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Abstract: The small ubiquitin-related modifier (SUMO) protein is an important component of the
post-translational protein modification systems in eukaryotic cells. It is known to modify hundreds
of proteins involved in diverse cellular processes, ranging from nuclear pore dynamics to signal
transduction pathways. Owing to its reversible nature, the SUMO-conjugation of proteins
(SUMOylation) holds a prominent place among mechanisms that regulate the functions of a wide
array of cellular proteins. The dysfunctional SUMOylation system has been associated with many
human diseases, including neurodegenerative and autoimmune disorders. Furthermore, the non-
pathogenic yeast Saccharomyces cerevisine has served as an excellent model to advance our
understanding of enzymes involved in SUMOylation and proteins modified by SUMOylation.
Taking advantage of the tools and knowledge obtained from the S. cerevisiae SUMOylation system,
research on fungal SUMOylation is beginning to gather pace, and new insights into the role of
SUMOylation in the pathobiology of medically important fungi are emerging. Here, we summarize
the known information on components of the SUMOylation machinery, and consequences of
overexpression or deletion of these components in the human pathogenic fungi, with major focus
on two prevalent Candida bloodstream pathogens, C. albicans and C. glabrata. Additionally, we have
identified SUMOylation components, through in silico analysis, in four medically relevant fungi,
and compared their sequence similarity with S. cerevisiae counterparts. SUMOylation modulates the
virulence of C. albicans and C. glabrata, while it is required for conidia production in Aspergillus
nidulans and A. flavus. In addition to highlighting these recent developments, we discuss how
SUMOylation fine tunes the expression of virulence factors, and influences survival of fungal cells
under diverse stresses in vitro and in the mammalian host.

Keywords: Small ubiquitin-like modifier (SUMO), Human pathogenic fungi; Candida glabrata;
Candida albicans; SUMO-specific proteases and ligases; Virulence; Stress survival

1. Introduction

A reversible post-translational modification of proteins, mediated by a highly conserved small
ubiquitin-related modifier (SUMO), regulates numerous physiological processes [1-3]. SUMO is a
~11 kDa polypeptide, that is attached covalently, via an isopeptide bond, to the amino group of the
lysine residue in cellular substrate proteins [1,4]. This conjugation is predominantly catalyzed by
SUMO ligases, and is the fourth step in the process of SUMOylation [3,5]. The four enzymatic steps
in the SUMOylation cascade consist of: (i) SUMO processing by SUMO-specific proteases to generate
mature SUMO with an exposed carboxyl-terminal diglycine (GG) motif; (ii) formation of a thioester
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bond between the SUMO-GG motif and the catalytic cysteine residue of the El-activating enzyme in
an ATP-dependent manner; (iii) transfer of the activated SUMO from the El-activating enzyme to the
E2-conjugating enzyme via a thioester linkage between the cysteine residue of the E2 enzyme and
the SUMO-GG motif; and (iv) E3 ligase-mediated formation of an isopeptide bond between the
carboxyl group of the C-terminal glycine of the SUMO protein and the e-amino group of the specific
lysine residue in the target protein [1,3-5]. These SUMOylation steps are schematically illustrated in
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Figure 1. Schematic illustration of the steps involved in SUMO-conjugation and de-conjugation
processes. SUMOylation starts with the action of SUMO-specific proteases (Ulp/SENP family) on
newly synthesized SUMO, which leads to the generation of mature SUMO with exposed carboxyl-
terminal GG motif. The second step involves SUMO-activating enzyme (E1)-mediated activation of
the SUMO protein in an ATP-dependent fashion, by first inducing adenylation of the SUMO carboxyl-
terminal, followed by the energy-rich thioester bond formation between the thiol group of cysteine
present in the catalytic site of the E1 enzyme and the C-terminal glycine residue of the SUMO protein.
The activated SUMO is next transferred from the E1 enzyme to the cysteine residue present in the
catalytic site of the SUMO-conjugating enzyme (E2), through the thioester linkage. With the help of
the SUMO ligase (E3), SUMO is further transferred from the E2 enzyme to the target protein via
isopeptide bond formation between the C-terminal carboxyl group of SUMO and the e-amino group
of the lysine residue in the target protein. SUMO-specific proteases also cleave an isopeptide bond
between SUMO and the target protein, resulting in the generation of an unSUMOylated target protein
and free SUMO.

The acceptor lysine amino acids in SUMO target proteins are usually located within the
consensus motif WKxE, with W, K, x and E representing a branched aliphatic amino acid residue,
SUMO-conjugating lysine residue, any amino acid residue and glutamic acid residue, respectively
[2,3]. Specific SUMO E3 ligases are involved in the SUMOylation of cellular proteins [1-3]. SUMO
target proteins have been reported in several cell organelles, including the nucleus, endoplasmic
reticulum and mitochondria, the cytoplasm and the plasma membrane [2,4]. SUMOylation could
affect different aspects of target proteins, including subcellular localization, activity and stability,
blocking other lysine-targeting modifications and modulation of protein—protein interaction [1,2,5].
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The SUMO modification enzymes and SUMO target proteins, and their effectors, contain a short
SUMO interaction motif (SIM) which is pivotal to the relay of SUMOylation consequences [4,6,7]. The
SUMO polypeptide also interacts non-covalently with SIM-containing proteins, and regulates their
functions [1,3,4,7].

