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Abstract

Genes involved in the repair of DNA damage are emerging as playing important roles during the
disease processes caused by pathogenic fungi. However, there are potentially hundreds of genes
involved in DNA repair in a fungus and some of those genes can play additional roles within the
cell. One such gene is RAD23, required for virulence of the human®pathogenic fungus
Cryptococcus neoformans, that encodes a protein involved in the nucleotide excision repair (NER)
pathway. However, Rad23 is a dual function protein, with a role in either repair of damaged DNA
or protein turn over by directing proteins to the proteasome. Here, these two functions of Rad23
were tested by the creation of a series of domain deletion alleles of RAD23 and the assessment of
the strains for DNA repair, proteasome functions, and virulence properties. Deletion of the
different domains was able to uncouple the two functions of Rad23, and the phenotypes of strains
carrying such forms indicated that the role of R4D23 in virulence is due to its function in

proteasomal-mediated protein degradation rather than NER.

Keywords: protein domain, proteasome, site-directed mutagenesis, tunicamycin, ubiquitin-

binding, ultraviolet
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1. Introduction

Cryptococcus neoformans is an opportunistic fungal pathogen and, like many other pathogens, it
has to survive in the environment, and then establish and adapt in its host to be able to cause
disease. Different cellular signaling pathways and processes have been studied in the context of
fitness in the environment and host (Bahn and Jung, 2013), to reveal important insights. For
instance, DNA repair genes have essential roles in maintaining genomic integrity and they play
key roles in environmental survival, evolution and pathogenicity (Billmyre et al., 2017; Boyce et
al.,2017; Jung et al., 2019; Jung et al., 2016; Palmer et al., 2018; Verma and Idnurm, 2013). Along
with the integrity of the pathogen’s DNA, another important aspect that relates to the survival and
pathogenicity is the proper maintenance of a cell’s protein composition. Different genes related to
the endoplasmic-reticulum-associated protein degradation (ERAD) pathway, the unfolded protein
response (UPR) (Cheon et al., 2014) and ubiquitin proteasome system also have roles in fungal

virulence (Liu and Xue, 2011; Liu and Xue, 2014).

The RAD23 gene is implicated in the virulence of C. neoformans. In a large scale study of gene
functions in C. neoformans, 1,200 of the 7,000 genes in the genome were deleted and the knockout
strains tested for three “classical” virulence traits, which are growth at 37°C, capsule formation
and melanization, and competitive survival between mixed populations of strains in a mouse model
of disease as a measure of virulence (Liu et al., 2008). The rad23 mutant was ranked 57" for

reduced virulence, yet had no impairments in known virulence traits.
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Rad23 is a component of the nucleotide excision repair (NER) pathway that was first identified
through the isolation of UV sensitive mutants in the model yeast Saccharomyces cerevisiae
(McKnight et al., 1981). Positional cloning and then sequencing of the RAD23 gene revealed
the surprising feature that parts of the predicted protein have similarity to ubiquitin (Watkins et
al., 1993). Rad23 is hence a dual function protein with one role in DNA repair and the second
as a ubiquitin receptor involved in the proteasomal degradation pathway (Dantuma et al., 2009).
From S. cerevisiae to humans, Rad23 is part of NER through its interactions with another NER
protein, Rad4 (XPC in humans) (Guzder et al., 1998). The Rad23 contribution to both DNA
repair and proteasomal degradation is also conserved in plants (Farmer et al., 2010; Lahari et
al., 2017). The role of Rad4 in DNA repair is to recognize and bind to UV-induced photolesions

(Min and Pavletich, 2007).

The Rad23 protein has four defined domains that are conserved from the model fungus S.
cerevisiae to humans (Dantuma et-al., 2009; Walters et al., 2003). These four domains are
abbreviated as UBL, UBAI, Rad4 or XPC-binding (XPCB) and UBA2, and each domain has a
specific function. The domains of Rad23 are best characterized in S. cerevisiae (Dantuma et al.,
2009) and relate to either DNA repair (via NER) or the proteasome-mediated degradation of
unwanted proteins. The N-terminal domain UBL is ubiquitin-like and it binds to the Rpn1 subunit
of the 19S regulatory subunit of the proteasome (Elsasser et al., 2002). Other proteins that bind to
the UBL domain of Rad23 are the ubiquitin chain elongation factor Ufd2 (Kim et al., 2004),
peptidyl tRNA hydrolase Pth2 (Ishii et al., 2006) and ubiquitin associated domains (UBA) within
Rad23 itself (Walters et al., 2003). The central UBA1 domain binds to ubiquitin/polyubiquitin

molecules and UBL, and the C-terminal UBA2 domain binds to ubiquitin and the UBL domain.
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The intra-protein interaction of UBL and UBA domains prevents continuous binding of Rad23 to
the proteasome, as the protein adopts a closed conformation. UBA domains are so named because
they are able to bind ubiquitin and polyubiquitin molecules. The human Rad23 A and B isoforms
use their C-terminal UBA2 domains to bind to base excision DNA repair protein 3-methyladenine
DNA glycosylase (MPG) (Miao et al., 2000), and the UBA2 domain is sufficient for this binding
(Yokoi and Hanaoka, 2017). Either of the two human Rad23 proteins can increase binding of MPG
to its DNA damage substrate and stimulate its DNA glycosylase activity. The UBA2 domain of
Rad23 A protein binds to human immunodeficiency (HIV) 1 accessory protein Vpr (Withers-Ward
et al., 2000). The UBA2 domain is required for the stability of the Rad23 protein in its interaction
with the proteasome. The UBA2 domain resists initiation of degradation by the proteasome and
hence can efficiently channel a substrate for degradation while preventing its own degradation
(Heinen et al., 2011). The third domain of Rad23 is the Rad4-binding domain, also called the
XPCB domain in humans, and this domain is important for the NER activity of the Rad23 protein.
This domain interacts with Rad4 and the peptide N-glycanase protein Pngl (Lee et al., 2005) and

primarily contributes to the DNA repair function associated with Rad23.

