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ABSTRACT
Candida albicans phosphatidylserine (PS) synthase, encoded by the CHOL1 gene, has
been identified as a potential drug target for new antifungals against systemic candidiasis
due to its importance in virulence, absence in the host and conservation among fungal
pathogens. This dissertation is focused on the identification of inhibitors for this
membrane enzyme. Chol has two substrates: cytidyldiphosphate-diacylglycerol (CDP-
DAG) and serine. Previous studies identified a conserved CDP-alcohol
phosphotransferase (CAPT) binding motif present within Chol, and here we revealed that
mutations in all but one conserved amino acid within the CAPT motif resulted in
decreased Chol. For serine, we have predicted a serine-binding site based on sequence
alignment and found that some of the residues in this putative serine-binding site are
required for Chol function. One residue, R189, is particularly interesting because it was
suggested to be involved in serine binding.

Then, we attempted to perform a small molecule screening on C .albicans Chol,
which will be facilitated by purified Chol protein. Due to the transmembrane nature,
several solubilizing reagents were used to solubilize Chol protein. Digitonin was
determined to be the best detergent as it retained the most PS synthase activity. Pull-
downs of HA-tagged Chol in the digitonin-solubilized fraction reveal an apparent MW of
Chol consistent with a hexamer. Biochemical and electron microscopy analysis suggest
that the hexamer is composed of a trimer of dimers. Chol protein was then purified to
near-homogeneity as a hexamer and was optimized for high activity to be used in the

small drug screening.
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For the screening, we developed a nucleotidase-coupled malachite green-based
screen against purified Chol. Over 7,300 molecules curated from repurposing chemical
libraries were interrogated in primary and dose-responsivity assays using this platform,
and seven compounds were identified to inhibit purified Chol. Among all, compound
CBR-5884 disrupted in vivo Chol function by inducing phenotypes consistent with the
cholAA mutant, including a reduction of cellular PS levels. Kinetic curves and
computational docking suggest that CBR-5884 competes with serine for binding of Chol
with a K of 1,550 + 245.6 nM, thus this compound has the potential for further drug

design.
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CHAPTER 1 MEMBRANE ENZYMES AS ANTIFUNGAL
TARGETS



Introduction

Over the past three decades, systemic fungal infections in humans, primarily
caused by Candida species, have surged due to a rise in immunocompromised patients
(1-3). Candida species are the leading cause of fungal infections in humans. Among all
Candida spp., Candida albicans (C. albicans) is the most common cause of fungal
infections in humans, capable of causing mucosal, cutaneous and bloodstream infections
(2, 4, 5). Effective treatment requires antifungal therapy, with the main classes being
azoles, echinocandins, and polyenes. Each antifungal class targets specific fungal cellular
components, but they face challenges like growing drug resistance and patient toxicity (6-
10). Hence, there is a pressing need for new antifungals.

In the quest to address this challenge, various strategies have been exploited to
develop new drugs. High-throughput screening (HTS) and rational drug design are two
ways to identify leads for drug development (11, 12). For HTS, target-based and whole-
cell-based screenings are two major types, and both require the efforts of screening
thousands of compounds (13). On the contrary, rational drug design develops drugs based
on the information about the structure and function of the target protein and can also aid
in optimizing hits identified from HTS (11). Rational drug design also comes in two
types: ligand-based and structure-based approaches. The former depends on
understanding the structure of existing ligands that can bind to a target, while the latter
focuses on designing inhibitors using the structural details of target proteins (14). The
rational drug design process typically involves multiple rounds of design, synthesis and
evaluation to yield compounds potent and specific enough for preclinical trials (15). The

atomic structures, as well as predicted structures from various methods, of the target
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proteins have been shown to be useful in drug design (16, 17). Dorzolamide, used for
treating glaucoma (15), and saquinavir, an HIV protease inhibitor (18), are two market
drugs refined or conceived through the structure-based method.

In recent years, minimal progress has been made to identify new antifungals
because of the relatively high gene homology (~40%) and conservation of fundamental
biochemical pathways between fungi and humans, prohibiting easy identification of
drugs that are selectively toxic to fungi (19). To this end, it is important to identify new
fungal-specific targets that are absent in mammals, or at least share little homology with
mammals, and can thus provide selective inhibition for antifungal therapies. Among all
current and potential antifungal drug targets, membrane enzymes present valuable targets
for the development of novel antifungal agents due to their essential nature in fungal
survival, proliferation, pathogenicity, and resistance to antifungal drugs. In addition,
some of these enzymes are absent in humans. Here, we provide an overview of the
structural knowledge of several membrane enzymes considered current or potential
antifungal targets, as well as known inhibitors, and their potential use in rational drug
design. These targets all affect the cell envelope of fungi, which comprises cell wall and

cell membrane.

Cell wall biosynthesis enzymes

The fungal cell wall is an ideal target for antifungal drugs as it is an organelle that
is not conserved in mammals. The cell wall shields fungi from environmental threats and
prevents harmful macromolecules from entering the cell (20). The fungal cell wall

accounts for around 40% of the entire cell volume and is made of polysaccharides



(mainly glucan and chitin) and glycoproteins (21). Structurally, chitin and -1,3-glucan
are the primary constituents of most fungal cell walls, and they are embedded within a
gel-like matrix mainly made up of a-1,3-glucans and galactomannoproteins. The
synthesis of chitin and glucan is mediated by chitin synthases and glucan synthases,
respectively, which are promising targets for antifungal drugs.
Chitin synthases

Chitin accounts for 1-2% of the dry weight of the yeast cell wall and could reach
up to 10-20% in filamentous fungi (22). In C. albicans, chitin content in the hyphae wall
is three times higher than that of yeast form (23). Chitin is a long-chain polymer
consisting of B-(1,4)-linked N-acetylglucosamine (GIcNAc), and because of its absence
in plants and vertebrates, the biosynthesis of chitin is considered a promising target for
antifungal drugs (24). The chitin layer is formed by large families of plasma membrane-
bound chitin synthases, which catalyze the formation of 3(1-4) bonds using UDP-
GIcNACc as the sugar source (25, 26). There are a total of seven classes of chitin
synthases, and class IV enzymes often make the most amounts of cell wall chitin and are
generally associated with virulence (26-28). S. cerevisiae has three chitin synthase genes
(CHS1, CHS2 and CHS3) and C. albicans has four (CHS1, CHS2, CHS3 and CHSS8),
while Aspergillus nidulans, Aspergillus fumigatus and Cryptococcus neoformans are
known to have eight (26).

Polyoxin B (PolyB) is a type of peptidyl nucleoside that acts against chitin
synthases as a competitive inhibitor (29). It has been employed for many years in the

fields of agriculture and forestry to combat fungal plant pathogens and harmful



arthropods (which have chitinous exoskeletons) (29, 30). Similarly, Nikkomycin Z
(NikkoZ) is another peptidyl nucleoside that inhibits chitin synthase, and it has
demonstrated substantial positive effects in treating fungal infections in mammals (31)
(32). In 2000, a range of new inhibitors for CaChs1 was discovered through an extensive
screening process, which led to the discovery of compound RO-09-3024, a very effective
chitin synthase inhibitor with an 1Cso value of 0.14 nM invitro and an ECsp of 0.07 mg/ml
against C. albicans (CY1002) (33). However, many fungal pathogens containing CHS
genes are less sensitive to these inhibitors, stressing the need to optimize these molecules
via further drug design, which requires chitin synthase structures (34, 35). However, as a
multi-transmembrane enzyme, chitin synthases have proven challenging for protein
expression, solubilization, and crystallization, hindering structural analysis (36). For this
reason, a bacterial glycosyltransferase from Sinorhizobium meliloti, SmNodC, was shown
to be an appropriate model to study the general structure and reaction mechanism of
chitin synthases due to the fact that (i) SmNodC has catalytic core the conserved with
chitin synthases (37, 38) and (ii) SmNodC is inhibited by Nikkomycin Z (36). The
homology models of SmMNodC and ScChs2 were made based on the structure of bacterial
cellulose synthase from Rhodobacter sphaeroidesi (39), and have shown overall similar
structure architectures with one difference that SmNodC is missing the chitin transport
channel from ScChs2 (36). A detailed display of the active site and product-binding site
of SmNodC are shown in (36).

The first atomic structure of chitin synthase was solved from the soybean root rot
pathogenic oomycete Phytophthora sojae in 2022 via cryo-EM (40). The structure of
chitin synthase was solved in apo-, GIcNAc-bound, UDP-bound (post-synthesis), nascent
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chitin oligomer-bound, and most importantly, the nikkomycin Z-bound forms (Figure
1.1). The PsChs shares great sequence and architectural similarity with ScChs, but with
an elevated K value for nikkomycin Z (40). This could represent the binding mode of
nikkomycin Z to fungal chitin synthase. As a substrate analog, nikkomycin Z binds to the
uridine-binding tub via its uridine segment in the same way as the substrate UDP-
GIcNACc does (Figure 1.1B). The hydroxypyridine moiety of nikkomycin Z occupies a
significant portion of the reaction chamber and translocating channel. This restricts the
donor substrate from accessing the reaction area required for chitin synthesis. The
hydroxypyridine ring also forms hydrophobic interactions with Leu412, Tyr433, Val452,
Pro454 and Trp539 from the conserved motifs in PsChs. Mutation of these residues
impairs activity but, in the meantime, reduces inhibition from nikkomycin Z (40).

The structure of C. albicans chitin synthase 2 was recently solved (35). Structures
were solved for the apo-, substrate-bound, nikkomycin Z-bound, and polyoxin D-bound
forms of CaChs2. Similarly, nikkomycin Z and polyoxin D occupy the substrate binding
site of CaChs2, and an overlay of bound UDP-GIcNAc and polyoxin D with nikkomycin
Z is shown in Figure 1.2. For nikkomycin Z, the aminohexuronic acid moiety (in the red
square has an overall similar position to that from the UDP-GIcNAc (Figure 1.2A).
However, nikkomycin Z gains interactions with residues Y571 and W647 on the
pyridinyl ring, which is absent in UDP-GIcNAc, but loses or severely decreases the
interaction with residue D465 as this residue rotates away when bound to nikkomycin Z.
In contrast, polyoxin D adapts a slightly different binding mode compared to nikkomycin
Z. The critical residue involved in polyoxin D binding is Q643, forming two hydrogen
bonds with hydroxyl groups on polyoxin (Figure 1.2A). Residue K440 also rotates to
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Figure 1.1. The interaction between nikkomycin Z and Phytophthora sojae Chs1.

(A) Chemical and 3D structure of nikkomycin Z (NikZ). (B) The left is the sliced-surface view of the
NikZ-binding site of PsChs and the right is detailed interactions between NikZ and PsChs1. The
reaction chamber and translocating channel are pointed by the arrow. The hydrogen bonds are labeled
as black dashed lines. Figures are adapted from (40).
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Figure 1.2. Bind models of UDP-GIcNAc, Nikkomycin Z and Polyoxin D to CaChs2.

(A) Overlay of substrate binding sites: one with UDP-GIcNAc-bound (in brown) and the other with
nikkomycin Z-bound (in green) in CaChs2. The aminohexuronic acid moiety is highlighted in red
square. (B) Overlay of the substrate binding sites of CaChs2: one bound with nikkomycin Z (in
green) and the other with polyoxin D (in magenta). Hydrogen bond and n-r stacking interactions
between the substrate or ligand and CaChs2 are marked with dashed lines in their respective colors.
Figures are adapted from (35).



interact with polyoxin D, which is not seen in either nikkomycin- or UDP-GIcNAc-
bound forms. This interaction between K440 and the 5-carboxyl of the uracil base is
suggested to be the addition inhibition mechanism that polyoxin has on CaChs2 activity
(35). Overall, it was suggested that the stronger inhibitory effect of nikkomycin Z on
CaChs2 compared to polyoxin D probably results from the enhanced interaction via the
pyridinyl ring. The presence of the 5-carboxyl in polyoxin D and its interaction with
K440 somewhat makes up for the absence of interactions associated with the pyridinyl
ring (35).

The third and most current structure of chitin synthase is the S. cerevisiae Chsl
from the Bai group (41). Again, the structures of substrate-, polyoxin D- and nikkomycin
Z-bound ScChs1 were determined using cryo-EM, and the mechanism of the chitin
synthesis initiation, extension and transport was described in (41). One unique finding on
the mode of polyoxin D and nikkomycin Z binding is that besides the competition from
the nucleoside moiety on the UDP, the peptidyl moiety of polyoxin D and nikkomycin Z
opens the switch loop and thus keeps the gate of chitin transport channel blocked (41).
This unique mechanism of inhibition can potentially be used in future rational drug
design.

B-1,3-glucan synthase

Glucan is the foundational polysaccharide in the fungal cells, constituting ~50-
60% of its dry weight (22). Predominantly, 65-90% of these glucan polymers have a 1,3
linkage, but there exist other linkage types like $-1,6 (in Candida spp.), B-1,4, a-1,3, and

a-1,4. Among those different linkage glucans, the most structurally significant



component is B-1,3-D-glucan, which serves as the anchor for other covalent attachments
within the wall (22, 42). -1,3-D-glucan is synthesized by glucan synthases, a group of
membrane enzymes located in the plasma membrane. Glucan synthases have a conserved
catalytic domain (Fks), serving the function of glucan biosynthesis, and are regulated by
GTPase Rhol subunits (43, 44). The genes FKS1 and FKS2, responsible for producing
-1,3-D-glucan synthases, were first discovered in Saccharomyces cerevisiae (44, 45), and
later the orthologs were identified in other fungal species. Disruption of one FKS gene
leads to cell growth perturbation and disruption of both causes cell death (20, 45, 46),
indicating a promising drug target.

Echinocandins, derivatives of the secondary metabolites from Aspergillus
nidulans and Aspergillus rugulosus (47), act as a noncompetitive inhibitor of 3 (1-3)-
glucan synthase and are the most recent class of antifungal agents approved by the US
Food and Drug Agency in 2001 (9). The primary in vitro mode of action of
echinocandins is associated with the disorganized fungal cell wall, which is then
vulnerable to osmotic imbalances, leading to the death of the fungal cell and a reduction
in damage to the host tissue (48, 49). The in vivo mode of action of echinocandins may be
associated with the host immune response, specifically increased dectin-1 detection (50).
The FDA-approved echinocandin-class drugs are caspofungin, micafungin, and
anidulafungin (9, 51) (Figure 1.3). Structurally, they are all lipopeptides with similar
cores, and one noticeable difference among them is the side chain. The long fatty acid
chain was hypothesized to disrupt the membrane and thus inhibit glucan synthase activity
(9, 51), and the resistant mutations of echinocandins often occur at the highly conserved

hot spot 1 (HS1, residue 641-649), hot spot 2 (HS2, residue 1345-1365) and hot spot 3
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Figure 1.3. Chemical structures of the three FDA-approved echinocandins.
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(HS3, 690-700) (52-54). In 2023, the structures of the Saccharomyces cerevisiae FKS1
and the echinocandin-resistant mutant, S643P FKS1, were determined using cryo-EM
(55), providing structural insights into the mechanism of echinocandin resistance. In
ScFKS1 the active site is located in the interface between the cytoplasm and plasma
membrane, with a putative path for glucan translocation spanning across the membrane
layers (55). HS 1,2 and 3 were shown in Figure 1.4A and are spatially located very close
to each other. In wildtype ScFKSL1, the residues F639 and S643 from the HS1 region play
roles in lipid binding, as the side chain of F639 has direct interactions with three lipid
molecules, while the side chain of S643 seems to stabilize the lipid-binding residue Y638
(Figure 1.4B). However, in the echinocandin-resistant S643P mutant, the side chains of
both F639 and Y638 rotate significantly, leading to the re-orientation of bound lipids
(Figure 1.4C). Therefore, the echinocandin resistance mechanism was hypothesized to be
the re-oriented amino acid side chains and corresponding lipid movement that lead to
change in [i] the binding site of echinocandins or [ii] SCFKS1’s response to membrane
perturbation caused by echinocandin (55). Evidence of more direct drug/protein
interactions will help determine the mechanism of echinocandin inhibition and resistance,

aiding in designing more potent echinocandin-class drugs.

Cell membrane biosynthesis enzymes

Drugs that impact cell membrane integrity have seen significant success (56). For
example, drugs targeting ergosterol synthesis, such as imidazoles and triazoles, are
especially effective. While many new antifungal triazole compounds have been

introduced recently, they still have a long journey before being recognized as successful
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Figure 1.4. Structural interpretation of echinocandin-resistant mutations in SCFKS1 structure.

(A) The ScFKS1 structure with three distinct hotspot regions (colored in red) labeled as HS1-3. These
regions are associated with mutations that confer resistance to echinocandins. (B) A detailed view of
echinocandin-resistant mutations is provided, as referenced in (A). The mutations' alpha carbon (Ca.)
atoms are illustrated as red spheres. (C) Conformational changes and lipid re-arrangements, marked by red
arrows, in wildtype ScFKS1 (grey) and drug-resistant mutation S643P ScFKS1 (blue). Potential polar
interaction is indicated by the black dashed line. Figures are adapted from (55).
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antifungals (57). Beyond sterols, the membrane also contains essential components like
phospholipids and sphingolipids, which are crucial for cellular operations and signaling
pathways. Here, we will summarize current and potential membrane enzyme antifungal
targets involved in ergosterol, sphingolipid and phospholipid biosynthesis, with their
available structures and inhibitors.

Ergosterol biosynthesis enzymes

Lanosterol 14a-demethylase (Ergll)

Ergosterol is a major component of fungal cell membranes and plays a role
similar to cholesterol in human cell membranes (58-60). Its biosynthesis pathway in fungi
is a prime target for antifungal drug development, and a detailed ergosterol biosynthesis
pathway including all involving enzymes and the sites of inhibition was summarized in
(58). These enzymes, residing in the endoplasmic reticulum and other organelles, are
crucial for the synthesis of ergosterol, the main sterol in fungal cell membranes. For
example, Lanosterol 14a-demethylase (known as Ergll or CYP51) is a single-pass
membrane-bound cytochrome P450 enzyme and is a well-studied drug target of azoles
(61, 62). Ergl1 is responsible for the demethylation of lanosterol, a step vital for the
subsequent conversion of lanosterol to ergosterol, inhibition upon which leads to the
accumulation of toxic intermediates, thus compromising cell membrane integrity (62).
The structures and the interactions with different azoles were identified using X-ray
crystallography for Saccharomyces cerevisiae, Aspergillus fumigatus, Candida albicans,
and Candida glabrata Ergll (61, 63-65). Like other members within the P450 enzyme
family, Ergl1 has a thiolate-heme iron center, the active site where oxidation reactions

occur (Figure 1.5B). Also, it contains hydrophobic pockets and channels that
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Figure 1.5 Binding of itraconazole to S. cerevisiae Erg11.

(A) Structure of itraconazole. (B) S. cerevisiae Ergl1 structure adapted from (66).
The Left shows the cartoon representation of the overall fold of S. cerevisiae Ergll
and its predicted position in the lipid (PDBID:5EQB). The right shows the binding of
itraconazole within the S. cerevisiae Ergl1. Intraconazole is shown in purple and
heme moiety is shown in pink. (ITC: itraconazole).
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accommodate the lipid substrate and facilitate its access to the catalytic center (61, 63-
65). The interaction between itraconazole and C. albicans Erg11 shows that on a
molecular scale, one of the nitrogen atoms in the azole ring binds as the sixth
coordinating ligand to the heme iron, preventing oxygen activation (Figure 1.5B) (66).
The interaction of the azole ring with the heme is crucial in determining the binding of
azole drugs to Ergl1 targets in other structures as well (63-65). With the detailed
structural information of Erg11 available, structure-directed drug discovery can be
performed, which involves virtually screening compound libraries for molecules that
might bind more effectively to Ergl1, even in resistant strains, or designing new
molecules based on insights from the enzyme's structure (66).

Squalene synthase (Erg9)

Besides Erg11, other membrane-bound enzymes are also involved in ergosterol
biosynthesis. For example, squalene synthase (Erg9), an enzyme that catalyzes the
conversion of two molecules of farnesyl pyrophosphate to squalene, is also a potential
drug target due to the functional difference between animal and fungal counters parts (67-
69). The structures of Erg9 homologs from a trypanosomatid parasite, Trypanosoma
cruzi, and humans were first determined via X-ray crystallography, and this could aid in
the development of anti-Chagas disease and the cholesterol-lowering drugs (70-72).
Zaragozic acids are potent competitive inhibitors of rat liver squalene synthases and
potentially treat hypercholesterolemia (73). Malwal et al. reported the first fungal Erg9
structure from Aspergillus flavus in both apo- and substrate-bound forms, and compared
it to the previous structures (67). The transmembrane domains of A. flavus Erg9 have
similar architectures compared to their human counterpart, but the B-helix is significantly
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shorter in the human Erg9 (67). This difference might lead to different ligand/inhibitor
binding between human and pathogen proteins and could be used in antifungal design.
Squalene epoxidase (Ergl)

Following the formation of squalene, squalene epoxidase (also known as Ergl)
adds an epoxide group to squalene to form 2,3-oxidosqualene (58, 67). Ergl is also a
membrane-bound enzyme located in the ER membrane and its reaction is the rate-
limiting step of ergosterol biosynthesis in fungi and cholesterol biosynthesis in mammals.
It is predicted to form a complex with Erg9 in the microsomal fraction (74, 75).
Terbinafine, one of the allylamine drugs (Figure 1.6A), inhibits Ergl and leads to
ergosterol depletion and accumulation of squalene, which is fungicidal for filamentous
fungi but fungistatic for most Candida species (76-78). The human Ergl structure was
solved with an N-terminally truncated enzyme [118-574] in the presence of a known
inhibitor NB-598 (79). The terbinafine molecule was superposed with NB-598 to show
the potential mode of inhibition of the molecule (Figure 1.6B). The conserved residues of
human Ergl, L326, L473, FA77, F492, F495, L508, P505, and H522, are predicted to
form the non-polar interactions with the inhibitor, and the mutations of these equivalent
residues lead to terbinafine-resistance in fungi (79-82). Furthermore, a homology model
of S. cerevisiae Ergl was made and compared to its human counterpart (74). The S.
cerevisiae Ergl possesses an extended loop between b-strands 6 and 7 (residues 109-139,
based on S. cerevisiae, pointed by one arrow), while the human homolog has a much
shorter loop (residues 210-220) (Figure 1.6C). This compact loop in the human version
might aid in crystal formation and the extended loop in S. cerevisiae Ergl might obstruct
this process (74). Currently, the function of the extended loop in S. cerevisiae Ergl is
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Figure 1.6. Binding model of terbinafine to squalene epoxidase.

(A) structure of terbinafine. (B) The upper panel shows the superposition of terbinafine (orange) with NB-
598 (cyan) in human squalene epoxidase (PDBID:6C6P). The lower panel shows the positions of the
known terbinafine-resistant mutations (pink) with respect to terbinafine (orange) in the human squalene
epoxidase with a superposed terbinafine model. (C) Superposition of human squalene epoxidase structure
(blue) and the S. cerevisiae squalene epoxidase homology model (yellow). Figures (A) and (B) are adapted

from (79), and Figure (C) is adapted from (74). The extended loop on S. cerevisiae Ergl was pointed by an
arrow.
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unknown, but may be targeted to develop molecules that destabilize the protein or disrupt
potential protein-protein interactions.
C-24 sterol methyltransferase (Erg6)

C-24 sterol methyltransferase (known as Erg6) is also a membrane enzyme
involved in the ergosterol biosynthesis, which was suggested to be an antifungal target
due to its absence in mammals (58, 83). Erg6 catalyzes the methylation of the 24th
carbon in the sterol side chain in the later stages of ergosterol biosynthesis, disruption of
which reduced mating capability, diminished tryptophan uptake, increased permeability
and susceptibility to cations and antifungals in S. cerevisiae (84-86). In C. albicans, the
disruption of Erg6 leads to increased sensitivity to cycloheximide, terbinafine,
fenpropiomorph, and tridemorph, but not to azoles, while showing resistance to
amphotericin B (87). Interestingly, deletion of Erg6 leads to reduced virulence but not
cell growth (88).

Several sterol analogs were determined to suppress Erg6 activity due to their
structural resemblance to the substrate or product of Erg6 (89). Other inhibitors to Erg6,
such as tomatidine and arylguanidines, effectively hinder the growth of C. albicans,
might target other cellular targets since disruption of Erg6 did not lead to a growth defect
(88, 90-92). Recently, an antipyrine derivative H55, identified from screening, showed
low cytotoxicity and effectively inhibits C. albicans hyphal formation under various
conditions, and also exhibited therapeutic efficacy in mouse models of azole-resistant
candidiasis (93). Later, various assays supported H55 as an allosteric inhibitor for Erg6,
and a molecular dynamic simulation predicted that binding of H55 prevents the binding
of Erg6’s substrate S-adenosylmethionine (93). More structural information is needed to
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validate or provide more insight into the interaction between Erg6 and H55.

There are currently no structures experimentally solved for Erg6é to our
knowledge, but Azam et al. modeled a C-24 sterol methyltransferase from Leishmania
infantum and identified relevant residues that interact with itraconazole and amphotericin
B (83). Since the substrate-binding sites and active sites are conserved between L.
infantum and S. cerevisiae C-24 sterol methyltransferase, the ligand/protein interaction
information from L. infantum homolog can be potentially applied to antifungal design
(83).

Sterol C-14 reductase (Erg24) and sterol C-8,7 isomerase (Erg2)

Morpholines are known to inhibit sterol C-14 reductase (known as Erg24) and
sterol C-8,7 isomerase (Erg2), which are two membrane-bound enzymes involved in
ergosterol biosynthesis (58, 94, 95). Fenpropimorph as well as its analogs, fenpropidin
and amorolfine, exhibited potent antifungal effects against different human fungal
pathogens (96). Erg24 catalyzes the reduction of the C14=15 double bond of sterol
intermediates which cannot be recognized by the downstream enzymes thus perturbing
the membrane (58), and a erg24AA mutant has reduced virulence in a mouse model of
disseminated candidiasis (97). Erg2 facilitates the double bond from the 8 to the 7
position in sterol the intermediate fecosterol, and this enzyme has a polyvalent high-
affinity drug binding site similar to that in mammalian sigma receptors (98). Currently,
neither the structures of Erg24 and Erg2 nor their interactions with morpholines have
been characterized. The Erg2 homolog from human has a solved structure, and its
interaction with the anti-breast cancer drug tamoxifen and the cholesterol biosynthesis
inhibitor U18666A have been studied (99). Similarly, one Erg23 homolog,
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Methylomicrobium alcaliphilum sterol C-14 reductase, shows an interesting arrangement
of ten transmembrane domains, with the catalytic domain localized in the carboxy-
terminal half (TM6-10). This domain surrounds two linked pockets with one facing the
cytoplasm, which accommodates NADPH, and the second pocket accessible from the
lipid bilayer (100). However, neither the structure of human sterol C-14 reductase nor the
Methylomicrobium alcaliphilum sterol C-14 reductase has direct use in the antifungal
design, and efforts are needed in the structure determination of their fungal counterparts.
Sphingolipid biosynthesis enzymes

Sphingolipid production is crucial for the growth and survival of various human
fungal pathogens such as S. cerevisiae, Histoplasma capsulatum and C. albicans (101,
102). Therefore, using a drug to obstruct this process could effectively halt their growth
and trigger cell death. The sphingolipid biosynthesis pathway in S. cerevisiae is depicted
in Figure 1.7 from the first step to the formation of the major sphingolipid mannose-
(inositol-P),-ceramide (M(IP)2C) (103-105). Three membrane-bound enzymes involved
in sphingolipid synthesis have been suggested to be potential antifungal targets --- Serine
palmitoyltransferase (SPT), ceramide synthase and Inositol phosphorylceramide (IPC)
synthase. In addition, these all have their respective inhibitors.
Serine palmitoyltransferase (SPT)

SPT catalyzes the condensation of serine and palmitoyl-CoA, which is the first
and rate-limiting enzyme in the biosynthesis of sphingolipids (106, 107). SPT uses
pyridoxal phosphate (PLP) as a cofactor for catalysis, and belongs to the allene oxide

synthase (AOS) family (108). The active yeast SPT enzyme is a heterodimer made from
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subunits encoded by Icb1 or Ich2 (109, 110), and a third subunit Tsc3p is required for
high-level SPT activity (111). The protein structure of the SPT complex was first solved
in bacteria (112-114), but since the bacterial SPT homologs are soluble homodimers, they
provided limited insights into the catalytic mechanism of eukaryotic SPT. In 2021,
structures of a human SPT-ORMDL3 complex (ORMDL proteins function as regulatory
subunits) in different catalytic states were solved (115, 116), and later the ceramide-
sensing mechanism of SPT-ORMDL3 complex was studied use the ceramide-bound
structure (117). Due to the high sequence similarity between fungal and mammalian SPT
subunits (118), the human SPT-ORMDL3 complex can be used to study the mechanism
of unknown SPT inhibitors such as sphingofungins (119, 120) and lipoxamycin (121,
122).
Ceramide synthase

Ceramide synthase, another membrane-bound enzyme involved in sphingolipid
biosynthesis, adds a fatty acyl chain from fatty acyl-coenzyme A (CoA) to the sphingoid
base of sphinganine to form ceramide (105). Mammals possess six ceramide synthase
isoforms that differ in their tissue distribution and substrate specificity, and each isoform
is known to produce ceramides with different acyl chain lengths (123, 124). Currently,
there is no structure available for any fungal ceramide synthase homologs to our
knowledge, but there are some studies available to provide structure-function
characterization of ceramide synthases. Ceramide synthase belongs to the longevity
assurance gene 1 (Lagl) protein family, which has a stretch of 52 amino acids as a highly
conserved Laglp motif (125). Two conserved histidine residues within this Laglp motif
were shown to be crucial for catalysis and binding of the substrates, the alteration of
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which negatively impacts the enzymatic function of mammalian and yeast ceramide
synthases (125-127). Fumonisins are a group of mycotoxins that have a striking structural
resemblance to sphingolipids and are known to be carcinogenic (128). Notably,
fumonisin B1 (FB1), among many fumonisins, effectively inhibits ceramide synthase,
conferring toxicity and carcinogenic properties. Though neither the protein structure of
ceramide synthase nor the FB1/protein binding is known, an inhibition mechanism model
of FB1 was proposed (129) (Figure 1.8). Briefly, concentrations of both substrates
affected the potency of FBy, thus FB1 appeared as a competitive inhibitor binding in the
active site of ceramide synthase (130). Then, it was later found that the tricarballylic acid
sidechains (in the red boxes) play essential roles in the inhibition of FB1, as eliminating
tricarballylic acid sidechains reduces the strength of ceramide synthase inhibition in vitro
by 10 fold (129, 131). Moreover, this model was further supported by the observation
that the FB1 derivative without tricarballylic acid sidechains can be used as a substrate by
ceramide synthase, indicating those side chains directly interact with the active site of
ceramide synthase (132). Further structure investigation is needed to validate this model,
and will also help optimize FB1 to act specifically against fungi.
Inositol phosphorylceramide (IPC) synthase

Unlike serine palmitoyltransferase or ceramide synthase, which has homologs in
mammalian cells, inositol phosphorylceramide (IPC) synthase, catalyzes a reaction
unique to plants and some microbial eukaryotes, such as fungi and kinetoplastids. This
reaction is the transfer of phosphoinositol from phosphatidylinositol to phytoceramide
(105). Following its discovery in S. cerevisiae, IPC synthases have been characterized in
various protozoans causing neglected tropical diseases, such as Chagas disease and
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leishmaniais (133-137), and it has also been characterized in plants (138-140). An
alignment of trypanosomatid IPC synthases showed conserved arginine, histidine and
aspartate residues in the active site and their contributions in a predicted catalysis transfer
of the phosphoryl group was shown in Leishmania major IPC synthase (137).

