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Abstract

Signaling systems allow microorganisms to sense and respond to different stimuli through the modification of gene
expression. The phosphorelay signal transduction system in eukaryotes involves three proteins: a sensor protein, an
intermediate protein and a response regulator, and requires the transfer of a phosphate group between two histidine-
aspartic residues. The SLN1-YPD1-SSK1 system enables yeast to adapt to hyperosmotic stress through the activation of
the HOG1-MAPK pathway. The genetic sequences available from Saccharomyces cerevisiae were used to identify
orthologous sequences in Candida glabrata, and putative genes were identified and characterized by in silico assays.
An interactome analysis was carried out with the complete genome of C. glabrata and the putative proteins of the
phosphorelay signal transduction system. Next, we modeled the complex formed between the sensor protein CgSlnlp
and the intermediate CgYpdlp. Finally, phosphate transfer was examined by a molecular dynamic assay. Our in silico
analysis showed that the putative proteins of the C. glabrata phosphorelay signal transduction system present the func-
tional domains of histidine kinase, a downstream response regulator protein, and an intermediate histidine phosphotransfer
protein. All the sequences are phylogenetically more related to S. cerevisiae than to C. albicans. The interactome suggests
that the C. glabrata phosphorelay signal transduction system interacts with different proteins that regulate cell wall
biosynthesis and responds to oxidative and osmotic stress the same way as similar systems in S. cerevisiae and
C. albicans. Molecular dynamics simulations showed complex formation between the response regulator domain of
histidine kinase CgSInl and intermediate protein CgYpdl in the presence of a phosphate group and interactions between
the aspartic residue and the histidine residue. Overall, our research showed that C. glabrata harbors a functional SLN1-
YPD1-SSK1 phosphorelay system.
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Introduction

The adaptation of microorganisms to different environmental
conditions is regulated by different signaling pathways [1-5].
The response to environmental change is important for micro-
organism survival and involves different biological processes
such as osmosensing, oxidant adaptation, light perception,
morphogenesis and dimorphism, conidiation, cell wall integ-
rity, melanin production, sporulation, expression of pathoge-
nicity factors, and virulence [1, 6—11].

The phosphorelay signal transduction system in eukaryotes
has three different proteins: a sensor protein histidine kinase
(HK), an intermediate histidine phosphotransfer (HPt) protein,
and a downstream response regulator (RR) protein [10,
12—14]. The three proteins interact through the transfer of a
phosphate group from a histidine to an aspartic acid residue
[10, 15, 16]. The sensor proteins in eukaryotes are hybrid,
meaning that they have both HK and RR domains, and are
capable of detecting environmental changes that generate the
transfer of a phosphate group from ATP, which initiates the
phosphorelay signal transduction system [8, 17, 18]. The HK
sensor proteins are classified into 16 families, the protein SInl
belongs to Family III characterized for their localization in the
plasmatic membrane, while the intermediate HPt protein and
RR are localized in the cytoplasm [18-20].

The phosphorelay signal transduction system regulates vari-
ous processes including dimorphism, sporulation, and the ex-
pression of virulence factors, and has been studied in several
human pathogenic fungi, such as, Histoplasma capsulatum,
Coccidioides immitis, Paracoccidioides brasiliensis,
Blastomyces dermatitidis, Sporothrix schenckii, Penicillium
marneffei, Aspergillus fumigatus, Cryptococcus neoformans,
Candida guilliermondii, and Candida albicans [11, 20-23].

There are intermediate proteins in fungi that harbor phos-
photransferase domains; these interact with different branches
of the phosphorelay signal transduction system, permitting
transfer of the phosphate group between the sensor proteins
and RR domains [12, 15, 24-26].

The phosphorelay signal transduction system in
Saccharomyces cerevisiae has been studied extensively, and
the interaction between the HK and RR domains of Sln1p and
Ypdlp is well understood [12, 15]. It is also known that the
SLN1-YPD1-SSK1 pathway regulates the response to osmotic
stress while SLN1-YPD1-SKN7 regulates the response to ox-
idative stress [17, 27, 28].

