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Abstract

The lipid signalling molecule phosphatidylinositol 4-phosphate (PI4P) is an essential factor
in the coordinated regulation of membrane trafficking, lipid transport and cytokinesis. At the
Golgi, a key generator of PI4P is the type III phosphatidylinositol 4-kinase befa isoform
(PT4KIIIB), which has been identified as a host factor necessary for the replication of numerous
devastating pathogenic viruses. Crucial to the regulation of PI4KIIIf are interactions with a variety
of both host and viral protein-binding partners. Additionally, parasite homologs of PI4KIIIP have
been established as essential enzymes in the proliferation of the malaria and cryptosporidiosis
parasites. Therefore, study of PI4KIIIB and its regulatory proteins is of great importance in
understanding normal cellular signalling and the proliferation of viral and parasite pathogens.

To study PI4KIIIB regulation, I utilized a multifaceted approach of biochemistry,
hydrogen-deuterium exchange mass spectrometry (HDX-MS), and X-ray crystallography to
elucidate molecular mechanisms of PI4KIIIP regulation by the key protein binding partners
ACBD3 and cl10orf76, and viral proteins that manipulate these complexes. This synergistic
approach provided a unique opportunity to study the structure and dynamics of both normal
PI4KIIIB regulation and inhibition by small molecules. This dissertation will consist of an
introduction to signalling of PI4KIIIP and its role in disease, followed by two data chapters
wherein I investigate ACBD3 and c100rf76 regulatory complexes required for viral replication. A
third data chapter summarizes my efforts in defining the molecular basis of inhibitor selectivity
towards PI4KIIIP and related lipid kinases. A conclusion and discussion of future directions will
be presented in the final chapter.

Fundamentally understanding how PI4KIIIB is regulated, and how viruses manipulate
PI4KIIIB signalling, will expand our knowledge of PI4KIIIP biology and facilitate development
of novel therapeutic strategies targeting this pathway. My work provides novel insight into the
complex regulation of PI4KIIIB and elucidates molecular mechanisms of selective inhibition by
therapeutic small molecule inhibitors. Altogether this dissertation contributes significant advances

in our understanding of the role of PI4KIIIp in signalling and human disease.
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Chapter 1: Introduction to phosphatidylinositol 4-kinase Ili (PI4KB),
related lipid kinases, and their role in cell signalling and disease.

Partially adapted from:
1. McPhail, J.A. and Burke, J.E. (accepted). Drugging the phosphoinositide 3-kinase (PI3K)

and phosphatidylinositol 4-kinase (PI4K family of enzymes for treatment of cancer,
immune disorders, and viral/parasitic infections. Advances in Experimental Medicine and
Biology. Invited Review.

2. Dornan, G.L., McPhail, J.A. and Burke, J.E. (2016). Type III phosphatidylinositol 4

kinases: structure, function, regulation, signalling and involvement in disease.

Biochemical Society Transactions. Invited Review. 44(1):260-6.

1.1 Abstract

Many important cellular functions are regulated by the selective recruitment of proteins to
intracellular membranes mediated by specific interactions phosphoinositides. The enzymes that
generate lipid phosphoinositides therefore must be properly positioned and regulated at their
correct cellular locations. Class I phosphoinositide 3-kinases (PI3Ks) generate the lipid species
phosphatidylinositol 3,4,5 tri-phosphate (PIP3) at the plasma membrane in response to external
stimuli, and are key drivers of cell growth, immune modulation and cancers. The regulation of
class I PI3Ks by numerous signalling pathways has been extensively studied. Less well
characterized is the regulation of the related Phosphatidylinositol 4-kinase type I1I beta (PI4KIIIp),
which generates phosphatidylinositol 4-phosphate (PI4P) at the Golgi and plays important roles in
membrane trafficking, cytokinesis and organelle identity. PI4KIII} has been found to be an
essential host factor mediating the replication of numerous devastating pathogenic viruses. Crucial
to the regulation of PI4KIIIP are its interactions with a variety of both host and viral protein-
binding partners, which are not well characterized. Additionally, the parasite variant of PI4KIIIf
has been established as an essential enzyme in the proliferation of the malaria and
cryptosporidiosis parasites. The study of PI4KIIIP and its regulatory proteins is therefore of great
importance in understanding normal cellular signalling and the proliferation of viral and parasitic

pathogens.



1.2 Class | phosphoinositide 3-kinases (PI3Ks) and related
phosphatidylinositol 4-kinase IlI (PI4KIIIB)

Phosphoinositides

Phosphoinositides are essential membrane signalling molecules that regulate a multitude
of cellular processes, from membrane identity and compartmentalization to growth and cell
division. While they represent a small percentage of total cellular lipid composition, their correct
spatiotemporal location in a cell is an essential mechanism maintaining organelle identity and
membrane trafficking (1, 2). All phosphoinositides are generated from phosphatidylinositol (PI),
and the inositol headgroup can be phosphorylated at the hydroxyls present at the D3, D4 and D5
positions, generating a total of seven different phosphoinositides: phosphatidylinositol 3-
phosphate (PI3P), phosphatidylinositol 4-phosphate (PI4P), phosphatidylinositol 5-phosphate
(PI5SP), phosphatidylinositol 3,4-bisphosphate (P1(3,4)P2), phosphatidylinositol 3,5-bipshosphate
(PI(3,5)P2), phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and phosphatidylinositol 3,4,5-
triphosphate (PIP3). Numerous kinases and phosphatases function in the generation of
phosphoinositides, including the class I phosphoinositide 3-kinases (PI3Ks), which function
downstream of cell surface receptors at the plasma membrane and are critically involved in cancer,
and related phosphatidylinositol 4-kinase type I1I beta (PI4KIIIf), which functions at the Golgi, is

involved in viral infection, and is a major target for treatment of parasite infections (Fig. 1.1A).

Class I PI3Ks

The class I PI3Ks are the most well characterized phosphoinositide kinases. Class I PI3Ks
are the enzymes that mediate the phosphorylation of PI(3,4,5)P3 from the substrate P1(4,5)P2.
They were originally discovered as oncoproteins derived from viral proteins associated with an
unknown lipid kinase activity (3, 4). It was quite rapidly determined that the generation of PIP3
was critical in growth factor signalling (5, 6), and in immune cell regulation (7). One of the most
important discoveries was on the key role of PI3Ks in regulating signalling downstream of the
insulin receptor (8, 9). PI3Ks are divided into three distinct classes based upon their regulatory
binding partners and lipid substrate specificity. Only the class I PI3Ks can generate PIP3 from
PI(4,5)P2 at the plasma membrane in vivo (10). These enzymes are major components of

intracellular signalling networks downstream of receptor tyrosine kinases (RTKs) and G-protein
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Figure 1.1. Class I PI3Ks and PI4KIII§ utilize conserved catalytic machinery to generate specific
phosphoinositides in distinct cellular locations.

(A) Cellular localizations of class I PI3Ks and related PI4KIIIB. Class I PI3Ks are activated downstream of
activated cell surface receptors, driving PIP3 production at the plasma membrane. PI4KIIIB generates PI4P from
PI at the Golgi. (B) Conserved catalytic structure of class I PI3Ks and PI4KIIIf. The kinase domain consists of
a well conserved N-terminal lobe and C-terminal lobe which fold to form the active site. The kinase domain
packs against the helical domain, a conserved feature of all PI3K’s and class III PI4K’s; PDB: 1E8X. (C)
Schematic of the class I PI3Ks/ PI4KIIIB ATP-binding pocket. Key features of ATP binding include hydrogen
bonds between the kinase hinge region and adenine moiety, accommodation of the nucleoside by hydrophobic
regions, and charged interactions between ATP phosphates and lysine in the kinase P-loop.

coupled receptors (GPCRs) (11, 12). Upon activation, the generation of PIP3 by class I PI3Ks
drives the recruitment of PIP3 effectors to the plasma membrane, including protein kinases (i.e.
PDK1, AKT) (13), and regulators of Ras superfamily GTPases, with signal cascades downstream
of these effectors playing critical roles in cell proliferation, growth, survival and tumorigenesis
(11, 12, 14). Class I enzymes form heterodimers with regulatory subunits, and are further
subdivided into the class IA PI3Ks (p110a, p110B, p1108) which can bind any of five different
p85 like regulatory subunits (p85a, p55a, pS0a, p85b, and p55g), and the class IB PI3Ks (p110y)
which bind either a p84 or p101 regulatory subunit. The p110 subunits are commonly referred to
by their gene names, PIK3CA (p110a), PIK3CB (p110p), PIK3CD (p1109), and PIK3CG (p110y).
The interaction between catalytic and regulatory subunits plays three key roles: it stabilizes the

p110 subunit, inhibits p110 activity, and allows for specific activation by pY XXM motifs present
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on phosphorylated receptors and their adaptors (15, 16). These phosphorylated pY XXM motifs

disrupt the SH2 domains present in the regulatory subunits that otherwise inhibit p110 kinase
activity through transient inhibitory interactions (17-19). The class I PI3Ks can all be activated
downstream of Ras superfamily GTPases, with PIK3CA, PIK3CD, and PIK3CG activated by Ras
family GTPases (20, 21) and PIK3CB activated by Rho family GTPases (22). Class IB PI3K
(PIK3CGQG) interacts with either a p84 (23) or p101 (24) regulatory subunits which play important
roles in the activation of PIK3CG activation downstream of GPCR GPy subunits (25, 26). Both
PIK3CA and PIK3CB are ubiquitously expressed, with PIK3CA primarily responsible for insulin
signalling (27), and PIK3CB playing important roles in platelet function and blood clotting (28).
The PIK3CG and PIK3CD isoforms are primarily expressed in immune cells and are important in
lymphocyte activation, mast cell degranulation and leukocyte chemotaxis (29-33).

The first insight into the structural basis of regulation of these kinases was from the crystal
structure of class IB PIK3CG, which revealed marked homology with protein kinases (34). The
kinase domain (also referred to as a catalytic domain) exhibits a bi-lobal organization consisting
of an N-terminal-lobe and C-terminal lobe that form a cleft for ATP-binding and the machinery to
facilitate phosphorylation of the PI headgroup (Fig. 1.1B, (34, 35)).This kinase domain packs
against a helical domain, a conserved feature of all PI3Ks and type III PI4Ks (36—40). The kinase
hinge region, located at the cleft between the two lobes, is a key feature of the ATP binding pocket
and makes critical hydrogen bonds with the adenine moiety of ATP. The nucleoside is further
accommodated by hydrophobic regions and charged interactions between ATP phosphates and
lysine(s) in the kinase P-loop (Fig 1.1C). Phosphorylation of the inositol headgroup is catalyzed
by the DRH motif in the catalytic loop and is facilitated by a magnesium-dependent interaction of
B and y phosphates with the DFG motif in the activation loop (41). The very C-terminus of class I
PI3Ks, class III PI3Ks, and type III PI4Ks is critical for membrane binding and kinase activity on
lipid membranes and is thought to be critical in binding PI substrate (38, 42).

