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Abstract

Our interest in the mitochondria of Candida albicans has progressed to the identification of
several proteins that are critical to complex | (Cl) activity. We speculated that there should be
major functional differences at the protein level between mammalian and fungal mitochondria ClI.
In our pursuit of this idea, we were helped by published data of CI subunit proteins from a broad
diversity of species that included two subunit proteins that are not found in mammals. These
subunit proteins have been designated as Nuolp and Nuo2p (NADH-ubiquinone oxidoreductases).
Since functional assignments of both C. albicans proteins were unknown, other than having a
putative NADH-oxidoreductase activity, we constructed knock-out strains that could be compared
to parental cells. The relevance of our research relates to the critical roles of both proteins in cell
biology and pathogenesis and their absence in mammals. These features suggest they may be
exploited in antifungal drug discovery.

Initially, we characterized Goalp that apparently regulates Cl activity but is not a Cl subunit
protein. We have used the goalA for comparisons to Nuolp and Nuo2p. We have demonstrated
the critical role of these proteins in maintaining CI activities, virulence, and prolonging life span.
More recently, transcriptional profiling of the three mutants and an ndh51A (protein is a highly
conserved CI subunit) has revealed that there are overlapping yet also different functional
assignments that suggest subunit specificity. The differences and similarities of each are described
below along with our hypotheses to explain these data. Our conclusion and perspective is that the
C. albicans ClI subunit proteins are highly conserved except for two that define hon-mammalian
functions.
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1. Introduction

The scope of this review is focused upon a knowledge base of complex I (CI) subunit
proteins from C. albicans. As there are 39 subunit proteins in the C. albicans Cl, the task of
characterizing all would be immense. So, our research emphasis is primarily on two fungal-
specific subunit proteins (Nuolp and Nuo2p) and one other (Goalp) that regulates ClI
activities. In assigning functions to these proteins, we have demonstrated their critical roles
in cell biology that transcend their activity as only sources of cell energy. There would
appear to be a significant level of subunit specificity in their cell activities, discussed below.
This concept has incentivized our effort to explore subunit-specific activities further. Our
data are also relevant to the disease process and antifungal susceptibility.

Structural and comparative genomic studies of nuclear and mitochondrial genomes of yeast
have shown that roughly 10% of nuclear-encoded genes are involved in mitochondrial
biogenesis and function (Marcotte et al. 2000). Also, the percentage of organism-specific
mitochondrial genes is very high in yeast (22%) relative to, for example, worm (1%)
(Marcotte et al. 2000). These genomic differences suggest that mitochondria carry species-
specific functions that probably reflect their survival in their environmental niches. With
regard to the contribution of mitochondria proteins to antifungal drug discovery, concerns
are that the broad similarity of fungal and human mitochondria precludes their development
as fungal-specific drug targets. However, our published data demonstrate the presence of
two fungal-specific mitochondrial CI subunit proteins, Nuolp and Nuo2p (She et al. 2015)
and a third mitochondrial regulator of Cl, Goalp (Bambach et al. 2009).

The annotation of CI subunits has not been completed in all eukaryotes, which is particularly
true when the focus shifts to accessory subunits (Gabalddn et al. 2005; Brandt 2006;
Vinothkumar et al. 2014). Some accessory subunits may play a role in preventing high
energy electron leakage during the electron transfer between ETC (electron transport chain)
complexes as they physically surround the functional core, stabilizing CI redox groups
(Guénebaut et al. 1998), regulating Cl assembly (Ugalde et al. 2004; Marques et al. 2005),
as observed in Nuolp, Nuo2p (She et al. 2015) and Goalp (Bambach et al. 2009), and
mediating signal transduction when fungi are challenged with cell death inducers (reviewed
in Kmita and Zickermann 2013; Gongalves et al. 2015). Other functions have been assigned
to Cl subunits as an acyl carrier protein (Sackmann et al. 1991; Schneider et al. 1995;
Dobrynin et al. 2010). In fact, two acyl carrier proteins (ACPM1 and ACPM2) were
identified in C. albicans when compared to paralogs from mammals or Neurospora crassa
(Runswick et al. 1991). The mitochondrial acyl carrier proteins are proposed either to
participate in prosthetic group synthesis for pyruvate dehydrogenase and 2-oxoglutarate
dehydrogenase complexes or direct long chain fatty acid synthesis for repair of
mitochondrial membrane damages (Kmita and Zickermann 2013).