Another important function of RAD23 is its global impact on transcription. For instance, in S.
cerevisiae RAD23.1s involved in the regulation of almost two-thirds of the UV-regulated genes,
and almost one third of all yeast genes are mis-regulated in a rad23 knockout strain (Wade and
Auble, 2010; Wade et al., 2009). As a consequence, Rad23 is involved in cell cycle regulation and

phosphate metabolism. These functions may relate to proteasome-mediated degradation or NER.
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The multiple functions of Rad23 raise the question about which relate to the virulence of C.
neoformans. Hence, in this study we aimed to uncouple the role of the two major different
functions of RAD23, DNA repair and protein sorting, by creating alleles of the gene impaired in

each property, and then testing the virulence and other phenotypes of strains carrying them.

2. Materials and Methods

2.1. Generation of RAD23 knockout, RAD23 full length and domain deletion complementation
constructs and strains

The fungal strains used is this study are listed in table 1. For generation of a RAD23 knockout the
RAD23::NAT cassette was amplified from the genomic DNA of the previously generated rad23
gene disruption strain (Liu et al., 2008) using primer set AISV49 and AISV50. The knockout
cassette was transformed by biolistics with the Bio-Rad particle delivery system into the KN99a
strain background, and transformants were selected on YPD medium + nourseothricin (100 pg/ml).
Gene replacement in the rad23A strain was confirmed by PCR and Southern blotting. This new
gene replacement strain.was constructed because the parent strain used to create the original
rad23A mutant has accumulated background mutations during in vitro passage such that it is less

pathogenic and fertile than other versions (Arras et al., 2017; Janbon et al., 2014).

To complement the rad23A strain, full length RAD23 with its native promoter and terminator was
amplified from genomic DNA of strain KN99a using primers AISV118/AISV119. The amplified
PCR product was cloned in the pCR2.1 TOPO-TA vector and transformed by heat shock into

Escherichia coli strain DH5a cells. The plasmids isolated were sequenced to identify one with the

Accepted manuscript for https://doi.org/10.1016/j.gene.2019.144043 6
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correct sequence of RAD23. The RAD23 gene was excised from the TA vector using BamHI
restriction enzyme, and plasmid pPZP-NEO11 was digested with BamHI. The two digestion
products were ligated and the resulting product pPZP-Pnative-RAD23-T-NEO was transformed
into E. coli. The clones were further verified by PCR of the resulting plasmids and by sequencing.
The error-free version of pPZP-Pnative-RAD23-T-NEO was transformed by electroporation into
Agrobacterium tumefaciens strain EHA105. The A. tumefaciens strain containing pPZP-Pnative-
RAD23-T-NEO was then co-cultured with the C. neoformans rad23A strain for delivery of the T-
DNA. Fungal transformants were selected for growth on YPD + G-418 (100 pg/ml) + cefotaxime

(200 pg/ml) plates, and integration of the T-DNA into the genome was.verified by PCR.

To generate of RAD23 individual domain deletion constructs, the pPZP-Pnative-RAD23-T-NEO
construct was used as a template for site-directed mutagenesis. Primers were designed specific for
each type of domain deletion (Table S1). For performing the domain deletions, the QuickChange
I XL Site-Directed Mutagenesis Kit (Agilent Technologies, Foster City, CA) was used following
the manufacturer’s protocol, with the extension temperature of 68°C for 15 min for 18 cycles.
After Dpnl digestion, the treated mix was transformed by heat shock into E. coli DH5a cells. The
plasmids obtained from the transformants were verified by sequencing, for all four-domain
deletions (RAD23-ublA, RAD23-ubalA, RAD23-xpcbA and RAD23-uba2A). For generating the
double domain deletion constructs RAD23-ublA+ubalA and RAD23-ubalA+uba2A, a second
round of site-directed mutagenesis was employed. The template constructs used were pPZP-NEO-
RAD23-ublA and pPZP-NEO-RAD23-uba?A, with the primer set AISV142/AISV143 used to
delete the UBA1 domain. The protocol followed was the same as for the single domain deletion

strains. Plasmids confirmed by sequencing analysis to be error free were then transformed into 4.
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tumefaciens, used to deliver the T-DNA with the R4AD23 alleles into the rad23A strain to obtain