PI4KIIP

PI4KIIIP (also frequently referred to as PI4KB) is related to class I PI3Ks. PI4KIIIf is one
of four distinct PI4Ks that generate PI4P from PI in humans: PI4KIla (PI4K2A), PI4KIIB
(PI4K2B), PI4KlIIla (PI4KA) and PI4KIIIP (PI4KB) (43—45). PI4KIIIP is localized at the Golgi
and trans-Golgi-network (TGN) (43—45), with PI4P pools in the Golgi apparatus generated by both
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PI4KIlo and PI4KIIIB (46). While the localization and activity of PI4KIla is regulated through

its palmitoylation, local membrane composition, and cholesterol levels (47), the activity of
PI4KIIIB is regulated by multiple protein-protein interactions and phosphorylation (38, 48, 49).
PI4KIIIB was originally identified in yeast (Pik1p) (50), with the mammalian variant identified in
the late 90s through its sensitivity to the PI3K inhibitor wortmannin (51, 52). PI4KIII is essential
for proper Golgi formation and function, and plays important roles in mediating membrane
trafficking, cytokinesis and lipid transport (53—55). The activity of PI4KIIIP is hijacked by a
number of pathogenic picornaviruses, with this playing a critical role in mediating intracellular
viral replication (56—58). Finally, the parasite variants of PI4KIIIf are essential in the replication
of Plasmodium and Cryptosporidium species, which are the causative agents of malaria and
cryptosporidiosis (59-62).

PI4KIIIB makes a large fraction of the pool of Golgi PI4P, which is recognized by the
oxysterol-binding-protein (OSBP), four-phosphate-adaptor protein (FAPP), ceramide transfer
protein (CERT), GOLPH3, and other protein modules important for Golgi stability and lipid
transport (63—66). In addition to generating PI4P, PI4KIIIB has key non-catalytic roles, including
recruiting a pool of PI4KIIIB associated Rabl1 to the TGN (53, 67). The activity of PI4KIIIP at
the Golgi is regulated by a variety of direct binding partners (Fig. 1.2A), including the Golgi
protein Acyl CoA binding domain containing 3 (ACBD3) (57), the protein c100rf76 (56, 68), and
14-3-3 proteins mediated by PKD phosphorylation of PI4KIIIB (69-71). In addition, there are a
number of proteins that do not form direct interactions, including the GTPase Arfl (54), and the
PI transfer proteins (PITPs, Secl4 in yeast) (72, 73), which activate PI4KIIIp activity by still
unknown mechanisms.

Structural analysis of PI4KIIIp revealed that it has a very similar overall architecture to the
class I PI3Ks in respect to the helical and kinase domains (38),with the main difference being an
additional extension of the N-lobe of the kinase domain including a longer disordered N-lobe
kinase linker (Fig 1.2B). PI4KIIIB associates with the Golgi through an interaction with the
ACBD3 (57). Phosphorylation of PI4KIIIB at Ser294 drives binding of 14-3-3 proteins, which
stabilizes PI4KIIIB and increases Golgi PI4P levels through a not fully understood mechanism
(69—71). Multiple picornaviruses manipulate PI4KIIIB-dependent PI4P levels via specifically
hijacking these regulatory PI4KIIIf interacting proteins to mediate their intracellular replication

(74-77).
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Figure 1.2. Domain organization, interactome, and structure of PI4KIIIf.

(A)The domain organization of PI4KIIIB is indicated. PI4KIIIB contains a number of disordered regions,
including the N-terminus, a Ser-rich region after the helical domain, and a loop within the N-lobe of the kinase
domain. Interacting proteins of PI4KIIIP are indicated, and structurally undefined interfaces are shown as a
dotted line. (B) Structure of PI4KIIIB bound to the GTPase Rab11. The nucleotide and switch regions of the Rab
protein are labelled and colored on the figure. Important features of the kinase domain, including the active site,
the activation loop, and the catalytic loop are colored and labelled on the structure. The location of disordered
regions within the protein is indicated by dotted lines, and putative binding interfaces are labelled.
Phosphorylation sites are indicated with a red dot.

1.3  PI4KIIIB in viral infection

Picornaviruses are nonenveloped, positive-sense single-stranded RNA viruses with a 30
nm icosahedral capsid that infect vertebrates. Many of these viruses have been shown to
specifically manipulate PI4KIIIP, including Aichivirus, Poliovirus, Rhinovirus, Coxsackievirus,
Enterovirus D68 and Enterovirus A71 (75). These viruses cause diverse human diseases such as

gastroenteritis, poliomyelitis, aseptic meningitis, hand-foot-and-mouth disease, respiratory illness
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and acute flaccid paralysis, and particularly affect young children (78). Direct inhibition of

PI4KIIIB itself has been shown to disrupt viral replication and overall infection progression (58).
These viruses hijack host PI4KIIIB during infection to generate replication organelles, which are
essential for viral replication (Fig 1.3) (75). These replication organelles are abnormal, PI4P-
enriched membranes upon which multiple specific lipids are enriched, along with recruitment of
viral replication machinery (i.e. RNA polymerase, etc.) (74). PI4KIIIP recruitment to replication
organelles appears to be dependent on viral 3A proteins (58, 76, 79).

Healthy Cell Infected Cell
{:} DN lGIanﬂq;}; »
o P Golgi (L
Enterovirus (collapsing)
Infection
_)

Replication
Organelles

Figure 1.3. Human PI4KIIIf (PI4KB) is hijacked by picornaviruses to facilitate viral replication.

The virus-encoded 3A protein indirectly hijacks PI4KIIIP through its regulatory proteins and utilizes it to build
PI4P-enriched replication organelles, upon which viral replication machinery assembles. PM = plasma
membrane.

Viral 3A proteins do not directly bind to PI4KIIIB, instead they recruit PI4KIIIf -regulatory
proteins such as ACBD3 and the Arfl GEF GBF1 (Fig 1.3) (57, 58, 74). Specific Picornaviruses
have also shown a dependence on the PI4KIIIB-regulatory protein cl10orf76 (68). As infection
progresses, PI4KIIIB hijacking via regulatory proteins and subsequent redistribution of PI4P
disrupts normal trafficking and eventually leads to the collapse of the Golgi (Fig 1.3) (58, 80).
Pharmacologically or genetically inhibiting PI4KIIIB generally prevents the formation of
replication organelles and halts viral infection progression. When considering the potential value
of PI4KIIIP inhibitors as anti-viral therapeutics it is important to note that while these inhibitors
are not generally cytotoxic and effectively disrupt viral replication, some PI4KIIIP inhibitors have
been shown to have immunosuppressive effects (130,131). These currently are most useful as tool
compounds for the study of the role of PI4KIII in viral replication; however, in recent years non-
polio enteroviruses have emerged as a threat to public health with no targeted anti-viral therapy

available (81). Enteroviruses can cause devastating polio-like symptoms including acute flaccid
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myelitis, which can result in debilitating paralysis and even death. The potential anti-viral benefit
of human PI4KIIIp inhibitors in these cases may outweigh the risk of immunosuppressive effects,
which has reinvigorated research into the development of potent, specific PI4KIIIf inhibitors.

There is still significant ambiguity as to how exactly viruses utilize PI4KIIIB, as the
effectiveness of PI4KIIIP inhibition at disrupting infection varies between virus types (74). This
phenomenon is likely due to the complexity of PI4KIIIp regulation by both host and viral proteins.
Positive-sense ssSRNA viruses inject RNA into a host, which is immediately translated as a single
open reading frame by host ribosomes into a polyprotein. The polyprotein subsequently undergoes
proteolytic processing into various non-structural viral proteins, which includes viral replication
machinery. PI4KIIIf recruitment to replication organelles appears to be dependent on the viral 3A
protein (58). Numerous studies have shown that the 3A proteins from Aichivirus, poliovirus,
human rhinovirus, coxsackievirus, and Enterovirus 71 recruit ACBD3 to viral replication
organelles (57, 79, 82). There have been a number of conflicting studies pertaining to the 3A
proteins of other viruses. Several studies show ACBD3 to be essential for 3A-mediated activation
of PI4KIIIP, yet others show ACBD3 to be dispensable or even inhibitory to viral replication (76,
77, 83, 84). Another host factor, GBF1, the guanine-exchange factor (GEF) for Arfl, has also been
identified as essential for PI4KIIIP recruitment by poliovirus and coxsackie virus B3 (58, 85, 86).
However, GBF1/Arfl appear to be non-essential in the replication of human rhinovirus (87).
Recently, the PI4KIIIB-associated protein C10orf76 has been implicated in viral replication.
C100rf76 knockout in human haploid HAP1 cells eliminated replication organelle formation and
RNA replication during coxsackievirus A10 infection (68). The c100rf76 protein was first co-
purified with PI4KIIIB from HEK cells using affinity purification coupled to mass spectrometry
(56, 88). Beyond these published details, little is known about the structure and function of the
protein C100rf76, other than the presence of a C-terminal “domain of unknown function” (DUF,
441-669) commonly present in many eukaryotes (NCBI-BLAST). Further study into the regulation
of PI4KIIIB by cl0orf76, ACBD3 and GBF1/Arfl, and manipulation by viral proteins are
necessary to decipher the viral ambiguity in PI4KIIIB-hijacking.



1.4 PI4KIIIB in parasite proliferation

PI4KIIIB activity is required for successful replication of the malaria parasite which
encodes only a single PI4KIIIB homolog (62). The vast majority of malaria cases worldwide are
caused by Plasmodium falciparum and Plasmodium vivax, which are transferred to humans
through the bites of infected female Anopheles mosquitoes. The parasite first infects hepatocytes
in the liver, then eventually progresses to a symptomatic erythrocyte infection in the bloodstream.
Artemisinin-based combination therapies have been recommended by the WHO since 2005, and
have caused significant reductions in the global malaria burden and mortality; however,
elimination of malaria has been threatened by the emergence of artemisinin resistance in P.
falciparum across mainland Southeast Asia (89). Complicating matters, P. vivax is able to persist
in the liver for years after treatment before relapsing and reinitiating a blood stage infection (90).
Considering these challenges, novel medicines that cure the symptomatic asexual blood stage and
clear the relapsing liver stage are necessary to eradicate malaria.

Excitingly, Plasmodium PI4K inhibitors target all life stages of the parasite in both
mammalian hosts and the mosquito vector, kill drug-resistant parasites, and display a prophylactic
effect preventing malaria infection in monkey models (60, 62). Inhibition of Plasmodium P14K
alters intracellular distribution of PI4P, which disrupts PI4P effector (including Rablla)
recruitment and regulation of transport vesicles destined for the ingressing plasma membrane,
eventually causing failure of merozoite cytokinesis within asexual blood stage schizonts (Fig.
1.4A). These parasite PI4K inhibitors also display potent activity against another related parasite,
Cryptosporidium, which is a leading cause of diarrheal death in the developing world. Inhibition
of Cryptosporidium PI4K leads to potent reduction in intestinal infection of immunocompromised
mice, and rapid resolution of diarrhea and dehydration in neonatal calves (59). While parasite PI4K
inhibitors have only recently entered clinical trials, preclinical studies have been very promising,
and the need for their development is clear.