2. Results and Discussion

2.1 Mitochondrial Cl composition in C. albicans

Mitochondria in part are derived from a-proteobacteria in eukaryotic cells to meet their
energy demands for cellular activities and survival (Gray et al. 2001). Mitochondrial
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complex | (ClI) — the first protein complex of the ETC — is needed to provide a proton motor
force for complex V (CV) to synthesize ATP. However, Cl is absent in Saccharomyces
cerevisiae and Schizosaccharomyces pombe (Schatz et al. 1966). In these organisms, NADH
oxidation is performed by the alternative mitochondrial NADH:ubiquinone oxidoreductase
NDI1 (Maas et al. 2010), which is present in C. albicans (NDE1 and YMX6) as well. These
monomer enzymes face the matrix side of the mitochondrial inner membrane and do not
transfer protons across the mitochondrial inner membrane. Such genetic differences reduce
the value of S. cerevisiae as model to study CI. The absence of mitochondrial Cl is believed
to provide an advantage to fermentative yeast species for their ecological adaptation (Merico
et al. 2007). This critical evolutionary event is believed to have occurred when an ancestor
of Saccharomyces diverged around 100 million years ago from other yeasts such as Candida
(reviewed in Chou and Leu, 2010), when fruit-bearing species emerged (Merico et al. 2007).
Intriguingly, unlike other pathogenic Candida spp. such as C. parapsilosis, C. tropicalis, Cl
does not exist in C. glabrata as well, yet this species has become the second most common
cause of candidiasis (Koszul et al. 2003).

2.1.1 The CI of C. albicans—In C. albicans, the molecular mass of ClI is around 800 kDa
according to BN-PAGE electrophoresis data (Li et al. 2011). Cl is composed of at least 39
subunit proteins which are either mammalian paralogs or fungal-specific subunits (She et al.
2015). Functionally, the C. albicans Cl is conserved in mammalian and even prokaryotic
cells that couple the TCA cycle with oxidization of NADH, except for the few exceptions
mentioned above (reviewed in Friedrich and Scheide, 2000). To date, the CI structure in C.
albicans remains somewhat unclear, but its L-shape is consistent among eukaryotic species
(Guénebaut et al. 1998; Efremov et al. 2010).

Like most eukaryotes, C. albicans has 14 core Cl genes of a bacterial progenitor that are
proton-pumping NADH: ubiquinone oxidoreductases, seven of which are encoded by
mitochondrial DNA (CaalfMP03, CaalfMP09,CaalfMP10,CaalfMP14, CaalfMP13,
CaalfMP02,CaalfMP2); seven other subunit genes are nuclear-encoded [Ndh51 (NDUFV1),
orf19.2091(NDUFV2), orf19.7560(NDUFS1), orf19.6531(NDUFS2),
orf19.1710(NDUFS3), orf19.4758(NDUFS8), orf19.6794(NDUFS7)]. The first group of
mitochondrial synthesized proteins is located in the membrane arm of CI, while the second
group of seven proteins is predicted to be on the hydrophilic arm. To better compare the
subunit functions of later group, bovine paralogs are indicated in parenthesis. For example,
NDUFV1 is a NADH dehydrogenase ubiquinone flavoprotein 1 (for NADH binding) and
NDUFS1 is NADH dehydrogenase ubiquinone Fe - S protein (for quinone binding). As
expressed here with “orf” numbers, these nuclear-encoded genes in C. albicans are not
studied yet except for NDH51 (McDonough et al. 2002; Vellucci et al. 2007). The functions
of Ndh51p have been further analyzed in our lab (She et al. 2013; Sun et al. 2013a).