In our research, we are interested in how the phosphorelay
system works in the opportunistic yeast Candida glabrata.
This yeast is phylogenetically more related to S. cerevisiae
than to C. albicans [29-32]. In contrast to S. cerevisiae,
C. glabrata harbors a unique putative orthologous HK gene,
which encodes an SInlp that has two functional domains: HK
and RR. An in silico analysis showed that it harbors eight
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different transcription binding sites activated for nitrogen
sources and one for Msn2/Msn4. Moreover, this gene is relat-
ed to the processes of adaptation to different environmental
stress conditions, such as osmotic, oxidative, pH, and the as-
similation of different carbon sources [33].

The aim of this work was to look for and demonstrate in
silico the functionality and interactions of the C. glabrata
SLN1-YPD1-SSK1 phosphorelay system, and to understand
its participation in the regulation of other signaling pathways
compared with S. cerevisiae and C. albicans. We confirm the
orthology of the pathway with S. cerevisiae, obtain the inter-
actome of the different proteins, and use molecular dynamics
to demonstrate phosphate transfer between the CgSInl and
CgYpd1 proteins.

Methods
Sequences

To perform the in silico analysis, the complete genome sequences
of C. glabrata CBS138 held at NCBI (https://www.ncbi.nlm.nih.
gov/gene/) were studied based on the reported S. cerevisiae
sequences. We identified the sequence CAGLOH06567g as
CgSLN1, CAGL0OD02882¢g as CgSSK1 and CAGL0K04961¢g
as CgYPD1. We found only one matching copy of each gene
in the genome of C. glabrata. These DNA sequences were used
and translated for in silico protein characterization and
phylogenetic analysis. Structural modeling of the proteins was
performed based on the structures 1C02 and 2R25 from the PDB
(http://www.rcsb.org) of S. cerevisiae.

In silico gene and protein characterization
of the C. glabrata phosphorelay signal transduction
system

Once the sequences were identified, their chromosomal local-
ization, size and coding sequences were determined. Amino
acid sequences were analyzed in terms of their molecular
weight and isoelectric point. The degree of identity to
orthologous sequences of S. cerevisiae was determined using
alignments with the PRALINE database (http://www.ibi.vu.
nl/programs/pralinewww/). The activity domains of each
protein were identified using the database Expasy Prosite
(http://prosite.expasy.org/) [34].

Phylogenetic analysis of C. glabrata proteins Ypd1p
and Ssk1p

The CgYpdlp and CgSsklp sequences were used for phylo-
genetic analysis. The phylogenetic analysis of CgSlnlp was
reported previously [33]. Phylogeny was carried out using the
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Maximum Likelihood method based on the Whelan and
Goldman model [35] for CgYpdlp, and the Jones-Taylor-
Thornton (JTT) matrix-based model for CgSsklp. The per-
centage of trees in which the associated taxa clustered together
is shown next to the branches. Initial tree(s) for the heuristic
search were obtained by applying the neighbor-joining (NJ)
method to a matrix of pairwise distances estimated using a
JTT model. A discrete Gamma distribution was used to model
evolutionary rate differences among sites [five categories (+G,
parameter = 1.7133)]. The tree was drawn to scale, with
branch lengths measured in the number of substitutions per
site. The analysis involved eight and nine reported Ypdlp and
Ssk1p amino acid yeast sequences respectively. All positions
containing gaps and missing data were eliminated.
Evolutionary analyses were conducted in MEGA7 [36].

Interaction networks with the C. glabrata genome

To determine the interactions of the putative SInlp, Ypdlp, and
Ssk1p with other proteins of the C. glabrata genome, the plat-
form STRING 9.1(http://string-db.org/) [37] was used. Most of
the interacting proteins are putative so they were named based
on their homology to S. cerevisiae. We found only one
matching copy of each gene in the genome of S. cerevisiae.

Modeling by homology of the complex SIin1p(RR)
-Ypd1 of C. glabrata

Modeling by homology was done to determine the tertiary
structure of CgYpdlp and the complex CgSInlp (RR)-
CgYpdl of C. glabrata using the program MODELER 9.14
(https://salilab.org/modeller/9.14/release.html) [38]. Of the 20
different models obtained, the 5 with the lowest Discrete
Optimized Protein Energy (DOPE) score were chosen [39]
The structural global and local quality was evaluated on the
Swiss-Model platform (http://swissmodel.expasy.org/
workspace/) [40, 41], through the calculation of the atomic
non-local environment assessment (ANOLEA) [42],
QMEAN [43, 44] and DFire-Energy [45]. The
Ramachandran plots were obtained using PROCHECK [46].
Finally, PyMOL 1.3 (https://www.pymol.org/) [47] was used
to visualize structures and to calculate the root mean square
deviation (RMSD).