The deSUMOylase (SUMO-cleaving enzyme/isopeptidase) enzymes are pivotal to the
maintenance of a cellular pool of readily available free SUMO, as these can release SUMO by cleaving
SUMO-substrate bond from SUMOylated proteins, thereby making SUMOylation a dynamic and
reversible post-translational modification [1,3,4,8]. Many internal and external cues, including cell
cycle stage and thermal and oxidative stress, perturb the levels of cellular SUMOylated proteins
(SUMOylome) [2,5,9-13]. The balance of protein SUMOylation in cellular organelles and
compartments is maintained by the exquisite regulatory mechanisms, including the differential
localization of SUMO-modifying enzymes [1,2,4,5,12]. Although post-translational modifications of
proteins, including SUMOylation and ubiquitination, are key players in the complex regulation of
cellular processes [7,12,14-16], these are not well studied in human fungal pathogens. In this review,
our aim is to provide an overview of fungal SUMOylation enzymes and SUMO-target proteins, and
their functions in fungal physiology and virulence.

2. SUMOylation and Ubiquitination

SUMO belongs to the family of ubiquitin-like proteins which conjugate to and modify cellular
proteins, and modulate a wide range of physiological processes [7,14,15]. Sequence-wise, SUMO, a
protein of 97 amino acids, is not very similar to ubiquitin, however, it possesses the characteristic
ubiquitin-like fold and forms a three-dimensional structure similar to that of ubiquitin [1,7,14]. With
regard to the enzymatic steps, protein SUMOylation is quite akin to protein ubiquitination [1,14,15].
Analogous to ubiquitin, SUMO is covalently conjugated to specific lysine residues in target proteins
[1,5,14,16]. Furthermore, SUMO also forms poly-SUMOylated chains [1,4,5,17]. Although ubiquitin
is mostly associated with protein degradation, SUMOylation does not mark the protein for
degradation, but controls the functions of the proteins by modulating other properties, including
protein—protein interaction surface alteration [1,2,14,18]. The major similarities and differences
between SUMOylation and ubiquitination are listed in Table 1.

Table 1. A comparison of SUMOylation and ubiquitination®.

Characteristics SUMOylation Ubiquitination
. Attachment site Lysine Lysine
y% Modifier maturation Required Required
_L:‘ Enzymes involved El, E2 and E3 E1, E2 and E3
£ Reversibility Yes Yes
@ Energy consumption Yes Yes
Modifier size ~11kDa ~8.6 kDa
Isoform Multiple No
. Consensus motif W-K-x-E No consensus
g El-activating enzyme Heterodimeric Monomeric
% Number of E2-conjugating enzymes Single Multiple
b= Number of E3-ligases Few (1-4) Hundreds
a E3-ligase requirement for the conjugation reaction Not essential Essential
Lysine residue of the modifier protein involved in K11 K6, K11, K27, K29,
poly-chain formation K33, K48, K63

# This table is prepared with the information gathered from articles [1-3,15-17].

Host SUMOylation has been shown to be a key modulator of the pathogen-host interaction, with
many bacterial and viral pathogens targeting the host SUMOylation machinery [19-21]. Although
SUMOylation has been implicated in the regulation of stress responses and the development and
differentiation of fungal cells [11,13,22,23], its role in host-fungus interaction and the virulence of
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medically important fungi is yet to be explored in full. The current review summarizes the key aspects
of fungal SUMOylation systems and their role in fungal pathobiology.

3. SUMOylation in Saccharomyces cerevisiae

SUMOylation is a conserved and essential process in almost all eukaryotes, barring a few
organisms including fungi, Schizosaccharomyces pombe and Aspergillus nidulans [2,22,24]. The
SUMOylation process has extensively been studied in the budding yeast Saccharomyces cerevisiae
[1,5,8,25,26]. Compared to higher eukaryotes, S. cerevisize has a simpler SUMO machinery,
represented by a sole SUMO protein (Smt3), two deSUMOylases (Ulp1 and Ulp2), the heterodimeric
SUMO-activating enzyme complex consisting of a small non-catalytic subunit Aosl and a large
catalytic subunit Uba2, a sole E2-conjugating enzyme Ubc9 and four E3-SUMO ligases Siz1, Siz2, Cst9
and Mms21 (Table 2) [27-35]. Sequence similarity-wise, Smt3 and Ubiquitin proteins in S. cerevisiae
are 17% identical [28]. Of SUMOylation components, Ubc9 is a key regulator of substrate specificity,
as it possesses binding sites for Smt3, El-activating enzyme, E3 ligases and SUMO target proteins
[30,36,37]. SUMO ligases contain the SP-RING domain which plays an important role in binding to
Ubc9 directly [38,39]. Furthermore, multiple domains have been implicated in substrate specificity of
the Siz1 ligase [40]. Importantly, genes coding for Smt3, Ulp1, Aos1, Uba2, Ubc9 and Mms21 proteins
are non-dispensable for cell growth in S. cerevisiae [27,28,30,41-43]. SUMOylation modulates several
cellular processes, including chromosome segregation, DNA replication, cell cycle progression,
telomere position effect, and septin ring and nuclear pore dynamics [1,8,26,44]. For a detailed
overview of the role of S. cerevisine SUMOylation machinery in fundamental cellular processes, the
reader is referred to other reviews [1,5,26,45].
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Table 2. A list of SUMOylation components in seven fungi?.