2.1.2 Unique CI subunit proteins—The remaining sections of this review focus upon
the activities of Nuolp, Nuo2p and Goalp, which are either broadly fungal specific (Nuolp,
Nuo2p) or unique to most Candida species (Goalp). The phenotypes of mutants are listed in
Table 1. Ndh51p (mentioned above) is part of the conserved CI core of numerous species
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including fungi. The ndh51A is useful in comparing phenotypes (and functions) to nuolA,
nuo24, and goalA.

Eukaryotic Cl accessory proteins are assembled by their addition to the prokaryotic minimal
structure. Therefore, the functional difference among organisms and species is mostly
associated with the non-core proteins. In the case of C. albicans, 25 proteins including
Nuolp, Nuo2p belong to this non-core group. Both Nuolp and Nuo2p have been confirmed
as CI subunits in N. crassa even through their precise locations in Cl are not determined
(Azevedo et al. 1992; Marques, et al. 2005). As stated, both proteins are fungal-specific or
share specificity with lower eukaryotes but not with mammals.

The mitochondrial respiratory and enzymatic deficiencies of goalA suggest that Goalp is
strongly associated with CI functions (Table 1), but apparently, Goalp is not a Cl subunit.
This protein translocates to mitochondria during oxidative stress (Bambach et al. 2009). But,
how long the protein remains in mitochondria and its binding site are not resolved. C.
albicans is a member of the CTG clade of the Ascomycetous Saccharomycotina, of which
CTG is translated as “serine” instead of universal “leucine.” The CTG clade includes all
Candida pathogens except C. glabrata. We believe Goalp is a Cl regulator. More recently,
we have focused on Nuolp and Nuo2p since they are broadly conserved among pathogenic
fungi. Their specificity and functional activities suggest that both proteins are potential drug
targets.

2.2 Cl integrity depends on CI core and non-core subunits

In the context of ATP synthesis, the mitochondrial ATP pathway is highly efficient even
though other alternative respiration and fermentative modes are also important for C.
albicans to survive in the host (Helmerhorst et al. 2002; Lorenz et al. 2004). CI functionally
interacts with other ETC protein complexes by forming super protein complexes. However,
super complex formation and regulation are not well understood. Given the apparent amount
of energy required to form super complexes, likely, super complex formation is not always
an “on” process. We speculate that a signal transduction network may guide this dynamic
process.

In our previous studies, we demonstrated that Nuolp, Nuo2p, Goalp, and Ndh51p of C.
albicans are required for Cl assembly (Li, et al. 2011; She et al. 2015). However,
mechanistically, Cl assembly in Candida is unstudied. Likely, the CI of C. albicans retains
an L-shaped structure that consists of a hydrophobic inner membrane arm and a peripheral
arm which projects into the mitochondrial matrix. By tracking a single subunit of ClI to its
structural location, a few assembly models have been proposed for mammalian ClI
(Antonicka et al. 2003; Ugalde et al. 2004) and N. crassa Cl (Tuschen G, 1990). The
difference among these models is that either the two arms of CI are formed independently
then joined or joined at an early stage of assembly. The location of the two fungal-specific
Cl subunits would be interesting to determine, given their possible roles in Cl assembly as
observed previously. We hope to understand CI assembly in C. albicans.

In mammalian cells, a number of assembly factors are involved with Cl assembly — namely,
Ndufafl, Ndufaf2, Ndufaf3, Ndufaf4, Ndufaf5, and Ecsit (Vogel et al. 2007; McKenzie and
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Ryan, 2010). Each protein has a different role in Cl assembly and is active at different stages
of assembly. The corresponding paralogs of the C. albicans putative assembly factors and
their transcriptional profiles in each of the four mutants are listed in Table 2.