P. vivax PI14K (1528 residues) and C. parvum PI4K (1114 residues) are larger than the
human PI4KIIIB homolog (801 residues for human isoform 2) although the parasite variants
maintain the canonical class I PI3K/ class III PI4K helical and kinase domain (Fig 1.4B). The
P.vivax PI14K kinase domain spanning the C-terminal region of the N-lobe and entirety of the C-
lobe (residues 1245-1525) is well conserved with the human PI4KIIIP kinase domain (residues
520-801) with 43% of residues identical and 62% similar (Fig 1.4C). While the C-lobe active site
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(A) The malaria parasite requires the function of Plasmodium PI4K and Rabl1a for proper plasma membrane
biogenesis and cytokinesis of daughter merozoites, which are disrupted upon treatment with small molecule
PI4K inhibitors. PM = plasma membrane, PVM = parisitophorous vacuolar membrane. (B) Putative domain
architecture of human, Plasmodium and Cryptosporidium PI4KIIB based on amino acid sequence. (C)
Alignment of well-conserved human (residues 520-801), Plasmodium vivax (1245-1525) and Cryptosporidium
parvum (830-114) PI4KIIIP kinase domains (C-term of the N-lobe, and entire C-lobe). Alignment generated

using clustal omega and Espript 3.0 (91).
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residues show good conservation, the N-terminal half of the P.vivax N-lobe and the N-lobe linker
shows poor sequence similarity to human PI4KIIIp, including a significantly divergent P-loop. C.
parvum PI4K is smaller than the P. vivax homolog, but shares greater homology in its active site
with P. vivax PI4K (56% identical and 72% similar) than with the smaller human PI4KIIIP (43%
identical and 60% similar) in the conserved core of the kinase domain spanning the C-terminal
region of the N-lobe and entirety of the C-lobe (Fig 1.4B,C). Intriguingly, inhibitors exist that
potently target human and Plasmodium PI4Ks, but not Cryptosporidium PI4K (BQR695, (62)) —
but inhibitors also exist that target Plasmodium and Cryptosporidium PI4Ks, but not human
PI4KIIIB (KDU-691 (59)). This suggests there are both conserved and non-conserved features
within each homolog, and highlights the need for structural insights into parasite PI4K enzymes in
order to define the molecular basis of PI4K inhibitor specificity to aid anti-parasite drug

development.

1.5 Research Objectives

PI4KIIIB is a master regulator of the Golgi and an essential enzyme for the proliferation of
several prominent human pathogens. Mechanistic details on how many host and viral proteins
interact with and activate PI4KIIIp remain undefined, leading to an ambiguous understanding of
normal PI4KIIIp signalling and hijacking mechanisms by viruses. The proteins ACBD3, ¢100rf76,
and viral 3A represent key PI4KIIIB-associated proteins required for viral replication whose
regulatory mechanisms remain unexplained. Defining the molecular mechanisms of PI4KIIIf
regulation will expand our understanding of this crucial Golgi-signalling enzyme, and could lead
to novel therapeutic strategies for viral and parasite infections. The aims of this dissertation were
to gain novel insight into the roles of ACBD3 and c100rf76 in PI4KIIIP signalling by studying
regulatory interactions with both host and viral proteins. To this end, the following questions were

addressed:

1. What is the molecular basis of the ACBD3-PI4KIIIp interaction, and how do viruses

manipulate this complex using 3A proteins?

2. Does c100rf76 regulate PI4KIIIP activity? If so, what is the viral dependence on the
putative c100rf76-PI4KIIIp complex?

3. What is the molecular basis for selective inhibition of human PI4KIIIp compared to

related lipid kinases?
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To answer these questions, I have utilized a sophisticated approach of biochemistry, hydrogen-
deuterium exchange mass spectrometry (HDX-MS), and X-ray crystallography to elucidate
molecular mechanisms of PI4KIIIB regulation by protein binding partners and small molecule
inhibitors. PI4KIIIP is a multi-domain, peripheral membrane protein that is regulated through
dynamic protein-protein interfaces which sometimes only occur in the context of membranes;
these conditions that are difficult to study with crystallography alone. HDX-MS probes protein-
complex dynamics by measuring the changes in deuterium incorporation that typically occur in
interfaces involved in complex formation. Therefore, synergistically combining HDX-MS with
high resolution structural studies has provided a unique opportunity to study PI4KIIIP regulation
in a more natural context. The data presented in this dissertation have revealed the molecular basis
for regulation of PI4KIIIB by ACBD3 and c100rf76, identified mechanisms of viral dependence
on PI4KIIIB complexes, and explained the basis for selectivity of PI4KIIIfB-specific inhibitors.
These findings further our overall knowledge of PI4KIIIP signalling at the Golgi and its role in

viral replication.



13

Chapter 2: The molecular basis of Aichi virus 3A protein activation of
phosphatidylinositol 4-kinase IlI (PI4KB) through ACBD3

Adapted from:

McPhail, J.A., Ottosen, E.H., Jenkins, M.L., and Burke, J.E. (2017). The Molecular Basis of
Aichi Virus 3A Protein Activation of Phosphatidylinositol 4 Kinase I1If3, PI4KB, through
ACBD3. Structure. 25(1):121-131.

Contributions:

At the time of this study, I was mentoring Erik Ottosen (EHO), a coop student in the Burke
laboratory, and also had the assistance of Meredith Jenkins (MLJ), a laboratory technician. I
designed all primers and cloned all constructs used in this study with input from John Burke (JEB),
with the exception of those plasmids obtained as gifts. I performed all Sf9/baculovirus expressions
for PI4KIIIP production. E. coli protein expression was split between myself, MLJ and EHO.
Protein purification was split between myself and EHO. I performed all pulldown assays, and the
majority of kinase assays, with assistance from EHO. I performed HDX-MS experiments led by
MLJ and assisted by EHO. HDX-MS analysis was completed with the help of all authors. I
performed all crystallographic setup, collected synchrotron data with JEB, and JEB solved the
structure of the ACBD3 GOLD domain. The manuscript was written by JEB and myself.

2.1 Abstract

Phosphatidylinositol 4-kinase III beta (PI4KIIIB) is an essential enzyme in mediating
membrane transport, and plays key roles in facilitating viral infection. Many pathogenic positive-
sense sSRNA viruses activate PI4KIIIB to generate phosphatidylinositol 4-phosphate (PI4P)
enriched organelles for viral replication. The molecular basis for PI4KIIIP activation during viral
infection has remained largely unclear. We describe the biochemical reconstitution and
characterization of the complex of PI4KIIIB with the Golgi protein Acyl-coenzyme A binding
domain containing protein 3 (ACBD3) and Aichi virus 3A protein on membranes. We find that
3A directly activates PI4KIIIp, and this activation is sensitized by ACBD3. The interfaces between
PI4KIIIB-ACBD3 and ACBD3-3A were mapped with hydrogen deuterium exchange mass
spectrometry (HDX-MS). Determination of the crystal structure of the ACBD3 GOLD domain
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revealed a unique N-terminus that mediates the interaction with 3A. Rationally designed complex-
disrupting mutations in both ACBD3 and PI4KIIIf completely abrogated the sensitization of 3A
activation by ACBD3.

2.2 Introduction

Phosphoinositides are an important class of membrane resident lipid signaling mediators.
The inositol head group of phosphatidylinositol has free hydroxyl groups at positions D2 through
D6, and those at positions D3, D4 and D5 can be phosphorylated by lipid kinases, resulting in
seven differentially phosphorylated phosphoinositides. These phosphoinositides mediate many
essential cellular processes, including growth, cytokinesis, and membrane trafficking (2). The
proper generation of phosphoinositides is controlled by the regulation of a variety of lipid kinases
and phosphatases. An important phosphoinositide species is the lipid phosphatidylinositol 4
phosphate (PI4P), which is generated by the action of phosphatidylinositol 4-kinases (PI4K) (43,
44). Manipulation of PI4P levels is a common strategy employed by a number of intracellular
pathogens, including a number of pathogenic positive-sense single-stranded RNA (ssRNA)
viruses, which hijack and activate PI4K to promote viral replication (74, 75).

In mammalian cells, four enzymes can phosphorylate phosphatidylinositol to generate
PI4P, two type II PI4Ks (PI4KlIlo, PI4KIIP) and two type III PI4Ks (PI4KIlla, PI4KIIIB). The
type II PI4Ks are lipidated, membrane-associated proteins. The type III PI4Ks are peripheral
membrane proteins that transiently associate with membranes. Both PI4KIIla and PI4KIIIP are
large, multi-domain proteins that are regulated through their interactions with a number of protein
binding partners. PI4KIIIP is composed of a disordered N-terminal region, a helical domain, and
a bi-lobal kinase domain (38). PI4KIIIp is able to interact with the small GTPases Rab11 and Arfl
(54, 67), 14-3-3 proteins (92), and also the Golgi scaffolding protein acyl-CoA binding domain-
containing protein 3 (ACBD3, also referred to as GCP60) (48, 57). Both PI4KIIla and PI4KIIIP
have been implicated as being involved in the replication of positive-sense ssRNA viruses.
Regarding PI4KIII, there is a key involvement of PI4KIIIf interacting proteins in mediating viral
activation with numerous proteins implicated including Arfl (indirectly through viral recruitment
of its GEF, GBF1) (58), ACBD3 (79), and the recently identified protein c100rf76 (68).

A number of viruses of the Picornaviridae family mediate the activation of PI4KIIIf

through their membrane-associated 3A protein, leading to the formation of replication organelles
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(ROs) enriched in PI4P, which promote viral replication (74, 75). The molecular mechanism by
which viral 3A proteins are able to recruit and activate PI4KIIIp, and how host scaffolding proteins
might mediate this process remains a major question in the field. Intriguingly, the mechanisms by
which 3A proteins from different viruses accomplish this appear to be highly variable. One of the
first reported mechanisms of 3A mediated recruitment of PI4KIIIB to ROs was through the
interaction of poliovirus 3A protein with the GEF for Arfl, GBF1 (85), leading to PI4KIIIP
recruitment to activated Arfl (58). The protein c10orf76 has also recently been identified as a
potential mediator of PI4KIIIP activation downstream of 3A proteins in coxsackievirus A10 (68).
Not all 3A viral proteins increase PI4P through PI4KIIIp, as it has been shown that the 3A protein
from encephalomyocarditis virus hijacks PI4KIIla (44, 84) similar to the mechanism used by
hepatitis C virus (93), where the hepatitis C viral protein NS5A directly activates PI4KIIIo.
Intriguingly, there have also been mutations in 3A proteins identified that bypass the need for PI4P
production in the formation of replication organelles, and viral infection (75, 94, 95).

One of the most extensively studied host proteins in mediating PI4KIIIp activation
downstream of viral 3A proteins is ACBD3, which has been shown by affinity purification studies
to recruit 3A proteins from a number of pathogenic picornaviruses (79). However, there have been
a number of conflicting studies for the role of ACBD3 in PI4KIIIf recruitment to ROs in different
picornaviruses. Studies in Aichi virus showed that ACBD3 was essential for activation of PI4KIIIf
downstream of 3A (57, 76). Nevertheless, studies in Coxsackievirus B3 and rhinovirus showed
ACBD?3 to be dispensable for viral replication (83, 87) and ACBD3 was shown to be inhibitory
for viral replication in poliovirus (77). Defining the molecular basis of regulation of PI4KIIIP
downstream of both host and viral binding partners will be essential to understand the distinctions
and ambiguities in how different viruses can mediate PI4KIIIB recruitment and activation(57, 76).