5 of 18

Size  Catalytic % Identity Common/
Fungal Pathogens Systematic ORF . Description with Systematic Name in
(kDa) Motif . . . .
S. cerevisiae Ortholog S. cerevisiae
Small Ubiquitin-Like Modifier (SUMO)
C. albicans C1_11330C_A 11.1 Present Verified 61.39
C. glabrata CAGLOK05731g 12.2 Present Uncharacterized 81.31
A. nidulans AN1191 10.4 Present Verified 53.75
C. neoformans CNC00390 11.3 Present Uncharacterized 46.74 Yg]I\{AS?Z)/W
H. capsulatum HCAG_01770 10.8 Present Uncharacterized 53.85
B. dermatitidis BDDG 01171 10.6 Present Uncharacterized 55.70
P. brasiliensis PABG_00491 10.6 Present Uncharacterized 52.75
SUMO-Activating Enzyme (E1)
C. albicans C1_08020W_A 70.9 Present Uncharacterized 43.75
C. glabrata CAGLOMO01606g 71.1 Present Uncharacterized 62.09
A. nidulans AN2450 67.7 Present Verified 42.08
C. neoformans CNF00770 72.7 Present Uncharacterized 37.88 Yng{?;(;C
H. capsulatum HCAG_04925 65.1 Absent Uncharacterized 35.36
B. dermatitidis BDDG 04072 68.7 Present Uncharacterized 38.47
P. brasiliensis PABG_04604 69.6 Present Uncharacterized 44.49
C. albicans CR_02770C_A 43.3 Present Uncharacterized 35.05
C. glabrata CAGL0G09889g 37.8 Present Uncharacterized 54.94
A. nidulans AN2298 422 Present Verified 32.75 A0S1/
C. neoformans CNNO00720 37.7 Absent Uncharacterized 39.04 YPRISOW
H. capsulatum HCAG 08393 38.5 Absent Uncharacterized 32.14
B. dermatitidis BDDG_02776 40.0 Present Uncharacterized 34.19
P. brasiliensis PABG_06750 40.1 Present Uncharacterized 36.21
SUMO-Conjugating Enzyme (E2)
C. albicans CR_08560C_A 25.7 Present Verified 69.03 UBC9/
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C. glabrata CAGL0D00814g 18.0 Present Uncharacterized 88.54 YDL064W
A. nidulans AN4399 18.0 Present Verified 63.01
C. neoformans CNI02210 18.2 Present Uncharacterized 57.90
H. capsulatum HCAG 05621 17.9 Present Uncharacterized 62.33
B. dermatitidis BDDG_09778 18.0 Present Uncharacterized 63.01
P. brasiliensis PABG_04136 18.0 Present Uncharacterized 57.79
SUMO Ligases (E3)
C. albicans C1_01560W_A 174.5 Present Uncharacterized 27.87
C. glabrata CAGLOF02783g 94.5 Present Uncharacterized 41.64
A. nidulans AN10822 55.9 Present Verified 32.23 171/
C. neoformans CNMO02250 88.1 Present Uncharacterized 28.25 YDR 4{1) oW
H. capsulatum HCAG_06903 52.2 Present Uncharacterized 33.98
B. dermatitidis BDDG_09007 59.0 Present Uncharacterized 31.10
P. brasiliensis PABG_05394 58.9 Present Uncharacterized 30.20
C. albicans Absent - - - -
C. glabrata CAGLOL04290g 83.2 Present Uncharacterized 33.72
A. nidulans AN4497 123.5 Present Uncharacterized 26.44
C. neoformans Absent - - - - SIz2/
YOR156C
H. capsulatum Absent - - - -
B. dermatitidis Absent - - - -
P. brasiliensis Absent - - - -
C. albicans C3_06200C_A 31.3 Present Uncharacterized 31.67
C. glabrata CAGLOMO03267g 30.8 Present Uncharacterized 37.04
A. nidulans AN10240 56.1 Present Uncharacterized 33.01 MMS21/
C. neoformans CNDO02680 37.0 Present Uncharacterized 24.47 YELO19C
H. capsulatum HCAG_05688 55.5 Present Uncharacterized 31.82
B. dermatitidis BDDG_05774 54.6 Present Uncharacterized 33.75
P. brasiliensis Absent - - - -
C. albicans C2_05900W_A 41.8 Present Uncharacterized 33.77 CSTY/
C. g%abmtu CAGL0C02629g 40.1 Present Uncharacterized 48.77 YLR394W
A. nidulans Absent - - - -
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C. neoformans Absent - - - -
H. capsulatum HCAG_01117 24.2 Absent Uncharacterized 37.50
B. dermatitidis Absent - - - -
P. brasiliensis Absent - - - -