Molecular dynamics simulation of the complex
CgSin1p (RR)-CgYpd1p

A molecular dynamics simulation of the group interaction in
the complex CgSInlpRR-CgYpdl was performed. To simu-
late the group phosphate transfer between the RR of the sensor
protein, CgSInlp and the intermediate CgYpdlp, the cubic
system with the HPt-RR domains in the center was first de-
fined. The system was solvated with water using the model

TIP3P [48] and the charges were neutralized with sodium
chloride to a final concentration of 0.5 M; to stabilize the
complex model we added Mg™ according to Zhao et al.
[49]. The system was equilibrated under a scheme NPT
(310 K, 1 atm, controlled using the Langevin algorithm)
through a minimization of 1000 gradient steepest-descent,
followed by a 150 ps equilibration simulation with harmonic
restrictions for proteins (10% kcal mol ™' A™2). The production
runs were done under the same conditions but without restric-
tions for 100 ns with a time step of 2 fs. The force field
CHARMM27 [50] was used. Cut-off points of 10 A were
established for the van der Waals interactions and were eval-
uated using the particle-mesh Ewald (PME) method. The sim-
ulation was computed with NAMD 2.9 (http://www.ks.uiuc.
edu/Research/namd/) [51] and the resulting trajectories were
visualized and analyzed with VMD 1.9.2 [52]. For the
phosphorylated complex, the phosphoaspartate parameters
were taken directly from Damjanovic et al. [53], and then
the force field derived CHARMM?27 was used.

Results

In silico gene and protein characterization
of the C. glabrata phosphorelay signal transduction
system

The putative CgYpdlp (ID 2890498) was identified as being
located in chromosome K, with a size of 486 bp; its translated
sequence has a molecular weight of 18.5 kDa, a pl of 4.3 and
63% identity with the ScYpdlp. The putative CgSsklp (ID
2887049) was located in chromosome D, with a size of
2004 bp; its translated sequence has a molecular weight of
75.2 kDa, a pl of 6.38 and 38.6% identity with ScSsklp.
Phylogenetic analysis of the CgYpdlp and CgSsklp se-
quences were performed (Figs. 1, 2). The activity domains
of each protein were identified in the sequences; CgSInlp,
[33] and the CgYpdlp, and CgSsklp harbor the HK, HPt
and RR domains, respectively (Fig. 3).

Interaction networks of the C. glabrata phosphorelay
signal transduction system

The principal interactions that mediated this assay are shown
in the figures. The sensor protein HK CgSInlp (Fig 4a) and
the intermediate protein CgYpdlp (Fig 4b) showed an inter-
action with mitochondrial proteins CgPkplp and CgPkp2p,
and with the CgSkn7, CgSsk2p, CgPbs2p and CgHoglp pro-
teins that participate in the processes of adaptation to osmotic
and oxidative stress. Further, the RR protein CgSskl1p (Fig 4c)
showed interactions with the CgSte50p and CgStellp pro-
teins involved in cell wall synthesis. The putative proteins
included in the C. glabrata interactome are shown in Table 1.
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Fig. 1 Molecular phylogenetic analysis by maximum likelihood (ML)
method of protein CgSsklp of Candida glabrata (XP_445541.1) and other
response regulator (RR) proteins described in Debaryomyces hansenii (XP_
461427.2), Eremothecium gossypii (NP_984439.2), Kluyveromyces lactis
(XP_454379.1), Lachancea thermotolerans (XP_002551906.1),

Modeling by homology of the complex Sin1p(RR)
-Ypd1 of C. glabrata

We obtained 20 models of the protein CgYpdlp, from which
we selected the 5 models with the lowest DOPE values. For
these five models, we calculate the QMEAN, DFIRE-Energy
and RMSD values. The chosen model was the one with the
lowest values of all determination. The chosen model has the
following characteristics: a DOPE value of —16,750.57, a
DFire-Energy of —202.7, a QMEAN score of 0.567 and a
RMSD of 0.208 (Online Resource 1). The model of CgYpdl
generated with MODELER is showed in Online Resource 2.
The Ramachandran plots of CgYpdl (Online Resource 3)
showed an adequate clustering of the angles ¢, 1, in the
allowed zones validating a high-resolution protein structure.
The tertiary model showed five o-helix chains (Fig. 5a) and
harbors a histidine in position 64 (Fig. 5b).

