15 20 25 30
[ATP] (mM)

Figure 6. rAfHsp90 binds to the natural ligands ATP and ADP and is a functional ATPase.
The binding of Hsp90 with ATP and ADP was investigated by ITC at 25 °C. ATP (A) or

ADP (B) were titrated into the buffer containing the rAfHsp90 generating characteristic
thermograms of exothermic reactions. The lower panels indicate the best fitting routine,
which yielded values for n, Ka and AH g, (C) The calorimetric values for apparent AH, AG
and TAH resulting from the rAfHsp90 binding to ATP and ADP. The AH g, was more than
twice higher for ADP binding in comparison to the ATP. (D) Enzyme kinetics of AfHsp90
ATPase activity. AfHsp90 (2 pM) was incubated with ATP (0 — 3 mM) during 90 min at 37
°C and the Pi released from ATP hydrolysis was quantified. The data were treated with a
Michaelis-Menten fitting for the achievement of kinetic parameters (graph inset).
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Figure 7. rAfHsp90 chaperons rAfMpkA in vitro.
The Hsp90 chaperone activity was assessed by monitoring the ability of rAfHsp90 to

prevent aggregation of the client protein by light scattering at 320 nm for 4 h at 42 °C (A)
Thermal stability studies of rAfMpKA indicates it aggregates after 120 min of incubation at
42 °C (40 mM HEPES (pH 7.5) buffer containing 100 mM KCI) in a concentration-
dependent manner. (B) Inhibition of MpkA aggregation (%) calculated in the presence of 10
UM of rAfMpKkA and increasing concentrations of rAfHsp90, 7.¢: 5 uM (2:1), 7.5 uM (2:
1.3), 10 uM (1:1), 20 uM (1:2), 30 uM (1:3), 40 uM (1:4) and 50 pM (1:5). Aggregation
values were calculated considering the maximum aggregation of MpkA as 100%. (D) The
human malate dehydrogenase (MDH, 1 uM), a known Hsp90 client, was used as a positive
control of rAfHsp90 chaperone activity.
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Figure 8. The Hsp90 association with the CWIP components is essential to A. fumigatus
thermotolerance.

PkcA is shown in its activated form, according to the S. cerevisiae model. Activation occurs
after the dissociation of the interaction between C1, C2 and pseudosubstrate site (),
possible after the priming phosphorylation of the protein at the C-terminal kinase (AGC
kinase signature) domain (see text for details), by unidentified kinases in A. fumigatus. The
domain organization of the protein and color scheme is shown as in Fig. 4A. The HS and
congo red (CR) response is thought to emerge mainly from the MidA mechanosensor
located at the cell membrane and funneled into Rom2, a guanine nucleotide exchange factor
and the small Rho GTPAse Rhol, leading to the activation of PKcA. In the likely absence of
DAG stimulation of fungal PkcA via C1 domain, Rhol can be the linking component that
tethers C1A and C1B PkcA domains to the cell membrane, thus suggesting the importance
of C1B domain, where the G579R mutation is located (red line). This polypeptide region is
important for the interaction of Hsp90 with PkcA since this interaction is abolished in the
PkcAGS79R jsoform (right). A. fumigatus Rhol is also an Hsp90 client (data not shown in
this study). For all recorded physical interactions, Hsp90 chaperone is shown as a
homodimer (green) in its closed state, /.., bound to ATP since we recorded here all the
structural and thermodynamic signatures of this protein and ATPase activity. PKcA activates
unknown downstream targets in A. fumigatus and the MAP kinase cascade (green arrow),
which ends in the quick activation of MpkA upon HS. MpkA is a constitutive Hsp90 client.
The phosphorylation of MpKA is highly dependent on a fully functional PkcA (left). MpkA
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migrates to the nucleus where it phosphorylates and activates the TF RImA. RImA is also an
Hsp90 partner and the MpkA/Hsp90/RImA complex reside in the nucleus under
physiological or HS condition. Transcriptional targets of RImA involved in the CW integrity
and HS response are activated. HS (right) stimulates the migration (disappearance) of wild-
type and mutated PkcA from the cytosol’s hyphal tips. The return (recruitment) of
PkcAG579R jsoform is faster in comparison to the PkcA isoform. Although this model does
not explain if PkcA located at the hyphal tip or other cell compartment under basal
conditions is enzymatically active, the faster recruitment of PkcAC579R to the original sites
may suggest an inefficient function of the mutated isoform due to the overall alterations in
the polypeptide structure that potentially impacts the C1 domain. This diagram is based on
data from this article and the following references (Dichtl et a/., 2012, Heinisch & Rodicio,
2018, Rocha et al., 2020, Rocha et al., 2016, Rocha et al., 2015, Samantaray ef a/., 2013,
Schmitz & Heinisch, 2003, Valiante et al., 2015). Created with BioRender.com.
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