C. neoformans strains carrying new alleles of RAD23. A list of plasmids is included as Table S2.

2.2. Rad?23 subcellular localization

A RAD23-GFP fusion construct was made. Strain KN99a genomic DNA was used as the template
to amplify the RAD23 gene using primers AISV165/AISV166 with a Ncol site in both the primers.
The pPZP-HXK2-GFP-NAT vector was also digested with Ncol. The Necol-digested RAD23
amplicon and Ncol-digested pPZP-GFP-NAT vector (without the HXK?2 insert) were ligated with
T4 DNA ligase and transformed into E. coli. The cloning strategy places a RAD23-GFP fusion
under control of the constitutive histone H3 promoter when transformed into C. neoformans cells.
The recombinant pPZP-RAD23-GFP-NAT construct was sequenced for the RAD23-GFP fusion
and a correct construct was then transformed into A. tumefaciens. The transformed A. tumefaciens
strain was co-cultured with KN99a. Positive transformants were selected for growth on YPD +
nourseothricin + cefotaxime plates. The strains were scanned for green fluorescence. Using the
same construct within the rad23A strain was not possible because it confers resistance to
nourseothricin. NAT was therefore switched with NEO as a selectable marker in the pPZP- RAD23-
GFP-NAT construct. For this switch, pPZP-RAD23-GFP-NAT was digested with EcoRI to remove
the NAT fragment, and into the empty EcoRI site was inserted an EcoRI-digested NEO fragment
from plasmid pPZP-NEOI11. Ligated pPZP-RAD23-GFP-NEO was transformed into E. coli

DH5a, and then the correct plasmid was transformed into A. tumefaciens EHA105. This A.

tumefaciens strain was co-cultured with the rad23A strain. Transformants were selected for growth
on YPD + G-418 + cefotaxime plates. The strains expressing RAD23-GFP were grown to

logarithmic phase in liquid YPD media, stained with nuclear stain DAPI (1 pg/ml) and
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mitochondrial stain MitoTracker Red CMXRos (3 nM; Invitrogen, Carlsbad, CA). Cells were
incubated in dark for 20 min, washed and resuspended in phosphate buffered saline (PBS) and

were examined by fluorescence microscopy.

To make the domain deletion GFP constructs for RAD23-uba?A, the pPZP-RAD23-GFP-NEO
construct was used as the template and the primer combination AISV146/AISV147, with the
QuickChange II XL Site—Directed Mutagenesis Kit as described above. The constructs obtained
were sequenced, an error-free version identified and used for Agrobacterium-mediated
transformation into the rad23A strain. The rad23A+RAD23-uba2A-GFP strain was used for

fluorescence microscopy as described above.

2.3. Stress assays for the C. neoformans strains

C. neoformans strains were exposed to different kinds of stress. Strains were grown overnight in
liquid YPD medium at 30°C. The strains were serially diluted, 10-fold each time, up to 10
dilution, then spotted on a YPD medium plate as the control or on YPD + stressor. Strains were
checked for growth at 37°C. For endoplasmic reticulum stress tunicamycin (0.125 pg/ml) or
dithiothreitol (DTT;- 10 mM) were used, for DNA damage or oxidative stress tert-butyl-
hydroperoxide (t-BOOH; 0.3 mM or 0.6 mM), hydrogen peroxide (H>O>; 1 mM) or Paraquat (0.5
mM) were used. The UV sensitivities of strains were tested by applying UV (120 J/m?) in an XL-
1500 UV cross linker (Spectronics Corporation, Lincoln, NE). The unstressed control and stress

plates were incubated at 30°C for 2 days.

2.4. Virulence assays in wax moth larvae

Accepted manuscript for https://doi.org/10.1016/j.gene.2019.144043 9
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The Galleria mellonella (wax moth) assay of the virulence of C. neoformans strains followed
methods previously described (Mylonakis et al., 2005). Overnight cultures in YPD medium were
washed three times with PBS. Cells were suspended in PBS to 2 x 107 cells/ml. For each strain
sets of 10-11 larvae were injected with 5 pul of the cells, as well as the control PBS. Wax moth
were incubated at 37°C and survival monitored daily. Wild type KNO99a, rad?3A; the
rad23A+RAD23 complementation strain and the six domain deletion strains rad23A+RAD23-
ublA, rad23A+RAD23-ubalA, rad23A+RAD23-xpcbA, rad23A+RAD23:uba2A, rad23A+RAD23-
ublA+ubalA and rad23A+RAD23-ubalA+uba?A were inoculated: For this experiment, two
independent transformants carrying the R4AD23 alleles were inoculated into the larvae, to eliminate
the unlikely chance of the T-DNA inserting accidentally into-genes that would be required for

virulence.

3. Results

3.1. Mutation of RAD23 causes stress response phenotypes in C. neoformans

The RAD23 gene was deleted inthe wild type KN99a background of C. neoformans to yield a
rad23A strain. The full-length RAD23 gene was transformed into the rad23A strain to confirm
that it restored any phenotypes back to the wild type level. Three strains, wild type, rad23A and
complementation rad23A+RAD?23, were tested for their phenotypes related to UV stress response
(Fig. 1A). These strains were also tested for growth at 37°C and in the presence of tunicamycin,
which disrupts the ERAD pathway and hence triggers ER stress (Fig. 1B). The rad23A strain has

increased sensitivity to UV stress compared to wild type parent strain, consistent with the role of
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Rad23 in NER. Also, rad23A shows increased resistance to tunicamycin, an indication of its role
in ERAD or UPR (unfolded protein response). The complementation of rad23A with full length
RAD23 rescued the UV sensitivity and tunicamycin resistance phenotypes (Fig. 1A and 1B). In
contrast, there was no growth defect at 37°C or to oxidative stress agents, hydrogen peroxide and

Paraquat, in the rad23A strain (Fig. 1B).