Further, we obtained 20 models for the CgSInlp (RR) do-
main. We followed the same strategy as described above. The
selected model has a DOPE value of —14,265.07, a DFire-

Fig. 2 Molecular phylogenetic

analysis by ML method of protein

CgYpdlp of C. glabrata (XP_

448442.1) and other histidine

phosphotransferase (HPt) proteins

of D. hansenii (XP_458156.1),

E. gossypii (NP_982765.1), 92

Saccharomyces cerevisiae (EWG84285.1), Zygosaccharomyces rouxii
(XP_002494852.1), and Candida albicans (XP_722233.1). Bar Number of
nucleotide changes per 100 nucleotides. *Accession numbers from the NCBI
GenBank. https:/www.ncbi.nlm.nih.gov/protein/

Energy of —162.25, a QMEAN score of 0.756 and a RMSD
0f 0.105 (Online Resource 1). The structure of CgSInl gener-
ated with MODELER is showed in Online Resource 4. The
Ramachandran plots of CgSInlp (RR) (Online Resource 5)
showed an adequate clustering of the angles ¢, 1, in the
allowed zones validating a high-resolution protein structure.
The aspartic residue that transfers the phosphate group to the
residue histidine of CgYpdlp was located (Fig. 6a). A model
of the complex CgSInlp (RR)-CgYpdlp was obtained based
on both structures described above and the aspartate residue
114 and histidine 64 that transfer the phosphate group were
located, and are shown in Fig 6b.

Simulation of phosphate group transfer
by the complex CgSIn1p (RR)-CgYpd1p using
molecular dynamics simulations

Molecular dynamics between the RR domain of the sensor
protein HK CgSInlp and the HPt domain of the intermediate
protein CgYpdlp were obtained. The CgSInlp (RR)-CgYpdl

- Saccharomyces cerevisiae

93 — Candida glabrata

62 ———— Zygosaccharomyces rouxii

Kluyveromyces thermotolerans

K. lactis (XP_453920.1),

L. thermotolerans (XP_
002552137.1), S. cerevisiae (NP _
010046.1), Z. rouxii (XP_
002497857.1), C. albicans (XP_
713887.1) and C. neoformans

|\— Kluyveromyces lactis

Eremothecium gossypii

(XP_012053169.1). Bar Number
of nucleotide changes per 100 N
nucleotides. *Accession numbers 98

Cryptococcus neoformans

Debaromyces hansenii

are from the NCBI GenBank.
https://www.ncbi.nlm.nih.gov/
protein/

0,20
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Fig. 3 Activity domains of each protein of the phosphorelay signal
transduction system in a C. glabrata and b S. cerevisiae were identified
by Expasy Prosite (http://prosite.expasy.org/) [34]. Each functional domain
is marked and was observed to be conserved in both microorganisms. The
CgSInlp is a hybrid protein that harbors two different domains: histidine
kinase (HK) and RR, the CgYpd1p is a phosphotransfer protein that harbors
HPt, and the CgSsklp RR protein harbors a RR domain

- Histidine phosphotransferase

complex was, in general, stable (RMSD below 4 A). The
RMSD of the structure SIn1RR-Ypd! was calculated relative

a

— Activation

—— Post Transcripcional
—— Binding

—— Inhibition

Fig. 4 Interactions of the C. glabrata phosphorelay signal transduction
system proteins. The sensor protein HK CgSInlp (Fig 4a) and the
intermediate protein CgYpdlp (Fig 4b) showed an interaction with
proteins that participate in processes of adaptation to osmotic and

to the initial structure, aligning all frames using the backbone
with the VMD software. In the dynamic “without phosphate”
group, we obtained an average RMSD value of 2.405, and the
value of the “with phosphate” group was 3.058. We present
the performance of the RMSD through frames as supplemen-
tary material (Online Resources 6 and 7 respectively). We
evaluated the interaction between the aspartic-histidine com-
plex by determining the distances by 100 ns in the presence
and absence of a phosphate group (Fig. 7). In the absence of a
phosphate group, we observed variable distances between his-
tidine and aspartic residues in the range of 3 A to 10 A
(Fig. 8a; Online Resource 8), while, in the presence of the
phosphate group, these residues have a stable interaction after
10 ns with a distance of 2 A that was stable for at least 80 ns
(Fig. 8b; Online Resource 9).