C. albicans C4_04420W_A 57.1 Present Verified 100.00

C. glabrata Absent - - - -

A. nidulans Absent - - - -
C. neoformans Absent - - - - WOS1*
H. capsulatum HCAG 04523 112.8 Present Uncharacterized 33.33
B. dermatitidis BDDG_13222 68.2 Present Uncharacterized 32.56
P. brasiliensis PABG_01044 123.4 Present Uncharacterized 30.19

SUMO Proteases

C. albicans C3_03550C_A 40.5 Present Verified 38.43

C. glabrata CAGLOL08646g 68.2 Present Uncharacterized 51.89

A. nidulans AN2689 107.3 Present Verified 28.29 ULP1/
C. neoformans CNL03980 55.5 Present Uncharacterized 30.33 YPLO20C
H. capsulatum HCAG_06354 28.6 Present Uncharacterized 24.28
B. dermatitidis BDDG_05156 114.3 Present Uncharacterized 29.19
P. brasiliensis PABG_00907 124.1 Present Uncharacterized 27.76

C. albicans C3_00280C_A 101.3 Present Verified 37.41

C. glabrata CAGL0J02464g 104.1 Present Uncharacterized 44.88

A. nidulans AN8192 125.9 Present Verified 34.02 ULP2/
C. neoformans CNDO00680 170.0 Present Uncharacterized 28.13 YILO3TWA
H. capsulatum HCAG_00522 138.8 Present Uncharacterized 28.71
B. dermatitidis BDDG_05054 139.4 Present Uncharacterized 26.99
P. brasiliensis PABG_04092 137.2 Present Uncharacterized 26.67

# The orthologs of S. cerevisine SUMO protein and SUMOylation enzmyes were identified, via BLASTP analysis, in Candida albicans, Candida glabrata, Aspergillus nidulans,

Cryptococcus neoformans, Histoplasma capsulatum, Blastomyces dermatitidis and Paracoccidioides brasiliensis. The features of identified proteins including the presence of the
conserved catalytic motif were extracted from the Candida Genome Database (CGD), Aspergillus Genome Database (AGD), and UniProt Database. * Due to the absence
of Wosl in S. cerevisiae, the sequence of C. albicans Wos1 was used for BLASTP analysis. T C. albicans possesses an additional SUMO protease, CaUlp3, that is encoded by

the CR_03820C_A ORF, and shows homology to Ulp2 of S. cerevisiae.
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4. SUMOylation in Human Pathogenic Fungi

Yeasts and filamentous fungi are emerging as important human pathogens, and can be the
fourth most common cause of hospital-acquired bloodstream infections [46-49]. Fungal infections are
associated with a high economic burden worldwide [50-52]. The predominant fungal infections are
of two types: superficial and invasive [47]. Superficial infections are typified by infections of the skin,
hair, nails or the mucosal membrane caused mainly by dermatophytes (species of Trichophyton,
Microsporum and Epidermophyton) or pathogenic yeasts (Candida species) [47,53]. Contrarily, invasive
fungal infections are deep-seated and life-threatening, with a mortality rate of up to 95% [47,54].

The incidence of invasive mycoses caused by opportunistic fungi has increased dramatically in
last two decades [54-56]. This increase has been attributed to the increase in the number of
immunocompromised patients, the use of immunosuppressants, broad-spectrum antibiotics and
prophylactic antifungals, and the emergence of drug resistance in pathogenic fungi [54,57,58].
Invasive fungal infections are primarily caused by species of Candida, Aspergillus, Pneumocystis and
Cryptococcus [47,48,54,56]. Cryptococcal meningitis, caused predominantly by Cryptococcus
neoformans, and respiratory infections including pneumonia, due to Pneumocystis jirovecii, are
prevalent in Human Immunodeficiency Virus (HIV)-infected patients [47,59,60]. Furthermore,
invasive aspergillosis involving severe infections of the lungs are primarily caused by A. fumigatus
and associated with a mortality rate of < 90% in undiagnosed or late-diagnosed cases [47,61,62]. A.
flavus, besides being the second most prevalent causative agent of invasive aspergillosis after A.
fumigatus, also infects several crops and contributes substantially to aflatoxin-related deaths [63].
Other medically important fungi, causing deep-seated infections of visceral organs, such as the lungs,
include Blastomyces dermatitidis, Paracoccidioides brasiliensis, Histoplasma capsulatum [64,65]. The
SUMOylation process in these important human fungal pathogens is either uncharacterized or yet to
be fully elucidated.