To understand the molecular mechanism of how viral 3A proteins can activate PI4KIIIp,
and what role ACBD3 plays in this process, we have biochemically reconstituted the
PI4KIIIB/ACBD3/Aichi virus 3A complex on membranes and examined the lipid kinase activity
of this complex, as well as defined the interactions and dynamics using hydrogen deuterium
exchange mass spectrometry (HDX-MS). Intriguingly, our results reveal that the Aichi virus 3A
protein is able to directly activate PI4KIII on membranes, an activation that is sensitized by the
presence of ACBD3. Using HDX-MS we defined the interface between PI4KIIIp and ACBD3,
and Aichi virus 3A and ACBD3. The GOLD domain of ACBD3 was identified as necessary for
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3A binding, and the crystal structure of this domain was determined using an HDX-MS optimized

approach, revealing an N-terminus that mediates 3A binding. Together, the GOLD domain
structure and the HDX-MS results on the ACBD3-Aichi virus 3A complex revealed the putative
binding site for 3A. Mutations generated based on the combined structural and dynamic
information on the PI4KIII/ACBD3/Aichi virus 3A disrupted both complex formation and kinase

activation.

2.3 Materials and Methods

Protein expression

All E. coli based expression was performed using C41(DE3)RIPL cells, and affinity tags
were all N-terminal. 6xHis(tev)-PI4KIIIB wild-type, mutants (I43A, D44A and E54A) and
GST(tev)-ACBD3 wild-type, mutants (FQ258AA, QI274AA, IK380AE, Y525A) were expressed
in cultures grown at 37°C to an OD600 of 0.6-0.9, induced with 0.1mM of IPTG and grown
overnight at 16°C. GST(tev)- Arfl Q71L Al-14 and 10xHis-Arfl Q71L A1-14 were expressed in
cultures grown at 37°C to an OD600 of 0.6-0.9, induced with 0.5 mM of IPTG and grown 3 hours
at 37°C. GST(tev)-ACBD3 GOLD domain 366-527 was expressed in a culture grown at 37°C to
an OD600 of 0.6-0.9, induced with 1.0 mM of IPTG and grown 4 hours at 37°C. Cells were
harvested, washed with PBS and flash frozen in liquid N2. Spodoptera frugiperda (S19) cells were
also used to express 6xHis(tev)-PI4KIIIB wild-type as previously described (38).

Purification of 10xHis-Arfl (Q71L, A1-14), 10xHis-34 (1-59), 6xHis(tev)-PI4KIIIf wt and
mutants (1434, D444, E544)

Cell pellets containing expressed protein were sonicated in NiNTA Buffer (20 mM Tris-
HCI pH 8.0 (4°C), 100 mM NaCl, 10 mM imidazole, 5% (v/v) glycerol, 2 mM B-mercaptoethanol)
containing protease inhibitors (Millipore Protease Inhibitor Cocktail Set III, Animal-Free)] for 5
minutes on ice. Triton X-100 (0.1% v/v) was added to the cell lysate and the lysed cell solution
was centrifuged for 45 minutes at 20,000 x g at 1°C. Supernatant was filtered through a 5 pm filter
and loaded onto a SmL HisTrap column equilibrated in NiNTA Buffer. The column was washed
with 1.0 M NaCl and 22 mM imidazole in NiNTA Buffer and protein was eluted with 200 mM
imidazole in NiNTA Buffer. Eluted PI4KIII} mutants were immediately used for the GST-

glutathione based pulldown assays without further purification. All other proteins were loaded
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onto a SmL HiTrap Q column equilibrated with Q Buffer (20 mM Tris-HCI pH 8.0, 50 mM NaCl,

5% (v/v) glycerol, 2 mM B-mercaptoethanol) and eluted with an increasing concentration of NaCl.
Protein was pooled and concentrated using Amicon 10-50K concentrators and incubated overnight
at 4°C with an addition of TEV protease if cleavage was needed. Size exclusion chromatography
was performed using either a GE Superdex 75 10/300 column or Superdex 200 10/300 GL increase
column equilibrated in SEC Buffer (20mM HEPES pH 7.5, 150mM NaCl and 0.5-1.0 mM TCEP).
Fractions containing protein of interest were pooled, concentrated, flash frozen in liquid nitrogen,

and stored at -80°C.

Purification of GST(tev)-Arfl (Q71L, A1-14), GST(tev)-ACBD3 GOLD domain (366-527),
GST(tev)-ACBD3 wild-type and mutants (FQ2584A4, QI1274AA, IK380AE and Y5254

Cell pellets were lysed and spun down in Q Buffer containing protease inhibitors as
described above. Filtered supernatant was incubated with 1-4mL of Glutathione sepharose 4B
beads (GE) for 1-2 hours at 4°C. Beads were then washed with Q Buffer. For proteins maintaining
the GST tag, protein was eluted from beads with 20 mM glutathione in Q Buffer. For proteins with
a cleaved GST tag, B-mercaptoethanol was raised to 10 mM, the bead/protein mixture was
incubated overnight at 4°C with TEV or lipTEV, and cleaved protein was eluted with Q Buffer.
Protein was further purified using anion exchange and size-exclusion chromatography as described
above. Primary GTP loading was confirmed for Arfl constructs by incubating in 2mM EDTA at

50°C for 10 minutes and running on a 1.0 mL HiTrap Q column.

GST Pulldown Assays

Glutathione Sepharose 4B beads (GE Healthcare) were washed three times by
centrifugation and re-suspension in fresh GST buffer (20 mM Hepes pH 7.5, 100 mM NaCl, 2 mM
TCEP) at 4°C. GST-tagged bait protein was then added to a concentration of 3-4 M and incubated
with the beads on ice for 30 min. Beads were washed three times with GST buffer at 4°C. Non-
GST-tagged prey PI4KIIIP proteins were then added to a final concentration of 1-2 uM at which
point the input was taken for SDS PAGE analysis. The mixture was incubated on ice for an
additional 30 min and then washed four times with GST buffer at 4°C, at which time an aliquot

was taken for SDS PAGE analysis.
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Lipid vesicle preparation

Vesicles were prepared as previously described (96). Golgi Vesicles were made to mimic
the composition of the Golgi organelle [20% phosphatidylinositol (soybean PI, from Avanti), 10%
phosphatidylserine (bovine brain PS from Sigma), 45% phosphatidylcholine (egg yolk PC from
Sigma) and 25% phosphatidylethanolamine (egg yolk PE from Sigma)]. Nickelated vesicles were
composed similar to Golgi Vesicles, with the exception of 5% DGS-NTA(Ni) substituted for 5%
of the PE [5% 18:1 DGS-NTA(Ni) (Avanti), 20% PI, 10% PS, 45% PC, 20% PE]. DGS-NTA(Ni)
concentration was optimized to present approximately 12.5 pM DGS-NTA(Ni) on the vesicle
surface, an 8.3-fold excess of the highest concentration of His-tagged 3A used (1.5 uM). Vesicles
were generated by adding lipid stocks together in choloroform and evaporating the solvent under
a stream of dry nitrogen. The resultant thin lipid film was desiccated for 30 minutes and re-
suspended in Lipid Buffer (20 mM HEPES pH 7.5 (RT), 100 mM KCI, 0.5 mM EDTA) by
vortexing for 10 minutes. Lipid Buffer used to prepare Nickelated Vesicles was EDTA-free. Re-
suspended lipids were bath sonicated for 10 minutes and subjected to 3 freeze-thaw cycles between
liquid nitrogen and water at 42 °C. Vesicles were finally extruded 11 times through a 100-nM filter
using the Avanti lipid mini-extruder and stored at -80 °C. Vesicles were thawed at room

temperature prior to use.

Lipid Kinase Assays

Lipid kinase assays were carried out using the Transcreener® ADP2 FI Assay (BellBrook
Labs) following the published protocol as previously described (12). Substrate stocks were made
up containing 1 mg/mL Golgi-mimic vesicles and 20 uM ATP in a buffer containing 20 mM Hepes
pH 7.5, 100 mM KCI and 0.5 mM EDTA, and 2 pL aliquots were added into 384 well black low
volume plates (Corning 3676). No EDTA was added to substrate containing 5% NiNTA vesicles.
Proteins were thawed on ice and spun down to remove precipitate. Proteins were diluted
individually to 8X the desired concentration in Kinase Buffer (40 mM Hepes pH 7.5, 200 mM
NaCl, 20 mM MgCI2, 0.8% Triton-X, and 0.2 mM TCEP) at 0°C. Proteins were then mixed
together or with additional Kinase buffer resulting in 2X desired concentrations of each protein.
To start the reaction, 2 pL of 2X protein stock was added to 2 pL of 2X substrate stock in plates.
After mixing, the 4 uL reactions consisted of 30 mM HEPES pH 7.5 (RT), 100 mM NacCl, 50 mM
KCI, 10mM MgClI2, 0.25 mM EDTA, 0.4% (v/v) Triton-X, 0.1 mM tris(2-carboxyethyl)phosphine
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(TCEP), 10 uM ATP and 0.5 mg/mL vesicles. PI4KIII was run at 150 or 250 nM, Arfl at 750

nM, ACBD3 at 400 or 600 nM and Aichi virus 3A at concentrations ranging from 0.5 — 1.5 uM.
Reactions proceeded at 23°C for 1 hour. Reactions were stopped using 4 pL of the Transcreener
stop buffer (1X Stop & Detect Buffer B, 8§ nM ADP Alexa594 Tracer, 50 pg/ml ADP2 Antibody-
IRDye® QC-1). Fluorescence intensity was measured using a Spectramax M5 plate reader with
Aex =590 nm and Aem =620 nm. Data was plotted using Graphpad Prism software, with ECso
values determined by nonlinear regression (curve fit). No detectable nonspecific ATPase activity
was detected in reactions containing 250 nM wild-type PI4KIIIB without vesicle substrate. No
detectable nonspecific ATPase activity was detected in reactions containing up to 1.5 uM 3A, 600
nM ACBD3 or both together without PI4KIIIB. The specific activity for apo PI4KIIIB was
determined to be 0.80 (SD +/- 0.11) nmol ADP min-1 mg-1 on 5% NiNTA vesicles and 1.71 (SD

+/- 0.05) nmol ADP min-1 mg-1 on Golgi-mimic vesicles.

Hydrogen deuterium exchange mass spectrometry (HDX-MS)

HDX reactions were conducted in 50 pL reactions with a final concentration of 0.2-2.5 pM
of protein per sample (PI4K-ACBD3, 0.5 uM each; ACBD3-3A-0.5 uM ACBD3 and 2.5 uM 3A;
3A-ACBD3-0.2 uM 3A and 1 uM ACBD?3). Reactions were initiated by the addition of 45 pL of
D20 Buffer Solution (10 mM HEPES pH 7.5, 50 mM NacCl, 97% D20) to 5 uL of protein solution,
to give a final concentration of 87% D20. Exchange was carried out for four timepoints, (3 seconds
at 0°C and 3s, 30s, and 300s at 23 °C). Exchange was terminated by the addition of acidic quench
buffer giving a final concentration 0.6 M guanidine-HCI, 0.8% formic acid. All experiments were
carried out in triplicate. Samples were immediately frozen in liquid nitrogen and stored at —80°C
until mass analysis. Protein samples were rapidly thawed and injected onto a UPLC system kept
in a cold box at 2°C. The protein was run over two immobilized pepsin columns (Applied
Biosystems; porosyme, 2-3131-00) stored at 10°C and 2°C at 200 puL/min for 3 min and the
peptides were collected onto a VanGuard precolumn trap (Waters). The trap was subsequently
eluted in line with an Acquity 1.7 pm particle, 100 x 1 mm2 C18 UPLC column (Waters), using a
gradient of 5-36% B (buffer A 0.1% formic acid, buffer B 100% acetonitrile) over 16 minutes.
Mass spectrometry experiments were performed on an Impact II QTOF (Bruker) acquiring over a
mass range from 350 to 1500 m/z using an electrospray ionization source operated at a temperature

of 200°C, and a spray voltage of 4.5 kV. Peptide identification was done by running tandem
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MS/MS experiments run in data dependent acquisition mode with a 0.5 s precursor scan from 200-
2000 m/z, followed by 12 fragment scans from 150 to 2000 m/z of 0.25 s. The resulting MS/MS
datasets were analyzed using PEAKS7 (PEAKS), and a false discovery rate was set at 1% using a
database of purified proteins and known contaminants.