According to the McKenzie model (McKenzie and Ryan 2010), the CI Q module (a
hydrogenase) forms during an early stage of Cl assembly and requires the Ndufaf3, Ndufaf4,
and Ndufaf5 assembly factors. Ndufaf3 and Ndufaf4 are not found, but Ndufaf5
(orf19.2541) was identified in C. albicans as a mammalian paralog in the Candida Genome
Database (CGD) (http://www.candidagenome.org/). In mammalian cells, Ndufaf5 is
required for insertion of the ND1(mitochondrial encoded CI subunit) into the membrane
arm. The Ndufaf5 assembly factor contains an S-adenosylmethionine-dependent
methyltransferase (SAM) domain, which is also conserved in the C. albicans paralog. The
existence of such a catalytic feature suggests that C. albicans CI subunits may also be
modified by methylation for a full function (Carroll et al. 2005). Each of the four C. albicans
Cl mutants expresses normal levels of Ndufaf5, suggesting that assembly defects likely do
not occur at an early stage of Cl assembly.

During the middle stage of Cl assembly, ND2, ND3, and ND®6 are recruited to the early
stage Cl assembly body to form an intermediate subcomplex by Ndufafl (CIA30) and Ecsit
in mammalian cells (Kiffner et al. 1998; Bourges et al. 2004). In N. crassa, two proteins,
CIA84 (84kDa) and CIA30 (30kDa), are required for middle stage maturation of Cl
(Kiffner et al. 1998). We did not identify Ecsit and CIA84 paralogs in C. albicans.
However, CIA30, a mitochondrial CI intermediate-associated protein 30, has been identified
(Dunning et al. 2007). The deletion of CIA30 in N. crassa resulted in an accumulation of the
Cl matrix and small membrane arms. The expression levels of CIA30 in all mutants (goalA,
ndh51A, nuolA, nuo2A) are down-regulated (Table 2), with a maximum of -4.66 fold in
goalA. If a similar assembly process is also present in C. albicans, we propose that middle
stage assembly may be interrupted in these Cl mutants. The detection of intermediate
products in each CI mutant with signature antibodies to each Cl arm will answer this
question. Intriguingly, CIA30 is also present in S. pombe which does not contain a Cl
(Janssen et al. 2002). The broadly conserved CIA protein indicates that it is not directly
involved in oxidative phosphorylation of the CI substrate.

In the CI assembly model of mammalian cells, Ndufaf2 is a check-point in the late-stage
assembly pathway. Unlike other assembly factors, Ndufaf2 is also a structural component of
Cl that directs N-module (electron input) binding to Q (electron output) and P (proton
translocation) modules for CI maturation. Ndh51p is located in the N-module, which is
responsible for NADH binding and oxidization. As shown in Table 2, Ndufaf2 is increased
transcriptionally in ndh51A, nuolA and nuo2A compared to wild type cells. Both nuolA and
nuo2A have more than a 3-fold higher Ndufaf2 expression (She et al. 2015).

In filamentous Ascomycetes, pentatricopeptide repeat proteins (PPP) are required for Cl
assembly (Solotoff et al. 2015). PPP proteins are implicated in mitochondrial RNA
metabolism. The deletion of PPP genes affected synthesis and stability of transcripts of
mitochondrial-encoded NDs that in turn caused CI disassembly. The biochemical roles of
each Cl subunit in Cl assembly in C. albicans need additional characterization.
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2.3 Functional differences other than NADH oxidation among CI subunit mutants

The functional phenotypes of each null mutant (goalA, nuolA, nuo24, and ndh51A) are
listed in Table 1. These data summarize the critical roles of their gene products in
maintaining mitochondrial ClI activities in vitro. Except for ndh51A which has not been
tested, each of the other three mutants is avirulent in a disseminated candidiasis murine
model (Bambach et al. 2009; She et al. 2013; She et al. 2015). The reduction of ClI
enzymatic activity in each mutant and CI disassembly prevents optimal ATP production for
cellular activities, and elevates ROS levels that further damage the mitochondria and reduce
cell life span (Bambach et al. 2009; Li et al. 2011; Chen et al. 2012; She et al. 2015).