A few recent studies have yielded some insights into the SUMOylation machinery in C. albicans,
C. glabrata and A. flavus [11,13,23], however, information on the SUMOylation apparatus in other
important human fungal pathogens, including A. fumigatus, Cryptococcus neoformans, Cryptococcus
gattii, and H. capsulatum, is largely lacking. As a first step towards reviewing fungal SUMOylation
systems, we have identified, via BLASTP analysis, orthologs of S. cerevisiae proteins that are involved
in SUMOylation in four medically relevant fungi (Table 2). The important characteristic features of
these proteins, along with known SUMOylation components in C. albicans, C. glabrata and A. nidulans,
are described in Table 2.

Of note, all the predicted SUMOylation machinery components in Cryptococcus neoformans and
H. capsulatum have the catalytic residues and domains essential for their enzymatic activity, except
for CnAos1, HcAosl and HcUba2. The HcUba2 lacks the conserved cysteine residue, which has been
shown to be essential for SUMO binding in S. cerevisiae [27], while CnAos1 and HcAos1 lack the Uba2-
interacting RLW (arginine-leucine-tryptophan) motif [66] (Table 2). A chemical-genetic screen has
recently implicated the SUMO-activating enzyme CnAosl, in lithium tolerance in Cryptococcus
neoformans, as a mutant lacking CnAosl displayed four-fold enhanced growth in the presence of
excess lithium chloride [67].

5. SUMOylation in A. nidulans and A. flavus

Among Aspergillus spp., SUMOylation machinery components have been identified and studied
in the pathogenic species, A. flavus and the model species A. nidulans [22,62,68,69]. The known
SUMOylation components in A. nidulans are the sole Smt3 protein (SumO), SumO activating enzymes
AosA and UbaB, SumO-specific isopeptidases, UlpA and UlpB, the E2-conjugating enzyme UbcN,
and the E3 enzyme SizA [69,70]. The SumO protein in A. nidulans is processed by the SUMO protease
UlpB, while the UlpA protease is largely involved in the de-SUMOylation process, as the ulpAA and
ulpBA mutants contained 25-fold higher levels and no SUMO-conjugated proteins, respectively,
compared to wild-type cells [69,70]. Furthermore, although sumO deletion in A. nidulans did not affect
cell viability, it resulted in growth attenuation, formation of small colonies with ragged edges,
sensitivity to DNA damage stress, decreased conidiation, substantially altered secondary metabolite
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production and self-sterility [22,68-70]. The sumOA mutant also exhibited the derepression of the
light-induced sexual development process [69]. Contrary to the sumOA mutant phenotypes, sumO
overexpression had no effect on cell growth [22]. In addition, similar to S. cerevisiae [71,72], the
localization of GFP-SumO was found to be cell cycle-dependent, with distinct SUMO puncta present
in the nucleoplasm during interphase and telophase [22].

The deletion of ulpA in A. nidulans resulted in diminished asexual spore production, and
immature cleistothecia formation, despite the increased formation of the sexual fruiting body during
asexual development [69,70]. The UlpB protease-encoding gene loss also led to similar asexual and
sexual developmental defects, along with highly attenuated growth [69,70]. In addition to UlpA and
UlpB, a deneddylase enzyme, DenA, also contains the Ulp domain (includes the core cysteine
protease domain), and denA deletion resulted in developmental phenotypes similar to the ulpAA
mutant [69,73,74]. Intriguingly, although DenA shows similarity to the SUMO isopeptidase Senp8, it
is known to cleave Nedd8, another ubiquitin-like post-translational protein modifier [73,74].
Consistently, despite DenA and UlpA performing similar functions in the multicellular development
of A. nidulans, DenA could not completely rescue defects arising from the lack of UlpA, indicating
that it is not a bonafide SUMO-deconjugase [69]. Moreover, a set of 56 proteins has been found to
interact with the TAP-tagged SUMO protein, including many SUMO-modification enzymes [69].
Lastly, AosA and UbaB, have been reported to be dispensable in A. nidulans, however, lack of either
of these two El-activating enzymes or the sole E2 enzyme UbcN, resulted in the loss of SUMOylation
along with slow growth, impaired conidia production and other developmental defects [69,70].
Intriguingly, deletion of sizA and sizB either singly or in combination neither had an effect on growth
nor on conidiation [69,70]. In contrast, the mmsUA mutant exhibited slow growth as well as defective
conidiation [70]. Of note, the proficiency of sizA mutants in conidiospore and cleistothecia formation
may reflect functional redundancy among SUMO ligases in A. nidulans [69,70]. In addition, using the
new SUMOlock technique, a set of 149 SUMOylated proteins have recently been identified in A.
nidulans which are primarily involved in transcription, RNA processing and DNA replication and
repair [70], indicating the pivotal role of SUMOylation in the regulation of nucleic acid metabolic
processes.