HD-Examiner Software (Sierra Analytics) was used to automatically calculate the level of
deuterium incorporation into each peptide. All peptides were manually inspected for correct charge
state and presence of overlapping peptides. Deuteration levels were calculated using the centroid
of the experimental isotope clusters. Attempts at generating fully deuterated protein samples to
allow for the control of peptide back exchange levels during digestion and separation was
attempted for all proteins. No successful fully deuterated samples were generated for ACBD3 or
3A. Results for these proteins are therefore presented as relative levels of deuterium incorporation
and the only control for back exchange was the level of deuterium present in the buffer (87.4%).
For ACBD3 and 3a, the real level of deuteration will be ~25-35% higher than shown, based on
tests performed with fully deuterated standard peptides. For PI4K, the fully deuterated sample was
prepared as described previously (97). The average error of all time points and conditions for each
HDX project was less than 0.2 Da. Therefore, changes in any peptide at any time point greater
than both 7% and 0.7 Da between conditions with a paired t-test value of p<0.05 was considered

significant. The full details of H/D exchange for all peptides are shown in Appendix C and D.

Crystallography

Crystallization trials of the GOLD domain of ACBD3 were set using a Crystal Gryphon
(Art Robbins Instruments) in 96-well Intelliplates using sitting drops at 18°C. Protein at 4.74
mg/mL was mixed 2:1 with reservoir solution for a final drop volume of 0.3 pL. Initial hits were
obtained in the JBScreen Classic 1-4 kit. Refinement plates for JBScreen Classic 3 condition B3
[16% (w/v) PEG-4000, 200 mM Ammonium Sulphate, 100 mM Hepes Salt pH 7.5 and 10% (v/v)
2-propanol] were set using the hanging drop method by gridding PEG-4000 and glycerol with
various drop ratios and protein concentrations. Optimal crystals grew using the hanging drop
method with protein at 5.0 mg/mL mixed 10:1 with reservoir solution [13% (w/v) PEG-4000, 200
mM Ammonium Sulphate, 100 mM Hepes Salt pH 7.5, 10% 2-propanol and 10% glycerol] for a
final drop volume of 2.2 pLL and reservoir volume of 300 pL. These crystals were frozen in liquid

nitrogen using cryo buffer [13% (w/v) PEG-4000, 200 mM Ammonium Sulphate, 100 mM Hepes
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Salt pH 7.5, 20% 2-propanol and 10% glycerol] containing glycerol and extra 2-propanol as

cryoprotectant for data collection.

Structure solution/refinement

Diffraction data were collected at 100 K at beamline 08ID-1 of the Canadian
Macromolecular Crystallography Facility (Canadian Light Source, CLS). Data were integrated
using iMosflm 7.1.1 (98) and scaled with AIMLESS (99). The crystallography data was severely
anisotropic and molecular replacement, model building and refinement was hindered. The data
was corrected for anisotropy by anisotropic truncation and scaling (UCLA server,
http://services.mbi.ucla.edu/anisoscale/) (100) and required truncation of data that fell outside an
ellipse centered at the reciprocal lattice origin and having vertices at 1/3.1, 1/3.2 and 1/2.5 A along
a*, b* and c* respectively, which led to great improvement in maps (Appendix E). Phases were
initially obtained by molecular replacement using Phaser (101) with the the GOLD domain from
Sec14 like protein 4 (Sec14L4) (PDB ID: 4LTG) used as the search model for the anisotropiclly
truncated data, with this model used obtain phases for the full dataset. Automated model building
was performed with Phenix.autobuild (102). The final model of the ACBD3 Gold domain was
built using iterative model building in COOT (103) and refinement using phenix.refine (104) to
Rwork = 23.83 and Rfree = 26.17. Full crystallographic statistics are shown in Table 2.1+2.2.

2.4 Results

Biochemical reconstitution and lipid kinase assays of PI4KIII/ACBD3/Aichi 34 complex

To examine the molecular basis for PI4KIIIP activation by 3A we expressed and purified
constructs of PI4KIIIB, ACBD3, and Aichi virus 3A protein. The Aichi virus 3A protein was
selected due to multiple studies identifying a complex between ACBD3- PI4KIIIP and Aichi virus
3A (57, 76). We expressed the full-length constructs of PI4KIIIf and ACBD3 as well as a His
tagged construct of the Aichi virus 3A protein that would mimic the membrane bound form (Fig.
2.1A). The native Aichi virus 3A protein is myristoylated (79) and contains a putative C-terminal
transmembrane helix. Attempts to purify full-length 3A protein led to insoluble protein, even in
the presence of detergent. Previous studies used an N-terminal MBP tag (76); however, this would
be likely to disrupt myristoylation and membrane localization, so to generate the most realistic in

vitro mimic of a membrane localized Aichi virus 3A we used a 10x His-tag at the myristoylation
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site and removed the putative transmembrane helix (10xHis-3A[1-59]). To anchor the 3A protein
on a membrane, we used Golgi-mimic vesicles containing 5% DGS-NTA(Ni), a synthetic lipid
with a nickel-chelating headgroup, an approach that has previously been used to study membrane-
associated signaling complexes (105). To verify that the Ni-NTA derived lipids would be a valid
approach to study membrane localized activators of PI4KIIIB, we reconstituted the small GTPase
Arfl using a 10x His-tag to mimic the natural N-terminal myristolation on 5% NiNTA vesicles
and we saw a ~1.5-fold increase in PI4KIIIB activity that was dependent on His-tagged Arfl
(Appendix A). To understand the role of ACBD3 in mediating activation of PI4KIIIB downstream
of Aichi virus 3A we carried out lipid kinase assays on PI4KIIIB in the presence and absence of

ACBD3 and His-tagged Aichi virus 3A on Golgi-mimic vesicles (Fig. 2.1). Experiments carried
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Figure 2.1. In vitro lipid kinase assays show PI4KIIIp is activated by membrane-bound 3A protein in a
concentration-dependent manner and the presence of ACBD3 sensitizes this activation (refers to
Appendix A).

(A) Protein domain architecture - wild-type PI4KIIIP contains a helical domain (128-243) and kinase domain
(306-801) consisting of an N-lobe and a C-lobe. Wild-type ACBD3 contains an acyl-CoA binding domain
(ACBD, 83-174), charged amino acids region (CAR, 182-238), glutamine rich region (Q, 241-308) and a Golgi
dynamics domain (GOLD, 367-528). Native Aichi virus contains two lipid anchors in vivo, an N-terminal
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myristoylation and a C-terminal transmembrane helix. An optimized 10xHis-3A (1-59) construct replaced the
native myristoylation with a 10x-his tag for binding to nickelated vesicles and removed the transmembrane helix
to facilitate purification. (B) Schematic — His-tagged 3A binds to Golgi-mimic vesicles containing DGS-
NTA(NI) (5% DGS-NTA(Ni), 10% PS, 20%PE, 20% PI, 45% PC) and recruits PI4KIIIB. ACBD3 binds to the
membrane associated PI4KIIIB-3A complex. (C) For both panels B+D lipid kinase activity of PI4KIIIB (150
nM) was monitored through the production of ADP in the presence of 0.5 mg/mL of vesicles. All specific activity
measurements were normalized to PI4KIIIp in the absence of binding partners. Membrane-bound His-tagged
3A activates PI4KIIIP in a dose-dependent manner on 5% NiNTA vesicles. ACBD3 alone (present at 600 nM)
does not activate PI4KIIIP, but sensitizes the activation by 3A, reaching maximum activation with lower 3A
concentrations. (D) Schematic — His-tagged 3A does not bind to Golgi-mimic vesicles (10% PS, 20% PI, 25%PE,
45% PC) lacking DGS-NTA(Ni) and does not recruit PI4KIIIp. (E) His-tagged 3A does not activate PI4KIIIB
on Golgi-mimic even in the presence of ACBD3. For all experiments reactions were carried out in triplicate, and
data is shown +/- SD, and results from t tests are shown, with N.S. being p values >0.05.

out on vesicles lacking DGS-NTA(Ni) showed no significant lipid kinase activation of PI4KIIIf

by either ACBD3 or Aichi virus 3A protein (Fig. 2.1D-E). Vesicles containing DGS-NTA(Ni) still
showed no direct activation by ACBD3. Surprisingly, we found that there was a dose dependent
activation of PI4KIIIB directly by membrane localized Aichi virus 3A protein, and that the
presence of ACBD3 led to a sensitization of PI4KIIIP activation by membrane localized Aichi
virus 3A (Fig. 2.1B-C). The activation of apo PI4KIIIp by 3A had an approximate ECso (i.e. the
concentration of 3A that provokes half of its maximum activation of PI4KIIIp) of 1 uM. In the
presence of ACBD3, the estimated ECso of 3A for PI4KIIIf activation is reduced to <500 nM.

Defining the location and dynamics of the PI4KIII/ACBD3 interface using HDX-MS

During the course of this study, another group showed ACBD3 and PI4KB form a tight
complex, with a binding affinity of 320 +/- 130 nM (48). To understand the dynamics of this
interaction, we carried out HDX-MS experiments on both PI4KIIIB and ACBD3 both alone and
in complex. HDX-MS is a powerful technique that allows for the determination of the exchange
rate of amide hydrogens in proteins, and as the main determinant of amide exchange is the
involvement of secondary structure, it acts as a useful readout of protein conformational dynamics.
It has been particularly useful in mapping protein-protein (106) protein-membrane (107), and
protein-small molecule interactions (108), as well as being a useful tool in defining disordered
regions in proteins (97, 109). Critical to a successful HDX-MS experiment is the generation of
peptic peptides that cover the entire sequence, and allow for localization of deuterium exchange
rates. Two hundred and sixty-four peptides were identified from ACBD3 covering 92.5% of the
sequence, and 302 peptides from PI4KIIIB covering 99% of the sequence. A description of the
HDX-MS methodological details are explained in Appendix B, and the full deuterium exchange
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information for all experiments is shown in Appendix C and D. Hydrogen deuterium experiments
were carried out at four time points (3, 30, and 300s at 23°C, and 3s at 0°C) for both ACBD3 and
PI4KIIIP alone and in the presence of a 3-fold excess of binding partner. Significant changes in
H/D exchange between populations were denoted by the following criteria: Greater than 0.7 Da,
and 7% change in exchange at any timepoint, and a t-test p value less than 0.05 upon comparison
of the two populations. In PI4KIIIp, there was only one region of the protein that showed decreases
in exchange — this was in the N-terminus, with peptides spanning 41-67 showing a significant

protection in exchange in the presence of ACBD3 (Fig. 2.2A,C,D, Appendix C). This protection
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Figure 2.2. HDX-MS shows a disorder to order transition in a region between the N-terminus and helical
region of PI4KIIIP upon complex formation with ACBD3 (refers to Appendix B-C).