We also analyzed the interaction of other conserved
amino acids between the CgYpdlp and CgSinlp RR and
found that several types of interactions between both pro-
teins such as hydrogen bridges, ionic bridges, hydropho-
bic interactions and molecular rearrangements exist to al-
low the interaction between the histidine and aspartic acid
(Table 2).

oxidative stress, while the RR protein CgSsklp (Fig 4c) showed an
interaction with proteins involved in cell wall synthesis. The interaction
force (string number) was determinate using STRING 9.1
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Table 1 Putative proteins of Candida glabrata that interact with the
phosphorelay signal transduction system

Accession Saccharomyces Identity Accession
number cerevisiae (%) number
XP_447081.1 SLNI1p 63 AJR48586.1
XP_445541.1 SSK1p 38 AJV50132.1
XP_446363.1 SKN7p 56 AJU26538.1
XP_449020.1 PBS2p 63 AJR66511.1
XP_447400.1 STE7p 56 AJP37595.1
XP_448812.1 PKPIp 54 AJR45451.1
XP_446273.1 PKP2p 68 AJR77053.1
XP_448894.1 PTP2p 40 AJV50132.1
XP_445554.1 CYRI1p 78 AJR73444.1
XP_444841.1 OCHlIp 51 AJR76571.1
XP_445371.1 PTClp 80 AJV04029.1
Discussion

The yeast C. glabrata is commensal in healthy people; how-
ever, recently it has been considered an opportunistic patho-
gen in immunocompromised patients. C. albicans and
C. glabrata are the two most common Candida species found
in the human digestive tract, and are responsible for 65-75%
of systemic candidiasis, with high morbidity and mortality
[54, 55]. The microorganisms harbor signal transduction path-
ways that mediate adaptation to extracellular environments,
and which control transcriptional programs and posttranscrip-
tional processes that modify cell metabolism to maintain ho-
meostasis [56]. One of the most studied signaling systems is

Fig.5 CgYpdlp surface map. a The ribbon representation is shown with
the 5 a-helices labeled. b The entire surface is shown and the position of
the histidine residue that receives the phosphate group is highlighted in
magenta. Surface representations were created using the molecular
graphics program PyMOL [41]
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the two-component system (TCS), which is widely distributed
in bacteria, plants, and eukaryotes. In fungi, it is known as the
phosphorelay signal transduction system, because its main
function of transferring a phosphate group is maintained but
more than two proteins are involved [1, 5, 57-59].

C. glabrata is more related phylogenetically to
S. cerevisiae than to other Candida species such as
C. albicans. Our phylogenetic analysis based on the protein
sequences of the RR protein CgSsklp (Fig. 1) and the inter-
mediate protein CgYpdlp (Fig. 2) confirm the close relation-
ship with S. cerevisiae and its separation with C. albicans [60,
61], as well as the orthology of such proteins. Similar results
were obtained previously for the sensor protein CgSInlp [33].
Moreover, the putative proteins of C. glabrata harbor the typ-
ical domains that are conserved in the S. cerevisiae
phosphorelay system (Fig. 3); these domains were identified
as HK and RR for CgSInlp, a phosphotransferase domain for
CgYpdl, and a RR domain for CgSsk1p, as has been reported
for various yeasts in addition to S. cerevisiae, such as
Schizosaccharomyces pombe, C. albicans, C. neoformans
and Kluyveromyces lactis [56].