2.3.1 Glycerol utilization—The growth phenotypes in a glycerol medium have been used
to evaluate a respiratory stress response. Non-fermentable carbon sources force C. albicans
cells to utilize a mitochondrial oxidation pathway for ATP production. Therefore, growth
arrest occurs when the mitochondrial respiratory pathway is inhibited in the mitochondrial
mutants. In our previous findings, most but not all ClI mutants (11/13) failed to grow in
glycerol (Sun et al. 2013a). These genes either evolved from a prokaryotic ancestor or are of
eukaryotic origin (Gabaldén et al. 2005; Friedrich and Scheide 2000). Two exceptions for
the glycerol growth phenotype are mutants in orf19.3611 (NDUFS6) and orf19.3290
(NDUFS4); both gene products are derived from eukaryotic origin. The precise roles of
these two proteins in Cl are unknown but likely have minor roles in oxidative respiration. In
contrast, the other 11 CI subunits, including the four subunits we mentioned above, have
critical roles in NADH oxidation.

2.3.2 Azole sensitivity—Studies of individual CI subunits in other species indicate that
cell functions other than NADH oxidation may occur. Many of CI subunit proteins have
alternative cellular roles in metabolism such as ACPM, mentioned above. On the other hand,
in N. crassa, some Cl mutants have lost Cl enzymatic activity completely even through the
Cl complex structure is intact (Gongalves, 2015). In the presence of fluconazole, most
(11/13) CI mutants of C. albicans have growth defects. The hypersusceptibility to
fluconazole is correlated with their lack of growth on a glycerol medium (Sun et al. 2013a).
Only the ndufs4A mutant was not hypersusceptible to fluconazole. These data support the
idea that CI subunits in C. albicans may also regulate or be associated with other cellular
activities in a gene-specific manner.

The cause of hypersusceptibility to fluconazole varies among the Cl mutants (Sun et al.
2013). For example, genes of ergosterol biosynthesis (ERGSs) are remarkably reduced
transcriptionally in ndh51A. We found that 12/19 ERG genes are down-regulated with an
average fold change of -4.56 (-2.24 ~ -7.54 fold). Notably, a significant number of ERGs
are also reduced in nuolA (7 ERGs) and nuo2A (6 ERGSs) even though the overall fold
changes are less on average (-2.5). Meanwhile, ERG2 and ERG25 are up-regulated in both
nuoA strains. A correlation of reduced ergosterol levels and mitochondrial energetics was
also observed by others in different mitochondrial mutants (Thomas et al. 2013). We predict
that Goalp has a minor role in ergosterol synthesis because ERG27 (-2.37) is only gene that
was down regulated in the ergosterol synthesis pathway. The significance of fluconazole
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hypersusceptiblility needs to be extended to studies of C. albicans biofilms, since resistance
to azoles has been reported in biofilms (Mathe and VanDijck, 2013).

Mechanisms other than ergosterol synthesis may also contribute to azole sensitivity in
goalA and nuoA mutants. For example, up regulation of efflux proteins of the MFS (major
facilitator superfamily) are correlated with a hypersusceptible phenotype of mitochondrial
mutants (Thomas et al. 2013; Sun et al. 2013b). There are a number of nuclear-encoded
mitochondria proteins that are fungal-specific and putative efflux proteins (Marcotte et al.
2000). Interestingly, 21-28% of nuclear encoded proteins have unknown functions in
mitochondria. A number of antibiotic transporter genes are included. These gene homologs
in C. albicans are reduced 2.9 ~ 8.6 fold transcriptionally in goalA (orf19.1308, orf19.3395
and SGE1) and 3.2 ~ 6.4 fold in nuoA mutants (orf19.1308, TPO3). The gene product of
TPO3 is a polyamine transporter that belongs to MFS family that is often co-overexpressed
with MDR genes in clinical fluconazole resistant strain. The reduction of MFS efflux in ClI
mutants (goalA and nuoA) perhaps increases intracellular azole concentration.