3.2. Different parts of Rad23 impact the stress sensitivity

Rad23 has four domains - UBL, UBA1, XPCB and UBA2 - with each demain having a specific
function. Though these individual domain functions of Rad23 have beendissected in S. cerevisiae
(Dantuma et al., 2009), their functions are yet to be established in C. neoformans. To uncouple the
role of DNA repair versus ubiquitin receptor function of Rad23 in C. neoformans, we deleted all
four domains one at a time and in two combinational double domain deletions. In S. cerevisiae
either UBA1 and UBA2 deletion singly orin combination does not affect UV sensitivity (Bertolaet
et al., 2001). Hence, we created alleles with the equivalent types of deletions, as with different
domain deletions it is possible to compare the function of individual domains with the full-length
protein in C. neoformans. The plasmid used to complement the rad23A strain, that is RAD23 with
its native promoter and terminator, was used as the basis to make subsequent domain deletion
constructs by site-directed mutagenesis. These constructs were transformed into the rad23A strain
to create six resultant strains: rad23A+RAD23-ublA (UBL domain deletion), rad23A+RAD23-
ubalA (UBA1 domain deletion), rad23A+RAD23-xpcbA (XPCB domain deletion),
rad23A+RAD23-uba2A (UBA2 domain deletion), rad23A+RAD23-ubIA+ubalA (UBL+UBALI
double domain deletion) and rad23A+RAD23-ubalA+uba?A (UBA1+UBA2 double domain

deletion), as illustrated in Fig. 2.
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The strains were compared under different stresses, i.e. UV light and #-butyl hydroperoxide (T-
BOOH) to explore the role of the Rad23 domains under DNA damage stress conditions and
tunicamycin and dithiothreitol (DTT) for their role in the UPR (Fig. 2). The XPCB domain deletion
and UBA2 domain deletion strains showed different levels of sensitivity to UV stress, with the
XPCB domain deletion strain being more sensitive, and comparable to the rad23A strain (Fig. 2).
The UBA2 domain deletion strain exhibited a slight increase in UV sensitivity. Deletion of XPCB
and UBA2 domains individually caused increased resistance to tunicamycin, like rad23A. The
UBAZ2 domain deletion strain was more resistant compared to.the XPCB domain deletion strain
when strains were compared for growth a day after the stress. As the UBL and UBA1 domain
individual domain deletion strains showed a wild type phenotype, these domains are not required
to combat any of the tested stresses, at least individually. The strain with the double deletion of
both domains UBL and UBAT1 was also tested to see if there is any difference in stress tolerance
compared to the individual domain deletions. No difference in tolerance to stresses was observed
for the UBL+UBA1 double domain deletion strain, as it was comparable to the wild type strain
(Fig. 2). For DTT and-T-BOOH no phenotypic difference was observed for any of the domain
deletion strains. For DTT stress one expectation was that the UBA2 domain and XPCB domain
deletion strains would show similar phenotypes as observed in response to tunicamycin, since both
chemicals can trigger the UPR. However, the absence of a phenotype in DTT treated XPCB
domain and UBA2 domain deletion strains suggests a role of Rad23 at different levels in UPR,
since DTT and tunicamycin trigger the UPR in different ways. Tunicamycin affects the N-linked
glycosylation of proteins and DTT is a strong reducing agent, particularly of disulfide bonds. Since

the UBA1 domain and UBA2 domain are both UBA domains, a strain missing both UBA1+UBA2
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domains was generated to see if there is any additive effect in the phenotype. To our surprise, the
deletion of both these domains in combination resulted in a strain that was slightly more resistant
to tunicamycin compared to the individual UBA2 domain deletion strain. No additive effect was

observed for the UV sensitivity phenotype.

To summarize, the phenotypes exhibited by the strains with different alleles of RAD23 indicate
that the XPCB domain of Rad23 is mainly responsible for the UV sensitive phenotype observed
for rad23A, and both XPCB and UBA2 domains for the tunicamycinresistance phenotype. Also,
when both UBA domains are removed together from Rad23 there should be increased impairment

of the ubiquitin receptor function that is not observed for the individual UBA1 domain deletion.

3.3. Individual Rad23 domains have differing impact on the virulence of C. neoformans

The impact of removing different domains in Rad23 on virulence was analyzed using the wax
moth (Galleria mellonella) larvac-model of disease, which is an established alternative host to
mice, especially for testing many fungal strains. The percentage survival curves for larvae infected
with wild type, rad23A;#vad23A+RAD?23 and individual and combinational domain deletion strains
are shown in Fig. 3. The data show the lowest survival for larvae infected with the wild type,
complemented (rad23A+RAD23) and XPCB domain deletion strains, where almost 90 percent of
the wax moth died by day 6 to day 7 post-inoculation. Also, the percentage survival is less for the
wax moth infected with strains with the UBL domain deletion, UBA1 domain deletion and
UBA1+UBL domain deletion (data not shown). For the rad?3A and UBA2 domain deletion
strains, larval survival is highest, with close to 95 % still alive at five days post-inoculation and