We used the CgSInlp, CgYpdlp, and CgSsklp sequences
from C. glabrata to obtain the interactomes of these proteins with
others encoded in the C. glabrata genome. The interactome re-
vealed the connection with proteins from the MAPKk pathway.
The MAPK pathways are used by eukaryotes for intracellular
signaling transduction. In yeast, there are five pathways: phero-
mone response, filamentation/invasion, high osmolarity glycerol
HOGI, cell integrity, and spore wall assembly [62]. We found an
interaction of CgSInlp through CgYpdlp with CgSsklp,
CgSsk2p, and CgHoglp, while CgHoglp interacts with
CgSholp (Fig. 4a), and all these proteins regulated the HOG1
pathway in S. cerevisiae. This pathway allows for adaptation to
osmotic stress under normal osmolarity. CgSlnlp, CgYpdlp, and
CgSsklp form a phosphorylation chain, maintaining an inactive
MAPK pathway (Ssk2p, Ssk22p, and Pbs2p). However, when
the cells are exposed to hyperosmolar conditions, the sensor
protein CgSInlp detects the environmental change, interrupting
the transfer of the phosphate group to the intermediate protein
CgYpdlp, and the RR CgSsklp. This interrupts the accumula-
tion of dephosphorylated CgSsklp, allowing its interaction with
CgSsk2p, CgSsk22p, and CgPbs2p, which induces the activation
of HOG1pathway and the overproduction of glycerol and induc-
ing the adaptation to hyperosmolarity [63—67]. The presence of
these proteins and the predicted interactions suggest that this
pathway has the same function in C. glabrata as in
S. cerevisiae. These results confirm the findings of Gregori
et al. [9] that the HOG1 pathway in C. glabrata can be activated
by CgSlnlp and CgSholp. It has also been reported that
CgSholp is activated by the stress induced by organic acids [9].
Further, Guzman-Gonzalez et al. [33] reported that the expression
of CgSLNI is downregulated by osmotic stress. Based on all these
data, we infer that the activation of the HOG1 pathway in
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Fig. 6 CgSInlp (RR) surface a
map. a The ribbon representation
is shown and the aspartic residue
is labeled with blue spheres. b
Complex CgSInlp (RR)-
CgYpdlp surface map. The
ribbon representation is shown
and the aspartic 114 residue and
histidine 64 residue, which are
involved in the phosphate group
transfer are labeled with magenta
spheres. Surface representations
were created using the molecular
graphics program PyMOL [41]

C. glabrata is related to osmotic stress. Interestingly, in
C. albicans, HOGI is activated by CaSInlp, which regulates
the adaptation to osmotic stress and the expression of virulence
factor as the white-opaque phenotypic switch that enables this
pathogenic yeast to evade the host immune response [66, 68].
More research is needed to clarify whether the C. glabrata
phosphorelay system is involved in its pathogenesis.

Another interesting interaction was found among the tran-
scription factor CgSkn7p and the proteins CgSInl, CgYpdl,
and CgSsk1 (Fig. 4). The S. cerevisiae Skn7 transcription factor
regulates adaptation to oxidative and osmotic stresses through
activation of the SLN1-YPD1-SKN7 pathway [28] and is also
related to the synthesis of cell wall components [69]. Further,
we observed the interaction of the proteins CgYpdl (Fig. 4b)
and CgSskl (Fig. 4c) with different intermediate proteins from
other MAP kinases pathways such as the transcription factors
CgStell, CgSte50, and CgSte7, which participate in the
filamentation growth/invasion and mating pheromone response
pathways in S. cerevisiae, S. pombe, and C. neoformans [62,
70, 71]. The filamentation growth and the invasion process
have been related to starvation as this response allows the relo-
cation of yeast to zones with higher nutrient concentration [72].

Fig. 7 Graphical representation
of the interaction between the
aspartic residue of the CgSInlp
(RR) domain and the histidine
residue of the CgYpdlp protein in
(a) absence and (b) presence of
the phosphate group.
Representations were created
using the molecular graphics
program VMD [44]

The change to filamentation growth requires remodeling in the
cell wall composition, and the transcription factors CgStell,
CgSte50, and CgSte7 also participate here. In contrast
C. glabrata does not present filamentation growth, and the
pseudohyphal formation has been reported under specific nitro-
gen sources, and in vitro [73]; moreover, until now a sexual
cycle in C. glabrata has been not described, despite the pres-
ence of the necessary genes [74, 75]. Therefore, the transcrip-
tion factors CgStell, CgSte50, and CgSte7 could be regulating
the cell wall composition in response to environmental stress.

Other proteins that interact with CgYpdl (Fig. 4b) were
CgPkp2p and CgPkplp, which are mitochondrial kinases that
regulate the activity of the pyruvate dehydrogenase complex in
S. cerevisiae [ 76, 77]. This regulation could be very relevant for
the metabolism of C. glabrata because this yeast has suffered a
strong genomic reduction of mostly metabolic genes. Indeed, it
is only able to metabolize glucose and trehalose, and can realize
fermentation even in aerobic conditions [78].