(A) Significant changes of deuterium incorporation (>0.7 Da and >7% at any time point) are mapped on the
structural model of PI4KIIIB (composed of the helical and catalytic domains of PI4KIIIB (PDB:4DOL)(38) and
the N-terminal helix of PI4K bound to the Q domain of ACBD3 (PDB:2N73)(48)). Changes in exchange are
mapped according to the legend. Decreases in exchange in PI4KIIIp in the presence of ACBD3 mapped to amino
acids 41-67, which have been shown to form a helix that contacts the Q domain of ACBD3. 143 and FQ258 are
highlighted in PI4KIII and ACBD3 respectively. (B) Percent deuterium incorporation at 3 s D,O exposure at
0°C of PI4KIIIP in Apo (blue) and ACBD3-bound (red) states showed that the disordered n-terminal region of
PI4KIIIB (41-67) becomes ordered in the presence of ACBD3. (C) Selected peptides in PI4KIIIB and ACBD3
that showed decreases in exchange are shown. The full list of all peptides and their deuterium incorporation is
shown in Appendix C. (D) The sum of the difference in H/D exchange for PI4KIIIf in the presence of ACBD3
at all timepoints is shown. (E) The sum of the difference in H/D exchange for ACBD?3 in the presence of PI4KIIIf
at all timepoints is shown. For both panel D+E each peptide is represented as a single point corresponding to its
mass centroid (x axis), peptides circled in red are shown in panel C. For panels B-E all experiments were carried
out in triplicate, with error bars representing SD, in panels B+C most are smaller than the size of the point.
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mapped to the same region as a recent NMR study on the interface between ACBD3 and PI4KIIIf

(48). Intriguingly, our HDX-MS results reveal that the N-terminal helix in PI4KIIIP that forms
upon interaction with ACBD3 is completely disordered in the absence of ACBD3, and undergoes
a disorder-to-order transition upon ACBD3 binding (Fig. 2.2B). Numerous peptides spanning the
Q domain of ACBD3 showed a decrease in exchange in the presence of PI4KIIIB (Fig. 2.2C,E).
The decreases in exchange in ACBD3 in the Q domain were of a much smaller magnitude than in
PI4KIIIB, and all putative contact sites of ACBD3 with PI4KIIIf showed presence of secondary
structure in the absence of PI4KIIIB. Mutations in regions in both PI4KIIIP (I43A, D44A) and
ACBD3 (FQ258AA) disrupted their ability to interact with ACBD3 and PI4KIIIp respectively as
shown by GST pulldown assays (Fig. 2.3).
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Figure 2.3. GST-glutathione pull-down assays show I143A and D44A PI4KIIIp mutations disrupt ACBD3
binding, while the FQ248AA ACBD3 mutation disrupts PI4KIIIf binding.

(A) GST-tagged wild-type ACBD3 pulls down wild-type PI4KIIIf but does not pull down 143A or D44A
PI4KIIIB. (B) Wild-type PI4KIIIB is pulled down by GST-tagged wild-type ACBD3 but not by GST-tagged
FQ258AA ACBD3. Inputs and bound proteins were analysed on SDS gels with Coomassie Brilliant Blue stain.

Structure of the GOLD domain of ACBD3
Previous work has indicated a critical role of the GOLD domain of ACBD3 in mediating
activation downstream of viral 3A proteins (79). There is no structure of the GOLD domain from

ACBD3, with the only published GOLD domain being from supernatant protection factor protein
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(SPF) (110). The GOLD domain is found in many proteins located at the Golgi and plays key roles

in mediating protein-protein interactions (111). The ACBD3 GOLD domain is predicted to
facilitate the interactions with the protein Giantin (112), which mediates the Golgi membrane
localization of ACBD3. To identify the optimal construct for crystallization we used HDX-MS to
define regions of disorder within ACBD3. HDX-MS identified a region of residues protected from
amide exchange immediately N-terminal of the predicted start of the GOLD domain (Fig 2.4A).
Using the HDX-MS results we generated a crystal construct composed of ACBD3 residues 367-
528. The structure of the GOLD domain was solved at a resolution of 2.5 A (full crystallization
details in material and methods). The dataset was severely anisotropic, which occurs when the
number of lattice contacts in a crystal is less, and subsequently diffracts weaker, in one cell
direction than another. Anisotrophy was corrected through anisotropic truncation and scaling with
truncation dimensions of a*, b*, ¢* - 3.1, 3.2, 2.5 which led to a great improvement in maps (Table
2.1+2.2, Appendix E), a method previously utilized to determine the crystal structure of PE/PPE
(PDB:2G38) from an anisotropic dataset (100). The overall domain topology was very similar to
the GOLD domain present in the previously solved SPF structure (110), as well as the GOLD
domain present in Secl4 like protein 4 (SEC14L4, unpublished, pdb: 4TLG), with the domain
adapting a jelly-roll beta barrel motif. However, the GOLD domain of ACBD3 contained an extra
N-terminal extension composed of a single beta strand and alpha helix, with little to no sequence

conservation of this region across other GOLD domain containing proteins (111) (Fig. 2.4B,C).
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Figure 2.4. X-ray crystal structure of the Gold domain of ACBD3 to 2.5 A reveals a unique N-terminal
extension.

(A) The deuterium incorporation of ACBD3 at 3 s D,O exposure at 0°C is mapped according to the central
residue. Every point represents a single peptide. Experiments were carried out in triplicate, and error bars
represent SD. Most are smaller than the size of the point. A red line represents the boundary chosen for the
GOLD domain crystal construct. (B) The crystal structure of the GOLD domain of ACBD3, with the unique N-
terminal extension colored in red. The termini of the domain are labeled. (C) The structure of SEC14L4
(PDB:4TLG) with its gold domain colored the same as ACBD3, reveals the lack of the N-terminal beta-strand
and helix seen in ACBD3. Full refinement details summarized in Tables 2.1 and 2.2. Refers to Appendix E.
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Table 2.1. Data collection and refinement statistics for ACBD3 GOLD Domain.

Data collection
Wavelength (A)
Space group

Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge

R-meas

CC1/2

CC*

Refinement

Resolution range (A)

Reflections used for R-free
R-work
R-free

Number of non-hydrogen atoms

macromolecules

ligands

water
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran outliers (%)
Clashscore
Average B-factor

macromolecules

ligands

ACBD3 GOLD domain
0.9797

P3121

(55.51, 55.51, 140.15, 90, 90, 120)
41169 (4665)

9160 (1018)

4.5 (4.6)

99.6 (100)*

8.6 (1.0)

45.16

0.059 (0.869)

0.073

0.998 (0.840)

0.999 (0.98)

46.72 -2.50 (2.58 - 2.50)

5%
24.72
26.17
1028

1028
0

0

123
0.004
0.88
95
0.9
11.99
48.70
48.70

Statistics for the highest-resolution shell are shown in parentheses. Values are before anisotropic scaling as
requested by PDB for final model deposition. *completeness after anisotropic scaling is shown in Table 2.2,
and details of anisotropic scaling are shown in Appendix E.
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Table 2.2. Data completeness after anisotropic truncation and scaling for ACBD3 GOLD domain.

Bin Resolution Range (A) | Completeness
1 46.7248 - 5.5711 0.90
2 5.5711 - 4.4230 0.92
3 4.4230 - 3.8642 0.95
4 3.8642 - 3.5110 0.92
5 3.5110 - 3.2594 0.97
6 3.2594 - 3.0673 0.80
7 3.0673 - 2.9137 0.45
8 29137 - 2.7869 0.30
9 2.7869 - 2.6796 0.20
10 2.6796 - 2.5872 0.12
11 2.5872 - 2.5063 0.05

Defining the location and dynamics of the ACBD3/ 34 interface using HDX-MS

To understand the molecular basis for how ACBD3 could mediate sensitization of PI4KIIIf
activation downstream of Aichi virus 3A we carried out HDX-MS experiments on ACBD3 in the
presence and absence of a five-fold excess of Aichi virus 3A protein. We also carried out the
reciprocal experiment where HDX rates for Aichi virus 3A were determined in the presence and
absence of a five-fold excess of ACBD3. Due to interference from overlapping peptides derived
from 3 A, 95 peptides covering 84% of the sequence of ACBD3 were identified and analyzed using
HDX-MS and 18 peptides were identified for 3A covering 83% of the sequence.

In ACBD3, both the acyl-CoA binding (ACB) domain and the C-terminal GOLD domain
showed significant decreases in deuterium exchange in the presence of 3A (Fig 2.5A). Previous
work had implicated the GOLD domain as the main determinant of 3A recruitment (56) so the
decreases in exchange in the ACB domain may be mediated through conformational changes
induced by binding to the GOLD domain. Indeed HDX-MS experiments on the isolated GOLD
domain in the presence of 3A still showed decreases in exchange in similar regions as the full
length ACBD3 protein (data not shown). The main regions of the GOLD domain that showed a
decrease in exchange upon 3A binding were an N-terminal extension (367-382), as well as the C-
terminus (523-528) (Fig. 2.5A,C,D). For the 3A protein numerous peptides showed significant
decreases in exchange across the entire primary sequence; however, the largest decrease in

exchange was located at the N-terminus (Fig 2.5B,C).
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Figure 2.5. HDX-MS of the interface between Aichi virus 3A and ACBD3 shows a key role of the termini
of the ACBD3 GOLD domain (refers to Appendix D).

(A) The sum of the difference in H/D exchange for ACBD3 in the presence of Aichi virus 3A at all timepoints
is shown. The schematic for the domain architecture of ACBD3 is shown for reference. (B) The sum of the
difference in H/D exchange for 3A in the presence of ACBD3 at all timepoints is shown. (C) The deuterium
incorporation for selected peptides highlighted in red in panels A+B are shown, with the location of the peptide
indicated. All peptides are shown in Appendix D. For panels A-C all experiments were performed in triplicate,
and error bars represent SD, with most being smaller than the size of the point. (D) Significant differences in
HD exchange levels at any timepoint are mapped onto the structure of the ACBD3 GOLD domain according to
the legend. Key residues are shown as sticks and labeled on the structure.

Generation of mutations that disrupt the PI4KIIIB-ACBD3-Aichi virus 34 complex

To test that we had accurately identified the contacts between both PI4KIII-ACBD3 and
ACBD3-Aichi virus 3A protein we generated point mutants in both PI4KIIIf and ACBD3 for
testing in our biochemical reconstitution lipid kinase assay. To test the role of the PI4KIIIB-
ACBD3 complex we examined the 143A mutation in PI4KIIIB that disrupted ACBD3 complex
formation (Fig. 2.3). This mutation showed similar basal kinase activity as wild-type PI4KIIIf,
but was unable to be directly activated downstream of Aichi virus 3A protein (Fig. 2.6A,B). To
test the role of the ACBD3-Aichi virus 3A complex, mutations were designed near both the N
(IK380AE) and C termini (Y525A) of the GOLD domain of ACBD3 (Fig 2.5D). HDX-MS
experiments on these mutants showed no global differences in H/D exchange levels, indicating
that protein remained properly folded (data not shown). These ACBD3 mutants also completely
abrogated the ability of the ACBD3 to sensitize PI4KIIIP activation downstream of Aichi virus
3A.
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Figure 2.6. Disrupting the ACBD3 interaction with either PI4KIIIf or 3A eliminates ACBD3’s ability to
sensitize PI4KIIIP activation by membrane-bound 3A.