almost 65 % at six days post-inoculation. A similar pattern occurred for the UBA1+UBA2 deletion
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strains with 95 % and 57 % larval survival at day 5 and day 6, respectively. However, for the
UBA1+UBA2 domain deletion strain towards day 7 there is a sudden fall in wax moth survival
reaching 20 to 25 % survival by day 7, but then tapers and the remaining infected wax moth are
alive until day 11 to 12, which is comparable to the rad23A and the UBA2 domain deletion strains.
Statistical analysis of these survival data using the log-rank (Mantel-Cox) test indicated that there
were significant differences with rad23A, UBA2 domain deletion and UBA1+UBA2 domain
deletion strains versus the wild type strain with P-values of 0.0023, 0.0085, 0.0243, respectively.
For all other individual and combinatorial domain deletion strains, UBL, UBA1l, XPCB,

UBL+UBAI and for the RAD23 complemented strain rad23A+RAD23 the differences in larval

survival were non-significant (P-values > 0.05).

3.4. Organelle localization and expression of Rad23-GFP and Rad23-DIVA-GFP

Rad23 is a DNA repair protein and an ubiquitin receptor whose localization could be in different
subcellular compartments. The bioinformatics localization of Rad23 using PSORT II (Nakai and
Kanehisa, 1992) predicted the protein to be 34.8 % nuclear, 34.8 % mitochondrial, 17.4 %
cytoplasmic, and the rest from vesicle secretory system and vacuolar. To determine the subcellular
localization of full length RAD23, GFP was fused to the C-terminal end of Rad23. The RAD23-
GFP expressing strain was stained with nuclear stain DAPI and mitochondrial stain MitoTracker
separately, and examined by fluorescence microscopy. RAD23-GFP clearly co-localized with
nuclear stain DAPI, and hence Rad23 is partially nuclear (Fig. 4B). However, the Rad23-GFP
fluorescence was also outside the nucleus. There was almost no co-localization of Rad23-GFP

with MitoTracker (Fig. 4A).
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In some cases during the co-localization experiments, Rad23-GFP appeared to be in the periphery
of the nucleus. The localization was explored in the Rad23-GFP strain grown in the absence of
stress or 1 h after being given a low dose of UV light (120 J/m?). In the absence of stress Rad23-
GFP was most often around the edge of the nucleus, as well as being cytoplasmic, and shifted to
being within the nucleus in response to UV stress (Fig. 5). Quantification with >100 cells under
each condition reveals that Rad23 is mostly located around the edge of the nucleus (cytoplasmic
14%, perinuclear 86%, nuclear 0%; n = 131) in the absence of stress, after which most cells have
Rad23 within the nucleus (cytoplasmic 11%, perinuclear 2%, nuclear.86%; n="162). The reason
for the perinuclear distribution is yet to be established; however, that.location is consistent with
being the nuclear envelope-endoplasmic reticulum network where proteasomal components are
concentrated in S. cerevisiae and Schizosaccharomyces pombe (Enenkel et al., 1998; Wilkinson et

al., 1998).

The survival of animals inoculated-with strains carrying different deletions in RAD23 implicates
the UBA2 domain of Rad23 being key for the virulence of C. neoformans. Hence, we examined
the localization and protein level of this Rad23-uba2A isoform missing its UBA2 domain for two
reasons. First, the removal of the domain might alter the localization of the protein. Second, the
reduced virulence observed for strains missing the UBA2 domain may be simply a reflection of
the overall stability of the protein in the absence of this domain. The RAD23-uba2?A-GFP construct
was expressed in the rad23A strain background. Microscopy revealed that the Rad23-uba2A-GFP
expression level (Fig. 6A) was qualitatively equivalent to that of full-length Rad23-GFP strain in
yeast cells (Fig. 4). We also tested the wild type, rad23A, rad23A+RAD23-uba?A,

rad23A+RAD23-uba2 A-GFP and rad23A+RAD23-GFP strains for their responses to the presence
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of tunicamycin (Fig. 6B). We observed that rad23A, rad23A+RAD23-uba2A and rad23A+RAD23-
uba?A-GFP strains showed comparable phenotypes with more growth in the presence of
tunicamycin, while wild type and the full length RAD23-GFP complemented strain,
rad23A+RAD23-GFP, had comparable phenotype in the presence of tunicamycin. Hence, the
virulence defect observed for the UBA2 domain deletion strain was not because of destabilization
of the protein in the absence of the degradation resistance signal but because of some other reason,

most likely through impairment in the UPR.

4. Discussion

DNA repair enzymes and their “moonlighting” functions in other cellular pathways have been
explored in depth in model organisms (Gancedo et al., 2016; Khan et al., 2014). However, there
are differences between established model systems, such as budding and fission yeasts, with other
organisms and therefore there is a need to explore gene functions more widely. Furthermore, there
are genes in pathogenic species in the genera Candida or Cryptococcus for which no homologs
exist in model yeasts S. cerevisiae or S. pombe, or there are functional differences amongst them
and these well-established models (Verma et al., 2018). DNA repair pathways aid in survival of
microbial pathogens in the environment by reversing the effects of DNA-damaging stresses. The
pathways may also play a role in infected hosts, as observed for C. neoformans, by combating
oxidativeand free radical stresses, through interactions with macrophages and neutrophils,
wherein directly or indirectly DNA repair pathways may be necessary for fungal virulence. Such
assumptions are supported by evidence of DNA repair genes in the pathogenic fungus C. albicans

being required for virulence (Chauhan et al., 2005) and also in factors that will impact virulence
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such as phenotypic switching and genome rearrangements (Alby and Bennett, 2009; Mitra et al.,

2014).