Our studies suggest that CgSIn1 can act as a sensor protein
for several pathways, including the pheromone response path-
way, filamentation/invasion pathway, high osmolarity glycer-
ol pathway, cell integrity, and spore wall assembly pathway.
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Fig. 8 Measurement of the distances between the aspartic residue of the CgSInlp (RR) domain and the histidine residue of CgYpd1p during the transfer

simulation in (a) absence and (b) presence of the phosphate group

Additionally, we detected a single intermediate CgYpd! that is
able to interact with several response regulators (CgSkn7,
CgSte50, CgStell, CgSskl, CgSsk22, and CgSte7) allowing
the adequate response to different environmental conditions
(Fig. 4b), which could be one of the reasons why C. glabrata
is a very successful opportunistic pathogen, similar to
C. albicans and C. neoformans [79-81].

In order to perform this analysis, we used the information
from S. cerevisiae. We selected reported genes from the
phosphorelay system, and we looked for homologous se-
quences in C. glabrata genome. We found only single homol-
ogous sequences in C. glabrata genome, both for the main
proteins involved in the phosphorelay system, as well for
those detected in the interactome. Several authors suggest
co-evolution during the analysis of the phosphorelay systems
of bacteria [82, 83] and yeast [84]. This phenomenon could
explain the detection of S. cerevisiae orthologous sequences
interacting with the phosphorelay system of C. glabrata.

The intermediate response protein of C. glabrata CgYpdl
has the capacity to interact with several RR. We next analyzed
the structure of the proteins in more detail. Homology modeling
using the information of the crystallized Ypdlp from
S. cerevisiae [85, 86] was employed to obtain a model of the

CgYpdl (Fig. 5a). We observed the presence of 4 «-helix and
the histidine residue 64, which are both typically found in inter-
mediate proteins with a phosphotransferase domain [15]. This
result supports the finding that CgYpdl is in fact the intermedi-
ate protein that participates in the C. glabrata phosphorelay
signaling pathway. S. cerevisiae also contains ScYpdlp with
histidine residue 64, and several other positions that stabilize
the structure of the intermediate protein, which allows the inter-
action with the receptor protein or the RR as ScSsk1p, ScSkn7p
(Fig. 5b) [12, 49]. Using this information, we constructed a
molecular homology model using the complex of S. cerevisiae
ScSInl (RR)-ScYpdl to evaluate in silico the interaction be-
tween the CgSInl (RR) domain and CgYpdlp (Fig. 6). We
evaluated the interaction between the functional aspartic 114
of the CgSInl (RR) and the histidine 64 in CgYpdl in the
absence and presence of a phosphate group (Fig. 7). We found
that the distances between the aspartic and the histidine residues
had a value of 3-10 A in the absence of the phosphate group
(Fig. 8a; Online Resource 8); while the distance between the two
amino acid residues was 24 A in its presence (Fig. 8b;
Online Resource 9). This shorter distance suggests a closer in-
teraction due to the transference of the phosphate group. In
S. cerevisiae, in the absence of stress, the sensor protein

Table 2 Interactions between

Type of Interaction

CgSnlp(RR)-CgYpdlp in the CgYpdlp  CgSlnlp-RR domain
molecular dynamic assay
Glu 15 Lys 12
Gly 33 His 11 and Gly 29
Trp 80 Ile 5, Pro 4 and 96, Val 3, Thr 2, Arg 83
Phe 95 Arg 83, Ala 137, Trp 79, Leu 87,
Gin 140, Tle 101, Pro 96
Asp 59 Arg 39, Gln 85
Leu 30 Val 12 and16, Glu 15, Met19, Leul3 and 72
Met 19 Met 20, Arg 19, Leu 23, Val 16
His 63 Gln 60, Ala 88, Asp 58

Ionic bond
Hydrogen bond

Hydrophobic interactions that support
of tridimensional structure of protein

Hydrophobic interactions that support
of tridimensional structure of protein

Modifies the orientation the others amino acids
for interaction with response regulator domain

Hydrophobic interactions
Hydrophobic interactions
Transfer of phosphate group His-Asp

@ Springer



J Mol Model (2018) 24: 13

Page90of 12 13

ScSInl autophosphorylates and maintains a phosphorylation
chain between the residues His-Asp through the proteins SInl-
Ypd1-Sskl. In contrast, under a stress condition, the phosphor-
ylation chain breaks, allowing the proteins ScYpdl and ScSsk1
to interact with other regulator proteins, which permits adapta-
tion through the activation of the HOG1 pathway [87-89].
Moreover, our analysis showed the presence of nine conserved
CgYpdl amino acids, in comparison to those from ScYpd1 that
interact with the CgSIn1RR domain [90]. (Table 2).