A couple of inhibitors have been identified to act specifically against IPC
synthases. Rustmicin, a 14-membered macrolide, was identified as a potent inhibitor
against IPC synthase. It is especially potent against C. neoformans, where it inhibits the
growth of C. neoformans and its sphingolipid synthesis at concentrations <1 ng/ml with
an 1Cso of 70 pM to solubilized C. neoformans IPC synthase (141, 142). The compound
khafrefungin, isolated from a Costa Rican plant, displayed antifungal effects again C.
albicans and C. neoformans, and was determine to inhibit C. albicans IPC synthase with
an 1Cso of 0.6 nM, but with no effects on mammalian sphingolipids (143). Another
compound, aureobasidin A, a natural compound from the fungus Aureobasidium
pullulans, has very low (sub-pg /mL) MIC values for S. cerevisiae, C. albicans, and C.
neoformans with ICso values for IPC synthase activities ranging from 0.2 to 4.9 nM (105,
144). Then, haplofungins, a phytoceramide mimic isolated from the fungus Lauriomyces
bellulus, also showed potent inhibitory activities against fungal IPC synthases (145, 146).
However, despite the fact that several potent IPC synthase inhibitors have been identified,
the atomic structure of this protein is missing. The Arabidopsis thaliana IPC synthase
monomer is predicted with six transmembrane domains with a flexible N-terminal region
(AlphaFoldDB: Q9SH93), and further structure—activity relationship study will be helpful

for optimizing or designing new antifungal drugs.
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Phospholipid biosynthesis enzymes

Phospholipids, accounting for 40-60% of lipids in eukaryotic cells, are the
predominant lipids present in most organisms’ membranes (147). The four major
phospholipids in eukaryotes are phosphatidylserine (PS), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylinositol (PI) (148). PC and PE
constitute the majority of phospholipids in yeasts and are required for functional
membrane construction in eukaryotic organisms, which are involved in membrane
integrity and mitochondrial function, respectively (149, 150); PI species are involved in
various cellular signal transduction pathways (151). PS is enriched in the plasma
membrane (148) and is known to activate protein kinase C, which is involved in various
signaling pathways and also affects a variety of other signaling cascades (152-154). PS
also plays important roles in apoptosis and blood clotting (155-157) and is associated
with virulence of C. albicans (150, 158).

Phospholipid biosynthesis in cells is intricate, with distinct variations between
fungal and mammalian cells. The phospholipid biosynthesis pathways of C. albicans (A)
and mammals/parasites (B) are shown in Figure 1.9, adapted from (159). The
biosynthesis of phospholipids in C. albicans differs from the mammalian cell in several
steps. First, mammalian cells encode one PSD gene for PS decarboxylase (160), which
converts PS to PE, while yeast has two distinct proteins with little similarity, PSD1 and
PSD2. Each of these genes has PS decarboxylase activity (161, 162). Also, the
production of PS uses a different mechanism in mammalian versus fungal cells. In
mammalian cells, PS is produced through a base-exchange reaction catalyzed by the
mammalian phosphatidylserine synthase-1 (PSS1) and phosphatidylserine synthase-2
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(PSS2), in which the headgroups of existing PC and PE, respectively, are cleaved off and
replaced with serine to produce PS (163). On the contrary, fungal cells condense cytidine
diphosphate diacylglycerol (CDP-DAG) and serine into PS via phosphatidylserine
synthase (PS synthase), using a different catalytic mechanism compared to the
mammalian PSS1/PSS2 enzymes (148, 163). Here, we will discuss the current inhibitors
and structure studies of PS decarboxylase and PS synthase.

PS decarboxylases (PSD)

In both yeast and mammals, PE is synthesized through the de novo pathway by
decarboxylating PS or through the Kennedy pathway by using exogenous ethanolamine
(Figure 1.9). Even if the Kennedy pathway was suggested to contribute to the majority of
PE in some mammalian cells (164-166), in yeast, the majority of PE is generated by the
decarboxylation of PS (160, 162, 167). Also, research has shown that while the
elimination of the Kenndy pathway does not impact yeast cell survival, disruption of the
PSD1 gene leads to ethanolamine auxotrophy and mitochondrial instability (162). PSDs
are evolutionarily conserved across a wide range of organisms, and most are membrane-
associated enzymes relying on a covalently attached pyruvoyl moiety for their activities
(168). Membrane bounds PSDs are synthesized as a single polypeptide proenzyme,
which undergoes self-cleavage at a highly conserved LGST motif (169, 170). Theaand b
chains from the cleavage assemble into a mature homodimer PSD, with each protomer
having one a and one b chain. The a chains function as the catalytic domains and b chains

are in charge of membrane association (168). Recently, the structures of apo and PE-
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bound E. coli PSDs were solved, and structural insight into detailed mechanisms of

membrane-binding, PS-recognition, self-cleavage and catalysis were provided (171, 172).

Several PSD inhibitors have been proposed and shown in Table 1.1. In 1970s,
hydroxylamine was found to inhibit the enzymatic activity of PSD and PE synthesis, and
induce a compensatory accumulation of PS (173, 174). The effects of hydroxylamine are
similar when incubated with S. cerevisiae and C. albicans, which lead to an accumulation
in the PS level and decreased PE and PC level, but the PC and PE levels were much
lower in C. albicans compared to S. cerevisiae (175). Similarly, serine hydroxamate, a
serine analog, was also found to inhibit the conversion from PS to PE in E .coli and with
an accumulation in PS, indicating targeting PS decarboxylase (176). However, due to the
simple and small sizes of these molecules and lack of enzymatic studies, neither
specificity nor the inhibition mechanism is known for hydroxylamine and serine
hydroxamate. In 2007, a screen with direct measurements of PS and PE was performed
with a collection of 9,920 molecules against the human inner mitochondrial membrane
containing PISD enzyme, and it identified 54 molecules that exhibited inhibition in a
dose-dependent manner (177). More recently, one molecule was identified from a cell-
based screening and it is 7-chloro-N-(4-ethoxyphenyl)-4-quinolinamin (MMV007285),
which has potent inhibition of P. falciparum PSD with low toxicity toward mammalian
cells (178). An analog of this compound, 7CPQA, showed inhibition on the PfPSD
activity (178). Later, two compounds, YU253467and YU254403, discovered from a
target-based screen, and they inhibit both native C.albicans growth and PSD

mitochondrial activity (179). The molecules identified from these different screens are
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Table 1.1. Potential phospholipid biosynthesis enzymes as drug targets and inhibitors.

Compound Site of action Organism References
Hydroxylamine PS decarboxylase E.coli (173, 174)
S. cerevisiae and C.
Hydroxylamine PS decarboxylase albicans (175)
Serine hydroxamate | PS decarboxylase E.coli (176)
7CPQA PS decarboxylase P. falciparum (178)
YU253467and
YU254403 PS decarboxylase C. albicans (179)
Validamycin A PI synthesis R. cerealis (210)
Ethionine PE methylation S. cerevisiae (212)
2-hydroxyethyl-
hydrazine PE methylation S. cerevisiae (211)
BR23 and BR25 Choline kinase P. falciparum (213)
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promising, but the addition of detailed protein structure and ligand interactions would
improve optimization efforts for higher specificity and potency.
PS synthase

Fungi use PS synthase to catalyze the formation of PS from CDP-DAG and
serine, and both the enzyme and the reaction are absent in mammals (148, 163, 180),
indicating a potential antifungal target. Furthermore, deleting the PS synthase in Candida
albicans prevents it from causing disease in mouse models of oral or systemic candidiasis
(150, 181). PS synthase is also crucial for the growth of the major fungal pathogen
Cryptococcus neoformans (182) and also is highly conserved across various fungal
species (180); These reasons make PS synthase an excellent drug target.

PS synthases were first characterized in bacteria. The PS synthases from Gram-
negative bacteria such as E.coli, Salmonella typhimurium and Enterobacter aerogenes are
tightly associated with ribosomes, and perform catalysis when they bind to the plasma
membrane (183). Gram-positive bacteria such as B. megaterium, Bacillus subtilis and
Clostridium perfringens have membrane-associated PS synthase, which have conserved
motifs and belong to the protein family that includes eukaryotic counterparts (184). The
first eukaryotic PS synthase was identified in Saccharomyces cerevisiae (185, 186). Since
then, characterization of S. cerevisiae PS synthase (Chol) included understanding the
regulation of Chol (187-191), identifying the localization of the enzyme (192, 193),
protein solubilization and purification (194, 195), and determination of Michaelis-
Menton kinetics (187, 194, 195). The C. albicans PS synthase was first characterized in
2010, with the finding that it is crucial for systemic Candida infections in mouse
experiments (150). Michaelis Menten kinetics of C. albicans PS synthase were described,
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and its conserved CAPT motif for binding CDP-DAG was identified (196-198). Later, C.
albicans PS synthase was solubilized and purified, but surprisingly formed ahexamer,
which is unique among the known structures of the same family of membrane bound
phospholipid synthases (199).

PS synthase belongs to the CDP-alcohol phosphatidyltransferase (CDP-AP)
protein family, and six prokaryotic (200-205) and two eukaryotic (206, 207) members
have solved structures to date. Among these, there is only one PS synthase structure, and
it is from the archaean Methanocaldococcus jannaschii, and has 8 transmembrane
domains (205). This is different from the homology model of C. albicans PS synthase
with 6 transmembrane domains, In addition, some key resides involved in catalytic
activity of C. albicans PS were lacking functions in the M. jannaschii PS synthase (199,
205). A structure of fungal PS synthase will reconcile this discrepancy and also provide
insights into the mechanisms of C. albicans PS synthase.

Currently, despite the fact that PS synthase is a promising drug target, no
molecule has been reported to inhibit it. Two cell-based screens were conducted to
identify inhibitors of C. albicans PS synthase, but both attempts were unsuccessful (208,
209). One screen pinpointed the compound SB-224289. However, it was later determined
that SB-224289 only acts on PS synthase-related physiological pathways rather than the
enzyme directly (208). The other screen identified bleomycin, but it was also found that
this compound affects phospholipid-associated processes rather than targeting C. albicans
PS synthase directly (209). A target-based screening using purified PS synthase is needed

for specific inhibitors.

33



Finally, besides PS decarboxylase and PS synthase, several inhibitors have been
identified to target the phospholipid biosynthesis pathway. For example, it was suggested
that validamycin A might hinder the incorporation of inositol into PI in Rhizoctonia
cerealis, a process driven by the membrane-associated enzyme Pl synthase (210), but a
detailed enzymatic characterization is missing. For de novo PC biosynthesis, where PE is
methylated three time into PC (Figure 1.9), ethionine and 2-hydroxyethyl-hydrazine were
shown to inhibit the PE methylation and thus resulted in low PC levels (211, 212).
Moreover, the anti-cancer compounds BR23 and BR25, known to inhibit human choline
kinase, directly inhibited the ethanolamine activity from P. falciparum choline kinase,
thus significantly reducing PE levels in P. falciparum without affecting PC (213). This
led to halted growth of the parasite due to the depletion of membrane PE, and was
ultimately lethal (213). These observations underscore the significance of phospholipid
biosynthesis in certain microbes' survival and pathogenicity and thus drug development.

The essential nature of the fungal cell wall and cell membrane makes them prime
targets for antifungal agents. Although current antifungals and novel drugs target various
membrane enzymes on the cell wall or membrane, a deeper understanding of the
inhibition mechanism provided by protein structures and ligand/protein interactions may
lead to the optimization of current drugs and development of new drugs. The
popularization of the single-particle cryo-EM approach has added many atomic-scale
protein structures into the database, which aids in drug development. The Bioinformatics
tools, like homology modeling and newly-developed AlphFold, may also predict the
structures of target enzymes when the experimental structures are not available, as well as
the resistance mechanisms linked to structural changes. This can deepen our knowledge
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of the structure-activity relationship, refining antifungal drug design strategies and

speeding exploration of new antifungals.

Summary

Among all these potential membrane-bound antifungal targets, | will focus on the
PS synthase from C. albicans for this dissertation. Efforts facilitating rational drug design
of C. albicans PS synthase are described in Chapter two, where critical substrate-binding
residues from this enzyme have been predicted and characterized. Chapter three describes
the purification and enzymatic characterization of C. albicans PS synthase, revealing a
unique hexamerix assembly of this protein and also leading the way for target-based drug
screening. For Chapter four, we adapted a novel assay to screen small molecules against
the purified C. albicans PS synthase, and identified several interesting inhibitors. One of
these inhibitors, CBR-5884, has a great potential to be developed into a new class of
antifungals upon optimization. Appendix | describes the methods for reconstructing
purified C. albicans PS synthase into lipid nanodisc for structure determination, which
also provided information for further drug design. In summary, this dissertation not only
advances our understanding of C. albicans PS synthase as a promising antifungal target

but also sets the stage for the future development of innovative antifungal therapies.
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Abstract

The fungal phosphatidylserine (PS) synthase, a membrane protein encoded by the CHO1
gene, is a potential drug target for pathogenic fungi, such as Candida albicans. However,
both substrate-binding sites of C. albicans Chol have not been characterized. Chol has
two substrates: cytidyldiphosphate-diacylglycerol (CDP-DAG) and serine. Previous
studies identified a conserved CDP-alcohol phosphotransferase (CAPT) binding motif,
which is present within Chol. We tested the CAPT motif for its role in PS synthesis by
mutating conserved residues using alanine substitution mutagenesis. PS synthase assays
revealed that mutations in all but one conserved amino acid within the CAPT motif resulted
in decreased Chol function. In contrast, there were no clear motifs in Chol for binding
serine. Therefore, to identify the serine binding site, PS synthase sequences from three
fungi were aligned with sequences of a similar enzyme, phosphatidylinositol (P1) synthase,
from the same fungi. This revealed a motif that was unique to PS synthases. Using alanine
substitution mutagenesis, we found that some of the residues in this motif are required for
Chol function. Two alanine substitution mutants, L184A and R189A, exhibited
contrasting impacts on PS synthase activity, and were characterized for their Michaelis-
Menten Kkinetics. The L184A mutant displayed enhanced PS synthase activity and showed
an increased Vmax. In contrast, R189A showed decreased PS synthase activity and increased
Kwm for serine, suggesting that residue R189 is involved in serine binding. These results
help to characterize PS synthase substrate binding, and should direct rational approaches

for finding Chol inhibitors that may lead to better antifungals.
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Introduction

Candida spp. are the most common causes of fungal infections in humans and are a major
cause of fungi-associated mortality worldwide (1). These species are versatile pathogens,
with C. albicans being the most common. While they can infect almost all body sites, they
are most prevalently seen in infections of the oral mucosa, vaginal mucosa, and
bloodstream/deep organs (i.e., invasive mycoses) (2). The latter is of greatest concern
because they are associated with a high (~40%) mortality rate (3, 4). There are only three
classes of antifungals that are commonly used to treat systemic infections: echinocandins
(e.g., caspofungin), azoles (e.g., itraconazole), and polyenes (e.g., amphotericin B) (5).
However, these all have limitations, which include drug resistance for the echinocandins
and azoles and patient toxicity for the polyene amphotericin B (6-9). Thus, there is an
urgent need to discover new drugs. One classic approach is to identify virulence-related
proteins within C. albicans that are not conserved in humans and exploit them as drug
targets.

The phosphatidylserine (PS) synthase in C. albicans represents a potential drug
target for three reasons: 1) It is required for virulence (10), indicating that inhibitors of this
enzyme would render the organism incapable of causing infection; 2) it is absent in humans
(11), so inhibitors potentially would have no toxic side effects for the host; and 3) it is
conserved among many fungi, so a drug could potentially be effective against multiple
fungal pathogens. Recently, deletion of PS synthase in Cryptococcus neoformans was
shown to be lethal, suggesting phosphatidylserine synthesis is also essential for the viability
of some fungi (12). This observation further strengthens the potential of PS synthase as a

broad antifungal drug target.
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The PS synthase enzyme (originally denoted as: cytidine 5'-diphospho-1,2-diacyl-
sn-glycerol: L-serine O-phosphatidyltransferase, gene name: CHO1) was first identified in
Saccharomyces cerevisiae (13-15). Since then, characterization of S. cerevisiae Chol
included protein solubilization and purification (16, 17), determination of Michaelis-
Menton kinetics (16-18), understanding regulation of Chol (18-22), and identifying the
localization of the enzyme (23, 24). The function of the first fungal pathogen Chol
homolog was described in C. albicans and this protein was shown to be required for both
systemic and oral Candida infection in the mouse model (10, 25). Later, the Michaelis
Menten Kinetics of the wildtype C. albicans Chol were biochemically determined, which
yielded a millimolar-scale Ky for serine, similar to that reported for S. cerevisiae Chol(17,
26). These findings again highlight the enzyme's potential as a drug target for Candida
infections.

The long-term goal of characterizing Chol is to discover a small molecule inhibitor
of C. albicans Chol that can be used as a lead compound for drug development. Small
molecule screening is a very effective approach to identify inhibitors of enzymes, but
another strategy is to use a rational approach for identifying inhibitors (27). Ligand-based
drug design for C. albicans Chol is limited because of the small number of known PS
synthase ligands or ligand analogs, as well as the ubiquitous nature of its natural substrates.
In addition, neither the three-dimensional structure nor the binding sites for substrates of
C. albicans Chol are available, which hinders structure-based design. Thus, it is critical to
the foundation of these approaches that the binding sites for the two substrates,
cytidyldiphosphate-diacylglycerol (CDP-DAG) and serine, are described. Here, we
biochemically identified potential substrate binding motifs in the enzyme. Identification
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of these sites in the protein will facilitate a more directed approach to discovering small
molecules that might interact with C. albicans Chol.

Previously, a highly conserved motif, D-(X)2-D-G-(X)2-A-R-(X)2-N-(X)s5-G-(X)2-
L-D-(X)3-D, was identified from the alignment of yeast phosphatidylinositol synthase (PI
synthase), phosphatidylserine synthase, and the E. coli phosphatidylglycerophosphate
synthase (PGP synthase) (28). This motif has been further identified in yeast
cholinephosphotransferase (Cptl) and ethanolaminephosphotransferase (Eptl) (29, 30).
All of these enzymes bind a CDP-linked molecule and a second small alcohol and catalyze
the formation of a phosphodiester bond between the two. Since these initial studies, this
CDP-alcohol phosphatidyltransferase (CAPT) motif was narrowed to D-G-(X)2-A-R-(X)s-
G-(X)3-D-(X)3-D, and was identified to be almost invariably conserved in numerous other
lipid biosynthetic enzymes, including those of Gram positive and Gram negative bacteria,
archaea, fungi, plants, and mammals (12, 31-36). The CAPT motif in yeast Cptl was
characterized by alanine substitution mutagenesis, providing information on the
importance of specific residues within the conserved motif (37).

More recently, two enzymes from the CDP-alcohol phosphatidyltransferase family
from Archaeoglobus fulgidus were shown to contain this motif on helices TM2 and TM3
of the solved crystal structures (38, 39). In these studies, the CAPT motif was also widened
to include an extra aspartic acid, generating the current, more general motif:
DixxD2G1xxAR...GoxxxD3xxxDs (Table 2.1). This was further confirmed in the
phosphatidylinositol-phosphate  synthase  from  Renibacterium  salmoninarum,
Mycobacterium tuberculosis, and Mycobacterium kansasii, where the CAPT motif was
again found within TM2 and TM3 of the solved crystal structures (35, 40, 41). To our
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Table 2.1 The CAPT motif for binding CDP-alcohols is mostly conserved across domains. * Gray highlighted residues
represent the conserved amino acids

Organism Enzyme CDP-Binding Motif Reference
This
C. albicans PS Synthase 12sDFFDGRVARLRNKSSLMGQELDSLAD; 50 research
S. cerevisiae PS Synthase 127DFLDGRVARLRNRSSLMGQELDSLAD; s, (51)
Cholinephospho-
S. cerevisiae transferase (Cptl) 110DMHDGMHARRTGQQGPLGELFDHCID; 35 (37)
S. pombe PS Synthase 92DFLDGKVARWRGKSSLMGQELDSLAD17 (34)
B. subtilis PS Synthase £2DFFDGMAARKLNAVSDMGRELDSFADg; (52)
Phosphatidylcholine
S. meliloti (PC) Synthase s6DGIDGPIARKVQVKEVLPNWSGDTLDNVIDsgs | (53)
CDP-alcohol
phosphotransferase
A. fulgidus AF2299 214DGCDGEIARLKFMESKYGAWLDGVLD:39 (39)
CDP-alcohol
phosphotransferase
A. fulgidus IPCT-DIPPS 357DGCDGEIARASLKMSKKGGY VDSILDsg, (38)
R.
salmoninarum PIP synthase 66DIIDGLMARLLFREGPWGAFLDSYLDo, (40)
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Table 2.1 continued

M. tuberculosis

PIP synthase

sDMLDGAMARERGGGTRFGAVLDATCDo3

(35)

M. kansasii

PIP synthase

ssDMLDGAMARLRSGGTRFGAVLDAACDy;

(41)

C. albicans PS Synthase
S. cerevisiae PS Synthase
S. cerevisiae Cptl
S. pombe PS Synthase
B. subtilis PS Synthase
S. meliloti PC Synthase
A. fulgidus AF2299
A. fulgidus IPCT-DIPPS
R. salmoninarum PIP synthase
M. tuberculosis PIP synthase
M. kansasii PIP synthase
CAPT motif

DFFDGRVARLRNKS----SLMGQELDSLAD
DFLDGRVARLRNRS----SLMGQELDSLAD
DMHDGMHARRTGQQ----
GPLGELFDHCID
DFLDGKVARWRGKS----
SLMGQELDSLAD
DFFDGMAARKLNAV----
SDMGRELDSFAD
DGIDGPIARKVQVKEVLPNWSGDTLDNV
ID

DGCDGEIARLKFME----
SKYGAWLDGVLD
DGCDGEIARASLKM----SKKGGYVDSILD
DIIDGLMARLLFRE----GPWGAFLDSYLD
DMLDGAMARERGGG----
TRFGAVLDATCD
DMLDGAMARLRSGG----

TRFGAVLDAACD
D xxD,G xxAR........................ G, xxxDyxxxD,
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knowledge, these are the five CDP-alcohol phosphatidyltransferase enzymes with solved
crystal structures, and there is currently no eukaryotic counterpart solved.

Based on the above studies, there is sequence homology to guide a search for the
CAPT motif in Chol, but the motif specific for the other substrate, serine, is unknown. In
fact, for many of the CDP-DAG binding enzymes, such as Pl synthase and PGP synthase,
the binding sites for the non-CDP substrates are unclear. Furthermore, some important
residues involved in serine binding or recognition from other serine-utilizing enzymes have
been identified, but these residues are unlikely to inform our search as these enzymes
catalyze very different reactions and the equivalent residues are absent in Chol (42, 43).
Thus, identification of the serine binding site—or some residues involved in serine binding,
even if it is not the full motif—in Chol will facilitate a better understanding of this class
of enzymes which are crucial for phospholipid biosynthesis in all domains of life.

Previously, we described the apparent Ky and Vmax for C. albicans PS synthase, as
well as its role in the phospholipidome of C. albicans (26). Furthermore, we probed the
specificity of the active site of this protein for L-serine by competition assays with the
closely related amino acids L-threonine and D-serine by an in vitro assay (26). We found
that only very high concentrations of these substrates could compete with L-serine,
indicating that the enzyme seems to be specific for L-serine, which agrees with previous
studies in S. cerevisiae and E. coli (18, 44). To further reveal insights into the active sites
in the present communication, we mapped and characterized residues that affect binding

for both substrates in Chol.
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Materials and Methods
Strains and media

In this study, we used the cholAA mutant (YLC337) and cholAA::CHOL1 strain created
from the SC5314 (wildtype) strain of C. albicans, which have been described previously
(10). The cholAA strain was used to generate the cho1lAAPeno1-CHO1-HAX3 strain (HAL)
and its binding site mutant derivatives (Table 2.2). The media used to culture strains were
YPD or minimal medium (0.67% yeast nitrogen base, 2% dextrose) + 1 mM ethanolamine,
where indicated.

Genetic cloning and site-directed mutagenesis

The plasmid containing CHO1-HAXx3 is called pCDC31 and was generated as follows: The
plasmid pBT1, containing the ENO1 promoter (Peno1) and the SAT1 marker (45), was used
as a vector. The CHOL1 gene was amplified from SC5314 genomic DNA using primers
CCO0160, which sits upstream of the CHOL1 start site and includes a 5' Notl cut site, and
CCO55 which sits at the 3' end of CHOL just upstream of the stop codon and includes a 3'
2x HA tag followed by an Aatll cut site. The 3' untranslated region (3°’UTR) of CHO1 was
amplified using CCO56, which sits immediately downstream of the CHO1 stop codon and
contains a 5' Aatll cut site followed by a 1x HA tag before the downstream sequence, and
CCO0163, which sits 500 bp downstream of the CHO1 stop codon and includes a 3' Sacl
cut site. The 3’UTR was included in the construct to increase the stability of the transcripts
(46). Once amplified, both fragments were double digested with their respective enzyme
combinations. The plasmid pBT1 was digested with Notl and Sacl and all three fragments

were ligated together to create pCDC31. All plasmids are listed in Table 2.3.
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Table 2.2. Strains produced in this study

Organism

Strain

Plasmid

Gene/Mutation

Genotype

Candida albicans

HA1

pCDC4

CHO1-HAX3

cholAAPeno1-CHO1-HAX3

Candida albicans

CDCS60

pCDC15

CHO1P®A-HAX3

cholAAPgno1-CHO1P125A-HAX3

Candida albicans

CDCS61

pCDCS

CHO1P128A-HAX3

cholAAPgNo1-CHO1P28A-HAX3

Candida albicans

CDCS62

pCDC14

CHO1%1%A-HAX3

cholAAPeno1-CHO1%12%A-HAX3

Candida albicans

CDCS63

pCDC10

CHO1R13%.-HAX3

cholAAPgNo1-CHO1RIBA-HAX3

Candida albicans

CDCS64

pCDC12

CHO1%¥2A-HAX3

cholAAPeno1-CHO1%M2A-HAX3

Candida albicans

CDCS65

pCDC11

CHO1PM5A-HAX3

cholAAPgNo1-CHO1PM6A-HAX3

Candida albicans

CDCS66

pCDC9

CHO1PA-HAX3

cholAAPeno1-CHO1P%A-HAX3

Candida albicans

YZ7

pYZ2

CHO1V8-HAX3

cholAAPgNo1-CHO1V18A-HAX3

Candida albicans

YZ38

pYZ3

CHO1M81A-HAX3

cholAAPeno1-CHO1M81A-HAX3

Candida albicans

YZ9

pYZ4

CHO1C®A-HAX3

cholAAPgno1-CHO1C182A-HAX3

Candida albicans

YZ 10

pYZ5

CHO1°518A-HAX3

cholAAPEN01-CHO1%183A-HAX3

Candida albicans

YZ11

pYZ6

CHO1"3*A-HAX3

cholAAPgno1-CHO1M84A-HAX3

Candida albicans

CDCS67

pCDC23

CHOLR®A-HAX3

cholAAPEno1-CHO1RI8A-HAX3

Candida albicans

CDCS68

pCDC24

CHO1187A-HAX3

cholAAPgNo1-CHO1M87A-HAX3
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Table 2.2 continued

Candida albicans | CDCS69 | pCDC22 | CHOLR®-HAX3 | cholAAPenoi-CHO1®®A-HAX3
Candida albicans | CDCS70 | pCDC25 | CHO1F1%A.-HAX3 | CholAAPenoi-CHO1F**%A-HAX3
Candida albicans Y732 pYZ32 CHO1R'¥E.HAX3 | cholAAPeNo1-CHO1R3E.HAX3
Candida albicans YZ57 pYz50 | CHO1%"*"-HAx3 | cholAAPeno1-CHO1%'%%F-HAX3
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Table 2.3. Plasmids Used in this Study.

*All CHOI constructs are tagged on the 3’-terminus with the HAX3 epitope tag sequence

Plasmid Inserts * Source
pYLC314-TBR NATR, AmpR (45)
pCDC31 NATR, Amp®, CHO1 This study
pCDC15 NATR, AmpR , CHO1P'?A | This study
pCDC8 NATR, AmpR , CHO1P'%8A | This study
CDC14 NATR, AmpR , CHO1612" | This study
p
pCDC10 NATR, AmpR , CHO1RI33A This study
pCDC12 NATR, AmpR , CHO16¥2A | This study
pCDC11 NATR, AmpR , CHO1P¥A | This study
pCDC9 NATR, AmpR , CHO1P¥™ | This study
pYZ2 NATR, AmpR , CHO1V180A This study
pYZ3 NATR, AmpR , CHO1-181A This study
pYZ4 NATR, AmpR , CHO1%%8A | This study
pYZ5 NATR, AmpR , CHO1%1* | This study
pYZ6 NATR, AmpR , CHO1184 This study
pCDC23 NATR, AmpR , CHO1R!864A This study
pCDC24 NATR, AmpR , CHO1-187A This study
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Table 2.3 continued

pCDC22 NATR, AmpR , CHO1R!8% This study
pCDC25 NATR, AmpR , CHO1F!9A This study
pYZ32 NATR, AmpR , CHO1R13%E This study
pYZ50 NATR, AmpR , CHO1%'2" | This study
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Site-directed mutagenesis was performed using a primer-based method. Each
residue was mutated to alanine in the CHO1-HAX3 allele carried on the pCDC31 plasmid.
Forward and reverse primers approximately 35-40 bp in length were made for each
mutation where the codon of interest was modified as conservatively as possible to produce
alanine (Table 2.4). Sanger sequencing was used to confirm the alanine substitution on the
plasmids generated. The plasmids were then linearized with Mscl (within the ENO1
promoter (Peno1) sequence) prior to transformation, and integrated into the Penos region in
the chromosomal DNA of the cholAA mutant by electroporation. Transformant colonies
were selected on YPD plates containing 100 ug/ml nourseothricin. A total of six candidates
were chosen for each mutation, and subjected to colony PCR for correct integration. In
addition, products from colony PCR for all site-directed mutant candidates were sequenced
again to ensure that no spurious mutations had arisen during the transformation.