Compared to A. nidulans, functional information on the SUMOlyation machinery is limited in A.
flavus. Intriguingly, the sole SUMO protein in A. flavus, AfSumO, is known to possess the
characteristic diglycine residue motif, GG, but it lacks the C-terminal stretch of amino acid residues
that keep the GG motif hidden, and, thus, may not require processing prior to activation [23]. The
lack of C-terminus amino acid residues has also been reported in the hypothetical SUMO proteins of
other Aspergillus species, including A. fumigatus [23], however, the role that predicted SUMO-
processing proteases play in these fungi remains to be determined.

Furthermore, SUMOylation in A. flavus has been reported to be temperature-dependent, as
increased amounts of SUMO-conjugated proteins were observed in mycelia upon growth at 37 °C,
compared to those at 29 °C [23]. However, AfsumO loss had no effect on cell growth at either
temperature, but it made A. flavus cells more sensitive to DNA damage and oxidative stress [23].
AfsumO deletion also led to a lower rate of conidiation and decreased production of secondary
metabolites, aflatoxins AFB1 and AFB2 [23]. Contrarily, the AfsumO-overexpressing strain grew
slightly better under stress conditions, formed more conidia and produced two-fold higher levels of
aflatoxins [23]. The effect of SUMOylation on aflatoxin production was attributed to the differential
expression of the genes encoding transcriptional regulators and enzymes involved in aflatoxin
biosynthesis [23]. Of note, the role of SUMOylation in sclerotia formation also appears to be
modulated by temperature, with the AfsumOA mutant (lacks the SUMO protein) displaying increased
and decreased sclerotia production at 29 °C and 37 °C, respectively [23]. Lastly, mCherry-tagged
AfSumO protein, along with its target proteins, were found both in the cytoplasm and the nucleus
[23].
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6. SUMOylation in Candida albicans and Candida glabrata

Candida bloodstream infections (BSIs), a frequent occurrence in immunocompromised
individuals, are associated with an average mortality rate of about 40% [47,54,56,75]. The incidence
of opportunistic candidemia has increased substantially worldwide in the last two decades, with
Candida albicans being the most dominant species followed by the non-albicans species, represented
largely by C. glabrata, C. tropicalis and C. parapsilosis, and rapidly emerging C. auris [47,54,75,76]. C.
glabrata accounts for 10%-35% of Candida bloodstream infections, based on the geographical
distribution [75-79]. C. albicans is a diploid organism, with key virulence traits of activity of secreted
proteases, mating, morphological and colony switching and biofilm formation [80-82]. Contrarily, C.
glabrata is haploid in nature, and phylogenetically more closely related to S. cerevisiae than to C.
albicans [83,84]. Intriguingly, C. glabrata neither secretes aspartyl proteases nor switches between yeast
and hyphal forms, the two major attributes that allow fungal pathogens to establish successful
infections [81,82,85,86]. The major virulence factors of C. glabrata include multigene families encoding
at least seventeen cell surface epithelial adhesins (EPA) and eleven glycosylphosphatidylinositol
(GPI)-linked aspartyl proteases [85-87]. Additionally, C. glabrata possesses a unique ability to survive
high levels of diverse stresses and proliferate in host macrophages without causing any harm to
macrophage cells [86,88,89]. Despite these differences, C. glabrata and C. albicans share many virulence
traits, including biofilm formation, metabolic plasticity and colony switching [81,82,85,86]. The post-
translational modifications, including phosphorylation and glycosylation, have been implicated in
the virulence of human fungal pathogens, including Candida spp. [90]. Over the past decade,
SUMOylation has been studied in two Candida species, C. albicans and C. glabrata, and its role in
Candida pathogenesis is beginning to be appreciated [11,13,91,92].

As shown in Table 2, C. albicans has a sole Smt3 SUMO protein, three Ulp domain-containing
proteins CaUlp1, CaUlp2 and CaUlp3, a heterodimeric E1 activating enzyme complex of CaAos1 and
CaUba2, the E2 enzyme CaUbc9, and E3 ligases CaSizl, CaMms21, CaCst9 and CaWosl. Among
these SUMOylation components, CaSmt3, CaAos1, CaUba2, CaUbc9 and CaMms21 are not essential
for cell viability [92].

Of the SUMO proteases, all three CaUlp1, CaUlp2 and CaUlp3, when expressed in Pichia pastoris,
displayed SUMO-processing activity [93]. Moreover, while both RNA and protein levels of CaUlp1
and CaUlp3 proteases were observed in the yeast and hyphal cells of C. albicans, CaUlp2 transcript
or protein expression was detectable in neither morphological form [93]. These data suggest that
CaUlp1 and CaUlp3 may be the major proteases for CaSmt3 under normal growth conditions. In
addition, the E2-conjugating enzyme CaUbc9 has been shown to physically interact with the SUMO
E3 ligase CaWos1 [91].