(A) Schematic — His-tagged 3 A binds to Golgi-mimic vesicles containing DGS-NTA(Ni) (5% DGS-NTA(Ni),
10% PS, 20%PE, 20% PI, 45% PC) and recruits PI4KIII. ACBD3 binds to the membrane associated PI4KIIIB-
3A complex. 143A PI4KIIIP no longer binds to ACBD3 but maintains 3A binding. (B) Lipid kinase assays
monitoring the production of ADP in the presence of 5% NiNTA vesicles at 0.5 mg/mL were carried out with
150 nM PI4KIIIB for 60 minutes. ACBD3 was present at 500 nM. The 143A PI4KIIIB mutation that disrupts
PI4KIIIB-ACBD3 complex formation does not change basal enzyme activity and maintains activation by 3A.
However, the 143 A PI4KIIIB mutation eliminates ACBD3 sensitization to 3A activation. (C) Schematic — His-
tagged 3A binds to 5% NiNTA vesicles and recruits PI4KIIIB. ACBD3 binds to the membrane associated
PI4KIIIB-3A complex. IQ380AE and Y525 ACBD3 mutants no longer bind 3A but maintain PI4KIIIp binding.
(D) The IQ380AE and Y525 ACBD3 mutations that disrupt 3A-ACBD3 complex formation eliminate ACBD3
sensitization of the 3A-PI4KIIIp activation. For panels B+D experiments were carried out in triplicate and error
bars represent SD, with N.S. being shown for p values >0.05.
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2.5 Discussion

Understanding the molecular mechanism of how PI4KIIIP can be activated downstream of
viral infection is an important goal in identifying potential broad-spectrum anti-viral strategies for
intervention. Critical to this goal is understanding how PI4KIIIf interacts with, and is activated
by, its full complement of host binding proteins, and how host PI4KIII} binding proteins
participate in activation downstream of viral infection. PI4KIIIf is able to directly bind to a number
of host binding partners, and different viruses appear to exploit the different binding partners of
PI4KIIIP to mediate recruitment and activation of the kinase at viral replication organelles. Using
a combination of biochemical assays, HDX-MS, and structural analysis has allowed us to build
the most complete model describing how PI4KIIIB-ACBD3 and Aichi virus 3A interact, and
through targeted mutations we have revealed the binding interfaces of these enzymes. Surprisingly,
we find that the Aichi virus 3A protein is able to directly activate the lipid kinase activity of
PI4KIIIB when presented on a membrane surface. ACBD3 appears to play a key scaffolding role
in the assembly of the complex, as the presence of ACBD3 greatly sensitizes PI4KIIIf activation
by Aichi virus 3A.

ACBD3 has been previously shown to bind PI4KIIIf directly, and when located at
membrane surfaces is able to activate PI4KIIIP activity (48). It has been heavily implicated in
mediating PI4KIIIP activation downstream of a number of different picornaviruses, with the 3A
proteins from Aichi virus, human rhinovirus 14, poliovirus, and coxsackieviruses B2, B3 and B5
all being able to pull down ACBD3 (79). Further studies examining the role of ACBD3 in
mediating viral replication have been ambiguous, with ACBD3 being required for PI4KIIIf
activation in Aichi virus (57, 76), but replication in rhinovirus 14 and coxsackievirus B3 being
independent of ACBD3 (83, 87), and experiments in poliovirus actually showing an inverse
dependence on ACBD3 in viral replication (77). Our discovery that Aichi virus 3A protein is able
to directly activate PI4KIIIp in vitro may explain some of the discrepancies on the role of ACBD3
in viral infection. A further complication studying the role of ACBD3 during infection is that this
protein plays a key role in maintaining PI4KIIIB at the Golgi complex as well as acting as a hub
connecting many signalling pathways, including cholesterol trafficking, and iron metabolism
(113); therefore, ACBD3 knockdown may be deleterious in a myriad of ways to the host cell. The

generation of specific point mutants for all signalling components that specifically disrupt only
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single interactions will be essential to fully understand the role of each protein complex in both
host and viral signalling.

The discovery of the role of the GOLD domain in mediating the interaction between 3A
and ACBD3 is intriguing, as this domain also mediates the recruitment of ACBD3 to the Golgi
through interactions with the protein Giantin (112). The replacement of the interaction between
Giantin and ACBD3 by 3A leads to a potential mechanism of how ACBD3 can be redistributed
during viral replication, and how it can act as a recruitment point for PI4KIIIB. The discovery of a
unique, non-conserved N-terminal extension of the ACBD3 GOLD domain that mediates the Aichi
virus 3A interaction explains the specificity of the 3A interaction for the GOLD domain of
ACBD3. Previous work using mammalian two-hybrid screening had shown that a construct
comprised of 260-528 of ACBD3 (this construct partially deletes the Q domain, and contains the
entire GOLD domain) is able to interact with the 3A proteins from Aichi and poliovirus (56).
Surprisingly, we found that there is a very large decrease in H/D exchange in the acyl-CoA binding
domain (ACB) in the presence of Aichi 3A protein, and this change may indicate that there is a
large conformational change between the different domains of ACBD3 upon 3A binding. Further
investigations probing potential changes in lipid transport properties of ACBD3 upon 3A binding
will be useful in fully understanding the full role of ACBD3 in viral replication. The N-terminus
of Aichi virus 3A was identified as the main interaction surface for ACBD3 binding, which is
consistent with previous alanine screening mutagenesis, which identified a cluster of residues in
this region that abolished PI4KIIIB-ACBD3 binding (79).

ACBD3 is not the only PI4KIIIB binding partner that has been implicated in mediating
viral replication. PI4KIIIP is able to directly bind the GTPase Rabl11 (38), however, instead of
Rabll1 acting as the recruitment/activation signal for PI4KIIIp, this interaction appears to be
essential for the recruitment of Rab11 to the Trans Golgi network (67). It has been shown that 3A
proteins from enteroviruses are able to recruit Rab11 positive recycling endosomes to replication
organelles, along with PI4KIIIB, resulting in a redistribution of intracellular cholesterol pools from
the plasma membrane to viral replication organelles, which in turn leads to increased viral
replication (80). The role of the direct complex between Rabl1l and PI4KIIIP in this process
remains unclear. PI4KIIIp has also been proposed to be activated directly through the action of the
GTPase Arfl(54), however, no direct interaction has been determined between these proteins in

solution. Enteroviruses, including poliovirus and coxsackievirus B3, use their 3A proteins to
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directly interact with GBF1, the GEF for Arfl, leading to activation of PI4KIIIP (58). However,

experiments have shown that coxsackievirus B3 and rhinovirus can recruit PI4KIIIp independent
of Arfl-GBF1 (83, 87), further complicating the mechanism of how PI4KIIIf is recruited to
replication organelles. The protein c100rf76 has recently been identified as a potential binding
partner of PI4KIIIB, and its presence was required for the viral replication of coxsackievirus A10
(68). Examining the role of the different 3A proteins from other viruses using similar biochemical
reconstitution experiments with PI4KIIIB and other potential host factors will be informative into
further molecular mechanisms of PI4KIIIf activation.

The role of PI4KIIIP in mediating viral replication has led to great interest as a potential
pan-viral therapeutic target. Indeed, numerous inhibitors of PI4KIIIB have been developed and are
able to target a number of different positive-sense sSRNA viruses (114—118). Many of these
compounds have shown high levels of organismal toxicity, an effect attributed to their activity
against PI4KIIIP. Fully understanding the molecular mechanisms by which PI4KIIIf is activated
will be essential to the development of novel inhibitory strategies that may be able to target viral
replication either upstream or downstream of PI4KIIIP activation. Our study provides critical
insight into the mechanism by which 3A proteins can mediate the activation of PI4KIIIp, as well
as mechanisms on how PI4KIIIf binding proteins can be involved. Rationally designed mutations
from our work provide a framework for future studies on the role of different 3A proteins from

multiple pathogenic viruses in mediating activation through ACBD3.
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Chapter 3: Characterization of the c100rf76-PI4KB complex, and its
necessity for Golgi PI4P levels and enterovirus replication

Adapted from:

McPhail, J.A., Lyoo, H.R., Pemberton, J.G, Hoffmann, R.M., van Elst, W., Strating J.R.P.M.,

Jenkins, M.L., Stariha J.T.B., Powell, C.J., Boulanger, M.J., Balla, T., van Kuppeveld, F.J.M.,
and Burke, J.E. (2019). Characterization of the c100rf76-PI4KB complex, and its necessity for

Golgi PI4P levels and enterovirus replication. EMBO Reports. e48441.

Nomenclature:

This chapter will refer to PI4KIIIP as PI4KB.

Contributions:

At the time of this study, I was mentoring Reece Hoffmann (RHM), an honors student in
the Burke laboratory. I also had the assistance of Meredith Jenkins (MLJ) and Jordan Stariha
(JTBS) as laboratory technicians. I designed all constructs used in this study with input from John
Burke (JEB), with the exception of those plasmids obtained as gifts. I cloned the majority of
constructs, including all of those with recruitable/fluorescent tags for use in microscopy studies.
RHM assisted cloning of more than a dozen c10orf76 mutants to identify a PI4KB-complex
disrupting mutation. I expressed all proteins produced in Sf9/Baculovirus, and E. coli protein
expression was split between myself, RHM, MLJ and JTBS. I purified the majority of proteins,
with help from RHM, MLJ and JTBS. I performed all pulldown and kinase assays, including
phosphorylation of PI4KB by PKA. I performed HDX-MS experiments led by MLJ and assisted
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3.1 Abstract
The lipid kinase PI4KB, which generates phosphatidylinositol 4-phosphate (P14P), is a key
enzyme in regulating membrane transport and is also hijacked by multiple picornaviruses to
mediate viral replication. PI4KB can interact with multiple protein binding partners, which are
differentially manipulated by picornaviruses to facilitate replication. The protein c100rf76 is a
PI4KB-associated protein that increases PI4P levels at the Golgi and is essential for the viral
replication of specific enteroviruses. We used hydrogen deuterium exchange mass spectrometry
to characterize the c100rf76-PI4KB complex and reveal that binding is mediated by the kinase
linker of PI4KB, with formation of the heterodimeric complex modulated by PKA-dependent
phosphorylation. Complex-disrupting mutations demonstrate that PI4KB is required for membrane
recruitment of c100rf76 to the Golgi, and that an intact c100rf76-PI4KB complex is required for
the replication of cl0orf76-dependent enteroviruses. Intriguingly, ¢100rf76 also contributed to
proper Arfl activation at the Golgi, providing a putative mechanism for the c10orf76-dependent

increase in PI4P levels at the Golgi.