Spot dilution assay and growth curves

To determine ethanolamine auxotrophy, mutant and wildtype (HA1) strains were
cultured overnight in liquid YPD medium. The next day, cells were centrifuged and washed
three times with water to remove residual nutrients. For spot dilution assays, cells were
diluted to ODeoo = 0.1 using water before three consecutive five-fold dilutions. Then, 10 pl
of each dilution was plated onto both minimal medium and minimal medium supplemented
with 1 mM ethanolamine. Photos were taken after 24 h incubation at 30°C. For the growth
curve, washed cells were diluted to ODsoo = 0.1 in both liquid minimal medium and
minimal medium supplemented with 1 mM ethanolamine. ODgoo Was measured at 2, 4, 6,
8, 10, 12, 24 and 48 hour time points for the growth curve. A total of six biological

replicates were
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Table 2.4 Primers Used in this Study

Function/M
Oligonucleotide Sequence utation
Sequencing
CC025 CAGTAAGTTCTTTTAGACTC primer
Sequencing
YZ01 TCAACCACCTTACTCCCTTTATTG primer
Amplifying
CCO0160 228aGCGGCCGCATGACAGACTCATCAGCTAC CHOL1 gene
2aaaGACGTCATAGGGATAGCCGGCATAGTCAGG
AACATCGTATGGGTAAACGGCCGCTGGTTTAGGA | Amplifying
CCO055 ATTTTTAAAGAT CHO1 gene
2aaaGACGTCCCGGACTATGCAGGATCCTATCCAT
ATGACGTTCCAGATTACGCTCCGGCCGCCTAGAG | Amplifying
CCO56 ATGATTCTAAAATAGAAT HA tag
Amplifying
CC0163 228aGAGCTCCAGAACCAGAATTATTGTTTC HA tag
GGGGTTATTTTTCGATTTTTTTGCTGGTAGAGTT
CCO058 GCAAG D128A
CTTGCAACTCTACCAGCAAAAAAATCGAAAAAT
CCO059 AACCCC D128A
ATTTTTCGATTTTTTTGATGCTAGAGTTGCAAGA
CCO060 TTAAG G129A
CTTAATCTTGCAACTCTAGCATCAAAAAAATCG
CCcoe61 AAAAAT G129A
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Table 2.4 continued

TTTTTGATGGTAGAGTTGCAGCTTTAAGAAATAA

CCO062 ATCATC R133A
GATGATTTATTTCTTAAAGCTGCAACTCTACCAT

CCO63 CAAAAA R133A
ATAAATCATCATTAATGGCTCAAGAGTTAGATTC

CCO64 ATTAG G142A
CTAATGAATCTAACTCTTGAGCCATTAATGATGA

CCO65 TTTAT G142A
TAATGGGACAAGAGTTAGCTTCATTAGCTGATTT

CCO66 GGTATC D146A
GATACCAAATCAGCTAATGAAGCTAACTCTTGT

CCO67 CCCATTA D146A
GTTAGATTCATTAGCTGCTTTGGTATCATTTGGG

CCO68 GTATC D150A
GATACCCCAAATGATACCAAAGCAGCTAATGAA

CCO69 TCTAAC D150A
GTTGGGGTTATTTTTCGCTTTTTTTGATGGTAGA

CCO82 GTTG D125A
CAACTCTACCATCAAAAAAAGCGAAAAATAACC

CCO083 CCAAC D125A
TTTTTGGCCTTTTGGGCTTTATGTGGATTAACAA

CCO1l64 G V180A
CTTGTTAATCCACATAAAGCCCAAAAGGCCAAA

CCO165 AA V180A
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Table 2.4 continued

TTGGCCTTTTGGGTTGCATGTGGATTAACAAGAT

CCO166 T L181A
AATCTTGTTAATCCACATGCAACCCAAAAGGCC

CCO167 AA L181A
GCCTTTTGGGTTTTAGCTGGATTAACAAGATTGG

CCO168 C C182A
GCCAATCTTGTTAATCCAGCTAAAACCCAAAAG

CCO169 GC C182A
CTTTTGGGTTTTATGTGCATTAACAAGATTGGCT

CCOQO170 A G183A
TAGCCAATCTTGTTAATGCACATAAAACCCAAA

CCO171 AG G183A
TTGGGTTTTATGTGGAGCAACAAGATTGGCTAG

CCO172 AT L184A
ATCTAGCCAATCTTGTTGCTCCACATAAAACCCA

CCO173 A L184A
GGTTTTATGTGGATTAACAGCTTTGGCTAGATTT

CCO88 AATATC R186A
GATATTAAATCTAGCCAAAGCTGTTAATCCACAT

CCO089 AAAACC R186A
GATTAACAAGATTGGCTGCTTTTAATATCTCCGT

CCO090 C R189A
GACGGAGATATTAAAAGCAGCCAATCTTGTTAA

CCO91 TC R189A
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Table 2.4 continued

GGTTTTATGTGGATTAACAAGAGCTGCTAGATTT

CCO9% AATATC L187A
GATATTAAATCTAGCAGCTCTTGTTAATCCACAT
CC09%5 AAAACC L187A
CAAGATTGGCTAGAGCTAATATCTCCGTCAATA
CCO096 AC F190A
GTTATTGACGGAGATATTAGCTCTAGCCAATCTT
CC097 G F190A
ATTTTTCGATTTTTTTGATCCAAGAGTTGCAAGA
YZ028 TTAAG G129P
CTTAATCTTGCAACTCTTGGATCAAAAAAATCGA
YZ029 AAAAT G129P
TTTTTGATGGTAGAGTTGCAGAATTAAGAAATA
YZ030 AATCATC R133E
GATGATTTATTTCTTAATTCTGCAACTCTACCAT
YZ031 CAAAAA R133E
Colony
CCo0161 CTTCACTCGATAAGGTGC PCR
Colony
CC0162 AAAAGAGCTCCTAGGCGGCCGGAGCGTAATC PCR
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measured for ODeoo for each time point. Doubling time was calculated from the exponential
(Malthusian) growth (2-8 h) via Graphpad Prism 9.1.
Western blots
Protein isolation and western blotting were performed with some modifications to
previously published methods (47) and according to the manufacturers' protocols (LI-
COR). Cultures were grown overnight in 5 ml YPD, diluted to 0.1 ODsgo/ml in 25 ml of
YPD and allowed to grow until reaching early log phase (0.7 — 1 ODgsoo/ml). Cultures were
centrifuged, washed with water and frozen overnight at -80°C. Pellets were then thawed
on ice, resuspended in 1x phosphate buffered saline containing a protease inhibitor cocktail
(Roche 4693124001) and lysed with a 200 pl volume of glass beads (Sigma G1145-500G)
in a bead-beater at 4°C. Samples were centrifuged at 2,400 x g for 1 minute to clear debris
and transferred to a new tube on ice. Again, samples were cleared by centrifuging at 2,400
x g for 8 minutes. This twice-cleared supernatant was moved to fresh tubes on ice and a
Bradford assay (Bio-Rad, 5000006) was performed to determine protein concentration.
Proteins were separated by SDS-PAGE (6% stacking/12% separating gel),
followed by transfer to PVDF membranes (926-31099 LI-COR). Membranes were dried at
room temperature, blocked using TBS: Odyssey Blocking Buffer (1:1) (927-50100 LI-
COR) for one hour and incubated overnight at 4°C in TBS: Odyssey Blocking Buffer (1:1)
with primary antibodies (HA-tag monoclonal antibody (26183) and tubulin alpha antibody
(MCA78G)) (1:10,000). The following day, after 4 washes in TBST (0.1% Tween 20) at
room temperature, membranes were incubated with secondary antibodies (IRDye® 680RD
Goat-anti-Rat (926-68076) and IRDye® 800CW Goat-anti-Mouse (926-32210))
(1:10,0000) at room temperature for at least one hour. Membranes were then washed 4x
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with TBST and imaged using a LI-COR Odyssey scanner. To compare the protein
expression of different mutants with respect to HA1, densitometry values from per mutant
were quantified against tubulin standards using Imagel. These tubulin-adjusted
densitometry values were further normalized to that of the three HA1 bands together to
generate the normalized densitometry values (NDV) of different mutants. The average and
standard deviation of the NDVs from two western blots were calculated and shown in Table
2.5.

In vitro PS synthase assay and calculation of the adjusted PS synthase activity

The cells were grown and broken as previously described in (26). All strains were grown
to ODeno between 1.5-2.0 prior to lysis. The cell lysate was cleared by centrifuging at
2000 x g, 4°C for 5 min, then the crude membrane was collected by centrifuging at
27,000 x g, 4°C for 30 min. The pellets were resuspended in 0.1 M Tris-Cl pH 7.5, 5 mM
BME, 10% glycerol and protease inhibitors, and the total protein concentration was
measured using a Bradford assay.

The PS synthase assay reaction was performed as described in (26) with the
exception that 100 mM Tris-HCI (pH=7.5) and 0.5 mg crude protein were used, and
incubation times were set to 30 min. A thirty-minute time point was chosen for single point
assays because PS was produced at a constant rate from 0 to 45 min (data not shown), thus
a thirty-minute time point allows us to determine the enzymatic activity of Chol. Briefly,
PS synthase activity (nmol/(mg*min)) was measured by monitoring the incorporation of
0.5 mM L-serine spiked with 5% (by volume) L-[*H]-serine (30,500 cpm/nmol) in the
chloroform phase (for product phosphatidylserine). In an effort to calculate the adjusted PS
synthase activity, Chol protein expression in the isolated crude membrane was determined
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Table 2.5. Normalized densitometry values (NDVs) via western blotting for CAPT motif and serine binding motif
mutants. * NDV 1 and NDV 2 were measured from two western blots using Image J.

Average +
Standard
Strain NDV 1 NDV 2 deviation
HA1 1.0 1.0 1.0 £ 0.0
D125A 2.5 1.9 22+04
DI128A 1.8 1.8 1.8 £0.1
G129A 2.4 1.7 2.1+0.5
R133A 2.5 1.2 1.9+0.9
G142A 1.6 0.9 1.3+0.5
D146A 1.7 2.0 1.9+0.3
D150A 1.4 1.6 1.5+0.1
G129P 0.6 0.9 0.7 £0.2
R133E 1.3 0.8 1.1+0.3
HA1 1.0 1.0 1.0 £ 0.0
V180A 0.9 1.0 1.0+ 0.1
L181A 1.1 0.7 0.9+ 0.3
C182A 1.6 0.9 1.3+ 0.5
G183A 1.8 0.9 1.3+ 0.6
L184A 1.0 1.2 1.1+ 0.2
R186A 1.2 1.7 1.5+ 0.3
L187A 3.4 4.4 3.9+ 0.7
R189A 1.1 2.3 1.7+ 0.9
F190A 2.5 2.7 2.6+ 0.1

73



using western blotting and was used for normalizing the PS synthase activity. Specifically,
the radioactive counts from each mutant, subtracted by the radioactive counts of the
cholAA mutant (as the background), were converted to nmol based on the radioactive
counts of 1 nmol L-[*H]-Serine, and then normalized to 0.5 mg total membrane protein and
30-min reaction time (nmol/(mg*min)). Then this normalized activity of each mutant was
further normalized to the relative densitometry values of the Chol bands for the final
adjusted PS synthase activity. The relative densitometry values were calculated from the
densitometry values of each mutant measured from the total membrane prep on the western
blot adjusted against that of HAL via ImageJ. Each adjusted PS synthase activity was
measured in duplicate with a total of six biological replicates.

Michaelis-Menten curves

The Michaelis-Menten curves were generated experimentally based on the in vitro PS
synthase assay. For the serine Michaelis-Menten curves, the concentration of CDP-DAG
was kept at 0.1 mM, and only the initial velocity (calculated based on the rate of linear PS
production within 30 min) of Chol protein was measured at the serine concentrations of
0.1,0.5,1.0,2.5,5.0, 7.5, 10 and 15 mM, and then normalized to the relative densitometry
values of the Chol bands, which are measured from the total membrane prep on the western
blot and then adjusted to HALl via Imagel, for the adjusted specific activity
(nmol/(mg*min)). For the CDP-DAG Michaelis-Menten curves, the concentration of
serine was kept at 2.5 mM, and the initial velocity of Chol protein was measured at the
CDP-DAG concentrations of 25, 50, 100, 200, 500, and 1000 [1M, and then normalized to
the relative densitometry values from the western blotting for the adjusted specific activity.
The initial velocity was measured in duplicate with a total of six biological duplicates. The
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curves were generated and the apparent Ky and Vmax were estimated using Graphpad Prism
9.1. The statistical comparison of the apparent Ky and Vmax values were also conducted
with Graphpad Prism 9.1 using extra sum-of-squares F test. The kcat was calculated using
Graphpad Prism 9.1 with the total crude membrane protein serving as the enzyme
concentration.

Homology modeling

The homology model was produced using Molecular Operating Environment (MOE)
software. A Protein Data Bank (PDB) search was performed using the C. albicans Chol
protein sequence and was found to have at least 25% sequence similarity to the four
published crystal structures in (35, 38-40). Several homology models were produced using
each of the four crystal structures as templates. The final homology model of Chol
presented in this manuscript was produced by using the template of the
phosphatidylinositolphosphate (PIP) synthase from Renibacterium salmoninarum (PDB:
5D92), a CDP-alcohol phosphotransferase, which had approximately 35.3% sequence
similarity and 23.1% sequence identity with Chol (using the EMBQOSS Stretcher alignment
tool).

Statistical analysis

Statistical analysis for in vitro PS synthase assays was performed on Graphpad Prism 9.1
using Brown-Forsythe and Welch ANOVA tests (Assume unequal SDs), and the post hoc
analysis compares each group to control HA1. Doubling time and the corresponding 95%
asymmetrical (profile-likelihood) confidence intervals were calculated by Graphpad Prism
9.1. The best-fit values of the Ky and Vmax were calculated and compared using Graphpad
Prism 9.1.
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Results

The CDP-alcohol phosphatidyltransferase (CAPT) binding motif
(D1xxXD2G1xxAR...G2xxxD3xxxDs) is highly conserved in enzymes binding CDP-
alcohols, even across domains (Table 2.1), indicating the importance of this motif in the
function of this type of enzyme. One exception lies in some Gram negative bacteria, such
as E. coli, where this motif is not present within certain enzymes binding CDP-DAG (e.g.,
E. coli phosphatidylserine synthase, PssA), indicating divergence (32).

Detailed site-directed mutagenesis of the CAPT motif in the CPT1
cholinephosphotransferase in S. cerevisiae (Table 2.1) showed that mutation of Gly114
(Gy), Gly127 (G2), Asp131 (Ds), or Asp135 (Da) caused loss of activity while mutations of
Alall7 or Argll8 showed a decrease in activity, and Aspl13 (D2) showed wildtype
activity (37). Using S. cerevisiae Cptl as a guide, we tested whether mutations in amino
acids conserved in the CAPT motif of multiple enzymes shown in Table 2.1 were important
for catalysis in the C. albicans PS synthase by mutating them to alanine using site-directed
mutagenesis.

We generated a C-terminally HAx3-tagged version of C. albicans CHOL1 that is
transcribed downstream of a constitutive yeast ENO1 promoter on a SAT1 marked plasmid
(pCDC31), and integrated it into the cholAA mutant genome at the ENO1 locus.
Transformants were then screened for expression of Chol-HAx3 by western blotting, and
a successful transformant hereafter known as HA1 (Fig. 2.1A) was chosen as the reference
strain for this study. It should be noted that three bands (36, 34, and 29 kDa) were observed
that were recognized by the anti-HA antibody, but none of these were present in the cholAA

control (Fig. 2.1A). We suspect that the band at 34 kDa is the full-length protein, which
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correlates with the predicted molecular weight of 34.8 kDa for Chol-HAX3 protein. The
36 kDa and 29 kDa bands were shown to contain a phosphorylated protein population as
Lambda phosphatase (NEB) decreased the abundance of both bands (Fig. 2.5). In addition,
the 29 kDa band is likely to be the proteolytic product, as proteolytic maturation of enzymes
is a well-documented phenomenon and previous studies reported similar findings with the
PS synthase in S. cerevisiae (21, 23).These previous studies found that the 30 kDa band
was likely proteolytically degraded to produce the 23 kDa band, but both forms of the
protein were active (21, 23).

To determine the activity of HAx3-tagged Chol under the ENO1 promoter, PS
synthase enzyme activity was directly measured. Membranes were isolated from SC5314
(WT strain), the CHO1 re-integrated strain (cholAA::CHOL), the HAL strain, and the
cholAA null mutant. Among these strains, HA1 has restored PS synthase activity compared
to the cholAA strain, and showed ~6 times higher activity than the strain bearing native
CHOL1 expressed from its own promoter (cholAA::CHO1) (Fig. 2.1B), indicating that the
constitutive Peno:z promoter significantly increases the expression of Chol protein.
However, it is noticeable that HAL strain still has significantly decreased PS synthase
activity compared to the WT strain, and the underlying reason is unknown.

Confirmation of the CAPT Motif's importance in enzyme activity

We performed alanine substitution mutagenesis on the conserved non-alanine
residues in the CAPT motif to confirm their importance and identify the key residues
(Table 2.1, row 1, conserved residues are highlighted in gray). CAPT mutants were made,

and a resulting western blot showed that all of the CAPT mutants have comparable Chol
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Figure 2.1 Expression and activity of Chol-HAx3 under the ENO1 promoter

(A) Proteins were extracted from the cholAA Penoi-CHO1-HAx3 (HA1) and cholAA negative control strains,
separated on SDS-PAGE and blotted with anti-HA and anti-tubulin (loading control) antibodies. Three bands (36 kDa,
34 kDa and 29 kDa) are present in the HA1 strain, in addition to the tubulin loading control. (B) Total membranes were
collected from wildtype strain SC5314 (WT), the CHOL re-integrated strain where CHOL is expressed from its native
promoter (cholAA::CHOL), the HAL strain, and the cho1AA negative control strain. PS synthase activity
(nmol/(mg*min)) was measured from 0.5 mg crude membrane protein for 30 min. Statistics were conducted using one-
way ANOVA (**** p < 0.0001). For each strain, PS synthase activity was measured in duplicate with a total of six

biological replicates.
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protein expression to the HAL1 wildtype control (Fig. 2.2A; Table 2.5). To probe the
activities of these mutants, assays were performed to measure PS synthase-dependent
phenotypes, including ethanolamine-dependent growth and in vitro PS synthase activity.
Mutants that lack the PS synthase have a disruption of the de novo pathway for
synthesizing phosphatidylethanolamine (PE), an essential phospholipid. In the de novo
pathway, PE is made by decarboxylating PS; thus, the cho1AA mutant relies on exogenous
ethanolamine to make PE by a salvage pathway called the Kennedy pathway (10).
Therefore, these strains show a strong growth perturbation on minimal media with no
ethanolamine supplement. For the CAPT mutants, if a mutant grows similarly to the
wildtype in the absence of ethanolamine, then its Chol function is not disturbed due to the
alanine substitution mutations, which indicates that the corresponding original residue is
not important in Chol function, and vice versa. The CAPT mutants, the HAL strain
(positive control), and the cholAA strain (negative control) were plated on minimal
medium without ethanolamine. The R133A mutant grew similarly to HAL, but the other
mutants, D125A, D128A, G129A, G142A, D146A and D150A, showed growth
perturbations at all cell densities (Fig. 2.2B, -ETA). To confirm the growth perturbation is
due to the lack of ethanolamine, the CAPT mutants were again grown on minimal medium
supplemented with 1 mM ethanolamine, which should give a modest return of growth to
the mutants. In the presence of ethanolamine, D125A, D128A, G129A, G142A, D146A
and D150A gained obvious growth (Fig. 2.2B, +ETA), suggesting the absence of
ethanolamine contributes to growth perturbation. However, these mutants still did not grow
as well as HAL, which may be explained by inefficient transport of ethanolamine (25). To
better quantify the impact of Chol activity on growth, cells were grown in liquid cultures
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Figure 2.2. Most conserved CAPT mutants displayed defects in ethanolamine-dependent growth.

(A) Chol protein expression was measured from the cell lysates of cholAA, HA1, and the CAPT motif mutant strains via western
blotting. The impact of CAPT mutations on ethanolamine-dependent growth was measured by (B) spot dilution assays, (C) growth
curves, and (D) doubling times from corresponding growth curves. Error bars in (D) represent the 95% asymmetrical (profile-
likelihood) confidence intervals of each doubling time from a total of six replicates. (+ETA, minimal media+1 mM ethanolamine; -
ETA, minimal media).
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in the same minimal medium + 1 mM ethanolamine, and ODeoo Was measured at successive
time points (Fig. 2.2C). Furthermore, growth curves in the exponential phase (from 2h to
8h) were used to calculate doubling times (Fig. 2.2D). Consistent with Fig. 2.2B, mutant
R133A showed similar growth dynamics to HAL at different time points and a similar
doubling time in the presence and absence of ethanolamine, while the other CAPT mutants
had poor growth similar to the cholAA strain.

Alanine substitution of the conserved CAPT residues did not significantly reduce
Chol protein expression (Fig. 2.2A; Table 2.5), but did cause growth perturbations (Figs.
2.2B-D) in mutants D125A, D128A, G129A, G142A, D146A and D150A. It was
hypothesized that these decreases were due to decreased in vivo Chol protein function. To
test this hypothesis, PS synthase enzyme activities of the CAPT mutants were directly
measured. Membranes were isolated from each of the CAPT mutants, along with HA1 and
cholAA controls, to assess the enzyme activity of each mutant Chol protein using an in
vitro PS synthase assay. For these reactions, the concentration of crude membrane proteins
used from each strain was compared to the estimated level of Chol protein expression
measured by western blotting to generate a final adjusted PS synthase activity
(nmol/(mg*min)). The adjusted PS synthase activities should more accurately reflect the
intrinsic enzymatic activity of Chol in different strains compared to HAL. In Fig. 2.3, the
D125A, D128A, G142A, and D150A CAPT mutants showed almost 0% of the activity of
the HAL control while D146A displayed 5-fold lower activity, consistent with the in vivo
growth assay results (Fig. 2.2B-D). R133A mutant retained HAL-level activity which is
consistent with its similar growth phenotype compared to HA1 (Fig. 2.2B-D). G129A,
however, retained almost half the level of adjusted PS synthase activity, which contrasts
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with its poor growth (Fig. 2.2B-D). A possible explanation for this discrepancy is that the
level of retained enzymatic activity of G129A is not enough to support the growth under
our in vivo assay conditions, but it remains detectable in the in vitro assay with higher
concentrations of protein.

The data from Figs. 2.2&2.3 demonstrate that the CAPT motif is crucial for PS
synthase function. However, there were two main discrepancies in our study compared to
previous analyses of the CAPT motif residues: G129 and R133. Our R133A mutant retains
HA1-level activity, in contrast with previous studies of similar enzymes bearing CAPT
motifs, where the substitution of the conserved arginine residue with either methionine or
alanine severely reduced activity (37, 38). In addition, previous alanine substitution of the
first conserved glycine in the CAPT motif in the S. cerevisiae cholinephosphotransferase
(G129 in C. albicans PS synthase numbering) abolished protein expression (37), but the C.
albicans Chol G129A protein is expressed and retains partial in vitro activity (Figs.
2.2A&2.3). To better understand a role for these residues, more drastic substitutions were
chosen to replace the two original residues: a negatively charged glutamate substitution
was chosen for positively charged arginine (R133), and a rigid proline was chosen for the
flexible glycine (G129). We hypothesized that these mutations would result in a marked
reduction in Chol activity. Hence, mutants R133E and G129P were constructed using the
same method above, followed by confirmation of protein expression via western blotting
(Fig. 2.4A). Then, R133E and G129P strains were subjected to subsequent spot dilution
assays, growth curve measurements, and in vitro PS synthase assays. As predicted, the
R133E mutant displayed slower growth compared to HAL in the absence of ethanolamine
(Figs. 2.4B&2.4C), in contrast to the R133A mutant (Figs. 2.2B&2.2C). The negative
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Figure 2.3. Most of the conserved CAPT motif residues are required for PS synthase activity.

Total membranes were collected from cholAA, HA1, and each CAPT motif mutant and tested in
an in vitro PS synthase assay. Adjusted PS synthase activity was measured for each total
membrane prep. Statistics were conducted using one-way ANOVA, and all mutants were
compared to HA1 (**** p < 0.0001; ns=not significant). For each strain, the adjusted PS
synthase activity was measured in duplicate with a total of six biological replicates.

83



A . C )
. - “ —
<& G @ & g,
S
Tubulin> — S} ;
2l /
o HAIl
%% } - ——o LR e e e e T TTTT  G129p
0 40 =
‘Chol .
104D Time (hour) -+ RI33E
.
+ETA T —+ cholAA
& /,,»i______
=] {+ 3
]
OD;=0.1 /
0 e I :
51 0 40
-ETA Time (hour)
3 *ook ok
D
54
Z 0.010m Xk Kk
£ ]
OD=0.1 2 =0.008
v B
5-L = E i
+ETA g *uﬂ.ﬂﬂﬁ
5 wE
w = 0,004
£3 I
5 T E
£ Sp.002+
2
3. 0,000 -
HAL G129P R133E

Figure 2.4. CAPT mutant G129P and R133E displayed decreased Chol function

(A) Proteins were collected from cholAA, HA1, G129P and R133E strains, and Chol expression was measured
using a western blot. Growth was measured by (B) spot dilution assays and (C) growth curves. (D) Adjusted PS
synthase activity was measured by the in vitro PS synthase assay. Each adjusted PS synthase activity was
measured in duplicate with a total of six biological replicates. Statistics was conducted using one-way ANOVA,
and all mutants were compared to HAL. **** p < 0.0001 (+ETA, minimal media+1 mM ethanolamine; -ETA,
minimal media)
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effect of R133E is further corroborated by a significant decrease (more than 50%) in
adjusted PS synthase activity in the in vitro PS synthase assay (Fig. 2.4D). The G129P
mutation also had a greater impact than the G129A mutation, as the G129P mutant was 17-
fold less active than HAL (Fig. 2.4D) compared to G129A, which retained ~50% activity
compared to the HAL strain (Fig. 2.3). Thus, these more contrasting substitution mutations
suggest that G129 and R133 also play a role in the CAPT motif, but may participate in
more flexible interactions with CDP-DAG.

Analysis of a predicted serine binding motif

In addition to CDP-DAG, Chol also binds serine as a substrate. The serine binding site is
more challenging to define compared to the CDP-DAG binding motif since the CDP-DAG
motif is common to several other enzymes that bind CDP-alcohols (Table 2.1), whereas
the serine binding site is more specific to the Chol protein, so limited information is
available. Here, we took advantage of the fact that the phosphatidylinositol (PI) synthase
(Pis1) and PS synthase from yeast are similar enzymes that both bind two substrates: CDP-
DAG and a small molecule that serves as the head group of the phospholipid product. Also,
Pl synthase and PS synthase are reported to use the same sequential reaction mechanism
for catalysis (16, 48). C. albicans Pisl shares 37.2% amino acid similarity (using the
EMBOSS Stretcher alignment tool) with Chol and only differs enzymatically in binding
to inositol instead of serine. We hypothesized that alignment and comparison of sequences
between these two genes might reveal a conserved serine binding site in Chol. Thus, we
aligned the Pis1 amino acid sequences from C. albicans, Saccharomyces cerevisiae, and
Schizosaccharomyces pombe with the Chol amino acid sequence from the same organisms
(Fig. 2.5). From this alignment, we found a highly conserved sequence in all of the PS
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SpPpsl TFLDTVILSLEVLCGLIRLARFNVSVNSIPEDG-SGEKSQ————— FFEGTPFIPTTLSLVIV
CaChol TTVDVLFLAFWVLCGLIRLARFNISVNNIPEDE-HGESQ————= YFEGLPIPTNLEFWVGE
ScChol TTFDVMILSFEVLCGILERLARFNVIVAQLPERDSSTGRSE————— YFEGLEMPTTLALVLG
SpPisl LLVSLDLASH-—————————— YMHMY STLHOGAS SHETVTREHNWMLRLYYGNNEVLEIF
CaPisl ILVSLDLSSH-———————=——= YMHMYAMLSAGSTSHENVDETQSELLSLYYNNRLVLEEV
5cPisl IMLGLDITSH-—————————— YMHMYASLSAGRTSHRSVGEGESRLLHLYYTRRDVLETI

Figure 2.5. Sequence alignment reveals a possible serine binding motif

189
222
225
149
167
153

Alignment of the PS synthases (Chol or Pps1) and PI synthases (Pis1) from C. albicans (Ca), S. cerevisiae (Sc),
and S. pombe (Sp) was conducted using Clustal Omega. A highly conserved sequence that is present in Chol
homologs, but not in the Pis1 homologs, is hypothesized to be part of the serine binding site in PS synthases and
is highlighted in yellow in the C. albicans sequence. Conserved non-alanine residues in the putative serine

binding site are shown in the red boxes.
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synthase amino acid sequences that was absent from the Pis1 sequences (X-V-L-C-G-L-
X-R-L-A-R-F). We predicted that this motif might represent part of the serine binding site.

Alanine substitution mutagenesis was conducted on the conserved non-alanine
residues (Fig. 2.5, red boxes) in the putative serine binding site. Putative serine binding site
mutants, V180A, L181A, C182A, G183A, L184A, R186A, L187A, R189A and F190A,
were constructed and all showed protein expression that is greater than or equal to HA1
(Fig. 2.6A; Table 2.5). These mutants were then subjected to in vivo spot dilution assays
and growth curves. Among all the serine binding site mutants, V180A and C182A had
similar growth to HAL in the absence and presence of ethanolamine, and L181A displayed
diminished growth in the absence of ethanolamine, but exhibited restored growth similar
to HA1 with the addition of 1 mM ethanolamine (Figs. 2.6B-D). The G183A, R186A,
L187A, R189A and F190A mutants all displayed diminished growth compared to HAL in
both conditions, but R189A had a greater improvement than the others in the presence of
ethanolamine (Figs. 2.6B-D). The growth perturbation of these mutants is likely due to
significantly decreased in vivo Chol function. The growth curves and doubling times
correlate with the spot dilution assays, where mutants V180A, L181A and C182A showed
similar patterns compared to HAL1; mutants G183A, R186A, L187A and F190A grew
similarly to the cholAA negative control strain, and mutant R189A had intermediate
phenotypes (Figs. 2.6B-D).

Surprisingly, L184A demonstrated increased growth in both conditions when
compared with HA1 (Figs. 2.6B). To rule out the possibility that a spurious mutation might
account for the increased growth, several L184A transformation colony candidates were
subjected to spot dilution assays and all of them displayed a similar phenotype (Fig. S2.2),
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Figure 2.6. Mutations in the putative serine binding site reduce in vivo Chol function

(A) Cho1l expression from cholAA, HA1 and each of the putative serine binding site mutants was checked using
western blotting. In vivo activities were measured in (B) spot dilution assays and (C) growth curves. (D)
Doubling times for each strain were calculated from growth curves. Error bars represent the 95% asymmetrical
(profile-likelihood) confidence intervals of each doubling time from a total of six replicates. (+ETA, minimal
medium+1 mM ethanolamine; -ETA, minimal medium).
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indicating that the mutation L184A is responsible for the elevated growth. Furthermore,
growth curve patterns and shorter doubling times, especially in the absence of
ethanolamine (-ETA), are consistent with the spot dilution assay, further supporting the
conclusion that L184A leads to elevated growth when compared with HA1 (Figs.
2.6C&D). Since mutant L184A does not significantly increase Chol expression (Fig. 6A;
Table 2.5), the increased growth of L184A suggests that this mutation increases protein
function.

To further assess these putative serine binding site mutants, we performed the in
vitro PS synthase assay to measure their adjusted PS synthase activities (Fig. 2.7).
Consistent with our in vivo results, C182A displayed a similar level of activity compared
to HA1, while R189A displayed significantly decreased activity. G183A, R186A, L187A
and F190A retained almost no activity. In contrast, the hyperactive mutant, L184A, showed
significantly enhanced (~5 fold) in vitro activity compared to HAL, corroborating the in
vivo results that mutation L184A increases intrinsic Chol activity (Figs. 2.6&S2.2).