2.3.3 Cell membrane-related functions—Compositional alterations of phospholipids
in the cytoplasmic membrane have a significant impact on Candida adherence and biofilm
formation (Ghannoum et al. 1986; Lattif et al. 2011). In C. albicans, a large number of cell
surface adhesin proteins are GPI-anchored in the cell membrane that in turn interacts with
host immune cell receptors (Gow and Hube 2012). Moreover, the most striking feature of
GPl-anchored proteins is their enrichment in lipid rafts (Simons and Sampaio 2011). Lipid
rafts in the yeast cell membrane are enriched by 3 ~ 5 fold in ergosterol and
glycosphingolipids than the surrounding lipid bilayer (Mollinedo, 2012), which presumably
serves as an organizing center for signaling and membrane protein trafficking (Pike 2004).

We have observed that the three proteins (Goalp, Nuolp, and Nuo2p) are all required for an
optimal colonization in host tissue (Bambach et al. 2009; She et al. 2015) and, at least for
Goalp, binding to epithelial cell lines (She et al. 2013). As we discussed above, the
reduction of ERG expression in three Cl mutants (ndh51A and nuoA) likely caused changes
in the ergosterol/phospholipid ratio that in turn alter the composition of cell membranes even
if the synthesis of phospholipid is not affected. However, it seems that a different strategy
occurs in goalA. Without ERG changes, the entire ALS gene family and genes for first step
of GPI synthesis are reduced in this mutant. In addition, phospholipids and lipid metabolism
are affected more in goalA than in the other three Cl mutants. Therefore, while the other CI
subunits modulate ERG synthesis, Goalp may regulate cell membrane phospholipid
metabolism.

The composition of the mitochondrial inner membrane is quite different from that of the
cytoplasmic membrane since the former has abundant cardiolipin content (Hsu et al. 2005;
Minkler and Hoppel 2010). Data from mammalian cells indicate that this type of
phospholipid is required for ETC functions by assisting complex insertion at cristae and the
inner membrane of mitochondria (B6ttinger, 2012). Transcriptionally, gene expression for
mitochondrial cristae and inner membrane organization varies among the mutants listed in
Table 3. In agreement with general phospholipid metabolism, these genes are all down-
regulated in goalA. For example, TAZ1 and orf19.6062.3 are reduced more than 15-fold in
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goalA. Tazlp is required for cardiolipin synthesis while orf19.6062.3 is required for cristae
formation. Both are down regulated in the ndh51A mutant remarkably but not in the nuoA
mutants.

In nuolA and nuo2A mutants, mitochondrial inner membrane related genes (Table 3) are
less affected; oppositely, other gene expressions are increased including TAZ1. Among
repressed genes, orf19.6060 that putatively is responsible for assembly of the mitochondrial
eisosome rafts is reduced 3 ~ 4 fold in both nuoA mutants compared to WT cells. The
eisosome cell membrane domain plays a crucial role in reshaping the plasma membrane
(Ziotkowska et al. 2011). Consistent with orf19.6060, two eisosome component genes —
LSP1 and PIL1, are also reduced transcriptionally in both nuoA mutants. In combination
with down-regulation of ERGs in nuoA mutants described above, the membrane rafts of
cytoplasm and mitochondria membranes may be further disturbed in nuoA mutants that in
turn alter the adhesion properties and colonization of host tissue. Thus, while Goalp
regulates membrane phospholipid metabolism of both the cytoplasm and mitochondria
membranes, Nuolp and Nuo2p play roles in construction of membrane domains. Ndh51p is
crucial for NADH binding in ClI, but it seems to be involved with mitochondrial inner
membrane cardiolipin and cristae formation as well. The large influence on ergosterol
synthesis and less effect on cytoplasm phospholipid metabolism distinguishes Ndh51p from
Goalp in regards to cell membrane construction. No matter which mechanism is affected,
each of the CI subunit proteins more or less contributes to mitochondrial inner membrane
and cristae formation.