Through phenotypic and molecular analysis, SUMOylation has been implicated in the
regulation of many processes including filamentation, with yeast-hyphae morphogenesis being
essential for virulence in C. albicans [11,81,94]. CaSmt3 and CaAos1 have been demonstrated to act as
repressors of hyphae formation in C. albicans [94]. Additionally, the C. albicans smt3A/smt3A cells
exhibited defects in cell separation and nuclear segregation, and formed elongated buds [11]. The
smt3A/smt3A cells were also defective in their formation of hyphae in response to serum, and
activation of the Protein Kinase C-mediated cell wall integrity pathway in response to stresses [11].
In agreement with this, the smt3A/smt3A cells were found to be sensitive to several stresses including
thermal, oxidative, unfolded protein, cell wall and antifungal stresses, and contained high chitin in
the cell wall [11]. Importantly, the C. albicans mms21A/mms21A mutant also exhibited slow growth,
thermal stress susceptibility, nuclear segregation defects, increased invasiveness, unregulated
filamentation and diminished recovery from DNA damage [92]. This mutant also showed sensitivity
to cell wall stressors, and azole and echinocandin antifungal drugs [92].

C. glabrata possesses orthologs of all S. cerevisine SUMOylation components [13]. The C. glabrata
CgSmt3, CgUba2, CgAosl, CgUbc9, CgSizl, CgSiz2, CgMms21, CgCst9, CgUlpl and CgUlp2
proteins showed sequence identities of 81%, 62%, 55%, 89%, 42%, 34%, 37%, 49%, 52% and 43% with
their respective S. cerevisine SUMO counterparts, respectively (Table 2). Overall, the C. glabrata SUMO
machinery is quite similar to the S. cerevisisze SUMO system, with one exception being the lack of a
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SAP [Scaffold attachment factor (SAF)-A/B-Acinus-Protein inhibitor of activated STAT (PIAS)]
domain in the CgSizl enzyme. As the SAP domain is involved in the nuclear retention of the S.
cerevisiae Siz1 ligase [13], its absence in CgSiz1 may hint towards non-nuclear substrates of the CgSiz1
enzyme. The CgSMT3 gene was found to be essential for cell growth of C. glabrata [13].

Furthermore, functional conservation between C. glabrata and S. cerevisite SUMOylation
machinery has also been reported, as CgSmt3 and CgUIp2 could restore the cell viability and growth
defects of Scsmt3A and Sculp2A mutants, respectively [13]. The Cgulp2A mutant showed slow growth,
sensitivity to multiple stresses, including thermal, DNA damage and oxidative stress, elevated chitin
levels, diminished adherence to host epithelial cells, reduced replication in macrophages and poor
colonization in a murine systemic candidiasis model, indicating a pivotal role for CgUlp2 in
pathogenesis of C. glabrata [13]. In contrast, the CgsizIA mutant had no discernible phenotype while
the Cgsiz2A and Cgsiz1Asiz2A mutants displayed sensitivity to DNA damage caused by UV radiation
and MMS (methyl methanesulfonate), implicating CgSiz2 in the survival of DNA damage stress [13].
Surprisingly, despite the antagonistic functions of CgUlp2 and CgSiz1-Siz2 enzymes, both
Cgsiz1Asiz2A and Cgulp2A mutants lacked any detectable SUMOylated proteins [13]. The Cgulp2A
mutant also had no free SUMO protein [13]. Although the molecular basis for this paradoxical result
is yet to be elucidated, these data highlight the complex regulation of the cellular SUMOylation
system. Lastly, the inability to generate strains deleted for CgAOS1, CgUBA2, CgUBA9, CgMMS21
and CqgULP1 genes could reflect their essentiality for the cell viability of C. glabrata [13].

In terms of the nature and localization of SUMO-target proteins, SUMO modification of septins
has not been observed in C. albicans, unlike S. cerevisae [29,71,95]. However, CaSmt3 has been reported
to localize at bud necks in the yeast form, and at septation sites in the mature hyphae, indicating the
SUMO-conjugation of other bud neck and/or septin-associated proteins [95]. Similarly, SUMO ligases
CgSizl and CgSiz2, and SUMO proteases CgUlpl and CgUlp2, in C. glabrata displayed
predominantly nuclear localization, while the CgSmt3 protein was found to be uniformly distributed
throughout the cell [13].