However, there were two discrepancies between the in vivo and in vitro results.
V180A grew similarly to HAL in spot assays and growth curves, but yielded significantly
lower adjusted PS synthase activity. This discrepancy is likely due to a decreased stability
of the V180A mutant protein so that it cannot function properly under our in vitro assay
conditions. The other inconsistency is L181A, which displayed higher in vitro adjusted PS
synthase activity but grew similarly to HAL. This can be explained by a more sensitive
nature of our in vitro PS synthase assay, which is able to detect elevated enzyme activity

that is not high enough to support faster growth. Further studies will be needed to conclude

89



% %k %k

0.05 S
0.04 I;LI
* % %

0.03
Ve
0.02=

%k %k %

-

D A AT AT AT
S TSN

;
=]
[y

1

Adjusted PS synthase activity
(nmol/(mg*min))

ITI+II*_

> > >
RIS {,gﬁ” &
S

0.00=

Figure 2.7. Enzyme activity decreases in some putative serine binding site mutants

Total membranes were collected from cholAA, HA1 and each of the putative serine binding site
mutants and tested in an in vitro PS synthase assay. Adjusted PS synthase activity was measured
from each total membrane. Statistics were calculated using one-way ANOVA, and all mutants
were compared to HAL (* p < 0.05; *** p < 0.001; **** p < 0.0001; ns=not significant). Each
adjusted PS synthase activity was measured in duplicate with a total of six biological replicates.
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the exact nature of these differences. In sum, the putative serine binding site residues,
especially the more C-terminal ones, play a role in Chol function.

Enzyme kinetics reveal residue R189 is involved in serine binding, and L184A
mutation has increased Vmax.

Among the residues in the putative serine binding motif, L184 and R189 are particularly
interesting because L184A increases Chol activity in vivo and in vitro, while R189A
diminishes activity (Figs. 2.6 and 2.7, respectively). The other mutations: 1) retain original
enzyme activity, 2) abolish activity, or 3) display inconsistencies between in vivo and in
vitro activities. Thus, it is of interest to investigate how L184A and R189A alter enzyme
kinetics of the Chol protein, specifically in regard to the Ky for serine. For this, Michaelis-
Menten curves were produced and kinetic values, apparent Ky and Vmax, of HAL, L184A
and R189A were calculated for serine (Fig. 2.8A). L-serine, when the concentration of
CDP-DAG was held at 0.1 mM, yielded an apparent Ky of 8.43 £ 3.68 mM and an apparent
Vmax 0f 0.058 + 0.013 nmol/(mg*min) for HA1, an apparent Ky of 16.85 + 7.11 mM and
an apparent Vmax 0f 0.12 £ 0.03 nmol/(mg*min) for L184A, and an apparent Ky of 28.94 +
10.04 mM and an apparent Vmax Of 0.080 + 0.021 nmol/(mg*min) for R189A. For
comparison, the best-fit values from Graphpad Prism 9.1 of the Ky and Vmax for HAL,
L184A and R189A were used to make bar graphs, with the error bars representing standard
errors. Statistics conducted from Graphpad Prism 9.1 (Extra sum-of-squares F test) shows
there is a significant increase in the L-serine Ky for R189A compared to HAL, indicating
decreased L-serine binding affinity (Fig. 2.8B). This elevated apparent Ky can also explain

the decreased activity of R189A. On the contrary, the increased activity of L184A is not
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Figure 2.8. Michaelis-Menten kinetics showed decreased serine binding capacity of R189A

The in vitro PS synthase assay was performed with varying concentrations of CDP-DAG and serine, and the Michaelis-
Menten kinetics curves of HA1, L184A and R189A were shown in (A) for serine and (C) for CDP-DAG. The apparent Km
and Vmax estimated are below the corresponding curves, and are fit into bar graphs (B) for serine and (D) for CDP-DAG.
Statistical comparisons were conducted using extra sum-of-squares F test (* p < 0.1; ** p < 0.01; ns=not significant). All
adjusted specific activity was measured in duplicate with a total of six biological replicates.
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due to a decreased Ky (thus enhanced L-serine binding), rather it is because of significantly
increased apparent Vmax under this condition.

To test whether L184A and R189A affect CDP-DAG binding, Michaelis-Menten
kinetics including Kv and apparent Vmax of HA1, L184A and R189A were calculated for
CDP-DAG, where L-serine was held constant at 2.5 mM (Fig. 2.8C). Surprisingly, the
apparent Ky for CDP-DAG of L184A was significantly elevated compared to HA1 (Fig.
2.8D), indicating a weaker binding. However, the negative effect of L184A for CDP-DAG
binding is offset by an elevated kcat, which leads to a similar keat/Km compared to HAL
(Table 2.5). In sum, an elevated apparent Vmax 0f L184A indicates this mutation increases
the turnover number, while the increased Kyv of R189A for serine suggests that residue
R189 is involved in L-serine binding.

Homology modeling indicates that the CDP-DAG and L-serine binding motifs are in
close proximity

Although the mutational evidence suggests that we have identified a motif involved in L-
serine binding, its proximity to the CDP-DAG binding CAPT motif was not evident from
the primary sequence. Chol is a membrane protein and has not yet been crystallized.
However, there are several CDP-alcohol phosphotransferase (CDP-AP) proteins
containing the CAPT motif from archaea and bacteria that have been crystallized (Table
2.1), and it has been previously suggested that the location of the substrate-binding pocket
for the small alcohol molecule is in the proximity of the CAPT motif in the structure (35,
39-41). Four published crystal structures were found via Protein Data Bank (PDB) searches
using the C. albicans PS synthase protein sequence as the query (PDB: 406N, 5D92, 6H53
and 4MND) and they all belong to the CDP-AP family (35, 38-40). An alignment of the
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Table 2.6 The kcm, KM and kcm/KM of HA1, L184A and R189A for both serine and CDP-

DAG
Serine CDP-DAG

HAI | L184A | RI89A HAL | LI184A | RI89A
ko0 0.12 | 0.23 0.16 ko) 0.12 | 0.37 0.077
cat cat
K, (mM) 8.43 | 16.85 | 28.94 K (mM) | 034 | 101 0.56
k /K. k K
2S5 0.014 | 0.014 | 0.0055 M 1035 037 0.138
(h *mM ) (h *mM )
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four published proteins showed a conserved CAPT binding motif and a similar distribution
of secondary structures (data not shown), suggesting high conservation of structure and
topology for proteins within this family. Using Molecular Operating Environment software
(MOE, Chemical Computing Group, Ltd, Montreal, Canada), the homology model of the
C. albicans PS synthase was built based on the phosphatidylinositolphosphate (PIP)
synthase from Renibacterium salmoninarum (PDB: 5D92), which has 35.3% sequence
similarity and 23.1% sequence identity with C. albicans PS synthase (using the EMBOSS
Stretcher alignment tool). The model indicates that C. albicans Chol forms a homodimer
(Fig. 2.9A), consistent with the four known CDP-APs (35, 38-40). Six transmembrane
helices (TM1-TMS6) are indicated with arrows and an N-terminal cytosolic domain that is
connected to TM1. Both the CAPT motif (cyan) and the putative serine binding site (yellow)
are highlighted in the red monomer. Specifically, residues L184 and R189 are highlighted
in purple and their sidechains are shown (Fig. 2.9B). The residues of the putative serine
binding site (yellow) in C. albicans PS synthase, similarly to the binding pockets of the
second small molecules from the four known CDP-APs, are in close enough proximity to
the CAPT motif (cyan) to interact during catalysis (Fig. 2.9A), further supporting our
identified region as the putative serine binding site. Specifically, the side chain of residue
R189 projects towards the CAPT motif (Fig. 2.9B), and the Ca atomic distance of residue
R189 to residue D150 (Da), which serves as the catalytic core in some other CDP-APs (35,
39), is only 12.92A, indicating it could coordinate serine and bring it closer to the active
site. However, it is likely that other parts of the protein also help to coordinate serine, and

this represents only part of the overall serine binding site. Further studies will be
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Figure 2.9. Location of CDP-DAG and putative serine binding residues on a predicted structure of Chol based on homology
modeling
(A) The homology model for the Chol protein was built based on the structure of the phosphatidylinositolphosphate (PIP)
synthase from Renibacterium salmoninarum (PDB: 5D92) using Molecular Operating Environment 2019 software. The two
Chol monomers are shown in red and dark blue, respectively. The CAPT motif is shown in cyan and the predicted serine
binding motif is shown in yellow in the red monomer. TM1, TM2, TM3 and TM4 are indicated in the red monomer, while
TM5 and TM6 are indicated in the blue monomer. (B) A zoomed-in image of the predicted active site of Chol and the

locations of residues R189 and L184 on the red monomer is shown. The distance between Ca atoms of residues R189 and
D150 is measured at 12.92A using Molecular Operating Environment (MOE) 2019 software.
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required to provide greater insight into all residues involved in the binding and positioning

of serine during catalysis.

Discussion

In this study, we found that most of the conserved amino acids (Table 2.1) in the CAPT
motif in C. albicans Chol are necessary for PS synthesis (Figs. 2.2&2.3). However, there
were differences from what has been observed in the CAPT motif for some other enzymes.
For example, as opposed to the findings in S. cerevisiae Cptl (Figure S2.3), mutations of
G129 and D146 showed a severe to a modest decrease in activity, and R133 showed nearly
wildtype level activity (Fig. 2.3). In the Cptl enzyme from S. cerevisiae, replacing G114
(equivalent to G129) and D131 (equivalent to D146) with alanine abolished enzyme
activity, while the R118A (equivalent to R133A) mutant displayed decreased activity (37).
It was suggested that the importance of the first glycine (G114 or G129) in the CAPT motif
is due to binding or positioning of the CDP-alcohol (37). This statement is further
supported by a solved structure of AF2299, a representative CDP-AP from Archaeoglobus
fulgidus (PDB: 406N), where the first glycine in the motif provides flexibility to TM2 for
catalysis (39). Here, we made a proline substitution mutation, G129P, which almost
abolished activity (Fig. 2.4), suggesting that the flexibility provided by this glycine is
essential for catalysis of C. abicans Chol. Furthermore, the arginine residue within the
CAPT motif was shown to be important in binding and positioning of the CDP-alcohol
substrate via electrostatic interactions (37, 39), but our R133A showed unchanged activity
compared to HA1 (Fig. 2.2 and 3). However, a reversal of the charge by the R133E

mutation significantly decreased activity compared to HA1 (Fig. 2.4), indicating the
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arginine residue in the CAPT motif of C. albicans Chol potentially binds, or at least is in
the proximity of, the CDP-DAG molecule, but that this interaction is not absolutely
required. We hypothesize that the loss of the R133 residue can be compensated for by the
adjacent positively charged R131 or K135 residue in the C. albicans Chol sequence. The
four aspartic acid residues within the CAPT motif point to the same patch of electron
density and likely participate in cofactor cation binding and catalysis that is shown in
currently published structures (35, 38-41). These residues (D125, D128, D146 and D150,
C. abicans Chol numbering) are also important in C. abicans Chol (Fig. 2.2 and 3),
indicating a similar function.

In addition, we predicted a serine binding motif, X-V-L-C-G-L-X-R-L-A-R-F,
based on sequence alignment from three different yeasts, which is present in all three fungal
PS synthase sequences, but absent from all three Pl synthase sequences (Fig. 2.5).
Interestingly, a further alignment of 8 previously reviewed PS synthases with 7 Pl synthase
sequences from a variety of species including the C. albicans Chol sequence also generates
part of the predicted serine binding motif (Fig. S2.4), especially the C-terminal section.
Site-directed mutagenesis of the residues within the serine binding motif in the C. albicans
Chol protein showed that three of the C-terminal four residues (R186A, L187A and
F190A) produced an almost complete abolition of activity while R189A displayed
significantly decreased activity (Figs. 2.6&2.7), supporting the hypothesis that these
residues play roles in Chol catalytic function. Moreover, after this paper was accepted for
publication, Centola et al published a structure of a phosphatidylserine synthase from
archaea Methanocaldococcus jannaschii and showing this motif is involved in
coordinating serine (23).

98



Furthermore, we have found that the decreased activity of the R189A mutant is due
to the significantly decreased binding affinity for serine (as reflected by increased apparent
Kwm, Fig. 2.8B), suggesting the residue R189 is involved in serine binding. This is also
supported by the position of residue R189 in the homology model of Chol, which is in
proximity to the CAPT motif (e.g., the distance of CCJ from R189 and D150 is 12.92A),
and thus could bind and position serine for catalysis (Fig. 2.9B). Further investigation will
be required to determine if this interaction is occurring between R189 and serine in the
fungal PS synthase. Finally, L184A demonstrated a significantly increased Vmax, but also
increased Ky for CDP-DAG (Fig. 2.8D). The similar specificity constants (Kcat/Kwv) of
L184A with respect to HAL suggest that mutation L184A does not make Chol use either
substrate more efficiently (Table 2.5), but rather the effect of increased Vmax outcompetes
that of an increased Ku, leading to a net outcome of increased activity. This also indicates
that the turnover number (kcat), rather than substrate binding (Kw), is the limiting factor for
the catalysis of Chol protein. Currently, the function of residue L184 is unknown.

In order to determine the relative locations of the putative serine binding site and
the CAPT motif, we produced a homology model of Chol. The homology model of C.
albicans PS synthase was built based on the phosphatidylinositolphosphate (PIP) synthase
from Renibacterium salmoninarum (PDB: 5D92) and provided a preliminary view of what
Chol might look like (Fig. 2.9). The model predicts a six-transmembrane domain protein
structure where the CAPT and predicted serine binding motifs are within relatively close
proximity to one another. Many of the residues within the CAPT motif are charged and
have been found to be part of a hydrophilic face of the 2" and 3™ transmembrane (TM2/3)
domains of this protein, correlating well with the current structures (35, 38-41). The

99



predicted serine binding motif (yellow) is located on TM4 and is spatially in the interface
of cytosolic and membrane-bound portions, possibly allowing serine entry into this site.
This correlates well with the previous findings that the second small molecules for CDP-
AP proteins (serine, in the example of Chol) bind in a cavity formed by TM 4, 5 and 6 not
deeply in the membrane (35, 38, 40). This, again, indicates that there are additional residues
involved in serine binding.

We have demonstrated here, for the first time, the importance of the CAPT motif
within the PS synthase from a medically relevant, pathogenic fungus. Furthermore, we
have begun efforts to identify the binding site for the second substrate in this enzyme,
serine, an area that is still relatively unstudied. We have produced a homology model of
Chol that places both of the substrate binding sites in close proximity and lays the
foundation for structural studies. These findings contribute not only to the general
understanding of phospholipid synthesizing enzymes, but also provide crucial information
on candidate locations in this protein where binding of small molecule drug candidates may
interfere with substrate binding. However, a limitation of this study is that it did not
investigate the impact of mutations on post-translational regulation of Chol. For example,
further experiments will be required to determine whether CAPT and serine binding
mutants of Chol have different subcellular localizations compared to HA1, as membrane
localization affects Chol function (23). In addition, phosphorylation has been shown to
regulate S. cerevisiae Chol protein by inhibiting enzymatic activity, but retains normal
Cho1 protein level during exponential and stationary growth phases (21, 49). In this study,
the phosphorylation level variations among different mutants were not taken into account
for the in vitro PS synthase assay as we do not know what effect phosphorylation of Chol
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has in C. albicans. The impact of variation was minimized by growing the different strains
to a similar ODeoo Of 1.5-2.0 in the early exponential phase, in which the PS synthesis
activity was maximal (50).

Chol represents a promising drug target, so an additional, valuable data set will
come from exploring how the mutants that impact enzyme catalysis affect virulence. This
data should lead to a more precise definition of how much enzymatic inhibition is required
to cause a loss of virulence and better direct future inhibitor studies.
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Tubulin=

36kDa>
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Figure S2.1. The 36 kDa and 29 kDa band of Chol protein contains
phosphorylated population.

Proteins were extracted from HA1 and were subjected to Lambda phosphatase
treatment (NEB #P0757) before Western blotting. The phosphatase
concentrations are indicated in the figure. One unit is defined as the amount of
phosphatase that hydrolyzes 1 nmol of p-Nitrophenyl Phosphate in 1 min at 30°C
in a total reaction volume of 50 ul. The total reaction time is 30 min.
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Figure S2.2. The elevated growth of L184A is not due to a spurious mutation.

The growth of six L184A transformation colony candidates was measured in a
spot dilution assay to rule out the possibility that a spurious mutation in the
genome might account for the elevated growth of L184A. (+ETA, minimal
medium +1 mM ethanolamine; -ETA, minimal medium ).
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Chol DIZS(X)ZD12SG129(X)2A132R133(X)8G142(X)3D146(X)3D150

Cptl DIIO(X)2D113G114(X)2A117R118(X)8G127(X)3D131(X)3D135

Figure S2.3. Alignment of CAPT motifs from S. cerevisiae Cptl and C. albicans Chol

Alignment of CAPT motifs from S. cerevisiae Cptl and C. albicans Chol demonstrates
the conserved nature of the amino acids within this proposed CDP-alcohol binding domain.
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Chol_Candida---_albicans TT--VDVLFLAFWVLCGLTRLARFNIYVNNIPKDK-HGKSQY-FEGLPIPTNLFWVGFMA
PSS_Helicobacter_pylori NFGRIGMAVSALFVIFGAIRLARFNIQTNTSDPY---~-~--- S-FIGIPIPARAVLVVLCY
PSS_Bacillus_subtilis TLPFIGILCALTYSICGMLRLSKFNIHQ--SKLP------~ T-FIGMPIPFAGMCLVILS
PSS_Mycobacterium_leprae TTP-VGWVAVLLYPVCVVLRLARFNAULDDGTQP - -AYTREF-FVGMPAPAGAVSVIGLL
PS synthases |PSS_lMycobacterium_tuberculosis KWP - VGWVVVLLYAVCVVLRILARYNALUQDDGTQP - - AYAHEF - FVGMPAPAGAVSMIGLL
PSS_Mycobacterium_bovis KWP-VGWVVVLLYAVCVVLALARYNAUQDDGTQP - ~-AYAHEF - FVGMPAPAGAVSMIGLL
PSS_Schizosaccharomyces_pombe TF--LDTVILSLFVLCGLTRLARFNVYVNSIPKDG-SGKSQF-FEGTPIPTTLSLVTVCG
PSS_Methanocaldococcus_jannaschii NL---ALISAIIFCLCGALRILARFGIUN----VK------~ G-FIGLPIPAGALLLVGFC
PSS_Saccharomyces_cerevisiae TT--FDVMILSFFVLCGLARLARFNVTIVAQLPKDSSTGKSKY-FEGLPMPTTLALVLGMA
CDIPT_RAT LSMSLDVASHWLHLHSSVVR------1 GSESHKM--IDLSGNPVLRIYYTSRPALFTLCA
CDIPT_HUMAN ISMSLDVASHWLHLHSSVVHR------ IGSESHKM--IDLSGNPVLRIYYTSRPALFTLCA
PIS_Schizosaccharomyces_pombe LLVSLDLASHYMHMYSTLHQ----- - IGASSHKT - -VTKKHNIWMLRLYYGNNKVLFIFCA
PI synthases CDIPT_Drosophila_melanogaster LSIAIDVACHWLFMQTSVW\------1 IGRSSHKV--N---DNFIMRLYYQKDI-LTFMCC
CDIPT_MOUSE LSMSLDVASHWLHLHSSVVR------4 GSESHKM--IDLSGNPVLRIYYTSRPALFTLCA
PIS_YEAST LMLGLDITSHYMHMYASLSA------1 IGKTSHKS - -VGEGESRLLHLYYTRRDVLFTICA
PIS1_Arabidopsis_thaliana SLLALDIASHWLQMYSTFLAY------4 GKSSHKD - -VKDSTSWLFRLYYGNRIFMCYCCV

Figure S2.4. Alignment of several previously reviewed PS synthase with Pl synthase sequences from
different species reveals part of the putative serine binding site in C. albicans Cho1l.

A further alignment of 8 previously reviewed PS synthases with 7 previously reviewed PI synthase
sequences from different species, in the presence of C. albicans Chol, has generated a region in all
PS synthases which is absent in all PI synthases (red box). The putative serine binding of C. albicans
Chol is underlined.
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Abstract
Phosphatidylserine (PS) synthase from Candida albicans, encoded by the CHO1 gene,
has been identified as a potential drug target for new antifungals against systemic
candidiasis. Rational drug design or small molecule screening are effective ways to
identify specific inhibitors of Chol, but both will be facilitated by protein purification.
Due to the transmembrane nature of Chol, methods were needed to solubilize and purify
the native form of Chol. Here, we used six non-ionic detergents and three styrene maleic
acids (SMAs) to solubilize an HA-tagged Chol protein from the total microsomal
fractions. Blue native PAGE (BN-PAGE) and immunoblot analysis revealed a single
band corresponding to Chol in all detergent-solubilized fractions, while two bands were
present in the SMA2000-solubilized fraction. Our enzymatic assay suggests that
digitonin- or DDM-solubilized enzyme has the most PS synthase activity. Pull-downs of
HA-tagged Chol in the digitonin-solubilized fraction reveal an apparent MW of Chol
consistent with a hexamer. Furthermore, negative-staining electron microscopy analysis
and AlphaFold2 structure prediction modeling suggest the hexamer is composed of a
trimer of dimers. We purified Chol protein to near-homogeneity as a hexamer using
affinity chromatography and TEV protease treatment, and optimized Chol enzyme
activity for manganese and detergent concentrations, temperature (24°C), and pH (8.0).
The purified Chol has a Kn, for its substrate CDP-diacylglycerol of 72.20 uM with a Vmax
of 0.079 nmol/(ug*min) while exhibiting a sigmoidal kinetic curve for its other substrate
serine, indicating cooperative binding. Purified hexameric Chol can potentially be used

in downstream structure determination and small drug screening.
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Introduction

The incidence of human systemic fungal infections has increased dramatically
over the past 30 years, and this is partly due to an increase in the number of
immunocompromised patients (1-3). Candida species are the leading cause of fungal
infections in humans. Among Candida spp., Candida albicans (C. albicans) is the most
commonly isolated one, and it is capable of causing mucosal, cutaneous, and bloodstream
infections (i.e., invasive mycoses) (1, 4, 5). In all cases, successful management of
patients with systemic Candida infections requires antifungal therapy. Currently, three
classes of antifungals are used against systemic Candida infection: azoles, echinocandins,
and polyenes. Unfortunately, all of these antifungals have limitations, including rising
drug resistance to azoles and echinocandins and toxicity of amphotericin B to patients (6-
10). Therefore, new antifungal drug development is of utmost importance.

The phosphatidylserine (PS) synthase (gene name: CHO1) in C. albicans has been
identified as a potential drug target due to its importance in fungal virulence,
conservation among major fungal pathogens, and absence in humans (11-13). Rational
drug design is one way to identify inhibitors of C. albicans Chol protein, and ligand or
structure-based design approaches can be used (14). Given the limited known Chol
ligands, structure-based design is more approachable for Chol, which requires the
identification of the substrate-binding pockets. Chol has two substrates,
cytidyldiphosphate-diacylglycerol (CDP-DAG) and L-serine, from which it catalyzes the
formation of the important phospholipid, phosphatidylserine. This catalytic activity has
been observed in the mitochondria and endoplasmic reticulum (15-17). PS is then
trafficked to other cellular compartments, such as the plasma membrane. Due to its CDP-
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DAG binding site, Chol belongs to the CDP-alcohol phosphatidyltransferase (CDP-AP)
protein family, which has a highly conserved CDP-alcohol phosphotransferase (CAPT)
motif, D-(X)2-D-G-(X)2-A-R-(X)2-N-(X)s5-G-(X)2-L-D-(X)s-D (18). The CAPT motif is
utilized by CDP-AP enzymes to bind CDP-linked molecules and catalyze the formation
of a phosphodiester bond between the CDP-linked molecule and a second small alcohol
(13, 19-22). Several residues within the CAPT motif of C. albicans Chol have been
previously characterized and shown to be essential for function (18). The binding pocket
for serine, however, is not conserved among CDP-APSs since serine is more specific to
Chol. Recently, the serine-binding pocket of the PS synthase in the archaea
Methanocaldococcus jannaschii has been identified from its solved structure (23), and
some critical serine-binding residues of C. albicans Chol protein have been identified by
alanine scanning mutagenesis (18), providing new details of the serine-binding site in
Chol. However, there are a number of substantial differences between the M. jannaschii
PS synthase and C. albicans Chol. The Chol enzyme is predicted to have only 6
transmembrane domains, whereas the M. jannaschii PS synthase has 8, and there are
several key residues that we have identified in Chol that do not have a clear role in the
M. jannaschii PS synthase (18, 23). Thus, it is important to generate a specific structure
for the fungal enzyme in order to further rational drug design approaches.

In addition, there have been only six CDP-AP enzymes within the protein family
with solved structures (22-27), and all are from prokaryotes. Moreover, with the
exception of M. jannaschii PS synthase, all of the others have six transmembrane
domains. A homology model of C. albicans Chol was previously reported, and it was
based on the phosphatidylinositolphosphate (PIP) synthase from Renibacterium
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salmoninarum (18), which also has six transmembrane domains. The M. jannaschii PS
synthase structure had also not yet been published at that time. However, due to the low
amino acid sequence similarity between C. albicans Chol and the six existing CDP-APs
with known structures, an atomic structure of Chol is needed for an unbiased and
thorough structure-based design, which requires a relatively homogenous purified C.
albicans Chol enzyme. AlphaFold2 is a powerful tool for structure prediction, but it has
limitations such as low efficacy in predicting enzyme binding sites accurately for drug
screening (28-31).

Small molecule screening is another way to identify inhibitors to Chol. A
compound, SB-224289, has been discovered from a previous whole-cell-based screening.
Still, it was found to act only on Chol-related physiological pathways instead of the
enzyme itself, preventing further characterization and optimization (32). The major
limitation of cell-based drug screening is that it typically fails to find inhibitors of
enzymes with known molecular targets and mechanisms (14). In this regard, a target-
based screen is more favorable, as it overcomes the limitations that can occur due to
cellular entry. These issues can be resolved later through medicinal chemistry
approaches. Thus, a successful purification scheme for functional C. albicans Chol
enzyme is necessary.

PS synthase was first identified and purified to homogeneity in Escherichia coli
(33-35). In contrast with the membrane-bound characteristics of Chol in yeasts, the
Escherichia coli PS synthase is associated with ribosomes (36). The first fungal Chol
homolog, from Saccharomyces cerevisiae, was identified in 1980 (37, 38), and
characterization of the S. cerevisiae Chol enzyme included an understanding of its
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regulation (39-41) and identification of its localization (15, 16). Solubilization and
purification was also performed on S. cerevisiae Chol, followed by the characterization
of its enzyme Kinetics (42-44). For C. albicans Chol enzyme, the structural gene and
function were characterized in 2010 (11). Later, the Michaelis-Menten kinetics of the C.
albicans Chol were biochemically determined using crude membranes from the wildtype
and Chol-overexpressor strains, which yielded a millimolar-scale K for serine and
micromolar-scale Kn for CDP-DAG (18, 45).

In this study, we aimed to solubilize and purify functional Chol protein from its
native host, C. albicans, and characterize its basic biochemical properties. Previously,
Triton X-100 was used to solubilize S. cerevisiae Chol, and subsequent purification was
achieved using a lengthy process of CDP-diacylglycerol-Sepharose affinity
chromatography followed by anion-exchange DE-53 chromatography, due to the lack of
knowledge of the structural gene (43, 44). Even if some insights can be gained from the
S. cerevisiae Chol solubilization/purification, detergent has to be carefully selected for C.
albicans Chol because the phospholipid compositions of these two species are quite
different, thus the optimal solubilization detergent and condition is not interchangeable
(46-48). Moreover, since the original purification of S. cerevisiae Chol in the early
1980s, a number of improved detergents and solubilizing reagents have been created. For
example, styrene maleic acid (SMA) copolymers have gained popularity in recent years
for membrane protein solubilization as they maintain the original and stable lipid
environment, and thus can be a substitute for detergents (47-50). In this work, several
popular detergents and SMASs were screened and optimized to solubilize Chol from the
crude membrane with high activity and homogeneity. The assessment of the solubilized
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C. albicans Chol by blue-native (BN)-PAGE and several complementary approaches
indicated that C. albicans Chol, unlike S. cerevisiae Chol or any other CDP-APs, is a
hexamer. The purified C. albicans Chol can be used for downstream applications such as

small molecule screening or structure determination.

Results

Solubilization of Candida albicans Chol with different detergents and styrene-
maleic acid (SMA) copolymers

Since Chol is a transmembrane protein, solubilization was conducted before
protein purification. The C. albicans strain HA1 is a derivative of SC5314 and has a C-
terminally HAx3-tagged Chol protein under the constitutively active ENO1 promoter
(18). This strain was used to express the Chol protein for solubilization. To determine the
optimal detergent for solubilization, the total crude membrane was collected and
solubilized using the detergents digitonin, n-Dodecyl-p-D- Maltopyranoside (DDM), n-
Tetradecyl-p-D-Maltopyranoside (TDM), Triton X-100, the digitonin substitute (Glyco-
Diosgenin, GDN) or Lauryl Maltose Neopentyl Glycol (LMNG), each at a final
concentration of 1.5%. To check if the Chol protein was successfully solubilized from
the membrane, as well as to measure the molecular weight (MW) of the native protein
complex, the resulting solubilized detergent fractions were assessed by blue native
polyacrylamide gel electrophoresis (BN-PAGE) followed by Western blotting against the
HA epitope to identify the Chol complex. All six detergents led to formation of a single
band representing the HA-tagged Chol (Figure 3.1A), confirming that these detergents

could successfully solubilize Chol native membranes. However, the estimated MW of
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Figure 3.1. Solubilization of HAx3-tagged Chol using six popular non-ionic detergents.

(A) Crude membrane was collected from the cho1AA Peno1-CHO1-HAx3 (HAL) strain. Digitonin, DDM,
TDM, Triton X-100, GDN, or LMNG were used to solubilize Chol at a final concentration of 1.5%. The
solubilized Chol-HAX3 protein was detected by Western blotting of the BN-PAGE. For each solubilized
fraction, (B) the PS synthase activity (nmol/(ug protein*min)) and (C) adjusted PS synthase activity
(nmol/(ng protein*min)) were measured by an in vitro PS synthase assay. Crude membrane protein with no
detergent was used as a control. Statistics were conducted using one-way ANOVA and Dunnett's T3 multiple
comparisons test (ns=not significant, p > 0.05; *, 0.05> p > 0.01; **** p < 0.0001). The activities were
measured in duplicate with a total of six biological replicates as indicated. The bars represent the mean, and
the error bars are + standard deviation (S.D.) values.
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digitonin and GDN solubilized Chol is higher than the others, indicating a difference in
[i] the conformation of the solubilized Chol protein, [ii] composition of residual bound
phospholipids in the Chol-micelle particle or [iii] the extent to which excess lipid
interferes with protein migration in the protein-detergent micelles. These factors have
been previously shown to affect protein migration during BN-PAGE (49).