C. neoformans is an important fungal pathogen that has been developed as a model system for
discovering virulence-related mechanisms in pathogenic fungi (Heitman et al., 2011; Rajasingham
et al., 2017). However, to date there has been limited analysis on DNA"repair mechanisms
(Billmyre et al., 2017; Boyce et al., 2017; Jung et al., 2019; Jung et al., 2016; Verma-and Idnurm,
2013). By examining a collection of DNA repair genes that had been mutated and were implicated
in virulence in a mouse model of disease (Liu et al., 2008), the RAD23 gene was particularly
interesting because it has two functions, in DNA repair and as a ubiquitin receptor protein involved
in the proteasomal degradation pathway and ERAD, (Dantuma et al., 2009). Through the
experiments reported here in C. neoformans we draw two conclusions about the role of RAD23 in
virulence. First, we are able to uncouple the role of DNA repair (at least Rad4-dependent NER
function) versus ubiquitin receptor-function in virulence. Second, of the four conserved domains
in Rad23, we narrowed down the UBA2 domain as the most important for the virulence of C.
neoformans. The Rad4-dependent NER function of Rad23 conferred by the XPC-binding domain
plays no major role in virulence. This is further supported by evidence that rad4 and rad23 mutants
do not have identical phenotypes. The rad4A strain is far more UV-sensitive than rad23A
(supplemental figure 5 in Verma and Idnurm, 2013) and has no reduction in virulence in a mouse

model (Liu et al., 2008).

We compared stress and virulence phenotypes caused by the deletion of the four Rad23 domains,

individually and in combinations. The UBA2 domain stood out for a role in virulence, as strains
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with the allele of RAD23 mutated in this region had a reduction in virulence that was comparable
to when the rad23A complete deletion strain was used to infect larvae. The UBA2 domain is one
of two ubiquitin-binding domains in the Rad23 protein. In S. cerevisiae the UBA2 domain binds
to ubiquitin molecules and Rad23’s own UBL domain. Interaction of the UBA2 domain with the
UBL domain is important for the proteasome binding function of Rad23. If there is interaction
between UBL and UBA domains then Rad23 will be in closed confirmation and its interaction
with the proteasome will be hampered. UBAZ2 is also required for the overall stability of Rad23 as
UBAZ2 efficiently channels a substrate for degradation while preventing its own degradation by the
proteasome (Heinen et al., 2011). If such is the case, then it is possible that the virulence defect we
see for the UBA2 domain deletion strain is because of the destabilization the whole protein.
However, expression of RAD23-uba?A-GFP in the rad23A strain background counters this
hypothesis (Fig. 6) because deletion of the domain did not trigger degradation, although this is
with a caveat that a constitutive promoter drives the expression of the GFP fusion constructs used
in this study. The virulence defect observed for the Rad23 UBA2 domain deletion strain could be
from a ubiquitin receptor function, which has roles in both the unfolded protein response and
ubiquitin proteasome system, which in turn can affect the turnover of other proteins. Also, it is
possible that the tole of Rad23 in protein degradation by the proteasome is affected but not
observed under normal conditions (normal GFP expression), but when given stress, such as during

growth in a mammal or insect host, Rad23’s turnover is affected.

Another possibility is that the lack of a proteasome initiation region allows Rad23 to escape
degradation (Fishbain et al., 2011). These proteasome initiation regions are defined as unstructured

loops or sequences, which can trigger degradation. Fishbain et al. showed that even in the absence
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of the UBA2 domain, which according to previous reports is required for Rad23 stability, Rad23
could be protected from degradation on addition of a structured domain such as from dihydrofolate
reductase (DHFR). This study suggests that it is possible that tagging the UBA2 domain truncated
Rad23 with GFP at its C-terminal end might cover the unstructured region exposed due to deletion
of the UBA2 domain, such that the Rad23-GFP fusion escapes degradation. If so, the scenario for
the virulence defect we observe in the Rad23 UBA2 domain deletion strains might be due to
instability of Rad23 and hence lack of its ubiquitin adaptor functions. However, the
rad23A+RAD23-uba?A-GFP strain has a comparable stress phenotype as the rad23A and
rad23A+RAD23-uba2A strains (Fig. 6B), suggesting that the virulence defect observed is because

of the missing UBA2 domain function and is not due to an issue with Rad23 protein stability.