To summarize, the process of SUMOylation is important for cell division, growth and stress
response in human pathogenic fungi studied so far [11,13,23]. However, the SUMO-encoding SMT3
gene does not appear to be essential in all fungi, as SMT3 is required for viability in S. cerevisiae [28]
and C. glabrata [13], but not in C. albicans [11] and A. nidulans [22]. SUMO enzymes are also required
for survival of many stresses, the activation of the cell wall integrity MAPK (mitogen-activated
protein kinase) pathway and the negative regulation of the cell wall chitin in C. glabrata and C. albicans
[11,13]. The known roles of SUMOylation in fungal cell physiology and virulence are depicted in
Figures 2 and 3, respectively.
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Figure 2. Schematic representation of diverse physiological processes, that are known to be regulated
by SUMOylation in the human pathogenic fungi. SUMOylation regulates growth profiles and
survival of different stresses in species of both Aspergillus and Candida. Additionally, while
SUMOylation modulates sexual and asexual reproduction, and secondary metabolite production in
Aspergillus, it regulates colony and morphology switching, and maintenance of cell wall composition
in Candida.
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Figure 3. A schematic illustrating the roles of SUMOylation in the pathogenesis of C. albicans and C.
glabrata. SUMOylation is required for adherence to epithelial cells, biofilm formation and intracellular
proliferation of C. glabrata in human macrophages. SUMOylation also modulates the virulence of C.
albicans and C. glabrata in mice.

7. SUMOylated Target Proteins

The work by Leach et al. has shed light on potential SUMO-target proteins in C. albicans [11].
Using an N-terminally FLAG-tagged SUMO, Leach et al. found 31 proteins to be SUMOylated
through a proteomic screen [11]. These proteins were involved in cellular stress response,
cytoskeleton organization, secretion, metabolism and endocytosis [11]. Two of the identified
SUMOylation targets were heat shock proteins Hsp60 and Hsp104, and mutations of the consensus
SUMOylation residue lysine in Hsp60 and Hsp104 proteins mirrored the morphology defect and
thermal stress sensitivity, respectively, of the smt3A/smt3A mutant, underscoring the role of
SUMOylation in the cellular functions of Hsp60 and Hsp104 [11]. Moreover, SUMOylation of the
major transcriptional factor of white—opaque phenotypic switching, CaWorl, is regulated by the
SUMO E3 ligase CaWosl (Worl SUMO ligase 1), and the loss of CaWorl SUMOylation led to
impaired white to opaque switching and a less stable opaque phase phenotype [91]. CaWos1 was
also implicated in the cellular carbon dioxide (COz)-sensing response, as elevated CO: concentration
led to the upregulation of the CaWOS1 gene in a Flo8-dependent manner, and deletion of CaWOS1
caused significant decrease in the white to opaque switching frequency under high CO: conditions
[91]. Contrary to the wos1A/wos1A mutant, the colony morphology of the smt3A/smt3A mutant was
heterogeneous, consisting of equal numbers of opaque, white and wrinkled colonies, with a higher
switching rate among different cell states [11,91]. Of note, CaWOS1 loss had no effect on the virulence
of C. albicans in mice, however, its overexpression led to attenuated virulence [91]. Consistent with
the central role of SUMOylation in modulation of the virulence traits of C. albicans, a potential
SUMOylation site in the yeast phase-specific protein CaSIp3 (Stomatin Like Protein 3), that may be
involved in its targeting to the plasma membrane and the vacuole, has recently been identified [96].
Of note, Slp3 in C. albicans has also been shown to be an oxidative stress response protein, whose
overproduction resulted in mitochondrial depolarization and apoptotic-like cell death upon
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prolonged oxidative stress [96]. Figure 3 schematically represents the roles of SUMOylation in the
virulence of Candida spp.

8. SUMOylation and Stress Response

SUMOylation is a dynamic post-translational protein modification, with cells responding to
stressful conditions by altering their SUMOylome. The levels of SUMOlyated proteins were found to
be significantly elevated in C. glabrata cells exposed to ethanol stress, DNA damaging agents and the
macrophage internal milieu [13]. Similarly, heat shock, oxidative and cell wall stress and hyphae-
inducing conditions altered the SUMOylome in C. albicans [11]. These preliminary studies point
towards a regulatory role for SUMOylation in sensing and/or relaying cellular stress signals in
pathogenic fungi, which may aid cells mount an appropriate response to survive stressful
environmental conditions.

9. Future Perspectives

Investigating the role of post-translational modifications, including SUMOylation, in fungal
virulence is a rapidly growing field. The recent advancement in protein identification technologies
has promoted the use of high-throughput proteomic screens to analyze the virulence traits of human
fungal pathogens. These mass spectrometry-based techniques are likely to be beneficial in the
identification of the dynamic SUMOylome, as well as the key regulators of cellular SUMOlyation
networks in pathogenic fungi. Two crucial areas, that are yet to be explored, are the contribution of
the environmental cue-specific rapid subcellular distribution of the SUMO-modification enzymes to
the rewiring of cellular signaling circuits, and the possibility of SUMO-modification enzymes as
antifungal drug targets. A better understanding of the underlying molecular and biochemical
mechanisms by which protein SUMOylation aids the pathogenic fungi in adapting to diverse stresses,
acquiring drug resistance, maintaining genomic integrity and expressing virulence factors may lead
to better intervention strategies for the diagnosis and control of fungal infections.
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