The PS synthase activity of each detergent-solubilized Chol fraction was
measured and compared to the original crude membrane prep (no detergent fraction)
(Figure 3.1B). The PS synthase activity was calculated based on the incorporation L-
[H]-serine into the lipid phase following normalization to the protein quantity, as
described previously (18, 45). Digitonin-, DDM-, and TDM-solubilized fractions showed
significantly increased PS synthase activity compared to the crude membrane (3.ure 1B).
In contrast, Triton X-100- and LMNG-solubilized fractions have similar activity to the
unextracted membranes, and the GDN-solubilized fraction had diminished activity. The
DDM-solubilized fraction has the highest PS synthase activity and is followed by the
digitonin fraction. The higher PS synthase activity in these two detergent fractions can be
explained by [i] a higher solubilization rate (thus, more Chol protein molecules are
present in the reaction), [ii] a solubilized conformation with higher enzyme activity, or
[iii] both.

To help explain these observations, the adjusted PS synthase activity was
calculated using PS synthase activity adjusted to the Chol protein level reflected on the
immunoblots. This adjusted PS synthase activity could better represent the enzymatic
activity of Chol in the solubilized fractions since the activity was further normalized to
the Chol protein level in the solubilized fractions. In Figure 3.1C, the digitonin- and
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DDM-solubilized fractions showed similar levels of adjusted PS synthase activity as
opposed to the slightly increased PS synthase activity in the DDM fraction, indicating
that the high activity of PS synthase activity in the DDM fraction is due to a higher
solubilization rate rather than a higher enzymatic activity. On the contrary, the lower PS
synthase activities of Triton X-100, GDN- and LMNG-solubilized fraction are due to
lower enzymatic activity of solubilized Chol in these detergents.

Based on these results, both digitonin and DDM were selected for further
optimization. For this optimization, different concentrations of digitonin and DDM were
used to solubilize the Chol protein. The resulting solubilized fractions were subjected to
conformational (BN-PAGE) and activity checks. For digitonin, all six concentrations,
0.5%, 0.7%, 0.9%, 1.1%, 1.3%, and 1.5%, were able to solubilize Chol and 1.1% was
determined to be the optimal concentration as its PS synthase activity is highest (Figure
3.2A&B). DDM's concentration was increased from 0.5% to 2.1% in 0.2% increments,
and PS synthase activity remained unchanged at > 1.3% DDM (Figure 3.2C&D).

Styrene maleic acid (SMA) copolymers have gained popularity in the membrane
protein field as they are a substitution for detergents to produce a SMALP (SMA Lipid
Particle) that maintains a membrane protein's original and stable lipid environment (50-
53). SMALPs are compatible with many biophysical approaches (50, 51, 54). Initially,
SMA1000, 2000, and 3000 were used to solubilize Chol at concentrations of 2, 3, and
4% at 37° C, but only SMA2000 was able to solubilize Chol from the membrane (Figure
S3.1). SMA2000 was further refined, and a range of 1-4% SMAZ2000 was used to
optimize the solubilization conditions with either 30 or 60 min incubations (Figure
3.2E&F). Two bands (204 kDa and 79 kDa) of Chol were found at concentrations of 2-
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Figure 3.2. Optimization of digitonin, DDM and styrene maleic acid (SMA) 2000 for
solubilization and activity.

(A, C) HAx3-tagged Cho1l protein was solubilized in different (A) digitonin
concentrations (0.5%, 0.7%, 0.9%, 1.1%, 1.3% and 1.5%) or (C) DDM concentrations
(0.5%, 0.7%, 0.9%, 1.1%, 1.3%, 1.5%, 1.7%, 1.9% and 2.1%), and Chol levels for
the different fractions were measured by Western blotting following BN-PAGE. (B,
D) Fractions were also tested for PS synthase activity (nmol/(ug protein*min)).
Digitonin-solubilized fractions are shown in (B) and DDM-solubilized fractions are in
(D). (E) SMA2000-solubilized HAx3-tagged Chol protein, at different times (30 or
60 min) and SMA concentrations (1%, 2%, 3% and 4%), was detected by Western
blot. (F) The PS synthase activities of SMA 2000-solubilized fractions were measured
and are presented as nmol/(uL protein*min). Crude membrane protein with no
detergent/SMA2000 was used as a control. Statistics were conducted using one-way
ANOVA and Dunnett's T3 multiple comparisons test (ns=not significant, p > 0.05; *,
0.05>p >0.01, **,0.01> p > 0.001). The activities were measured in duplicate with a
total of six biological replicates as indicated. The bars represent the mean and the
error bars are £ S.D. values.
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4% even if the lower band has much less protein, indicating two distinct protein species.
Moreover, solubilization at 30 min had a higher yield than at 60 min, possibly due to
protein degradation or dissociation of the SMALP complex. SMA2000 at 4% gave the
highest protein yield after a 30 min solubilization (Figure 3.2E). In contrast, enzyme
assays revealed that the 3% SMAZ2000 solubilized fraction had the highest PS synthase
activity (Figure 3.2F). Since the protein concentrations in the SMA-solubilized fractions
were not measurable due to interference of the SMA copolymers to protein concentration
assays (data not shown), PS synthase activities for these fractions were normalized by the
volume of the reaction (nmol/(uL protein*min)). One explanation for the inconsistency
between Chol band intensity and activity at 4% is that excessive SMAZ2000 in the this
fraction may interfere with the activity, which offsets the high protein amount. The
SMAZ2000 bands were much more diffuse than those in the detergent fractions. Since
detergent fractions gave the greatest increases in activity and the clearest bands, further
purification schemes were pursued with the detergents digitonin and DDM.
Candida albicans Chol appears as a hexamer

Next, to assess the feasibility of purifying Chol from solubilized fractions, a
small-scale pull-down was performed using anti-HA beads, and BN-PAGE measured
pulled-down proteins from digitonin-solubilized membranes. As shown in Figure 3.3A, a
single 172-kDa native complex containing Chol was found in the 0.9, 1.1, 1.3, and 1.5%
digitonin fractions, indicating high purity. To check the protein composition of this native
complex, a 2" dimensional SDS-PAGE was performed on the gel strip of the 1.1%
digitonin fraction from the BN-PAGE (Figure 3.3B). This 2"\-dimensional SDS-PAGE,

which should break up complexes into individual components, revealed several bands. To
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Figure 3.3. The solubilized native Chol complex appears to be a hexamer.

(A) BN-PAGE of the pulled-down HAx3-tagged Chol protein from the
solubilized fractions of 0.9%, 1.1%, 1.3%, 1.5% digitonin. (B) The 2"
dimensional SDS-PAGE of the BN-PAGE gel strip from 1.1% digitonin.
These BN-PAGE gels were stained with Pierce™ silver stain kit, and MW of
different bands (kDa) were estimated based on the protein ladder as indicated.
(C) SDS-PAGE and Western blot of the pulled-down HAx3-tagged Chol
protein showed three bands at 36 kDa, 29 kDa and 27 kDa, representing the
bands from (B). (D) Size exclusion chromatography of pulled-down HAx3-
tagged Chol protein. The estimated molecular weights of Chol and different
protein markers are indicated. The protein profile was assessed by the eluted
fractions (circles) on silver-stained SDS-PAGE (inset figure, top) or Western
blotting with anti-HA antibody (inset figure, bottom). (E) Histogram of
trajectory counts detected in a mass photometry movie (n = 1 movie, 1 min) of
pulled-down HAx3-tagged Chol protein. Contrast—-mass calibration curve of
the measurement is shown in the inset (BSA, 66 kDa and 132 kDa;
Thyroglobulin, 660 kDa). Three frames with Chol-digitonin-micelles
(highlighted in red squares) are shown under the histogram. (F) Sedimentation
velocity analytical ultracentrifugation (SV-AUC) analysis of the oligomeric
state of Chol. SV-AUC interference profile for Chol sedimenting at 50,000
rpm at 20°C. The raw data (circles) and best fit using the continuous c(s)
distribution model (lines) in SEDFIT are shown on the top. Every fourth scan
is shown for clarity. The c(s) distribution plot for the data in the top panel is
shown on the bottom. The peak at 7.7S accounts for over 85% of the total
signal. This peak corresponds to a MW of 291 kDa as calculated in SEDFIT
using the buffer density and viscosity, protein partial specific volume and best
fit frictional coefficient.
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determine whether these bands represent Chol, the same pulled-down sample was
subjected to Western blotting against the HA tag (Figure 3.3C). It revealed one upper
band (36 kDa) and two lower bands (29 and 27 kDa), corresponding to the bands on the
2" dimensional SDS-PAGE based on MW, contained the HA tag. This result indicates
that the 172-kDa native complex corresponds to Chol, suggesting this native complex is
made of only Chol protein instead of interactions with other proteins. The multiple bands
of Chol on the SDS-PAGE have been reported previously, and it is suggested that the
lower bands are the proteolytic product of the full-length upper band (16, 18, 55).
Interestingly, based on the MW of the Chol complex (172 kDa) and monomeric HA-
tagged Chol (27, 29, 36 kDa), the native complex is likely to be a hexamer. In order to
measure the molecular mass of the native Chol protein and test if Chol forms a hexamer
by complementary approaches, the pull-downed Chol protein was analyzed by size-
exclusion chromatography (Figure 3.3D) and mass photometry (Figure 3.3E), both of
which suggested an ~310 kDa form. Moreover, analytical ultracentrifugation also
indicated the MW of the pull-downed Chol protein to be 291 kDa (Figure 3.3F). Unlike
BN-PAGE which converts membrane proteins into water-soluble protein upon binding
G250 dye (56), these approaches examine the molecular mass of the native Chol-
digitonin-micelle particle. Since it is hard to determine how much digitonin monomers
are associated with Chol, the mass of an empty digitonin micelle (124kDa, (57)) was
subtracted from the Chol-digitonin-micelle particle, and the estimated molecular weight
of the Chol protein alone from these independent approaches is close to the ~180kDa, as

we saw in the native gels, again supporting a hexamer.
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For DDM-solubilized fractions, the anti-HA pull-downs in the 0.9%, 1.1%, 1.3%,
and 1.5% solubilized particles were subjected to BN-PAGE followed by a 2™
dimensional SDS-PAGE as described above (Figure S3.2). Even though the 168-kDa
complex is present at the highest abundance, multiple bands of other molecular weights
are also observed on the BN-PAGE. Given that the molecular weight of monomeric Chol
ranges from 27 to 36 kDa, the various bands are likely to correspond to different
oligomeric states of Chol because the differences among them are close to the multiples
of ~30 kDa, with the hexamer form (168 kDa) being the most abundant. This is also
supported by the 2" dimensional SDS-PAGE, which only shows bands corresponding to
Chol in the native complexes. However, since different oligomers exist in the DDM-
solubilized fraction, digitonin was chosen as the detergent for the solubilization and
subsequent purification as it gives a more consistent oligomeric state.

Affinity tag construction and protein purification of Candida albicans Chol

To achieve a large-scale purification, codon-optimized glutathione S-transferase
(GST), maltose-binding protein (MBP), and octa-histidine (Hisx8) tags were C-
terminally attached to the existing HAx3 tag of Chol. A Tobacco Etch Virus (TEV)
protease recognition site, ENLYFQG, was inserted between the Chol protein and the
HAX3 tag to permit the removal of the HA epitope & C-terminal affinity tags after
purification. All three versions of the tagged Chol protein were expressed from the
constitutively active ENO1 promoter in C. albicans, and immunoblotting confirmed their
expression (Figure 3.4A). To determine the best tag for purification, the enzyme activities
of these three different affinity tagged Chol proteins were measured by both in vivo and
in vitro assays.
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Growth in conditions that require PS synthesis were used as a proxy for in vivo
activity. Loss of the CHO1 gene leads to poor growth in general because Chol forms PS,
which is the first phospholipid in the de novo pathway, and is a substrate for synthesizing
the essential phospholipid, phosphatidylethanolamine (PE). The cholAA mutant exhibits
perturbed growth in general, but especially in minimal media, which lacks ethanolamine
(11, 18). Cell growth can be partially restored by supplementing the media with
exogenous ethanolamine, which is consumed in the Kennedy salvage pathway to make
PE. Hence, in vivo Chol activity correlates with cell growth in the minimal media lacking
ethanolamine. Therefore, growth curves and spot dilution assays in minimal media were
used to measure the growth of strains bearing the three versions of Chol (Figure 3.4B-D)
to determine how well each functioned in providing the needed phospholipids. A strain
lacking Chol (cholAA) served as a negative control, while the HA1 strain was used as a
positive control. Cells with the Chol-GST tag grew similarly to HA1 in all conditions,
while Chol-MBP did not grow similarly to HA1 and was closer to the cholAA mutant.
This suggests that the MBP tag interferes with the Chol function in the cell, unlike the
GST tag. In contrast, the Hisx8 tagged Chol could complement the growth of the cholAA
mutant and unexpectedly even caused the strain to grow slightly faster than the HA1
strain. This was more evident during growth in minimal media without ethanolamine
(Figure 3.4B-D), suggesting that the Hisx8 tag may improve the activity of Chol
compared to the HA tag alone in vivo.

To measure the in vitro activity of these three new Chol constructs, the PS
synthase activity assay was performed. Instead of the solubilized fraction, crude
membranes were used in the reaction as described in Experimental Procedures. The
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Figure 3.4. His-, GST- and MBP-tagged Chol construct express active enzyme.

(A) Membranes containing Chol protein were extracted from the HA1, cholAA Penoi-CHO1-ENLYFQG-HAX3-
Hisx8 (Hisx8-tagged Chol), cholAA Penoi-CHO1-ENLYFQG-HAX3-GST (GST-tagged Chol), cholAA Penoz-
CHO1-ENLYFQG-HAX3-MBP (MBP-tagged Chol), and cholAA negative control strains, fractionated by SDS-
PAGE and Western blotted with anti-HA (green) and anti-tubulin (red) antibodies. Different bands corresponding to
Chol appear at their expected MW. (B-D) In vivo activities of Chol with different tags were assessed via growth
curves in the absence (B) and presence (C) of 1mM ethanolamine, and (D) corresponding spot dilution assays on
agar plates. (E) Adjusted PS synthase activities (nmol/(mg protein*min)) of the crude membrane fractions from
different Chol strains were measured. Statistics were conducted using one-way ANOVA and Dunnett's T3 multiple
comparisons test (ns=not significant, p > 0.05). The activities were measured in duplicate with a total of six
biological replicates as indicated. The bars represent the mean and the error bars are = S.D. values.
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adjusted PS synthase activity (nmol/ (mg protein*min)) was then calculated from the PS
synthase activity normalized to Chol expression via Western blotting, which reflects the
intrinsic enzymatic activity of Chol with different tags. Contrary to the in vivo growth
assay results, there is no significant difference in the adjusted PS synthase activities
among these different versions of Chol (Figure 3.4E). The full explanation for why there
was not a clear correlation between growth and in vitro activity for the different Chol
constructs is unknown. However, the low in vivo activity of MBP-tagged Chol protein
could be due to decreased expression, as supported by the Western blotting results
(Figure 3.4A). The reasons for the difference between Chol-His and Chol-GST are
unknown, but the better growth of the Chol-His strain suggested it would be better for
large-scale purification.

In addition, Hisx8-tagged Chol was optimal due to its more specific
binding/elution conditions, and a large-scale pilot purification was conducted using
chromatography with cobalt resin, as described in Experimental Procedures. Initially, the
elution fraction contained several bands on the BN-PAGE, and only one corresponded to
Chol (Figure S3.3). TEV protease was used to treat the concentrated elution overnight to
clear the elution further and cleave the affinity tag. The resulting mixture was passed over
fresh cobalt beads to remove non-specifically bound protein and cleaved tags. Figure
3.5A lane 2 shows a single 185-kDa protein band on the BN-PAGE after the second
affinity chromatography, indicating high purity of the tag-free native Chol complex. This
complex separated into 30kDa and 23kDa bands on the 2" dimensional SDS-PAGE
(Figure 3.5B), consistent with Figure 3.3 and the previous findings that Saccharomyces
cerevisiae PS synthase separates into 30kDa and 23kDa bands on SDS-PAGE (16, 55).
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Figure 3.5. Tag-free hexameric Chol was purified to homogeneity using affinity chromatography
and ACTEV treatment.

(A) BN-PAGE gel of the purified hexameric Hisx8-tagged Chol protein prior to tag removal (lane
1), and after ACTEV treatment and second purification for the tag-free version (lane 2). (B) Second
dimensional SDS-PAGE of lane 2 from the BN-PAGE in (A) shows bands corresponding to Chol
based on MW. All gels were stained with Coomassie blue R250 dye.
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passed over fresh cobalt beads to remove non-specifically bound protein and cleaved
tags. Figure 3.5A lane 2 shows a single 185-kDa protein band on the BN-PAGE after the
second affinity chromatography, indicating high purity of the tag-free native Chol
complex. This complex separated into 30kDa and 23kDa bands on the 2" dimensional
SDS-PAGE (Figure 3.5B), consistent with Figure 3.3 and the previous findings that
Saccharomyces cerevisiae PS synthase separates into 30kDa and 23kDa bands on SDS-
PAGE (16, 55).
Enzymology properties and kinetics of Candida albicans Chol

The enzymological properties of the purified Chol complex were then tested, and
the specific activities were measured in different conditions. The optimal temperature of
the Chol complex appeared to be 24°C, although this was not significantly different than
activity at 30°C or 20°C (Figure 3.6A). This is surprising since C. albicans is a human
fungal pathogen and lives in an environment of 37°C. The optimal manganese cofactor
concentration was between 0.5-1.0 mM and decreased above 1.0 mM, and the pH
optimum is around 8.0 (Figure 3.6B&C). These enzymological properties of C. albicans
Chol are consistent with those of the S. cerevisiae Chol homolog previously reported
(44). For detergents used in the reaction, Triton X-100 was shown previously to stimulate
the activity of Saccharomyces cerevisiae Chol, and the Triton X-100-CDP-
diacylglycerol micelle also serves as a substrate in this reaction (44, 58). C. albicans
Cho1 activity was tested in different detergent concentrations. Even if the molar
concentration of CDP-DAG was unchanged, the addition of detergents to the reaction
dilutes the surface concentration of CDP-DAG in a mixed micelle (59), so the mole
fraction (mol %) of CDP-DAG was also calculated (Figure 3.6D&E, blue triangles). By
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Figure 3.6. Effects of temperature, manganese concentration, pH and detergents on purified
hexameric Chol enzyme activity.
(A) Temperature, (B) manganese concentrations, (C) pH, (D) Triton X-100 concentrations, and
(E) digitonin concentrations were varied as indicated, and specific activities (black filled circle,
nmol/(ug*min)) of purified Chol under each condition were measured as described in the
Experimental Procedures. The surface concentrations of CDP-DAG (blue filled triangle) in
mixed micelles (mol %) were also calculated and shown in (D) and (E). The specific activities
were measured in two biological replicates, and data points are shown as the mean £ S.D.



varying the Triton X-100 concentration from 0.01% to 0.8%, we identified the optimal
Triton X-100 concentration as 0.1%, and the Chol activity decreases at higher
concentrations probably due to the drop in CDP-DAG surface concentration (Figure
3.6D). Besides Triton X-100, digitonin was used as the solubilization detergent, which is
also involved in the reaction. Surprisingly, when different concentrations were tested in
the reaction, digitonin was found to stimulate the activity of Chol, even with the decrease
in the surface concentrations of CDP-DAG, with the greatest efficiency observed at 0.3%
(Figure 3.6E).

In addition, the kinetics of the purified Chol complex were measured. For
determining the Km and Vmax of CDP-DAG, serine was kept constant at 19 mM, and the
specific activities of Chol were measured at CDP-DAG concentrations of 25, 75, 100,
150, 200, 250, 300, and 400 uM with a surface concentration between 4.5-5.3 mol %
(Figure 3.7A). The Km for CDP-DAG was estimated at 72.20 + 15.82 uM, while the Vmax
was found to be 0.079 £ 0.006 nmol/(ng*min). This Km is very close to that of the
partially purified S. cerevisiae PS synthase, which is 60 uM (44). For serine, the CDP-
DAG concentration was fixed at 300 uM, and the serine concentration was varied
between 0.25 and 15 mM, and the specific activities were measured and plotted against
the serine concentrations. This kinetic curve fits better into a sigmoidal curve, indicating
some cooperativity in serine binding (Figure 3.7B). The Hill slope for cooperativity was
estimated to be 1.83 £ 0.22 and the Vmax to be 0.088 £+ 0.007 nmol/(ng*min). The Khar,

which represents the substrate concentration when the enzyme reaches half of the Vmax in

136



-

Specific activity
{nmol/(pg*min))
o
o
‘.*

1 1 1 1
0 100 200 300 400
CDP-DAG (uM)

K 1 7220 £15.82 uM
Vinax: 0.079 £ 0.006 nmol/(ng*min)
Kea: 0.041s1+0.003

0.10+
0.08+
0.06
0.04+

Specific activity
(nmol/(pg*min))

0.02

o.oo-P’ . . . T 1
0 3

6 9 12 15
Serine (mM)

Kharr = 4.17 £ 0.45 mM

Vinax : 0.088 + 0.007 nmol/(pg*min)
Keat : 0.045s710.003

Hill slope : 1.83 + 0.22

Figure 3.7. Kinetic curves suggest a cooperative serine binding in the purified hexameric Chol.

(A) Kinetics curve for CDP-DAG. Serine was kept constant at 19 mM, and the specific activities of purified
hexameric Chol were plotted against various CDP-DAG concentrations (surface concentration 4.5-5.3 mol
%). (B) Kinetics curve for serine. CDP-DAG was kept at 300 uM (surface concentration 5 mol%), and the
specific activities of purified hexameric Chol were plotted against various serine concentrations. The
specific activities were measured in three biological replicates, and data points are shown as the mean +
S.D. values.
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the allosteric sigmoidal substrate-velocity curve, was estimated to be 4.17 £ 0.45 mM. In
both cases, the keat is estimated between 0.041-0.045 s,
Candida albicans Chol is very likely to be a trimer of dimers

To date, all of the experimentally reported structures of membrane-bound CDP-
alcohol utilizing phospholipid synthases are dimers (22-27). In contrast, data from the
BN-PAGE, as well as other MW estimation techniques (Figure 3.3), suggest that Chol is
found in a larger complex. When further examined by SDS-PAGE, the high-molecular-
weight Chol contains only bands corresponding to Chol (Figure 3.3A-C, Figure 3.5), so
this complex represents a higher oligomeric state of Chol, and the molecular weight
suggests a hexamer (185 kDa as a complex and 30 kDa as a monomer). However, the
organization of this hexamer was unclear.

To test whether the higher oligomer of Chol can be broken into smaller
oligomers, anti-HA beads were used to pull down the Chol complex. This was eluted by
either using excess HA peptide or 50 mM NaOH followed by 1M Tris-HCI (pH=8.5).
HA peptide exchange is a gentle way to elute proteins from anti-HA beads. In contrast,
NaOH plus Tris-HCI is a harsh way that also disrupts loose protein associations. The
pull-down products from two elution methods and a control group in which the anti-HA
beads have no bound proteins and are eluted with NaOH were assessed on the BN-PAGE
and a subsequent immunoblot. The gentle elution results in a higher protein oligomer
(Figure 3.8A), but the harsh elution leads to two bands on the BN-PAGE, one at 59 kDa
and the other at 156 kDa. These bands both correspond with Chol protein, as evidenced
by immunoblotting (Figure 3.8A). Since the MW of monomeric HAx3-Chol is 36 kDa,
the 59 kDa band is likely a dimeric form of Chol, while the 156 kDa bands represent a
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Figure 3.8. Hexameric Chol is likely made of a trimer of dimers.

(A) BN-PAGE gel (left) and a subsequent Western blot of the same gel
(right) are shown for Cho1l that was eluted from HA protein purification

resin with either synthetic HA peptide (gentle elution) or NaOH followed by
1M TrisHCI pH=8.5 (harsh elution). A protein-free resin control was eluted
using the harsh elution. MW of different bands (kDa) were estimated from
the protein ladder and indicated. (B) The ab-initio 3D density map of pulled-
down Chol built from negative staining electron microscopy (left lane) fits
well with the predicted trimer of Chol dimers (middle lane) in three different
views. A black box indicates the region of the deleted fifty amino acid
residues from the N-terminus of Chol.
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trimer of dimers. These results strongly support the native oligomer as a hexamer
composed of a trimer of more stable dimers.

To gain insights into the shape of the hexameric Chol complex, negative staining
electron microscopy and single-particle image analysis was performed on the Chol
complex following the pull-down. It is well known that detergent micelles present in the
sample can produce background noise in the negative staining micrographs and
significantly distort the interpretation of small membrane proteins (60). However, the
digitonin micelle with an apparent mass of 124 kDa (57) is smaller than the Cho1l-
digitonin micelle complex (~300 kDa, Figure 3.3), so the larger particles were
intentionally collected for analysis. A total of 564,320 particles were picked and 2D
classified, resulting in a 2D class average (Figure S3.4A&B). The best particles, chosen
by size and signal, led to five 3D density maps built as described in the Experimental
Procedures (Table S3.1, Figure S3.4C). Among the five, density map iv has evident
contours and reveals discrete features, and thus was selected for analysis (Figure 3.8B,
left lane). In the meantime, a dimeric form of the Chol structure was predicted using
AlphaFold2 software (Figure S3.5A). The predicted structure's N-terminal 50 amino acid
residues were deleted due to their intrinsically disordered nature and low prediction
confidence score (Figure S3.5B).

A predicted trimer of the dimeric Chol complexes was simulated by the HSYMDOCK
docking web server (Figure 3.8B, middle lane) (61). It was then fitted with the 3D density
map generated from the negative staining electron microscopy (Figure 3.8B, right lane).
As shown, the 3D density map fits well with the predicted trimer of Chol dimers in the
top and side views, given that the N-terminal region of Chol was omitted in the predicted
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trimer-of-dimers structure (Figure 3.8B, right lane). The bottom perspective shows
additional density in the 3D map absent in the trimer-of-dimers structure, which can be
explained by the bound digitonin micelle and residual bound phospholipids. In sum, the
3D density map generated here is believed to represent the overall shape of a trimer of

Chol dimers in a complex.

Discussion

Here, we have developed and optimized solubilization and purification methods for the
membrane-bound Chol protein from C. albicans. Several detergents were used to
solubilize Cho1l, and digitonin stands out among them, as the Chol protein was purified
in a single conformation after being solubilized by digitonin (Figure 3.3A&3.5A).
However, it is noticeable that the digitonin-solubilized Chol complex has a higher MW
than Chol solubilized by other detergents (Figure 3.1A, Figure 3.2A&3.2C). It is
possible that this difference is due to Chol being solubilized in a different conformation
or being found within a different lipid-detergent micelle. However, another possibility is
that digitonin might conserve the interaction between Chol and an unknown protein(s) in
the crude solubilization fraction due to the very mild solubilization property of digitonin
(49, 62). This is supported by the observation that in digitonin, the solubilized Chol
complex from the crude fraction has a higher MW than Chol from pull-down reactions
(216kDa vs. 172 kDa, Figure 3.1A&3.3A). The decrease in MW (~44kDa) during the
pull-down process could represent a loss of the unknown protein(s). The interaction(s)
between Chol and unknown proteins in the crude fraction may not be preserved by other

detergents and may be lost even for digitonin during the purification process.
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Another advantage of digitonin is that it not only retains but also stimulates the
enzymatic activity of Chol (Figures 3.2B&3.6E). This is interesting because, unlike
Triton X-100, which was used to dissolve the substrate CDP-DAG and was previously
shown to provide a surface for catalysis (58), digitonin served to solubilize Chol and
keep Chol in the micelle. In contrast, the synthetic substitute of digitonin, GDN, despite
having a similar steroid-based structure as digitonin (63-65), failed to maintain PS
synthase activity after solubilization (Figure 3.1B&C). Currently, we do not have an
explanation for the stimulant effect of digitonin, and further experiments are required to
explain this stimulant effect.

Since C. albicans Chol uses CDP-DAG as one of the substrates and has the
CAPT motif, it belongs to the CDP-alcohol phosphatidyltransferase family (18). So far,
six protein members within this family have solved crystal structures, all of which are
dimers (22-27). Here, we show for the first time that C. albicans Chol forms hexamers
based on MW from BN-PAGE (Figure 3.3&5). It has previously been shown that the
migration of solubilized proteins on BN-PAGE can be affected by the choice of
detergent, detergent concentration, and micelle lipid composition, thus skewing the MW
estimation (49). To account for this, six different non-ionic detergents, both mild and
harsh, were used to solubilize Chol, which led to protein bands of a similar high MW for
Cho1l and suggested hexamers in each case (Figure 3.1A). Also, the concentration of
digitonin and DDM were varied from 0.5%-1.5% and 0.5%-2.1%, respectively, which
will change the micelle lipid compositions, but only single bands corresponding with
hexamers appeared in the BN-PAGE (Figure 3.2A&C). In addition, size-exclusion
chromatography, mass photometry and analytical ultracentrifugation have also indicated
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the MW of native Chol protein alone is 180 kDa (Figure 3.3D-F), once the micelle MW
is subtracted. These results taken altogether suggest that Chol forms hexamers.

Furthermore, a harsh elution of Chol from the anti-HA beads with NaOH and 1M
Tris-HCI indicated that the hexamer species is made of Chol dimers (Figure 3.8A). Thus,
we have concluded that Chol forms a trimer-of-dimers in the native environment (Figure
3.8). The SMALP 2000 solubilization fraction further supports this, producing both a
hexamer and a dimer based on the MW (Figure 3.2E). Since SMALP 2000 solubilizes
proteins in the native environment, this points to the existence of both Chol hexamers
and dimers in the native membrane, with the hexamer being more abundant. We have
further shown the likely presence of a simulated trimer of Chol dimers in the sample via
negative staining electron microscopy (Figure 3.8B and Fig S3.4). Together, those results
suggest that C. albicans Chol forms hexamers and is highly likely a trimer-of-dimers.
The explanations for the oligomer state discrepancy between C. albicans Chol and
structures of other CDP-alcohol phosphatidyltransferases include: (i) the loose
association between three Chol dimers may be broken during the crystallization process,
or (i) the eukaryotic C. albicans Chol has evolved a higher oligomer state compared to
the six solved prokaryotic counterparts.

Finally, a surprising finding is the sigmoidal velocity-substrate concentration
curve for serine, indicating that Chol cooperatively binds serine. Both high and low Kn,
values have been reported previously for both crude and purified S. cerevisiae PS
synthase (42, 44, 66, 67), and Kiyono et al. observed a serine K of 0.14 mM at low L-
serine concentrations and 9.5 mM at high L-serine concentrations in both microsomal and
partially purified S. cerevisiae PS synthase (17). All those results together suggest

144



potential cooperativity in the serine-binding of PS synthase. We do not know whether
cooperativity occurs within one protomer or between protomers. Interestingly, two
serine-binding pockets were identified in the PS synthase structure of
Methanocaldococcus jannaschii (Figure S3.6). Still, the authors later considered one
serine-binding pocket (Figure S3.6, serine 1) an experimental artifact due to the less
optimal position for reaction (23). However, binding the less optimal serine likely
facilitates binding the optimal serine for catalysis. Thus, the cooperative serine binding is
present within one protomer. However, since M. jannaschii PS synthase is the first and
only PS synthase with a solved structure, and due to the distant phylogenic relationship
between M. jannaschii and C. albicans, there is limited information available and a
solved C. albicans Chol structure will give insight into this question. Here, we have
developed the solubilization and purification methods for hexameric C. albicans Chol,

which can be used for small molecule screening or structure determination.