In S. cerevisiae the XPC-binding domain physically interacts with Rad4 and Pngl. C. neoformans
has a homolog for Rad4 but no homolog for Pngl. An interaction of Rad4, which is a major NER
protein, with this domain of Rad23 can explain the UV sensitivity phenotype seen in the strain
with the XPC-binding domain deleted. However, as no homolog of Pngl exists in C. neoformans,
the reason for the tunicamycin resistance phenotype observed for the XPC-binding domain
deletion strain is unknown. A tunicamycin resistance phenotype, stronger than what is seen here
for the rad23 mutants, is observed in the puf4 deletion strain (Glazier et al., 2015). Puf4 is a
mRNA-binding protein with a role in regulating the UPR. The basis of resistance is unknown, but
hypothesized to be due to altered production of Alg7, the UDP-N-acetylglucosamine-1-phosphate
transferase that is targeted by tunicamycin (Glazier et al., 2015). The UBA2 domain of Rad23 in
S. cerevisiae interacts with ubiquitin and its own UBL domain. In humans the UBA2 domains of

the Rad23 A and B proteins bind to DNA repair protein 3-methyladenine DNA glycosylase (Miao
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et al., 2000) and human Rad23 A protein’s UBA2 domain binds to human immunodeficiency
(HIV) 1 accessory protein Vpr (Withers-Ward et al., 2000): no homologs for these proteins exist
in C. neoformans as assessed by BLASTp analysis of its genome sequence. Hence it is difficult to
explain the slight UV sensitivity phenotype observed for the UBA2 domain deletion strain based

on the protein interaction possibilities with DNA repair proteins.

Several conclusions emerge from this study. The first is that the UBA2 domain of Rad23 is the
most important domain required for virulence of C. neoformans. The second is that XPCB deletion
does not affect the virulence potential of C. neoformans yet does the UV sensitivity phenotype.
XPCB is clearly implicated in the Rad4-dependent NER pathway in other eukaryotes, and hence
these data indicate that Rad23’s role in NER does not impact the virulence aspect of the C.
neoformans homolog. This study also provides the evidence that pathways such as DNA repair,
which are clearly important for genomic integrity, environmental survival, and evolution, may not
be important for virulence. Though-the functions of Rad23 in virulence of C. neoformans were
successfully separated and tested, how exactly the ubiquitin receptor function of Rad23 regulates

virulence remains to be explored in detail.
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Table 1

strains (Nielsen et al., 2003).

Name Genotype

KN99a Wild type, MATa

KN99a Wild type, MATa.

AISVCNI120 rad23A::NAT

AISVCN218 rad23A::NAT::RAD23::NEO

AISVCN250 rad23A::NAT+RAD23-ubIA::NEO
AISVCN251 rad23A::NAT+RAD23-ubal A::NEO
AISVCN252 rad23A::NAT+RAD23-xpcbA::NEO
AISVCN253 rad23A::NAT+RAD23-uba2A::NEO
AISVCN254 rad23A::NAT+RAD23-ublA+ubal A::NEO
AISVCN255 rad23A::NAT+RAD23-ubal A+uba2A::NEO
AISVCN87 RAD23-GFP::NAT

AISVCN256 rad234::NAT+RAD23-GFP::NEO.
AISVCN258 rad234::NAT+RAD23-uba2? A-GFEP::NEO
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Fig. 1. Stress responses controlled by Rad23. The wild type (WT), rad23A and rad23A+RAD?23
strains exposed to chemical, radiation and temperature stress. The stresses are tunicamycin

(0.125 pg/ml), hydrogen peroxide (1 mM), Paraquat (0.5 mM), 37°C and UV (120 J/m?).
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Fig. 2. Stress responses for wild type (WT) RAD23 and variant domain deletion alleles. (A)
Diagram of Rad23 representing all four domains and sites for individual domain deletions. (B) C.
neoformans WT, rad23A and rad23A+RAD23 complementation strain and all single and double
Rad23 domain deletion strains: rad23A+RAD23-ublA (UBL domain deletion), rad23A+RAD23-
ubalA (UBA1 domain deletion), rad23A+RAD23-xpcbA (XPCB domain deletion),
rad23A+RAD23-uba2A (UBA2 domain deletion), rad23A+RAD23-ublA+ubalA (UBL+UBA1

double domain deletion) and rad23A+RAD23-ubalA+uba2A (UBA1+UBA2 double domain
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613  Fig. 3. Wax moth virulence assay for WT RAD23 and variant domain deletion alleles. The graph
614  represents the percentage survival for wax moth larvae injected with the either PBS or 2 x 107
615  cells/ml of C. neoformans, WT (KN99a), rad23A and rad23A+RAD23 strain; domain deletion
616  strains rad23A+RAD23-xpcbA (XPCB domain deletion), rad23A+RAD23-uba2A (UBA2 domain
617  deletion), rad23A+RAD23-ubal A+uba?A (UBA1+UBA2 double domain deletion) and control
618  PBS. Log-rank (Mantel-Cox) test P-values for WT versus rad23A, rad23A+RAD23-uba?A and
619  rad23A+RAD23-ubalA+uba?A strains are 0.0023 (*), 0.0085 (*), 0.0243 (), respectively. For
620  WT versus rad23A+RAD23 strain, and rad23A+RAD23-xpcbA strain P-values were non-

621  significant (P-values > 0.05). X-axis represents percentage survival and Y-axis represents

622  number of days after infection.
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631

632

Rad23-GFP MitoTracker Merge

ol

~bic Rad23-GFP DAPI Merge

Fig. 4. Subcellular organelle localization of Rad23-GFP. Full length RAD23-GFP expressing
strain rad23A+RAD23-GFP stained with mitochondrial stain MitoTracker (top panel) and

nuclear stain DAPI (bottom panel). Scale bars represent 2 um.