One of the most interesting things about the phosphorelay
system is the understanding of how the phosphorylation rates
controls environmental stimuli. Previously Janiak-Spens et al.
[91] evaluated the rate of phosphoryl transfer between the RR-
SInl and Ypdl from S. cerevisiae; they found it relatively fast,
contrasting with the speed rate of the Bacillus subtilis sporulation
controller phosphorelay system [92], and slower than that of
Escherichia coli, which control chemotaxis [93]. Those results
suggested that transfer speed rate reflects the function of the
signal transduction system. Our research demonstrates a very
high homology in structure and function between the
phosphorelay system of S. cerevisiae and C. glabrata; thus, we
hypothesize a phosphate transfer speed rate in C. glabrata similar
to that in S. cerevisiae.

Our results suggest that C. glabrata harbors a functional
phosphorelay system that is related to the one in S. cerevisiae.

Plasmatic membrane

Our interactomes suggest that this system regulates adaptation
to osmotic and oxidative stress and cell wall synthesis. Our
analysis also showed that this system participates in the pher-
omone response, mating and sexual cycle, these activities are
not present in C. glabrata, although the genes are present. The
next step in our research is to obtain a C. glabrata (sin1A) to
confirm the functionality of this system in C. glabrata.

Summary

The proteins of the C. glabrata phosphorelay signaling system
were identified using available databases. The intermediate pro-
tein CgYpdlp and the RR protein CgSsk1 are orthologues to the
corredponding proteins in the ascomycete S. cerevisiae. Further,
we identified the following functional domains: HK and RR in
the sensor protein CgSInl, the HPt domain in the intermediate
protein CgYpdlp and the RR domain in the protein CgSskl.
Based on the interactome obtained, the tertiary structure of the
CgYpdl protein and the interaction with the CgSInlp (RR) do-
main observed in the in silico dynamic molecular assay, we
hypothesize that the phosphorelay signaling system is related
to several signaling pathways that participate in different pro-
cesses of adaptation to the environment. In Fig. 9, we highlight
the findings of this in silico research; under normal conditions,
the SLN1-YPD1-SSK1 system is phosphorylated and inactive,

&sngnal
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CgYpdip

CgSsk22p

=

 costesop | [ costerp | J

CgHog1p
|
-------------- 1 bt mm—————
e T - A {_ - -
- -~ o -
’,, \\\ ,,— \ [-CgSknlp | | CgHog1p I ‘s\
’ \ ’ { & \
Nucleus ‘ Cell wall '
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Sensor lntermedcate[:] Response @F’hosphme
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Fig. 9 Schematic representation of the possible interaction of the
C. glabrata SLN1-YPDI1-SSK1 phosphorelay signaling system with
other MAPKk pathways. All the proteins were detected in the
interactome and named based on their homology to orthologous

proteins in S. cerevisiae. a Phosphorelay system under normal
conditions. b Interaction through a phosphorylation chain with other
MAPKEk pathways
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without interaction with other proteins (Fig. 9a), but when an
environment change occurs, the CgSInlp senses a signal that
causes dephosphorylation and uncouples the system, CgYpdIp
interacts with CgSkn7p and regulates oxidative stress, CgStel1p
and CgSte7 regulate cell wall composition and biosynthesis, and
CgSte20 and CgSteS0 regulate the mating and cell cycle, which
was not detected in C. glabrata. CgSsklp interacts with
CgSsk2p, CgSsk22p, CgPbs2p, and CgHoglp to regulate the
adaptation to osmotic stress. This adaptation is also regulated by
CgSholp (Fig. 9b). This adaptation capability of different path-
ways enables C. glabrata to be a successful opportunistic path-
ogen. The next step in our research is to confirm these in silico
findings by obtaining mutants for CgSlnlp or CgYpdlp genes
to corroborate its participation in the adaptation to osmotic
stress, oxidative stress, cell wall biosynthesis, and its possible
role in the pathogenicity of this opportunistic yeast.
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