Experimental Procedures

Strain construction and media

This study used the HA1 Candida albicans strain to solubilize Chol. This strain
was previously created and expressed a HAx3-tagged Chol protein from a strong
constitutive promoter, as described in (18). The yeast strains constructed in this study are
also listed in Table 3.1. Media used in this study include YPD (1% yeast extract, 2%
peptone, 2% dextrose) and minimal medium (0.67% yeast nitrogen base, 2% dextrose + 1

mM ethanolamine).
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Table 3.1. Strains used and produced in this study

Organism Strain Plasmid Genotype
Candida albicans HAl pCDC4 cholAApenoi-CHOL-HAX3
Candida albicans YZ81 pYZ79 cholAAPeno1-CHO1-ENLYFQG-HAX3-Hisx8
Candida albicans YZ88 pYZ84 cholAAPgeno1-CHO1- ENLYFQG-HAX3-GST
Candida albicans YZ89 pYZ85 cholAAPEeno1-CHO1- ENLYFQG-HAX3-MBP
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To create new constructs, site-directed mutagenesis was performed on the plasmid
pCDC4 (18), harboring gene CHO1-HAX3, to generate a TEV protease recognition site
(ENLYFQG) between the CHO1 and HAx3 gene using a primer-based method (Table
3.2, YZO 67&68). The CHO1-ENLYFQG-HAX3 gene was PCR-amplified with a forward
primer (YZO 64) and a reverse primer (YOZ 66) that added a Hisx8 tag at the end of the
existing HAXx3 tag. The following amplification product was then cloned into the plasmid
pBT1, which contains the constitutive ENO1 promoter (Peno1) and the SAT1 marker (68),
to create the plasmid pYZ79. Candida albicans codon-optimized glutathione S-
transferase (GST) and maltose-binding protein (MBP) genes purchased from Genscript
were fused to the CHO1-ENLYFQG-HAX3 gene by replacing the existing Hisx8 tag in
pYZ79 via amplification by PCR with the appropriate primers (Table 3.2) to create
plasmids pYZ84 and pYZ85, respectively. Plasmids pYZ79, pYZ84, and pYZ85 were
linearized with Mscl restriction enzyme (within the Peno1 Sequence) and then were
electroporated into the cholAA Candida albicans strain (11). The transformants were
selected on the YPD plates containing 100 ug/ml nourseothricin. Colony PCR was
performed on six candidates for each gene construct to ensure the successful integration
under the Peno1 promotor on the chromosomal DNA, and no spurious mutations occurred
during the transformation.

Spot dilution assay and growth curves

Spot dilution assays and growth curves were conducted as described in (18).
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Table 3.2. Primers used in this study

Primer name Sequence Function/Mutation
YZ0 67 atctcaaaatctttaaaaattcctaaaccagcggccgtgaaaattttattttca | Adding TEV protease
aggttcatacccatacgatgttcctgactat recognition site
(ENLYFQG)
YZO 68 ggatcctgcatagtccgggacgtcatagggatagecggcatagtcagga | Adding TEV protease
acatcgtatgggtatgaaccttgaaaatataaattttcaac recognition site
(ENLYFQG)
YZO 64 aaaagcggccgcatgtcagactcatcagctaccgggttctccaagcace | Adding Hisx8 tag to the
aagagtcagcaattgtatcagattcagaaggag existing HA tag
YZO 66 aaagagctcctatccaccgtgatggtgatggtgatggtgatgggeggee | Adding Hisx8 tag to the
ggagcgtaatctggaacgtcatatggataggatcctgcatagtccgggac existing HA tag
g
YZO 69 tatccctatgacgtcccggactatgcaggatcctatccatatgacgttccag | Replacing the existing
attacgctccggccgccgttatgtccectatactaggttattgg Hisx8 tag with a GST
tag
YZO 70 ttttgagctcctatccaccttttggaggatggtcgcecaccacca Replacing the existing
Hisx8 tag with a GST
tag
YZO 71 tatccctatgacgtcccggactatgcaggatcctatccatatg Replacing the existing
Hisx8 tag with an MBP
tag
YZO 72 ttttgagctcctatccacccgtttetcgttcagcttttttgta Replacing the existing
Hisx8 tag with an MBP
tag
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PS synthase assay

The PS synthase assay was used to measure the enzymatic activity of the Chol
protein. Cells were lysed as previously described to isolate membranes containing PS
synthase using a French press (45). Then the crude membranes were collected by
centrifugation at 3,000 x g to remove intact cells. The remaining supernatant was
centrifuged at 27,000 x g for 30 min to pellet the cellular membranes. The reaction was
then set up as described in (18), with the adjustment of 30°C as the reaction temperature.
Briefly, PS synthase activity was measured by counting the total radioactivity of L-[>H]-
serine in the chloroform phase (phosphatidylserine), normalized to the protein amount
(0.5 mg crude membrane protein) as measured by the Bio-Rad protein assay and dividing
it by the reaction time (30 min). The reagents were added to final concentrations of 50
mM Tris-HCI (pH=8.0), 1ImM MnCly, 0.1% Triton X-100, 0.1 mM CDP-DAG, 0.5 mM
L-serine (spiked with 5% (by volume) L-[*H]-serine (30 Ci/mmol)), 5% glycerol and
1mM BME, at a total volume of 100 uL. For the solubilized fractions, 50 uL volume was
used in each reaction, and the protein concentration of each solubilized fraction was
measured using the Pierce™ detergent compatible Bradford assay kit. To calculate the
adjusted PS synthase activity, PS synthase activity was normalized to the relative
densitometry values of the Chol bands from each sample run on a Western blot as
described in (18) and expressed as nmol/(ug protein*min). The specific activity was
measured using the same conditions (unless otherwise indicated) with 1-2 ug purified
Chol protein. Specific activity was calculated based on the slope of linear PS production,

from at least three time points, within 30 min, representing the initial velocity.
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Western blot

Western blots of the Chol protein fractionated on SDS-PAGE gels were
conducted as described in (18). PVDF membranes were used for BN-PAGE gels, and the
wet transfer was done in 1X NUPAGE™ Transfer buffer at 25 V and 4° C for 1 hour. The
subsequent membrane was de-stained in 100% methanol before blotting. The blotting
procedure is the same as the SDS-PAGE membrane described in (18).
Cell lysis, solubilization, and purification

Candida albicans strains were grown in YPD to ODsgo between 6.5-8.0 for
solubilization and purification. The cells were centrifuged and lysed, as previously
described (45). Cell lysates used for large-scale purification were supplemented with 10
ug/mL leupeptin, pepstatin A, and 10 mM PMSF. The crude membranes were clarified
by centrifugation at 3,000 x g for 10 min to remove unbroken cells. Then the supernatant
was recentrifuged at 100,000 x g for 60 min to pellet the cellular membranes. The crude
membranes were resuspended in 50 mM Tris-HCI (pH=8.0), 2 mM MnCl, 30 mM
MgClz, 10 mM KCI, 10% glycerol, and 2 mM BME to a final protein concentration of 10
mg/mL as measured by Bio-Rad, protein assay dye before solubilization by detergents.
For SMA solubilization, the crude membrane was resuspended in a modified buffer: 50
mM Tris-HCI (pH=8.8), 125 mM KCI, 10% glycerol, and 10 mM BME. Detergents or
SMAs (Cray Valley) were dissolved in H20O and added to the crude membrane prepared
to the final concentration indicated. The solubilization was carried out at 4° C (for
detergents) or 37° C (for SMASs) for 60 min or the time otherwise indicated, which was
then cleared through centrifugation at 100,000 x g for at least 30 min. The subsequent

supernatant was considered the solubilized fraction.
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Protein pull-downs were performed with Pierce™ anti-HA magnetic beads.
Following solubilization, 50 uL of anti-HA magnetic beads were applied to the
solubilization fraction and gently mixed for 30 min at room temperature. The beads were
washed twice with 500 puL TBS + 0.1% digitonin, followed by a final wash of H20O +
0.05% digitonin. The bound protein was eluted using a solution of 2 mg/mL HA synthetic
peptide (Thermo Scientific™) + 0.05% digitonin for gentle elution. For harsh elution,
100 pL of 50 mM NaOH + 0.05% digitonin buffer was used, followed by adding 50 uL
1M Tris, pH 8.5 + 0.05% digitonin.

Protein column purification was performed using HisPur™ cobalt resin (Thermo
Scientific™). Briefly, HisPur™ Cobalt Resin was prepacked on the chromatography
column and washed with 10 bead-bed volumes of washing solution (50 mM Tris-HCI
(pH=7.0), 15mM imidazole and 0.1% digitonin). Solubilized fractions, from 1% digitonin
or other indicated conditions, were gently loaded and run through the pre-washed beads
via gravity. The flow-through fraction was again loaded on the column twice for
maximum binding. Then at least 6 column volumes of washing solution were used to
wash out non-specifically bound proteins. Elution was performed using 6x column
volumes of the elution buffer (50 mM Tris-HCI (pH=8.0), 150 mM imidazole, and 0.05%
digitonin or other detergents). The elution fraction was concentrated to 500 uL and
exchanged with 4 mL dilution buffer (50 mM Tris-HCI (pH=8.0), 0.1% digitonin) in the
Pierce™ Protein Concentrator PES (10K MWCO, 5-20 mL) twice, and again
concentrated to ~500 pL final volume. The protein concentration of the final buffer-

exchanged sample was measured using the Pierce™ detergent compatible Bradford assay
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kit. To cleave the His-tag, AcCTEV™ protease (Invitrogen™) was applied at the ratio of 1
uL: 30 ug protein of the buffer-exchanged sample in the presence of 2 mM DTT. The
cleavage reaction was carried out overnight at 4° C. Following cleavage, the sample was
applied to fresh pre-washed HisPur™ cobalt resin to remove any non-specifically bound
protein, free His-tags, and the uncleaved Chol protein. The final protein concentration
was measured using the Pierce™ detergent compatible Bradford assay kit, and the
cleaved protein was used for specific activity determination.

Blue native (BN)-PAGE and 2" dimensional SDS-PAGE

The NativePAGE™ system was used for the BN-PAGE. 0.5%-1%
NativePAGE™ G-250 sample additive, 1X NativePAGE™ Sample Buffer, and 2 pg
solubilized protein (2 uL for SMA-solubilized fractions and 14 uL for purified protein)
were mixed and loaded on the NativePAGE™ 4 to 16%, Bis-Tris gel. NativeMark™
unstained protein standard (Invitrogen™) was used as the protein ladder for MW
estimation. The gel was run at 4° C with pre-chilled buffers, with NativePAGE™ dark
blue cathode buffer at 70 V for 50 min and NativePAGE™ light blue cathode buffer at
150 V till the dye reached the gel front. The gels were then analyzed by Western blot (as
mentioned above), Coomassie Blue R250 staining, or silver staining.

The 2" dimensional SDS-PAGE was performed using the Novex™ system.
Briefly, the gel strip was cut from the 1% dimension NativePAGE™ gel and equilibrated
in the 1X NUPAGE® LDS sample buffer with 50 mM DTT for at least 30 min. The gel
strip was then transferred to an alkylating solution containing 1X NuPAGE® LDS
Sample Buffer with 50 mM N,N-Dimethylacrylamide (DMA), rocking for 30 min. The

gel strip was then transferred to the quenching solution with 1X NUPAGE® LDS Sample
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Buffer with 5 mM DTT and 20% ethanol. Then, the prepared gel strip was mounted to
the 2D well of Tris-Glycine Novex™ 4 to 20% mini protein gel and run at 110V till the
dye reached the gel front. For analysis, the resulting 2D gel was subjected to Coomassie
Blue R-250 or silver staining.
Size-exclusion chromatography

Pull-downed Chol was subjected to size-exclusion chromatography. All buffers
and samples were filter through 0.22 um filters. A Superdex 200 10/300 GL column
(Cytiva) was attached to an NGC chromatography system Quest 10 plus (Bio-Rad) for
the analysis. To equilibrate the column, 1.5 column volumes of water followed by 1.5
column volumes of elution buffer (50 mM Tris-HCI (pH=8.0) + 0.04% digitonin) were
run through the column at a flow rate of 0.5 mL/min. The pull-downed Chol sample or
gel filtration standards (Bio-Rad, #1511901) were then manually injected in the sample
loop. The elution buffer was used to elute the injected sample at a flow rate of 0.4
mL/min. Fraction collection was enable from 0.16-1 column volumes and each fraction
had 0.3 mL. Fractions with peaks revealed by the A280 detection were analyzed by SDS-
PAGE and immunoblotting.
Sedimentation Velocity Analytical Ultracentrifugation

Sedimentation velocity experiments were carried out in a Beckman XL-I
analytical ultracentrifuge using an An-60Ti rotor. Sample volumes of 400 uL were
loaded into charcoal-filled Epon double-sector cells with a 12 mm pathlength. Samples
were equilibrated for 1 h at 20 °C prior to the run. Other experimental conditions
included a rotor speed of 50,000 rpm and a temperature of 20 °C. Sedimentation was

monitored using the interference optical system scanning every two minutes. Data were
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fit to a continuous [c(s)] distribution model using SEDFIT (version 16.1c) (69). The
protein partial specific volume, buffer density, and buffer viscosity were calculated using
SEDNTERP (version 3.0.4) (70).
Mass Photometer
Mass photometry experiments were performed on a Refeyn OneMP using the pull-downed
Chol in the 50 mM Tris-HCI (pH=8.0) + 0.05% digitonin buffer. Each experiment
consisted of 6,000 frames collected over 60 seconds. Data analysis was carried out using
DiscoverMP (version 2.5.0, Refeyn). Mass photometry contrast was converted to mass
values using a standard curve generated using BSA (monomer), BSA (dimer) and
thyroglobulin (dimer).
Electron microscopy

First, 5 uL of the pulled-down sample with a total protein concentration of 0.03
mg/mL was applied to the glow-discharged (PELCO easyGlow™, 15 mA, 25 s)
Quantifoil 100 Carbon Support Films grid: Cu 300 and left on the grid for 45s (Table
S3.1). The excess sample was removed by blotting. Then, 5 ul of 2% uranyl acetate was
applied to the grid and was rapidly removed by blotting after 30 s. Next, the washing step
included the application of 5 ul 2% uranyl acetate on the grid and removed immediately.
After drying out, the grids were loaded in the 200 kV Thermo Scientific Glacios using an
autoloader under cryo-EM conditions.
Electron microscopy data acquisition

Image acquisition was performed on the 200 kV Thermo Scientific Glacios in

bright field imaging mode. Movies were recorded using a Thermo Scientific Falcon 3EC
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Direct electron Detector in linear mode at a nominal magnification of 92,000,
corresponding to a pixel size of 1.567 A/pix with 8 frames at a dose of 30 e-/A? per frame
and an exposure time of 30 s per movie (Table S3.1).
Image processing

The dataset of Chol protein images was derived from 4,946 movies. The raw
movie files were imported into SCIPION 3.0 (71) for the following processing steps. The
movies were motion corrected using the MotionCor2-1.4.7 protocol (72), and the CTF
estimation was done by the Gctf -1.06 protocol (73). A total of 574,190 particles were
extracted after manual/auto Xmipp particle picking. After multiple rounds of 2D
classification using the cryoSPARC v.3.2 protocol (74), the main protein complex with
apparent features was sorted. The particles for the defined 2D classes were subjected to
the cryoSPARC v.3.2 ab initio protocol with five categories. Then, the 3D Heterogeneous
refinement using 5 ab initio 3D maps obtained at the previous step was followed using
cryoSPARC v.3.2. The best-resulting 3D class containing 54,899 particles was subjected
to a 3D non-uniform refinement (74). As a result, a final 3D map was obtained. The
resulting 3D map underwent rigid fitting using a structure from AlphaFold2 prediction
software (75) in ChimeraX (76).
Statistical analysis and molecular weight (MW) estimation on the gels

All the statistical analyses were performed with GraphPad Prism 9.1 software.
The PS synthase activities were compared using Brown-Forsythe and Welch ANOVA
tests (unequal SDs). All MW estimates were conducted in the band analysis tool of the

Quantity One software (Bio-Rad).
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Figure S3.1. HAx3-tagged Chol protein was solubilized in SMA1000, 2000
and 3000 at 2%, 3% and 4% for 2 hours, and the resulting solubilized
fractions were detected by Western blotting following BN-PAGE.
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Figure S3.2. (A) BN-PAGE of the pulled-down HAx3-tagged Chol protein from the solubilized
fractions of 0.9%, 1.1%, 1.3%, 1.5% DDM. (B) The 2" dimensional SDS-PAGE of the BN-PAGE
gel strip from 1.1% DDM. All gels were stained with Pierce™ silver stain kit, and MW of different
bands (kDa) were estimated from protein ladders and indicated.
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Figure S3.3.(A) BN-PAGE gel of cobalt resin flowthrough (FT), washes 1, 2, & 3, and elutions 1,
2, & 3 and the concentrated combined elution fractions (Conc. Elution), all stained with Coomassie
blue R250 dye. (B) Western blotting of the concentrated elution on the BN-PAGE using anti-HA
antibody
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Figure S3.4. Data processing pathway for the negative staining TEM of the Chol micelles

(A) Representative negatively stained TEM micrograph (4,956 in total) of the Chol complex (left). All particles picked from
that micrograph are marked with pink circles (right). (B) Representative reference-free 2D class averages. (C) Overview of the
negative staining TEM workflow for the Chol complex dataset. Red circle shows the 3D model that was chosen for further
analysis. (D) The gold-standard Fourier Shell Correlation (FSC) curve. Based on the FSC=0.143 criterion, the resolution of the

full map is 9.7 A.
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Figure S3.5. The structure prediction model of the Chol dimer using
AlphaFold2 (A), and the refined Chol dimer with the deletion of N-
terminal 50 amino acids is shown in (B).
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Figure S3.6. Superposition of AlphaFold2-predicted Chol structure (red) with
Methanocaldococcus jannaschii PS synthase structure (blue, PDB: 7B1L) at two different
views. The conserved CAPT motif was shown as green in the predicted Chol structure and
yellow in Methanocaldococcus jannaschii PS synthase structure. The two bound serine are
from Methanocaldococcus jannaschii PS synthase structure. Serine 1 was claimed to be an

experimental artifact.
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Abstract

Systemic infections by Candida spp. are associated with high mortality rates, partly due
to limitations in current antifungals, highlighting the need for novel drugs and drug
targets. The fungal phosphatidylserine synthase, Chol, from Candida albicans is a
logical antifungal drug target due to its importance in virulence, absence in the host and
conservation among fungal pathogens. Inhibitors of Chol could serve as lead compounds
for drug development, so we developed a target-based screen for inhibitors of purified
Chol. This enzyme condenses serine and cytidyldiphosphate-diacylglycerol (CDP-DAG)
into phosphatidylserine (PS) and cytidylmonophosphate (CMP). Accordingly, we
developed an in vitro nucleotidase-coupled malachite green-based high throughput assay
for purified C. albicans Chol that monitors CMP production as a proxy for PS synthesis.
Over 7,300 molecules curated from repurposing chemical libraries were interrogated in
primary and dose-responsivity assays using this platform. The screen had a promising
average Z’ score of ~0.8, and seven compounds were identified that inhibit Chol. Three
out of these, ebselen, LOC14, and CBR-5884, exhibited inhibitory effects against C.
albicans cells, with fungicidal inhibition by ebselen and fungistatic inhibition by LOC14
and CBR-5884. Furthermore, CBR-5884 was shown to disrupt in vivo Chol function by
inducing phenotypes consistent with the choAA mutant, including a reduction of cellular
PS levels. Kinetics curves and computational docking suggest that CBR-5884 competes
with serine for binding of Chol with a Kj of 1,550 + 245.6 nM, thus this compound has

the potential for development into an antifungal compound.
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Introduction

Candida species are the most commonly isolated fungal pathogens of humans (1,
2). Candida has been associated with mucosal infections, such as vulvovaginal infections
in 51% of women or oropharyngeal infections in 27% of HIV+ patients, even when on
anti-retroviral (ART) therapy (3, 4). In addition, these species are responsible for ~27%
of bloodstream infections associated with a central line (1, 2, 5). Candida bloodstream
infections pose a considerable threat to public health, with a mortality rate of
approximately 40% (1, 2, 6, 7). Candida albicans (C. albicans) is the most commonly
isolated species within Candida species (1, 2, 8). Currently, there are only three classes of
antifungal drugs in common use (azoles, polyenes, and echinocandins) for treating
systemic Candida infections. However, their effectiveness is hindered by rising drug
resistance to azoles and echinocandins and toxicity profile of the polyene amphotericin B

(9-13). Therefore, there is a pressing need to develop novel antifungal drugs.

Central in the phospholipid synthetic pathway in fungi is the phosphatidylserine
(PS) synthase reaction (CDP-diacylglycerol—serine O-phosphatidyltransferase; EC
2.7.8.8) mediated by Chol. This enzyme has been identified as a potential drug target
due to the observation that [i] removal of Chol in Candida albicans prevents it from
causing disease in mouse models of systemic or oral infection (14, 15), and this enzyme
is also crucial for the growth of the major fungal pathogen Cryptococcus neoformans
(16); [1i] Chol is not present in humans, indicating that specific inhibitors targeting this

enzyme should not have toxic effects on humans (17), and [iii] CHOL is highly conserved
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across various fungal species, suggesting that inhibitors of this enzyme would have broad
spectrum anti-fungal effects (16, 17). Hence, inhibitors to Chol would be excellent lead

compounds for antifungal drug development.

The fungal Chol enzyme was first characterized in the yeast Saccharomyces
cerevisiae. This included descriptions of cellular localization in the endoplasmic
reticulum and mitochondrial outer membranes (18-20), activity regulation (21-23) and
protein purification (24, 25). Chol catalyzes the formation of PS from
cytidyldiphosphate-diacylglycerol (CDP-DAG) and L-serine, and it belongs to the CDP-
alcohol phosphatidyltransferase (CDP-AP) protein family. The CDP-AP proteins employ
the highly conserved CDP-alcohol phosphotransferase (CAPT) motif, D-(X)2-D-G-(X)2-
A-R-(X)2-N-(X)5-G-(X)2-L-D-(X)3-D, to bind CDP-linked molecules and facilitate the
formation of a phosphodiester bond between the CDP-linked molecule and another small
alcohol (16, 26-30), specifically, CDP-DAG and serine for Chol. However, it is
important to note that the binding pocket for serine, unlike the CAPT motif, is not
conserved among CDP-AP proteins. Previous studies have identified and characterized
several crucial residues within the CAPT motif and the putative serine-binding site of C.
albicans Chol through alanine scanning mutagenesis (26, 31). Additionally, valuable
insights have been provided into the serine-binding pocket from the atomic structure of
the PS synthase from the archaean Methanocaldococcus jannaschii (32). Differences
between the M. jannaschii PS synthase and C. albicans Chol are apparent by the
presence of specific residues in C. albicans Chol that play important roles, yet lack clear

counterparts in the M. jannaschii PS synthase (26, 32).
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Besides the characterization of the substrate-binding residues, the C. albicans
Cho1 has also been solubilized and purified as a hexameric protein (33), distinct from all
the CDP-AP enzymes with solved structures (30, 32, 34-40), which are dimers. The
hexameric C. albicans Chol can be separated into a trimer of stable dimers, indicating
the hexamer might be [i] an early oligomer state, since Chol was solubilized from the
early-to-mid log phase of C. albicans or [ii] species-specific (33). Furthermore, purified
Chol enzyme was optimized for activity and was shown to have a Ky for CDP-DAG of
72.20 uM with a Vimax 0f 0.079 nmol/(ug*min) while exhibiting a sigmoidal kinetic curve
for its other substrate serine, indicating cooperative binding (33). This sigmoidal kinetic
could potentially reconcile the contradicting high and low K, values reported previously
for S. cerevisiae PS synthase (22, 25, 41-43). The mechanism underlying the cooperative

binding of serine is currently unknown.

Rational drug design is one way to discover compounds to a drug target protein.
This can be achieved through either ligand-based or structure-based design methods (44).
However, since there is a scarcity of known Chol ligands, and the atomic structure of C.
albicans Chol has not yet been solved, employing rational drug design to identify Chol-
specific inhibitors is challenging. On the contrary, small molecule screening is an
alternative way to identify inhibitors to Chol independent of structural information. Two
whole-cell screens have been carried out to identify Chol inhibitors, but neither has been
successful (45, 46). One identified the compound SB-224289, but it was discovered that
SB-224289 only affects Chol-associated physiological pathways (45). The other screen

identified bleomycin, but this again impacts phospholipid related physiologies rather than
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Chol itself (46). Thus, to carry out identification of a Chol inhibitor, a target-based
screen was developed. This approach is enabled by the purification of Chol, and is
favorable because molecules identified will show direct inhibition on the target. Potential
issues such as the cellular entry of molecules identified from target-based screening can

be resolved later through medicinal chemistry approaches.

Chol activity has been measured in crude membrane preps (26, 31, 45, 47) and as
a purified form (33, 48), using a radioactive substrate. However, that methodology is
inconsistent with a high throughput screen. Here, we have adapted a non-radioactive
assay with an easy setup and colorimetric readout (49), which detects the byproduct
cytidine monophosphate (CMP) released from Chol, to measure its activity in the
presence of screening molecules. Using this assay, approximately 7,300 molecules were
interrogated in a primary screen from a set of curated repurposing libraries to reveal one
compound, CBR-5884, that stood out as it displayed an inhibitory effect on Chol both in

vitro and in live C. albicans cells.

Results

A malachite-green-based nucleotidase-coupled assay was used to screen for
inhibitors of purified Chol protein

A expression cassette plasmid carrying the strong, constitutive promoter for
translational elongation factor 1 (Prer1) fused upstream of the C. albicans CHO1 gene
was integrated into the genome at the TEF1 locus to ensure a strong and stable expression
level (50). Then, Chol was solubilized and purified from the microsomal fraction of

Candida albicans as described in the Materials and Methods section. A blue native
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PAGE indicated the Chol protein was successfully purified as a hexameric form of ~180
kDa to relative homogeneity (Figure 4.1A), consistent with findings in (33). The purified
Cho1l was used for small molecule screening.

A malachite green-based nucleotidase-coupled assay was used to measure the PS
synthesis activity of Chol (Figure 4.1B). Chol catalyzes the production of PS and
cytidine monophosphate (CMP) from CDP-DAG and serine, where CMP can then be
recognized and cleaved by the nucleotidase CD73 to release inorganic phosphate, which
is subsequently detected by malachite green. To test whether this malachite green-based
assay can reflect Chol activity, a time-course test was performed with a fixed amount of
purified Chol in the presence of substrates (Figure 4.1C). The ODeyo signal increased as
the reaction proceeded until it plateaued at 200 min, suggesting that the assay is suitably
dynamic assay to probe Chol activity (Figure 4.1C). Based on this data, a fixed time of

180 minutes was chosen for the screen.

As no effective inhibitors of Chol have been identified to date, a highly potent
and selective inhibitor of the second step of the assay (nucleotidase CD73) was examined
as a positive control (51). This compound, AB-680, exhibited an 1Csg value of 1.82 nM in
the malachite-green assay (Figure S4.1A). A concentration of 1 uM AB-680 was used in
the screen, and was compared to DMSO and no protein wells, which served as negative
controls. Reactions with AB-680 showed similar color as the no protein control in the
384-well plate (Figure 4.1D), and the measured ODs2o signal was four-fold less in the
presence of the AB-680 (Figure 4.1E). Thus, AB-680 can be used as a positive control for

selecting inhibitors in the primary screen. In order to eliminate false positives that are
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Figure 4.1. A malachite-green-based nucleotidase-coupled assay measures the activity of purified Chol protein.

(A) Blue native PAGE gel of the purified hexameric tag-free Chol protein. Purified Chol and protein ladder with known MW are
indicated. The gel was stained with Coomassie Blue R-250. (B) Schematic representation of the malachite-green-based
nucleotidase-couple assay. Chol synthesizes PS from CDP-DAG (cytidine diphosphate diacylglycerol) and serine. This releases
PS and CMP (cytidine monophosphate). The phosphate from CMP is cleaved by the nucleotidase CD73 to release inorganic
phosphate, which can be bound by the malachite green reagent and measured colorimetrically at ODg20. AB-680 is a potent
inhibitor of CD73, and can thus inhibit the reaction. (C) ODs2o signal from the malachite green reagent that was added to the
reaction shown in (B) at different time points after the reaction started. Reactions were set up with the same conditions and
stopped by adding malachite green at the time indicated. The dots represent the mean of four replicates, and the error bars are +
standard deviation (S.D.) values. (D) Inhibition of the nucleotidase-coupled assay by AB-680 is shown for a series of replicates
and (E) is quantified for a total of 21 replicates. Statistics were conducted using one-way ANOVA using Tukey’s multiple
comparisons test (ns=not significant, **** p < 0.0001).
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actually inhibiting the nucleotidase CD73, a counter screen was developed where Chol
was replaced with CMP, but CD73 was still present so that we could detect direct

inhibitors of the nucleotidase.

Seven Chol-specific inhibitors were identified from the high throughput small

molecule screen

The screen interrogated 7,307 molecules from three curated repurposing libraries in the
primary screen and counter screen (which were run concurrently) at a final concentration
of 100 uM each (Figure 4.2A). The primary screen had an average Z’ score of ~0.8
(Figure S4.1B), indicating a good signal to noise ratio (52). To prioritize hit compounds
and eliminate false positives, % Ainhibition was calculated by subtracting the %
inhibition from the counter screen (Figure S4.1D) from that of the primary screen (Figure
S4.1C) for each molecule (Figure 4.2B). All compounds with >80% Ainhibition and
selected molecules of limited structural liabilities with 50-80% Ainhibition, a total of 82
molecules, were advanced for dose-response assessment using the same screening
platform, which once again yielded results of high quality (Z’ of 0.83; Figure S4.1E).
Compounds exerting dose-dependent activity were then further triaged by manual
inspection to exclude pan assay interference compounds (PAINS), which tend to react
nonspecifically with numerous biological targets (53). Finally, seven molecules exerting

ICso values < 76 uM were identified, of which CBR-5884, ML-345, ebselen and

tideglusib were most potent possessing 1Cso < 20 uM (Figure 4.2C). These molecules, in
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Figure 4.2. Seven Chol-specific inhibitors were identified from the high-
throughput malachite green screen.

(A) Flowchart for the primary and counter screen and the calculation of %
Ainhibition. (B) The dot plot of % Ainhibition for all the compounds,
including controls, used in the screen. Reaction with DMSO and AB-680
were used as 0% Ainhibition (negative) and 100% Ainhibition (positive)
controls, respectively. The two dotted lines from the Y-axis indicate 80 and
50% Ainhibition, respectively. (C) Dose-response curve and structure of the
seven non-pan-assay interference (non-PAINS) compounds identified from
the screen. The dots represent the mean of three replicates, and the error bars
are + standard deviation (S.D.) values. Best-fit ICsq values (in uM) were
shown in each graph.
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addition to avasimibe and LOC14 were selected for further investigation. The TC-N 22A
molecule was not easily available and was not pursued.
Ebselen, LOC14 and CBR-5884 showed inhibitory effects on C. albicans cells

To further validate the inhibitory effects of the six molecules on Chol, a
radioactive PS synthase assay was conducted on Chol in the presence of these
compounds. Unlike the malachite green-based assay, the radioactive PS synthase assay
directly measures the incorporation of L-[*H]-serine into PS in the lipid phase (26, 33,
47). The radioactive PS synthase assay was performed on purified Chol in the presence
of the six compounds at 100 uM, and all six molecules were shown to totally inhibit
Chol (Figure 4.3A), consistent with the screening results.