Rad23-GFP

Fig. 5. Rad23 shuttles into the nucleus in response to UV stress. Cells of strain RAD23-GFP
AISVCNS87 were either cultured without UV or given a pulse of UV (120 J/m?) and

photographed 1 h later. Scale bar represents 4 pm.
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a RAD23-ubaZ2/-
DIC GFP MitoTracker Merge

RAD23-uba2-
DIC GFP DAPI Merge

No stress

Tunicamycin

WT

rad23A
rad23A+RAD23-uba2A
rad23A+RAD23-uba2A-GFP
rad23A+RAD23-GFP

Fig. 6. Subcellular localization and stress phenotypes of GFP fused RAD23-uba2A. (A)
MitoTracker and DAPI staining for RAD23-uba?A-GFP expression strain in rad23A
background. Scale bars represents 2 um. (B) Tunicamycin (0.125 pg/ml), stress tests for the WT,
rad23A, rad23A+RAD23-uba2A, rad23A+RAD23-uba2 A-GFP and rad23A +RAD23-GFP

strains.
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Table S1. Plasmids used in this study.

Name Parent plasmid Comments/Purpose
pPZP-HXK2-GFP-NATcc (Idnurm et al., 2007) GFP fusion by subcloning
pPZP-NEO11 (Magditch et al., 2012) Neomycin amplification

pPZP-Pnative-RAD23-T-NEO

pPZP-NEO11

RAD23 complementation construct

pPZP-Pnative-RAD23-UBLA-
T-NEO

pPZP-Pnative-RAD23-T-NEO

Rad23 UBL domain deletion
construct

pPZP-Pnative-RAD23-

Rad23 UBA1 domain deletion

UBAI1A-T-NEO pPZP-Pnative-RAD23-T-NEO construct
pPZP-Pnative-RAD23 Rad23 XPCB domain deletion
XPCBA-T-NEO pPZP-Pnative-RAD23-T-NEO construct
pPZP-Pnative-RAD23 Rad23 UBA2 domain deletion
UBA2A-T-NEO pPZP-Pnative-RAD23-T-NEO construct

pPZP-Pnative-RAD23
UBLA+UBA1A-T-NEO

pPZP-Pnative-RAD23 DIA-T-
NEO

Rad23 domain UBL+UBA?2 deletion
construct

pPZP-Pnative-RAD23
UBA1A+UBA2A-T-NEO

pPZP-Pnative-RAD23 DIVA-T-
NEO

Rad23 UBA1+UBA2 domain deletion
construct

Rad23-GFP localization construct

pPZP-RAD23-GFP-NAT pPZP-HXK2-GFP-NATcc with NAT marker
Rad23-GFP localization construct
pPZP-RAD23-GFP-NEO pPZP-RAD23-GFP-NAT with NEO marker

pPZP-RAD23-UBA2A-GFP-
NEO

pPZP-RAD23-GFP-NEO

Rad23-UBA2A -GFP-localization
construct with NEO marker
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654  Table S2. Primers used in this study.

655

Name Sequence 5°-3° Template DNA Comments
CGAAATGAATGATCTAGGT

AISV149 | C D288/ H99 rad234
CAATTTGGCTGTCGTCCATC

AISV150 D288/ H99 rad234
CGGGATCCCTCTGCATGAT rad23A complementation

AISV118 | AATGTCAGCG KN99a by RAD23
CGGGATCCCGAAAGTTGGG rad23A complementation

AISV119 | AAAAGGGAG KN99a by RAD23
ACTGTCCAGAACAAGCCCA

AISV140 | AAGCTACCCCTGCG pPZP-Pnative-RAD23-T-NEO RAD23-ublA
CGCAGGGGTAGCTTTGGGC

AISV141 | TTGTTCTGGACAGT pPZP-Pnative-RAD23-T-NEO RAD23-ublA
CCTGCCTTGCAAGCTGCCG

AISV142 | GCAACATTCCTTCTGTT pPZP-Pnative-RAD23-T-NEO RAD23-ubalA
AACAGAAGGAATGTTGCCG

AISV143 | GCAGCTTGCAAGGCAGG pPZP-Pnative-RAD23-T-NEO RAD23-ubalA
GGTATGCCCGGCGGTATGG

AISV144 | GTGGTGGTGGTGAAGGT pPZP-Pnative-RAD23-T-NEO RAD23-xpcbA
ACCTTCACCACCACCACCC

AISV145 | ATACCGCCGGGCATACC pPZP-Pnative=RAD23-T-NEO RAD23-xpcbA
GTGAATCTGACACAGGAGC

AISV146 | TGTTTGAGAACATGGAG pPZP-Pnative-R4AD23-T-NEO RAD23-uba2A
CTCCATGTTCTCAAACAGCT

AISV147 | CCTGTGTCAGATTCAC pPZP-Pnative-RAD23-T-NEO RAD23-uba2A
CATGCCATGGTCAAGATCA

AISV165 | CTTTC KN99a RAD23 GFP localization
CATGCCATGGGTTGATCCTC

AISV166 | CTCCATG KN99a RAD23 GFP localization

656
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