2.3.4 Cell wall synthesis—Mitochondrial dysfunction in C. albicans is known to be
associated with loss of cell wall integrity (Dagley et al. 2011; She et al. 2013). Recently we
have shown by transmission electron microscopy that in goalA, the cell wall has three major
defects: 1). the outer cell wall fibrils are shorter; 2) the inner cell wall is more electron
transparent but the diameter of the inner cell wall is equal to WT cells; 3) lack of a typical
electron dense layer in juxtaposition to the cell plasma membrane. The quantitative study of
cell wall carbohydrates demonstrated a major loss of mannan polysaccharide of larger and
intermediate molecular weights in goalA when compared to WT. NMR studies
demonstrated that $-1,2 linked mannan is reduced in the goalA mutant (submitted). Such
defects in the outmost cell wall layer resulted in an increased sensitivity to caspofungin, an
inefficient binding to Alcian blue (measures phosphomannan), and growth inhibition on
medium supplemented with Congo red and Calcofluor white (She et al. 2013). In agreement
with these phenotypes and chemical analysis in goalA, the genes for cell wall synthesis have
two major changes in transcriptional levels, 1) reduced B-mannosyltransferase gene (BMTS)
expression, particular BMT3 - 9, which are required for B-mannan elongation either in
phosphopeptidomannan or in phospholipomannan (Mille et al. 2008; Fabre et al. 2014). 2)
Reduced glucanase gene expression, which is required for linkage formation among -1,6
cell wall glucan (Kollar et al. 1997).

A similar transcriptional profile of cell wall synthesis appears in nuolA and nuo2A mutants
in regard to a- and - mannosyltransferases (She et al. 2015). However, chitin synthase/
chitinase and protein mannosyltransferase reduced more significant in nuoA mutants than
other two CI mutants. A comparison of cell wall composition in nuoA mutants is planned.
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That data may answer a few key questions about how mitochondrial CI regulates cell wall
assembly. However, in preliminary phenotype studies, both mutants are inhibited by
caspofungin and Alcian blue binding is reduced, suggesting that Nuolp and Nuo2p also
modify the cell wall.

On the other hand, fewer cell wall synthesis genes are changed in ndh51A even though
growth inhibition was also seen in medium containing Congo red and Calcofluor white (She
et al. 2013). As described above for other functions, cell wall data of mutants also
demonstrate functional differences and similarities in ClI subunit proteins as determined in
CI mutants.

3. Future studies

The study of C. albicans CI subunits has provided important insights into the contribution of
mitochondria electron transport chain (ETC) ClI in pathogenesis. Of the many phenotypes
observed in our previous study, beyond the substantial effects on mitochondrial electron
activity, non-core subunits of mitochondrial ETC CI, Nuolp, Nuo2p and Goalp, and
conserved Ndh51p are all required for maintaining cell-membrane related activities such as
ergosterol, phospholipid metabolism and cell wall synthesis. Our data reveal that each
subunit may act differently in regard to these activities. To test if these phenotypes depend
on an optimum ratio of ergosterol/phospholipid composition that constitutes the membrane
raft and GPI anchors for adhesins and cell wall synthases, we will analyze the membrane
lipids including mitochondrial membrane and continue cell wall carbohydrates profiling in
each mutant.

As for the Cl assembly, we hope to gain insights into the functional and structural
interaction of accessory and core subunits at the mitochondrial inner membrane and cristae.
Additional analysis of mitochondrial cardiolipin in each CI mutant may demonstrate if the
phospholipid metabolism (cardiolipin) at the mitochondrial inner membrane guides insertion
of ETC Cl in this organism.

In conclusion, we have functionally identified and characterized functionally three ClI
subunit proteins that are unique to Candida species of the CTG clade or more broadly
specific to fungi and other organisms but not found in mammals. Energy production (ATP)
is significantly reduced in cells lacking each of these genes, yet cell functions appear to be
defined by each subunit, Nuolp and Nuo2p being similar but different from Goalp and the
broadly conserved Ndh51p. The importance of the data presented clearly suggests that their
functions and specificity require a translational emphasis to their development as targets for
antifungal drug discovery. For other fungi, we hope that studies of mitochondria are initiated
to determine the concept of CI subunit protein functional specificity (Papon et al. 2013;
Hegedusova et al. 2014).
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