We then tested the effects of the six compounds on live cells. Since PS is the lipid
precursor for making phosphatidylethanolamine (PE), an essential phospholipid, via the
de novo pathway, disabling PS production will stop cell growth in minimal media lacking
ethanolamine, which is used to make PE via the salvage (Kennedy) pathway (14, 26). To
test the inhibitory effects of the compounds on live cells, wildtype C. albicans strain
SC5314 was grown with avasimibe, CBR-5884, tideglusib, ebselen, ML-345 and LOC14
in minimal media at 30°C for 24 hours, along with a cho1AA strain as a control (Figure
4.3B). The concentration of the compounds varied from 7.9 to 500 uM. It is worth noting
that avasimibe, tideglusib and CBR-5884 precipitated at high concentrations, indicating a
low solubility (Figure S4.2A). Among all compounds, avasimibe, tideglusib and ML-345
did not affect cell growth even at 500 uM, indicating they do not have an inhibitory effect
on Candida albicans cells under our assay conditions (Figure 4.3B). Ebselen, LOC14 and

CBR-5884, on the contrary, caused cell growth perturbation at different concentrations,
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Figure 4.3. Ebselen, LOC14 and CBR-5884 inhibited cell growth of C. albicans.

(A) The PS synthase activity of purified Chol was measured by L-[*H]-serine incorporation into PS in the
presence of different inhibitors at 100 uM or equivalent DMSO, and are presented as nmol/(ug protein*min).
Statistics were conducted using one-way ANOVA and Dunnett's T3 multiple comparisons test (****, 0.0001> p).
The activities were measured in duplicate with a total of six biological replicates as indicated. The bars represent
the mean and the error bars are = S.D. values. (B) Wildtype C. albicans was grown in minimal media for 24 hours
with DMSO or different inhibitors at the concentrations indicated, and the cho1AA strain in DMSO was used as a
control (shown as “negative”). (C-E) Inverted microscopy (400x) was used to visualize cell treated with (C)
ebselen (D) LOC14 and (E) CBR-5884 under the concentrations indicated for 24 hours.
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suggesting that they have an inhibitory effect (Figure 4.3B). This is consistent with the
radioactive PS synthase assay done on the crude membrane containing Chol, in which
only ebselen, CBR-5884 and LOC14 decreased PS production on the native crude

membranes (Figure S4.3).

To further characterize the inhibitory effects of ebselen, LOC14 and CBR-5884
on live cells, wildtype C. abicans SC5314 was incubated with these compounds in a
dosage series with 10 uM increments to determine a more accurate minimal inhibitory
concentration (MIC) value. Ebselen at 30 uM was shown to inhibit cell growth, and cells
were smaller than normal wild-type cells when viewed in the microscope (Figure 4.3C).
LOC14 and CBR-5884, on the contrary, showed significantly decreased cell density at
440 uM and 170 uM, respectively (Figures 4.3D&4.3E), but not abnormally small cells.
To determine if the inhibitory effects are fungistatic or fungicidal, cells grown for 24
hours in minimal media with these compounds were plated, and colony forming units
(CFUs) were counted. Ebselen showed no colonies after incubation at 30 uM, consistent
with the small cell phenotype and suggesting it has a fungicidal effect (Figure 4.4A). In
contrast, cells incubated with 430 uM LOC14 and 170 uM CBR-5884 exhibited similar
CFUs as the pre-incubation, indicative of a fungistatic effect (Figures 4.4B&C).The

inhibitory effect of CBR-5884 can be alleviated by ethanolamine supplementation

We then tested if the effects of ebselen, LOC14 and CBR-5884 on cells are
pleiotropic or mainly caused by perturbed Chol function. Other than the de novo pathway
where Chol is involved, PE can also be synthesized via the Kennedy salvage pathway,

which requires exogenous ethanolamine. Hence, if the decreased cell growth in the
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Figure 4.4. Ethanolamine supplementation can mitigate the inhibitory impact of CBR-5884.

(A-C) Colony forming units (CFUs) from cells treated with different concentrations of (A) ebselen, (B) LOC14 and
(C) CBR-5884, £ 1 mM ethanolamine (ETA) supplement, for 24 hours compared to pre-incubation. Statistics were
conducted using one-way ANOVA and Tukey’s multiple comparisons test (ns=not significant, p > 0.05; *, 0.05>p >
0.01, **, 0.01> p > 0.001). Six biological replicates were tested in each treatment. (D) Growth curves of wildtype C.
albicans in the presence of 170 uM CBR-5884 or equivalent DMSO, with the addition of 1 mM ethanolamine (ETA)
or 5 mM serine or both, from 0 to 30 hours. The cholAA strain was also included as a control. The dots represent the
mean values of six replicates, and the error bars are + standard deviation (S.D.) values. (E) Growth curves of

wildtype C. albicans in the presence of 430 uM LOC-5884 or equivalent DMSO, with the addition of 1 mM

ethanolamine (ETA), from 0 to 30 hours. The cholAA strain was also included as a control. The dots represent the

mean values of six replicates, and the error bars are + standard deviation (S.D.) values.
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presence of the compounds is restored by ethanolamine supplementation, the inhibitory
effect is likely due to Chol inhibition. For this, C. albicans cells were again grown with
ebselen, LOC14 and CBR-5884 in minimal media supplemented with 1 mM
ethanolamine. Although ethanolamine did not rescue cells with ebselen or LOC14, cells
treated with CBR-5884 generated significantly higher CFUs upon addition of
ethanolamine (Figures 4.4A-C). This result suggests that the inhibitory effect of ebselen
and LOC14 on the cells are not solely caused by Chol inhibition, while CBR-5884 is
more directly targeting Chol.

To gain insight into the dynamic, inhibitory properties of these molecules, growth
curves were determined with wildtype cells grown in the minimal media £ ethanolamine,
in the presence of CBR-5884 or LOC14. Ebselen was not pursued in the growth curve
assay due to its fungicidal effect. The cholAA strain was used as a control for loss of
Chol activity. Given that CBR-5884 is a selective inhibitor of phosphoglycerate
dehydrogenase for de novo serine synthesis in cancer cells (54), and to make sure that the
growth perturbation is not due to serine starvation, 5 mM serine was also added to the
media * ethanolamine. As shown in Figure 4.4D, cells grown in media + ethanolamine
and + ethanolamine/serine grew similarly, while those grown in minimal media and
minimal media + serine had similarly reduced growth. This suggests that serine did not
help the cells recover from the inhibition from CBR-5884, which likely indicates [i]
CBR-5884 does not target C.albicans phosphoglycerate dehydrogenase or [ii] the CBR-
5884 inhibition of C. albicans phosphoglycerate dehydrogenase is not the major cause of
diminished growth. Cells with ethanolamine supplementation grew better than those in
minimal media alone, especially from 12 to 24 hours, consistent with Figure 4.4C.
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Growth rates during log phase (Figure S4.2B) and lag phase duration (Figure S4.2C)
were estimated from the growth curves, and they showed that the addition of
ethanolamine increased the growth rate and decreased the lag time. All these results again
support the hypothesis that CBR-5884 targets Cho1l in vivo. All strain groups caught up
with growth after a 24-hour incubation (Figure 4.4D), suggesting that CBR-5884 loses its
effect over time.

In contrast, LOC14 was also subjected to growth curve determination but no cells
grew, in the presence or absence of ethanolamine (Figure 4.4E). This corroborates with
Figure 4.4B that the inhibition by LOC14 is not acting solely on Chol. Since the goal
was a Chol-specific inhibitor, ebselen and LOC14 were not pursued further.

CBR-5884 interferes with PS synthesis in vivo

It has been determined previously that deletion of Chol leads to increased
exposure (unmasking) of cell wall B(1-3)-glucan, rendering cells are more prone to be
targeted by the immune system (14, 55). Here, we tested whether the CBR-5884 could
induce unmasking. Wildtype C. albicans cells were grown in YPD supplemented with
DMSO or CBR-5884 for 30, 60 and 120 min, along with cho1AA strain, and exposed
B(1-3)-glucan was stained and visualized through confocal microscopy. The cholAA
strain exhibited increased unmasked foci, compared to WT strain in DMSO, consistent
with previous findings that disruption of Chol leads to increased unmasking (Figure
4.5A) (55). Similarly, CBR-5884 treatment showed increased unmasking after 30-min
incubations, and the unmasking became more obvious at 60- and 120-min treatment. The
mean fluorescence values confirmed that 30-min CBR-5884 treatment is sufficient to
induce significantly increased unmasking compared to wildtype C. albicans, and 120-min
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Figure 4.5 CBR-5884 interferes with in vivo PS synthesis.

(A) CBR-5884 induces cell wall B(1,3)-glucan exposure. Exposed cell
wall B(1,3)-glucan of wildtype C. albicans treated with 170 uM CBR-
5884 or equivalent DMSO control for time indicated are shown. Exposed
B(1,3)-glucan is shown as green fluorescence and the corresponding cells
are shown in the bright field as well. (B) Quantification of the mean
fluorescence from (A). Forty-six cells from at least 10 images were used
for the quantification and shown. Statistics were conducted using one-
way ANOVA and Tukey’s multiple comparisons test (ns=not significant,
p > 0.05; **** 0.0001> p). (C) CBR-5884 interferes with the
incorporation of C-L-SerNz probe into the cell membrane. A final
concentration of 1.5 mM C-L-SerNz was added to wildtype C. albicans
and cholAA cells grown with and without 170 uM CBR-5884. The cells
were then stained with the DBCO-AZ Dye 488 to allow click-tagging,
followed by microscopy. Corresponding brightfield and overlay images
were also shown. Wildtype C. albicans grown without the C-L-SerN3
probe was included as a control for background fluorescence. (D)
Quantification of the mean fluorescence from (C). Forty cells from at
least 10 images were used for the quantification and shown. Statistics
were conducted using one-way ANOVA and Tukey’s multiple
comparisons test (ns=not significant, p > 0.05; ****, 0.0001> p). (E) Thin
layer chromatography (TLC) plate of phospholipids extracted from
wildtype and cholAA C. albicans treated with 170 uM CBR-5884 or
equivalent DMSO. The positions of PS (phosphatidylserine), PE
(phosphatidylethanolamine), P1 (phosphatidylinositol) and PC
(phosphatidylcholine) are indicated based on standards. (F) The ratio of
the phospholipid to total (PE+PS+PI+PC) phospholipids for strains in
(E). The quantification was done in ImageJ software from two TLC
plates. Statistics were conducted using unpaired two-tailed t test (ns=not
significant, p > 0.05; *, 0.05> p > 0.01, **, 0.01> p > 0.001).
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treatment could induce more unmasking than cholAA strain (Figure 4.5B). This
could be because CBR-5884 inhibition causes a sudden loss of Chol function that the
cells have not yet adjusted to, whereas a choIAA mutant has adjusted its metabolism to
the loss of PS. Alternatively, it may indicate an off-target effect. It is also interesting to
note that there are dark structures in the cells under the bright field when treated with
CBR-5884, which are absent in wildtype or cholAA strains without CBR-5884. We
currently do not have evidence to explain the identity or formation of these structures, but
speculate that they represent fragmented vacuoles that serve in detoxification (56).

In order to further measure the impact of CBR-5884 on PS synthesis in vivo, an
assay for fluorescence-based labeling of PS via biorthogonal tagging using a clickable
serine probe was utilized. This probe consists of a serine analogue carrying an azide tag

for click chemistry, C-L-SerNz and can be incorporated into live cell membranes by

infiltrating lipid metabolism to produce azide-tagged PS analogues that can be post-
labeled via click-tagging with fluorophores to localized/quantify PS in cells (57, 58).
Wildtype C. albicans was grown in YPD to early log phase before C-L-SerNs was added,
along with CBR-5884 or DMSO (Figure 4.5C). The cholAA strain and no probe control
were also included for background fluorescence, and mean fluorescence of each group
was quantified (Figure 4.5D). In the absence of CBR-5884, C-L-SerNj3 labels the cell
membrane of wildtype C. albicans with stronger fluorescence compared to no probe or
cholAA strains (Figures 4.5C&D), indicating C-L-SerN3 was converted into PS as

previously described (57). However, in the presence of CBR-5884, the fluorescence is
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significantly diminished on the periphery of the cell (Figures 4.5C&D). This indicates

that CBR-5884 inhibits in vivo PS production.

Finally, a direct biochemical test for PS levels was performed by thin layer
chromatography (TLC) in cells treated with CBR-5884. Wildtype C. albicans and
cholAA strains were grown in the presence and absence of CBR-5884, and the four
major phospholipid species are shown in Figure 4.5E and quantified in Figure 4.5F.
Consistently, the relative PS level in wildtype C. albicans strain treated with CBR-5884
significantly dropped compared to the DMSO treatment (Figures 4.5E&F), indicating that
CBR-5884 interferes with PS production. Interestingly, the relative PE levels also
significantly decreased in strains treated with CBR-5884, especially in the cholAA strain
without PS as a precursor (Figures 4.5E&F). This potentially indicates that CBR-5884
may independently impact PE production.

CBR-5884 acts as a competitive inhibitor that occupies the serine binding site of
Chol

To investigate the molecular mechanism by which CBR-5884 inhibits Cho1l,
purified Chol specific activity was assayed with varying concentrations of serine and
CDP-DAG in the presence of CBR-5884. Serine was varied from 4 to 32 mM, CDP-
DAG was kept at 200 uM, and several concentrations of CBR-5884 were tested (Figure
4.6A). The pattern of inhibition fits with competitive inhibition and a low K; value of
1,550 £ 245.6 nM. Next, serine was held at a sub-saturating concentration of 20 mM or a
saturating concentration of 32 mM, and CDP-DAG was varied from 25 to 300puM. At the

lower serine concentration, the inhibition of CBR-5884 on Chol activity was observed

191



Figure 4.6 CBR-5884 may function as a competitive inhibitor occupying
the serine binding site of Chol.

(A) Kinetics curve for serine in the presence of CBR-5884. CDP-DAG
was kept constant at 200 uM (4.8 mol %), and the specific activities of
purified hexameric Chol were plotted against various serine
concentrations (4, 8, 16, 24, 32 mM) in the presence of 0, 100, 250, 500,
1000, 2000 nM CBR-5884. The curves best fit for competitive inhibtion
with a Kj value of 1550 + 245.6 nM. The dots in all curves represent the
mean values of two replicates, and the error bars are + standard deviation
(S.D.) values. (B) Kinetics curve for CDP-DAG in the presence of CBR-
5884. Serine was kept constant at 20 mM, and the specific activities of
purified hexameric Chol were plotted against various CDP-DAG
concentrations (25, 50, 100, 200, 300 uM, 4.2 — 5.0 mol %) in the
presence of 0, 100, 250, 500 and 1000 nM CBR-5884. (C) Kinetics curve
for CDP-DAG in the presence of CBR-5884 with 32 mM serine. Specific
activities of purified hexameric Chol were plotted against various CDP-
DAG concentrations in the presence of 0, 100, 250, 500, 1000 and 2000
nM CBR-5884. (D) Computational docking of serine and CBR-5884 into
Chol AlphaFold structure. Top 5 poses of CBR-5884 (green) and serine
(black) are shown within the active site of Chol. CDP-DAG is shown as
cyan and the conserved CAPT motif of Chol is highlighted in dark blue.
(E) A model for the inhibition mechanism of CBR-5884 to Chol. Chol
follows a sequential bi-bi reaction, in which it has to bind CDP-DAG
prior to serine for catalysis. In the presence of CBR-5884, CDP-DAG-
bound Chol could either bind serine for reaction or CBR-5884 for no
reaction.
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(Figure 4.6B), but the inhibition was overcome under saturating serine concentrations
(Figure 4.6C). These results suggest that CBR-5884 inhibits Chol by competing for
serine and can be outcompeted with a high serine concentration. It is interesting that
CDP-DAG inhibits Chol activity at high concentrations, especially in the presence of
CBR-5884 (Figure 4.6B). This substrate inhibition from CDP-DAG has been reported
previously (22, 59).

To gather more insight for the serine competition, we computationally docked
CBR-5884 into the active site of C. albicans Chol. Since fungal PS synthases follow the
ordered sequential bi-bi reaction mechanism where Chol binds CDP-DAG before serine
for catalysis (25), we first generated a predicted CDP-DAG-bound C. albicans Chol
structure by superposing C. albicans Chol AlphaFold model with the CDP-DAG-bound

PS synthase from Methanocaldococcus jannaschii (PDB: 7B1L) (Figure S4.4A) (32).

The CDP-alcohol phosphotransferase (CAPT) binding motif, which is known to bind and
catalyze CDP-DAG, is conserved and aligned between the C. albicans Chol and M.
jannaschii PS synthase structures, so we hypothesized that the CDP-DAG from M.
jannaschii PS synthase interacts with C. albicans Chol in a very similarly manner, and
thus is incorporated in the C. albicans Chol for docking. Next, we simulated and
combined all the possible active site pockets from the CDP-DAG-bound C. albicans
Cho1, and docked CBR-5884 and L-serine into these possible sites (Figure S4.4B). A
total of 20,000 initial poses of CBR-5884 and serine were generated and then refined to 5
top poses with the highest docking scores (Figure 4.6D). All five CBR-5884 poses have

overlap with the serine poses, with a higher docking score of -11.48 + 0.12 kcal/mol
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compared to the serine docking score of -6.72 + 0.08 kcal/mol. This, corroborates the low
Ki value and suggests that CBR-5884 likely competes with serine to occupy the serine
binding pocket in Chol. Here, we generated a scheme for CBR-5884 inhibition (Figure
4.6E). Following the first step in the sequential bi-bi reaction where Chol binds CDP-
DAG, either CBR-5884 or serine can dock into the active site. The catalysis will occur if
serine enters, and will not if CBR-5884 occupies the site. Since CBR-5884 is favored by

Chol, serine can only outcompete CBR-5884 at a high concentration.

Discussion

Here, we adapted a malachite green-based nucleotidase-coupled assay to screen
for and identify inhibitors targeting C. albicans Chol (49). Since the amount of
phosphate released is directly proportional to the CMP, and thus PS produced in the
reaction, this method can be used to measure Cho1 activity in real time (Figure 4.1C). It
is worth mentioning that besides CMP, the nucleotidase CD73 is known to cleave AMP
to release phosphate in various studies (60-62), and given that this assay is suitable for
384-well plates or even 1536-well plates, it may potentially be applied to any enzyme
producing AMP/CMP.

Ebselen, LOC14 and CBR-5884 stood out among seven Chol-specific inhibitors
due to their inhibitory effects on the C. albicans cell growth (Figure 4.3). Ebselen is an
organo-selenium compound originally developed as a glutathione peroxidase mimic that
acts on the cholesterol ester hydroperoxides and phospholipid hydroperoxides (63), and it
has garnered significant attention in recent years due to its diverse therapeutic

applications due to its anti-inflammatory, antioxidant and anticancer activity (64-69). In
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addition, ebselen has exhibited notable in vitro and in vivo antifungal activity against a
range of fungal pathogens, including Candida spp., Fusarium spp., Aspergillus fumigatus
and Cryptococcus neoformans (70-72). Studies have shown that ebselen effectively
inhibits fungal growth by targeting many key enzymes (73-78). Here, we have
demonstrated again that ebselen inhibits wildtype C. albicans growth (Figures 4.3&4.4).
The inhibition of purified Chol by ebselen is potent, with an ICso of 11.1 uM (Figure
4.2C), but the inhibition on Chol is very likely not the main cause for ebselen’s
inhibition of C. albicans growth, since ethanolamine cannot bypass the drug (Figure 4.4).
Currently, we do not know the mechanism of ebselen’s inhibition on Chol, but given the
tendency for ebselen to interact with cysteine residues (79), we hypothesize that ebselen
might interact with residue C182, located in the putative serine-binding site of Chol (26),

thus disrupting activity. Ebselen’s promiscuous nature limits its clinical applicability.

Conversely, the antifungal effects of LOC14 and CBR-5884 are less well studied.
LOC14 is a potent, non-covalent and reversible inhibitor for protein disulfide isomerase
that has a neuroprotective effect in corticostriatal brain culture (80). In addition, LOC14
displayed promising effects against Huntington's disease (81) and can be used in a new
anti-influenza therapeutic strategy (82). Here, we showed that LOC14 inhibits Chol
activity (Figure 4.3), however, the in vivo inhibition is not likely conveyed through Chol
(Figure 4.4). In contrast, CBR-5884 is an inhibitor of phosphoglycerate dehydrogenase,
blocking de novo serine synthesis in cells, and is selectively toxic to cancer cell lines with
high serine biosynthetic activity such as melanoma and breast cancer lines (54). Here,

CBR-5884 was shown to not only inhibit purified Chol (Figures 4.2&4.6), but also
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inhibit live cell growth by acting on the Chol in vivo (Figures 4.3-4.5). To our
knowledge, this is the first paper showing the antifungal effects of LOC14 and CBR-

5884.

CBR-5884 was then determined to be a competitive inhibitor of Chol with a K; of
1550 + 245.6 nM via kinetic analysis (Figure 4.6). Interestingly, in non-saturating serine
concentrations (Figure 4.6B), the kinetic curves decreased in height and shifted to the left
in the presence of increasing concentration of CBR-5884, indicating a decreasing Km and
Vmax, mimicking an uncompetitive inhibition where the inhibitor binds to substrate-bound
enzyme complex. This suggests that CBR-5884 is able to compete with serine by binding
CDP-DAG-bound Cho1, and it cannot compete with CDP-DAG to bind to empty Chol.
The Vmax of Chol in this study is estimated to be 0.128 £ 0.029 nmol/(ug * min), which is
close to 0.088 + 0.007 nmol/(ug*min) as described in (33). Also, it is worth mentioning
that the curves where CDP-DAG was held constant and serine was varied follow a
sigmoidal shape, which is consistent with previous finding that serine-binding may be
cooperative (33), but the underlying mechanism is not clear. One small discrepancy has
to be pointed out that the Knar Of serine in this study is determined to be 21.88 + 6.97
mM, which is five time higher than the 4.17 = 0.45 mM from (33). The increased Knait
may be explained by the presence of DMSO in this study, as DMSO has been shown to

increase Km in some enzymes (83-85).

CBR-5884 and serine were also docked onto the predicted CDP-DAG-bound
Chol structure, and CBR-5884 was found to overlap with serine in the pocket (Figure

4.6D). A detailed ligand interaction map has shown that CBR-5884 almost shielded the

197



b-phosphorus of the CDP-DAG where the nucleophilic attack occurs (30, 35), and also
some CBR-5884 poses directly interact with residues R186 and F190 in Chol (Figure
S4.5), which are part of the putative serine-binding site and are shown to be essential for
Chol activity (26). This indicates again that CBR-5884 inhibits Chol by competing with

serine.

Our data strongly suggest that CBR-5884 inhibits Chol in vivo, however, Chol
may not be the only cellular target of CBR-5884. This compound causes cells to become
more unmasked than the cho1AA mutant (Figure 4.5B). This could be due to sudden drop
in PS caused by the compound compared with the cho/AA mutant, which has adjusted to
the change. However, it could also be due to inhibition of another target. In addition, in
TLC analysis, it was revealed that CBR-5884 decreased PS and also impacted relative PE
levels similarly to that seen in a cho1AA mutant (Figures 4.5E&F). However, the CBR-
5884 compound caused a greater decrease in PE levels in the choIAA mutant than that
observed in wild-type or untreated cholAA cells. The compound also decreases growth of
the cholAA strain in rich YPD media (Figure S4.6), suggesting that it has an additional
target besides PS synthase. Since the cholAA strain cannot use PS as the precursor to
make PE, the PE is made primarily via the Kennedy pathway, which requires CDP-
ethanolamine phosphotransferase (14, 86). Chol and CDP-ethanolamine
phosphotransferase belong to the same protein family and both use the CDP-alcohol
phosphotransferase (CAPT) binding motif (29, 87, 88), so it is possible that CBR-5884

also inhibits CDP-ethanolamine phosphotransferase activity. Interestingly, Pl synthase
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also has the CAPT motif and binds CDP-DAG (89, 90), but the PI levels were not
strongly affected (Figure 4.5E&F). Thus, the impact would be more specific

ethanolamine phosphotransferase in this case.

This cross-reactivity could potentially be addressed by medicinal chemistry to
synthesize analogs more specific for Chol and act at lower ICso so such a high
concentration is not required, which could decrease off-target effects more likely.
Moreover, the compounds could potentially be made more specific for Chol.
Importantly, we have novel proof of principle for successful pharmacological inhibition
of a uniquely fungal enzyme central to phospholipid metabolism. Future rational drug
design study will optimize CBR-5884 to be more specific for Chol, as well as increase

the solubility and potency of the compound in live cells.

Materials and Methods

Strain construction and media

This study used a C. albicans strain derived from SC5314 that was disrupted for
CHO1, but had the gene complemented back with an affinity-tagged version. This strain
cholAA Prer1-CHO1-ENLYFQG-HAX3-HISx8, was made in this study and used to
solubilize and purify Chol. This strain expressed a Hisx8-tagged Chol protein from a
strong constitutive promoter Prer1. To create this strain, a plasmid was generated that
carried the tagged CHO1 gene. This plasmid had a hygromycin B resistance gene,
CaHygB, as a marker to go into strains. To make the plasmid pKE333, first the CaHygB

marker cassette was amplified from the CaHygB-flipper plasmid (91) using primers
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YZ0113 & YZ0114 having Nhel and Mscl cut site, respectively (Table 4.1). The
CaHygB cassette was ligated into pKE4 plasmid (50), digested with Nhel and Mscl, to
create the plasmid pKE4 - CaHygB (pKE333). Then, the CHO1-ENLYFQG-HAx3-HISx8
gene, with the 3’UTR region was amplified from pYZ79 (33) using primers YZ0110 &
YZO111 and ligated into pKE333 to create the plasmid pYZ107. Plasmid pYZ107 was
linearized with PmlI restriction enzyme (within the Prer1 Sequence) and electroporated
into the cholAA strain (14). Transformants were selected on YPD plates containing 600
ug/ml hygromycin B. Colony PCR was performed on six candidates for each gene
construct to ensure the successful integration under the Prer1 promotor on the
chromosomal DNA, and no spurious mutations occurred during the transformation.
Media used in this study include YPD (1% yeast extract, 2% peptone, 2% dextrose) and
minimal medium (0.67% yeast nitrogen base W/O amino acids, 2% dextrose £ 1 mM
ethanolamine).
Cell lysis, protein solubilization and purification

The C. albicans strain with His-tagged Chol expressed from Prer1 was grown in
YPD till the ODeoo reached between 7 and 8, then cells were lysed using a French press,
as described in (47). Crude membranes were collected and solubilized with 1.5%
digitonin as described in (33). His-tagged Chol was firstly purified via gravity affinity
chromatography as describe in (33), and was further cleared by size exclusion
chromatography (Superdex 200 10/300 GL column (Cytiva) attached to an NGC
chromatography system Quest 10 plus (Bio-Rad)). The column was equilibrated with 1.5

column volumes of H>O and 1.5 column volumes of elution buffer (50 mM Tris-HCI
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Table 4.1. Primers used in this study

Primer Sequence Purpose
name
YZO 110 | 322aaATCGATATGTCAGACTCATCAGCTACCGGGTT | F primer to clone CHO1-ENLYFQG-
CTCC HAX3-HISx8 gene into plasmid
pKE333 (Clal cut site underlined)
YZO 111 | aaaaACGCGTACAGAACCAGAATTATTGTTTCAATT | R primer to clone CHO1-ENLYFQG-
GGGA HAx3-HISx8 gene into plasmid
pKE333 (Mlul cut site underlined)
YZO 113 | aaaaGCTAGCCGTCAAAACTAGAGAATAATAAAGA | F primer to clone CaHygB gene into
AAACG pKE4 to create pKE333 (Nhel cut site
underlined)
YZO 114 | aaaal GGCCACTGCAGAGGACCACCTTTGATTGTAA | R primer to clone CaHygB gene into
ATAG pKE4 to create pKE333 (Mscl cut
site underlined)
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(pH=8.0) + 0.04% digitonin) with a flow rate of 0.5 mL/min. Samples loaded onto the
above column consisted of a concentrated Chol eluted from affinity chromatography that
was filtered through 0.22 um filters that was then manually injected in the sample loop.
The injected sample was eluted at a flow rate of 0.4 mL/min. Fractions containing Chol
were pooled and subjected to ACTEV treatment, and then run through another round of
affinity chromatography to remove impurities as described in (33). The resulting sample
was loaded and checked on the blue-native PAGE for purity, oligomer state and
homogeneity.
High-throughput malachite green screen

The Bioactives library was purchased from Selleck in 2014, and the remaining
libraries (anti-infectives, FDA-approved Drug, and mechanism of action collections)
were assembled from compounds available at the Chemical Biology and Therapeutics
Department at St. Jude Children’s Research Hospital (PMID: 33453364). All compounds
were dissolved in DMSO and 100 nL was transferred to a 384-well clear bottom plate
(ThermoFisher Scientific, cat# 265203) using a Beckman Echo 650 acoustic liquid
handler. Equal volumes of either the selective CD73 nucleotidase inhibitor AB680 at a
final concentration of 1 uM (MedChemExpress, cat# HY-125286) or DMSO were used
as positive and negative controls, respectively. A total of 30-35 ng of purified Chol
protein was used in each reaction in 50 mM Tris-HCI (pH=8.0) for primary screening,
combined with 100 uM CDP-DAG (Avanti, cat# 870510), 5 mM serine, 0.4 ng CD73
nucleotidase (R&D systems, cat# EA002), 1 mM MnCl2, 0.1% APX-100 and 0.1%

digitonin, in a total volume of 10 uL. Counter screen reactions were set up by replacing

202



only the purified Chol with 150 uM CMP, with all other component remaining constant.
The 10 pL primary and counter screening reactions were delivered to each well of 384-
well assay plate containing pre-aliquoted compounds from the library using a Multidrop
Combi (ThermoFisher Scientific). This resulted in a DMSO concentration of 1%. After
media transfer, assay plates were incubated for 3 hours at 30 °C. Plates were then
removed and 32 uL of malachite green mixture (6 uL malachite A (2% (w/v) ammonium
molybdate and 20% (v/v) sulfuric acid in H20) + 20 uL H.O + 6 uL malachite B (0.1%
(w/v) malachite green oxalate and 0.5% (w/v) polyvinyl alcohol in H20)) were added to
each well via a MultiDrop Combi and incubated for an additional 10 minutes at room
temperature. After incubation, plates were briefly centrifuged at 500 xg and absorbance at
620 nm was then measured using a Cytation7 plate reader (Biotek, Winooski, VT). Raw
absorbance values of the compounds were normalized to DMSO (0% inhibition) and
AB680 (100% inhibition) from both primary and counter screens, and % Ainhibition was
calculated by subtracting % inhibition from primary by % inhibition from counter screen.
Z-factors for each plate were calculated using the in-house program RISE (Robust
Investigation of Screening Experiments). All non-PAINs compounds that had >80%
Ainhibition progressed to dose-response testing (82 total compounds). Dose-response
experiments were performed in triplicate as described above using a 10-point, threefold
serial dilution with the top concentration for each compound tested being 200 uM
(Range: 0.010161-200 uM). The absorbance at 620 nm was then measured using a
PHERAstar FS multilabel reader (BMG, Cary, NC). Raw values were once again

normalized to DMSO (0% inhibition) and AB680 (100% inhibition) and Z-factors for
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each plate were calculated using RISE. The concentration of test compounds that
inhibited protein by 50% (I1Cso value) as measured by the malachite green assay was
computed using nonlinear regression-based fitting of inhibition curves using [inhibitor]
vs. response-variable slope model in GraphPad Prism version 9.5.0 (GraphPad Software,
La Jolla California USA).
Assay for metabolic labeling of PS using probe C-L-SerNs

The C-L-SerNs probe ((S)-1-((3-azidopropyl)amino)-3-hydroxy-1-oxopropan-2-
aminium chloride) was synthesized as described in (57). Cells grown overnight in YPD
were washed three times in H20 and inoculated into minimal media at a starting OD600
of 0.05. Cells were shaken for 5 hours before 1.5 mM C-L-SerNs probe was added, along
with 170 uM CBR-5884 or equivalent DMSO. Cells were then incubated for another 5
hours before being washed three times with H>O, and 5% BSA in 1xPBS was used to
treat cells for 20 min. The BSA was then removed, and cells were washed three times
with 1xPBS, and then responded to ODegoo = 0.6 in 1 mL PBS + 1 uM AZDye 488 DBCO
(Click chemistry tools, cat# 1278-1). Cells were covered with aluminum foil and rocked
for 1 hour, and the dye was removed by centrifuging at 5,000 xg. Cells were washed with
shaking at 1,000 rpm three times in 1XPBS, and resuspended in 200 uL Fluoromount-G
mounting medium (cat# 00-4958-02). For each treatment, 10 uL of cell was added to a
glass slide and 3 pL fresh Fluoromount-G mounting medium was used to mix the sample.
Then, a Leica SP8 white light laser confocal microscope was used for imaging. The
samples were excited using light at a wavelength of 488 nm, and the resulting

fluorescence was captured within the range of 498 to 550 nm using a HyD detector. The
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settings for laser strength, gain, and offset were maintained consistently throughout the
experiment. Images of treated cells were taken after applying a zoom factor of 3. A total
of 40 cells from at least 10 images were used for the quantification in ImageJ software.
Fluorescence imaging of unmasked B(1-3)-glucan

Wildtype and cholAA cells were grown in YPD overnight (~16 hours), and back
diluted to fresh YPD with ODegoo = 0.1. The cells were then shaken at 225 rpm for 3 hours
before 170 uM CBR-5884 or equivalent DMSO were added. The cells were further
shaken for 30, 60, 120 mins before the exposed (1-3)-glucan staining. The cells were
stained as previously described (55, 92) with the exception that goat anti-mouse antibody
conjugated to Alexa Fluor® 488 (Jackson ImmunoResearch) was used as the secondary
antibody. For imaging, Candida cells were resuspended in 200 pL of Fluoromount-G
mounting medium and visualized with a Leica SP8 white light laser confocal microscope.
The pictures were taken through Leica Application Suite X office software.
MIC plates tests and growth curves

MIC plate assays and growth curves were conducted in minimal media or
minimal media supplemented with 1 mM ethanolamine (ETA). Wildtype SC5314 and
cholAA strains were grown in YPD overnight and washed three times with H.O before
inoculation. The starting ODsoo is 0.05 for both plate assays and growth curves. For MIC
plates, both wildtype and cholAA strains were grown in flat-bottom 96-well plates at a
final volume of 200 pL, in the presence of different compounds or DMSO as indicated at
30°C. Leica light inverted microscope was then used to visualize growth after 24-hour

incubation. In the meantime, cells grown in different compounds were subjected to live
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cell counting. Cell cultures from flat-bottom 96-well plates after 24-hour incubation were
diluted 100 to 10,000 times before plating on the minimal media, and the total colony
forming unit (CFU) was kept within 200 for each plate. A total of six replicates were
done in each condition.

The growth curves with different treatments were built from 2 hours to 30 hours
with ODsgo measurement every two hours. A final concentration of 170 uM CBR-5884,
430 uM LOC14 and 5 mM serine was added into each group as indicated. Each curve
was built in duplicates with six biological replicates. Growth rate (h) and lag time (h)
were calculated using GraphPad Prism software.

PS synthase assay

Enzymatic activity of Chol in the presence of the compounds was measured in
the radioactive PS synthase assay. For purified Chol, the procedure was fully described
in (33). Briefly, 1-2 ug of purified Chol was added in the reaction containing 50 mM
Tris-HCI (pH = 8.0), 1 mM MnClz, 0.1% Triton X-100, 0.04% digitonin, 0.1 mM (4.7
mol %) 16:0 CDP-DAG (Avanti, cat# 870510) and 0.5 mM L-serine (spiked with 5% (by
volume) L-[3H]-serine (15 Ci/mmol)) at a total volume of 100 pL, in the presence of 100
uM compounds or equivalent DMSO solvent. The reaction was conducted at 30 °C for 30
min and synthesized [*H]PS was measured using liquid scintillation counter. For crude
membrane samples, crude membrane from wildtype and cholAA strains was collected
and assayed as described in (33) with the exception that 2 mM L-serine (spiked with 5%
(by volume) L-[*H]-serine (15 Ci/mmol)) was used in each reaction. A final

concentration of 1 mM compounds was used for the crude membrane samples.
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For the Kkinetic curves, the specific activity was measured in the reaction
containing 50 mM Tris-HCI (pH = 8.0), 1 MM MnCl, 0.025-0.3% Triton X-100 and
0.033-0.07% digitonin with 0.75 to 1.5 pg purified Chol protein. The concentrations of
18:1 CDP-DAG (Avanti, cat# 870520) and serine were indicated in the graphs, and the
mol % of CDP-DAG was kept between 4.2 — 5.0% for the curve where CDP-DAG was
varied (Figures 4.6B & 4.6C) and at 4.8% (200 uM) for the curve where serine was
varied (Figures 4.6A). The reaction was stopped at 20, 40 and 60 min, and specific
activity was calculated based on the slope of linear PS production, representing the initial

velocity.

Thin layer chromatography

Wildtype SC5314 and cholAA strains grown overnight in YPD were inoculated
into fresh YPD at ODeoo of 0.1 and were shaken for another 3 hours. Then, 170 uM CBR-
5884 or equivalent DMSO solvent was added to both wildtype and cholAA cultures, and
cells were shaken for another 2 hours. Then, cells were washed with 1xPBS three times
and normalized to a total ODeoo Of 1. The phospholipids were extracted with hot ethanol
method as described in (14). Whatman 250 um silica gel aluminum backing plate
(discontinued) was treated and separation of phospholipid was carried out as described in
(93). Phospholipid standards PI, PE, PS and PC were purchased from Avanti. The

quantification of the phospholipids was done in ImageJ software.
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Computational docking

The computational docking was conducted in Molecular Operating Environment
software (MOE, Chemical Computing Group, Ltd, Montreal, Canada). A CDP-DAG-
bound C. albicans Cho1l structure was generated by superposing the C. albicans Chol
AlphaFold model with the CDP-DAG-bound PS synthase from Methanocaldococcus
jannaschii (PDB: 7B1L) (32). Structures from CBR-5884 and serine were introduced into
the structure, and the system was quickly prepped and energy-minimized for docking.
Potential docking sites were predicted by “site finder” function in MOE and all the sites
having above 0 possibilities are combined for docking (Figure S4.4B). Both serine and
CBR-5884 molecules were docked into the potential sites 20,000 times, and triangle
matcher placement (scored by London dG) and rigid receptor refinement (scored by
GBVI/WSA dG) were used to pick the top fives poses. The ligand interaction map was

also generated in MOE.

Statistical analysis and molecular weight (MW) estimation on the gels

All the statistical analyses were performed with GraphPad Prism 9.1 software.
The PS synthase activities were compared using ordinary (equal SDs) or Brown-Forsythe
and Welch ANOVA tests (unequal SDs). Blue native PAGE and Coomassie Blue R-250
staining were conducted as described in (33) and all MW estimates were conducted in the

band analysis tool of the Quantity One software (Bio-Rad).
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Figure S4.1. (A) Dose-response curve of AB-680 compound. The dots represent the mean of nine replicates,
and the error bars are + standard deviation (S.D.) values. (B) Z-prime scores of plates in the primary and
counter screens. (C) Z-prime scores of plates in the dose-response curves for the second-round screen.
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Figure S4.2. (A) Avasimibe, tideglusib and CBR-5884 precipitated at high concentrations; (B, C) The growth rate (h™%)
(B) and lag time (h) (C) were calculated from Figure 4D. Statistics were conducted using one-way ANOVA and Tukey’s
multiple comparisons test (ns=not significant, p > 0.05; *, 0.05> p > 0.01, ****, 0.0001> p).
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Figure S4.3. The PS synthase activity of crude membrane containing Chol was
measured by L-[*H]-serine incorporation into PS in the presence of different
inhibitors at 1 mM, and are presented as nmol/(ug protein*min). Statistics were
conducted using one-way ANOVA and Dunnett's T3 multiple comparisons test
(**, 0.01> p > 0.001; ***,0.001> p > 0.0001; **** 0.0001> p). The activities
were measured in duplicate with a total of six biological replicates as indicated.
The bars represent the mean values and the error bars are = S.D. values.
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Figure S 4.4. (A) Superposition of C. albicans AlphaFold Chol model (red)
with Methanocaldococcus jannaschii PS synthase (blue) (PDB: 7B1L).The
conserved CAPT site are highlighted as green and yellow, respectively. CDP-
DAG (cyan) is Methanocaldococcus jannaschii PS synthase (PDB: 7B1L). (B)
All the possible active site pockets predicted from C. albicans Chol using
MOE are shown as pocket surfaces.
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CBR-5884 MOE(S) = -11.48 * 0.12 kcal/mol
Serine MOE(S) =-6.72 * 0.08 kcal/mol

Figure S4.5. Overlay of ligand interactions between top five poses of CBR-5884 with C. albicans AlphaFold Chol
model. The bound CDP-DAG is also shown and the -phosphorus is indicated. Dotted lines indicate interactions.
Docking scores MOE(S) of serine and CBR-5884 were shown.
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Figure S4.6. Growth curve of wildtype and cholAA C. albicans strains in the
presence of 170 uM CBR-5884 or equivalent DMSO in YPD from 0 to 48 hours.
The dots represent the mean values of six replicates, and the error bars are
standard deviation (S.D.) values
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Introduction

My Ph.D. project involves studying a membrane-bound enzyme called
phosphatidylserine (PS) synthase or Chol, which is a promising drug target for treating
Candida infections. A large amount of data have been presented in chapters 2-4. These
results came from the experiments that worked, but there are a number of unpublished
results from approaches which were less successful that may potentially be helpful in
thinking of future directions. Here, the results from the main chapters will be discussed,
and the “omitted” details of unpublished work and some future directions will be
discussed.
Additional serine-binding residues have been prediceted using AlphaFold Chol
structure

My Ph.D. began by investigating certain predicted substrate-binding residues of
Candida albicans PS synthase via site-directed mutagenesis. As a result, some critical
substrate-binding were identified and characterized. In Chapter Two, it was shown that
almost all the conserved residues in the CDP-alcohol phosphotransferase (CAPT) motif
are involved in activity, and a large proportion of the putative serine-binding site residues
are also involved in the Chol function. Since the CAPT motif is conserved in the protein
family, where some human homologs exist, targeting the CAPT motif for drug
development can be risky. This left the serine-binding site as a more attractive target for
characterization. The fact that the CBR-5884 molecule competes with serine for binding
Chol and is relative specific for Chol strengthens this claim. Therefore, characterization
of the whole serine binding site, including additional residues involved in serine binding,

could be very informative.
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The putative serine binding site was predicted by amino acid sequence alignment.
The AlphaFold predicted structure of Chol, which came out after the publication of my
chapter two could be used to improve the prediction of new residues. To facilitate this, an
amino acid sequence alignment of 100 different fungal PS synthases was performed to
identify conserved residues, and the rationale is that since these fungal PS synthases are
closely related and are all capable of binding serine, some of the conserved residues
should be critical for serine binding. Besides the residues previously characterized, we
have found an additional 28 conserved residues from the alignment that might be
essential for protein functions. To narrow down targets from the alignment, we will start
with residues that are proximal to the potential serine binding pocket in the 3D structure.
This potential serine binding pocket was predicted by superposing the existing
Methanocaldococcus jannaschii PS synthase structure (PBDID: 7POW) on C. albicans
Chol from Alpha Fold. Due to the conservation between the active sites, the bound
serine from M. jannaschii PS synthase is very likely to mimic that from the C. albicans
Chol. Therefore, only residues conserved among the 100 fungal PS synthase alignment,
within 10 A distance from the serine molecule will be chosen for further characterization.
A total of seven residues fulfill this requirement, and they are S139, Q143, E144, S147,
N191, S193 and V194. So far, mutants S139A, Q143A, E144A, S147A, N191A and
S193A have been made and tested for in vitro PS synthase activity. V194A is being
generated now. All of those mutations need to be tested for growth curve and spot
dilution assay, and interesting ones need to be characterized for the kinetics, either on the

crude membrane or the purified form.
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Enzymatic kinetic curves were possible with the R189A and L184A mutants
because they they did not completely lose activities. Many mutants that have been made
totally lost activity, and thus are not measurable for the kinetics curves. However, loss of
activity could indicate a loss of catalytic activity or substrate-binding ability, which the
kinetic curves alone cannot clarify, so a binding assay needs to be developed. Isothermal
calorimetry (ITC) and surface plasmon resonance (SPR) are two ways to measure
binding. ITC requires a large amount of purified Chol protein and thus is very tedious
and expensive, and SPR requires labeling of the purified Chol and the setup of the
experiment can take up to months (plus we do not have an SPR machine on campus), so a
more straightforward method is needed. Here, we propose a saturation binding assay
inspired by ““sigma receptor binding assays” published in 2016 by Uyen B. Chu and
Arnold E. Ruoho. Briefly, the crude membrane containing different PS synthase mutants
will be incubated with a range of [*H]-serine concentrations in 96-well plates. Then, the
incubated membrane samples will be filtered through glass fiber filter papers and washed
several times to eliminate abundant unbound substrate. The retained radioactivity on the
filter will be subjected to liquid scintillation spectroscopy for radioactivity. The level of
radioactivity could give us an estimate of the total binding of [*H]-serine to the
membrane. The crude membrane from the cholA/A strain will be used as a nonspecific
binding control for the assay. The specific binding data will be calculated as total binding
data subtracted by nonspecific binding. The specific binding data will then be analyzed
by nonlinear regression analysis for single-site binding using Prism software to yield an
apparent Kq, which directly indicates the substrate-binding affinity of different mutants.
However, if the crude membrane protein fails to generate reliable specific binding results,
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we could also potentially subject the purified Chol to this saturation binding assay, which
requires much less protein compared to ITC.

Besides the potential serine-binding residues, three conserved residues from the
sequence alignment, 196, L148 and L151, are located on the interface between the two
protomers in the Chol dimer, and thus are very likely to be involved in the dimerization
of Chol. The alanine mutants of these three residues are being made. Once 196A, L148A
and L151A are made, they will be solubilized using either digitonin or SMA 2000 before
being pulled down, and then run on the Blue Native PAGE to check oligomer states.
Lower oligomers are expected to be seen if these residues are involved in dimerization.
Enzymatic characterization of different Chol oligomers can potentially answer the
biological meaning of oligomerization

Chapter Three is more focused on solubilizing and purifying the membrane-bound
Chol protein, which is challenging due to the low abundance of membrane proteins in
the membrane and the need to solubilize them in the enzymatically active form. For the
solubilization process, six detergents, as well as three styrene maleic acids, were tested
and it turned out that digitonin was the best solubilizing reagent to retain Chol activity
and conformation. Chol was purified as a hexameric form, which is unique because all
the other members of this family with solved structures are dimers. We have three
hypotheses for the higher oligomeric state of purified Chol. First, the hexameric form of
C. albicans Chol could be fungal-specific because all eight structures from the same
protein family are from prokaryotes, with no fungal counterpart available. The special
fungal phospholipid profile could promote the formation of hexamers, which could be
preserved by detergents. Second, the hexameric form of C. albicans Chol could result
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from the overexpression cassette we used to express Chol. We can test this by purifying
Cho1l from a non-overexpressor strain and checking the oligomer state. We now have an
antibody to Chol. The third possibility is that the hexameric Chol complex could be a
pre-oligomer. Our biochemical and negative staining TEM data suggested that the
hexameric Chol is likely made of a trimer of dimers. Since we harvested the membrane
from cells in log phase (ODs0o = 6-8) instead of the stationary phase, which others have
done, it is likely the hexameric Chol form is a pre-processed form, which dissociates into
dimers during the stationary phase. This can be tested by harvesting membranes from
cells at different growth stages, solubilizing Chol from those membranes, and comparing
the oligomer states.

Furthermore, it is interesting to compare the specific activities of Chol of
different oligomer states. Chol exhibits cooperative binding for serine. Chol could
function as a monomer, but it also forms dimers and tetramers. The cooperative serine
binding pattern could result from the cooperativity among different protomers within the
oligomer. Currently, Chol hexamers can be broken into dimers upon adding a basic
solution, but there is currently no method to dissociate the dimers into monomers that are
still functional. One possible method for getting different Chol oligomers is to pull down
Cho1l from the DDM-solubilized fraction, as different oligomers exist in the DDM-
solubilized fraction. The SMA2000 solubilized fraction also had two Chol species, one
corresponds to a dimer and the other to a hexamer, which can also be used for this
purpose. Then, size exclusion chromatography can be used to separate different

oligomers, followed by the in vitro PS synthase assay for specific activity. This will
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answer a very fundamental biological question of whether the oligomerization of Chol is
necessary.
Purification yield for Chol can be further increased

In Chapter Four, over 7,300 bioactive small molecules with known biological
targets were screened against purified Chol to identify potential inhibitors of PS synthase
using a high-throughput assay. To increase the protein purification yield, protein
expression and solubilization and purification methods were further optimized. When two
copies of CHO1 were simultaneously expressed from from Pter2 and Peno1 promoters in
the same cell, and the expression of Chol was much higher, but the PS synthase activity
per mg membrane protein decreased significantly (data not shown). This is very likely
due to misfolding of protein or deprivation of essential lipids per Chol protein on the
crude membrane due to the overexpression. Also, it is worth mentioning that C. albicans
has many proteins with internally consecutive histidine residues that interfere with the
affinity chromatography purification. If possible, another expression system (e.g., insect
cells) could be used to solve these issues.

To improve solubilization, the digitonin concentration was changed from 1% to
1.5% for a higher solubilization rate. However, due to the gentle nature of digitonin, the
unsolubilized fraction still has a lot of PS synthase activity. DDM has a higher
solubilization rate and also retained Chol activity, but different oligomers exist in the
pulled-down sample as shown in Chapter Three. Also, efforts are needed to optimize the
affinity chromatography, size exclusion chromatography, and TEV protease treatment
used for DDM-treated samples, as initial attempts failed to purify Chol from DDM-
solubilized fractions. In the meantime, since only six detergents have been screened for
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solubilization, more detergents could be tried for a cheaper (digitonin is very expensive)
and more complete solubilization, which can also be compatible with our purification
scheme.

It is worth pointing out that the C-terminally attached affinity tag interferes with
Chol activity as indicated by a lower specificity activity of tag-uncleaved Chol
compared to the tag-free Chol, so a tag cleavage is necessary for purifying active Chol.
Both TEV and thrombin proteases have been tried for the tag cleavage. TEV protease
recognizes amino acid sequence (ENLYFQ/G), and cleaves the protein between Q and G,
while thrombin recognizes (LVPR/GS) and cleaves between R and G. It was shown that
purified Chol with the thrombin recognition site residues after cleavage (LVPR) has low
specific activity compared to that with the TEV leftover residues (ENLYFQ). This can be
potentially explained by the net positive charge of the thrombin site leftover (LVPR)
compared to the net negative charge of the TEV site leftover (ENLYFQ), but the
underlying mechanism is unknown. However, both thrombin and TEV have low protease
activity at 4°C, which is the temperature for the tag cleavage. Here, | propose the 3C
protease to be used for the tag cleavage in the future. The recognition site of 3C protease
is (LEVLFQ/GP), and cleaves between Q and G. The cleavage leftover has a net negative
charge similar to TEV, and most importantly, its optimal working temperature is 4°C and
could also resist detergent interference. With all these benefits, 3C protease could help
increase the purification yield.
The first identified Chol inhibitor, CBR-5884, can be further optimized

For the screening, a nucleotidase-coupled malachite green-based assay was
designed to detect inhibitors that target C. albicans Chol. The phosphate released from
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the reaction directly correlates with the amount of CMP, indicating the level of PS
generated, allowing us to measure Chol activity in real-time. Using the nucleotidase
inhibitor AB-680 as a positive control produced a four-fold difference in the signals
between the positive and negative controls, resulting in promising average Z’ scores of
approximately 0.8. Given this assay’s compatibility with 384-well or even 1536-well
plates, it could potentially be employed for any enzyme that produces CMP as a main or
side product.

The small molecule screening identified seven inhibitors that completely inhibit
Chol, and one molecule, CBR-5884, is particularly interesting because it inhibits not
only purified Chol but also its function in vivo, thus being an on-target inhibitor.
However, CBR-5884 also reduced PE production, but only in the absence of CHOL,
which may potentially act on CDP-ethanolamine phosphotransferase (Eptl). To test this,
we can simply modify the existing in vitro PS synthase assay to measure the activity of
C. albicans Eptl in the presence of CBR-5884. CaEpt1 catalyzes two reactions--- it
catalyzes CDP-ethanolamine and DAG into PE, and also catalyzes CDP-choline and
DAG into PC. Since radioactive labeled CDP-ethanolamine is not commercially available
without a very expensive synthesis step, we can probe the activity of Eptl by measuring
the incorporation of [?H]JCDP-choline into [*H]PC in the absence and presence of CBR-
5884. This will tell us whether CBR-5884 inhibits CaEpt1 or not.

Further characterizations have shown that CBR-5884 is a competitive inhibitor of
Chol for serine with a Kj of 1.55 + 0.25 uM, and it is the first inhibitor of PS synthase
discovered to our knowledge. Despite the low micro-molar K; value for purified Chol,

the MIC of CBR-5884 in C. albicans cells is very high (170 uM). This indicates that (1)
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CBR-5884 has poor cell permeability and thus requires modification or a special delivery
method (e.g., liposome delivery), or (2) CBR-5884 interacts with the native membrane
surrounding Chol in a way that decreases its potency. Optimization of the CBR-5884
molecule is required in each scenario, which requires an understanding of interactions
between CBR-5884 and Chol. For this, crosslinking compounds can be used to
covalently attach CBR-5884 to purified Chol, followed by trypsin digest and mass
spectrometry to identify the residues directly interacting with CBR-5884. Moreover,
fragments and derivatives of CBR-5884 can be synthesized and tested for potency. CBR-
5884 is made of furan, acetamide, thiophene, thiocyanate and ethyl acetate moieties,
which can be fragmented or combined in different ways to determine the effective
structure. For example, in the detailed CBR-5884/Chol interaction (Figure S4.5), three of
the five top poses predicted the furan group protruding towards/overlapping with the p3-
phosphorus of CDP-DAG, which is known to interact with the catalytic core D150 of
Chol. This suggests that the furan group can be replaced with bulkier function groups
(e.g., benzene ring) for stronger inhibition. In addition, residue F208 is predicted to form
n-1 interaction with the thiophene group of CBR-5884. This can be validated by mutating
F208 to alanine and checking the inhibition of CBR-5884 on the resulting mutant. The
information from the CBR-5884 derivatives, combined with the interacting residues, will
provide an overview of the ligand/protein binding map.

One CBR-5884 derivative, F0882-0799, has been tested on purified Chol and it
showed inhibition at a much higher concentration (data not shown). This F0882-0799
compound does not have the thiocyanate moiety and also has the ethyl acetate tail in a

different conformation. Currently, we do not know whether it is the thiocyanate, ethyl
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acetate, or both that lead to the decrease in the inhibition, but the fact that this CBR-5884
derivative inhibited Chol strengthens the claim that the CBR-5884 is a reversible
inhibitor and fits into the active site pocket for inhibition. Besides CBR-5884, more
Cho1l-specific inhibitors can be identified through a larger-scale screening. A large
number of inhibitors will provide essential information on the pharmacophore, and thus
aid in rational drug design or in silico screening.
Structural work on Chol using cryo-EM

Besides these, efforts have also been made to determine the structure of the
hexameric Chol through a collaboration with Dr. Melanie Ohi from the University of
Michigan. A low-resolution density map has been generated from TEM using the pulled-
down Chol, which shows the overall shape of the protein. However, when a large
quantity of purified Chol protein was subjected to cryo-EM, the inference from the
digitonin micelles prevented from getting a high-resolution structure. Therefore, we
decided to put purified Chol into the lipid nanodisc and remove all the digitonin. After
purification of Chol via affinity chromatography and size exclusion chromatography,
MSP1E3D1 scaffold protein was used, and digitonin was slowly removed using dialysis.
The lipid nanodiscs will simultaneously form with and without Chol. Thus, Chol-
containing lipid nanodisc was purified and concentrated by another size exclusion
chromatography followed by affinity chromatography. The purified Chol-containing
lipid nanodiscs showed high homogeneity on negative staining electron microscopy and a
following 2D class analysis. However, initial cryo-EM screening on the Chol-containing
lipid nanodisc was not successful, probably due to the fact that the sample was not freshly
made. More trials and optimizations have to be done, given that the lipid nanodisc

235



approach is promising so far. In the future, one improvement can be made on the lipid
compositions in the lipid nanodisc. Currently, a stoichiometry of 9:1 detergent-
solubilized POPC and cholesterol at a final concentration of 10 mM was used for the
lipid nanodisc construction, and the Chol lost ~30% activity in the lipid nanodisc. It was
previously suggested that phosphatidic acid (PA) and PI significantly stimulated Chol
activity due to the negative charges, so incorporation of these two phospholipids in the
lipid nanodisc would potentially increase Chol activity in the nanodisc. More studies are
required to identify the optimal ratios of these phospholipids in the sense that they both

form a solid lipid nanodisc and also retain/stimulate Cho1l activity.

Conclusion

Combining the small molecule screening and structure biology, a new class of
antifungal targeting C. albicans Chol can be developed. Good luck to whomever take

this project after | leave.
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APPENDIX RECONSTITUTION OF PURIFIED HEXAMERIC
CHO1 FROM CANDIDA ALBICANS INTO LIPID NANODISC FOR
STRUCTURE DETERMINATION
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This section was included as an Appendix because the story is largely incomplete, and
significant amount of work is required to make it a real chapter. However, it provides

information for further researchers to complete the story.

Contributing author list: Yue Zhou, Jacquelyn Roberts, Melanie D. Ohi and Todd B.

Reynolds

238



Introduction

Systemic infections by Candida spp. are associated with high mortality rates.
Limitations in the current antifungals fail to mitigate the high mortality, so a new class of
antifungals is in demand. In this regard, the phosphatidylserine synthase from Candida
albicans, a membrane protein encoded by the CHO1 gene, has been identified as a
potential drug target for new antifungals. Inhibitors of Chol could be used as lead
compounds for drug development. Rational drug design is one way to develop specific
inhibitors, but the lack of Chol protein structure prevents an effective and insightful drug
design. Previously, Chol has been solubilized and purified as a hexamer to relative
homogeneity (as shown in Chapter three) for structure determination via cryo-electron
microscopy (cryo-EM). However, we failed to obtain a structure of high resolution due to
the high flexibility of the purified Chol and the inference of detergent micelles (data not
shown). Therefore, we decided to reconstitute the purified hexameric Chol into lipid
nanodisc. In this appendix, the detailed protocols and results for reconstructing Chol

lipid nanodisc are described.

Method

Reconstructing purified Chol into MSP1E3D1 lipid nanodisc

Cho1l was first purified using affinity chromatography coupled with size-
exclusive chromatography (SEC) as described in Chapter four. Fractions containing Chol
protein from SEC were combined and concentrated prior to lipid nanodisc reconstitution.
Phospholipid POPC and cholesterol, dissolved in chloroform, were aliquot into glass tube

at a stoichiometry of 9:1, dried with nitrogen gas, and then solubilized in 50 mM Tris-
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HCI (pH=8.0) with 2% digitonin to a final concentration of 10 mM. To dissolve the
lipids, the mixture was vortexed for 30 seconds to ensure thorough mixing. Following
this, mixture was sat at room temperature (RT) for a minimum of 30 minutes, followed
by another vortex for 30 seconds. Then, a water bath sonication was performed until the
lipids fully dissolved into the solution. Probe sonication can also be used to help
solubilizing phospholipid in the solution (be careful not to take the glass tube because it
will shatter).

Once the lipids are dissolved in solution as reflected by a relatively clear
appearance, purified Chol, lipids, and MSP1E3D1 (non-histagged, Cube Biotech #
26162) were combined at a predetermined molar ratio of Cho1:MSP:lipids = 1:2:300 for
a final volume of 500 uL. These components were combined and incubated on ice for 1
hour. Then, the mixture was slowly dialyzed against 50 mM Tris-HCI (pH=8.0). The first
dialysis was done in a 500 mL buffer for three hours, and the buffer was changed to
fresh, and sample was then dialyzed overnight. Next morning, the mixture was loaded on
SEC to separate the Chol-filled nanodiscs from the empty ones (Figure A1A). All SEC
fractions containing Chol-filled nanodiscs were combined and purified again via affinity
chromatography. The purified Chol-filled nanodiscs were checked on SDS-PAGE for
successful lipid nanodisc constitution and purity prior to negative staining electron

microscopy.

Results and Discussion

Following nanodisc formation and purification, Chol-filled nanodiscs were

checked on SDS-PAGE (Figure A1B). As shown, SEC separation was not able to remove
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Figure Al.Purified Chol was successfully reconstituted into lipid nanodisc.

(A) Size exclusion chromatography and corresponding fractions on the SDS-PAGE shows co-elution of Chol
and MSP1E3D1. (B) SDS-PAGE gel of each step in the affinity chromatography purification of Chol-filled

nanodiscs.
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all the empty lipid nanodiscs from the mixture as reflected by a high ratio of MSP1E3D1
to Chol protein in the SEC fractions, as Chol-filled nanodisc should have 1:1 ratio of
MSP1E3D1 and Chol, so affinity chromatography is necessary. The elution from the
affinity chromatography then yielded a 1:1 ratio of Chol and MSP1E3D1 bands on SDS-
PAGE, indicating high purity. The purified Chol-containing lipid nanodiscs was checked
using negative staining TEM and showed high homogeneity on a following 2D class
analysis and 3D reconstruction (Figure A2), thus suitable for cryo-EM analysis.
However, the activity of Chol in the lipid nanodisc decreased compared to the micelle
form (Figure A3), so a further optimization in the lipid composition in the nanodisc is
required. Also, the Chol-filled lipid nanodisc dissembled after one freeze and thaw (data

not shown), so fresh sample preparation is always needed for cryo-EM in the future.
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Figure A2. Purified Chol-filled nanodiscs showed high homogeneity

(A) Purified Chol-filled nanodisc under negative staining electron microscopy (twenty-fold dilution). (B) 2D
averages of Chol-filled nanodiscs in negative stain. (C) Low-resolution ab initio 3D reconstructions of
negatively stained Chol-filled nanodiscs. The red areas in the center of the round nanodiscs show the presence
of Chol.
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Figure A3.Enzyme activity of Chol in the micelle form and Chol in the lipid nanodiscs measured by malachite
green.
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