3.2 Introduction

Phosphoinositides are essential regulatory lipids that play important roles in myriad cellular
functions. The phosphoinositide species phosphatidylinositol 4-phosphate (PI4P) is widely
distributed and involved in the coordinated regulation of membrane trafficking, cell division, and
lipid transport (2, 119). Multiple human pathogens manipulate PI4P levels to mediate their
intracellular replication, including Legionella (120) and multiple picornaviruses (58, 75). PI4P
pools in the Golgi apparatus are generated by both PI4K2A and PI4KB (46). While the localization
and activity of PI4K2A is regulated through its palmitoylation, local membrane composition, and
cholesterol levels (47), the activity of PI4KB is regulated by multiple protein-protein interactions
and phosphorylation (38, 48, 49). These regulatory PI4KB protein-protein interactions are in turn
manipulated by many pathogenic RNA viruses that have evolved the ability to hijack PI4KB and
generate PI4P-enriched replication organelles, which are essential for viral replication (74). For
most picornaviruses, manipulation of PI4P levels is driven by the action of the viral 3A protein
and its interactions with PI4KB-binding proteins (56, 57, 77, 79).

PI4KB plays both important catalytic and non-catalytic functions, with its regulation

controlled by interactions with multiple protein binding partners, including acyl CoA Binding
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Domain 3 (ACBD3), Rabl11, 14-3-3, and c100rf76 (chromosome 10, open-reading frame 76, also

referred to as Armadillo-like helical domain-containing protein 3 (ARMH3)). PI4KB is a multi-
domain lipid kinase containing a disordered N-terminus, a helical domain, and a bi-lobal kinase
domain (38, 97). Biophysical and biochemical studies have defined the domains of PI4KB that
mediate complex formation with a number of binding partners. The helical domain of PI4KB forms
a non-canonical interaction with the small GTPase Rabl1a that mediates localization of a pool of
Rabl1 to the Golgi and TGN (38, 54). PI4KB is primarily localized to the Golgi through the
interaction of its N-terminus with ACBD3 (48, 57). PI4KB is activated downstream of ADP-
ribosylation factor 1 (Arfl) (54), however, no evidence for a direct Arf1-PI4KB interface has been
found, suggesting that this may be an indirect effect. PI4KB contains phosphorylation sites in
disordered linkers between domains, including Ser294 in the helical-kinase linker of PI4KB, which
is phosphorylated by protein kinase D (PKD). Phosphorylation of Ser294 drives binding of 14-3-
3, which stabilizes PI4KB, prevents degradation, and increases Golgi PI4P levels (69, 71, 92).
Ser496 in the N-lobe linker of PI4KB is phosphorylated by protein kinase A (PKA) (121), and
drives PI4KB localization from the Golgi to nuclear speckles (122). c10orf76 was identified as a
putative PI4KB interacting partner in immunoprecipitation experiments (56, 88), with knockout
of c100rf76 leading to decreased Golgi PI4P levels (68). The role of this protein is not known,
however, it contains a domain of unknown function (DUF1741) that is well conserved in many
eukaryotes.

Enterovirus proteins do not interact directly with PI4KB — they instead recruit PI4KB-
regulatory proteins. A key component of manipulating PI4KB to generate PI4P-enriched
replication organelles is the interaction of viral 3A proteins with host PI4KB-binding proteins. The
3A proteins from enteroviruses (i.e. Poliovirus, Rhinovirus, Coxsackievirus, Rhinovirus and
Enterovirus 71) and Aichivirus recruit PI4KB to replication organelles through an interaction with
ACBD3 (49, 56, 57, 76,77, 79, 82, 123, 124). The viral 3A protein from Aichivirus forms a direct
interaction with the GOLD domain of ACBD3, leading to redistribution of PI4KB to replication
organelles (49, 124). Enteroviruses also manipulate other lipid signaling pathways, with viral 3A
proteins able to recruit the protein Golgi-specific brefeldin A-resistance guanine nucleotide
exchange factor 1 (GBF1) that activates Arfl (58, 85, 86, 125), and subvert Rabl1-positive
recycling endosomes to replication organelles (80). A new component of the PI4KB hijacking

process, c100rf76, was identified as a key host factor in the replication of coxsackievirus A10
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(CVAIO0) replication, but not coxsackievirus B1 (CVB1) (68).

We hypothesized that a direct c10orf76-PI4KB interaction may be critical for the
regulation of Golgi PI4P levels and play a role in enterovirus replication. To elucidate the role of
c100rf76 in PI4KB-mediated signaling, we utilized a synergy of hydrogen deuterium exchange
mass spectrometry (HDX-MS) and biochemical assays to characterize the novel c100rf76-PI4KB
complex in vitro. This allowed us to engineer complex-disrupting mutations that were
subsequently used to define the role of the c100rf76-PI4KB complex in Golgi PI4P-signaling and
viral replication in vivo. We find that PI4KB and c100rf76 form a high affinity complex mediated
by a disorder-to-order transition of the kinase linker of PI4KB, with complex affinity modulated
by PKA phosphorylation of the c100rf76 binding site on PI4KB. Knockout of c100rf76 lead to
decreased PI4P levels, and disruption of Arfl activation in cells. Complex-disrupting mutations
revealed that c10orf76 is recruited to the Golgi by PI4KB, and that viral replication of
enteroviruses that require c100rf76 is mediated by the c100rf76-PI4KB complex.

3.3 Materials and Methods

Protein expression and purification: c10orf76 and PI4KB

The human Cl0orf76 gene (Uniprot QS5T2E6) was synthesized by GeneArt
(Thermofisher). c100rf76 and PI4KB (Uniprot QOUBF8-2) were each expressed with an N-
terminal 6xHis-tag followed by a TEV protease site. The c100rf76 and PI4KB proteins purified
for HDX-MS were expressed in Spodoptera frugiperda (Sf9) cells by infecting 1-4 L of cells at a
density of 1.5 x 10 cells/mL with baculovirus encoding the kinase. After 60-72 hours infection at
27°C, Sf9 cells were harvested and washed in phosphate-buffered saline (PBS). The c100rf76 and
PI4KB proteins utilized for assays, mutational analysis and studying PKA phosphorylation were
expressed in Rosetta (DE3) E. coli (c100rf76) or BL21 C-41(DE3) E. coli (PI4KB) induced
overnight at 16 °C with 0.1 mM IPTG at an ODeoo of 0.6. Cell pellets containing c100rf76 or
PI4KB were sonicated in NiNTA Buffer (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 20 mM
imidazole, 5% (v/v) glycerol, 2 mM B-mercaptoethanol) containing protease inhibitors (Millipore
Protease Inhibitor Cocktail Set III, Animal-Free) for 5 minutes on ice. Triton X-100 (0.1% v/v)
was added to the cell lysate and the lysed cell solution was centrifuged for 45 minutes at 20,000 x
g at 2°C. Supernatant was filtered through a 5 um filter and loaded onto a 5 mL HisTrap™ FF
crude (GE) column in NiNTA buffer. The column was washed with 1.0 M NaCl and 20 mM
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imidazole in NiNTA buffer and protein was eluted with 200-250 mM imidazole in NiNTA buffer.

Eluted c100rf76 or PI4KB was pooled and concentrated onto a 5 mL HiTrap™ Q column (GE)
equilibrated with Q buffer (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 5% glycerol v/v, 2 mM f-
mercaptoethanol) and eluted with an increasing concentration of NaCl. Protein was pooled and
concentrated using an Amicon 30K concentrator and incubated overnight on ice with the addition
of TEV protease. Size exclusion chromatography (SEC) was performed using a Superdex™ 200
10/300 GL increase (GE) column equilibrated in SEC buffer (20 mM HEPES pH 7.5, 150 mM
NaCl and 0.5 mM TCEP). Fractions containing the protein of interest were pooled, concentrated,
spun down to remove potential aggregate and flash frozen in liquid nitrogen for storage at -80 °C.
c100rf76-PI4KB complex SEC trace was generated by mixing c10orf76 and PI4KB in a 1:1 ratio
after individual anion exchange runs and then injecting onto the Superdex™ 200 10/300 GL
increase (GE) column. Elution volumes of protein standards were obtained from the GE Instruction
29027271 AH Size exclusion chromatography columns document. See Protein Kinase A (PKA)
treatment of PI4KB for details on producing the phosphorylated variant of PI4KB.

Protein expression and purification: ACBD3, Rablla and PKA

ACBD3 and Rab11a were expressed with N-terminal GST tags, with Protein kinase A (M.
musculus PKA catalytic subunit alpha; Addgene 14921) expressed with an N-terminal His tag.
ACBD3, Rabl1a, and PKA were expressed in BL21 C-41(DE3) E. coli cells, with ACBD3 and
Rabl1 expression carried out overnight at 16 °C with 0.1 mM IPTG, and PKA expression was
carried out for 4 hours at 28 °C with 1 mM IPTG. ACBD3, Rabl1, and PKA were purified as
previously published (38, 49, 126). In brief, cell pellets containing expressed ACBD3 or Rabl1la
were sonicated in Q Buffer (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 5% (v/v) glycerol, 2 mM -
mercaptoethanol) containing protease inhibitors (Millipore Protease Inhibitor Cocktail Set III,
Animal-Free) for 5 minutes on ice. Triton X-100 (0.1% v/v) was added to the cell lysate and the
lysed cell solution was centrifuged for 45 minutes at 20,000 x g at 2°C. Supernatant was filtered
through a 5 pum filter and incubated with 1-4mL of Glutathione Sepharose™ 4B beads (GE) for 1-
2 hours at 4°C. Beads were then washed with Q buffer, and GST-tagged proteins were eluted with
20 mM glutathione in Q buffer. Protein was further purified using anion exchange and size-
exclusion chromatography as described above and final protein was spun down to remove potential

aggregate and flash frozen in liquid nitrogen for storage at -80 °C. Nickel purification of PKA
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proceeded as described for PI4KB, and nickel eluate was concentrated, spun down to remove

potential aggregate and flash frozen in liquid nitrogen for storage at -80 °C.

Nickel and GST Pulldown Assays

For His pulldowns, NiNTA agarose beads (Qiagen) (20 puL) were washed three times by
centrifugation and resuspension in NiNTA buffer. His-tagged bait protein was then added to a
concentration of 1-3 M and incubated with the beads on ice for 10 minutes in a total volume of
50 pL. Beads were washed three times with 150 4L NiNTA buffer at 4 °C. Non-His-tagged prey
protein was then added to a final concentration of 1-2 4M in a total volume of 50 xL, at which
point 10 L was taken for SDS-PAGE analysis. The mixture was incubated on ice for an additional
30 minutes and then washed four times with 120 gL NiNTA buffer at 4 °C at which time an aliquot
was taken as the output for SDS-PAGE analysis.

For GST pulldowns, Glutathione Sepharose™ 4B beads (GE healthcare) were washed
three times by centrifugation and resuspension in Q buffer. GST-tagged bait protein (or control
GST) was then added to a concentration of 3-6 uM in 50 uL and incubated with the beads on ice
for 10 minutes in a total volume of 50 pL. Beads were washed three times with 150 uL. Q buffer
at 4 °C. Non-GST-tagged prey proteins were then added to a final concentration of 2-4 uM in a
total volume of 50 uL, at which point the input was taken for SDS-PAGE analysis. The mixture
was incubated on ice for an additional 30 minutes and then washed four times with 120 uL Q

buffer at 4 °C, at which time an aliquot was taken as the output for SDS-PAGE analysis.

Vesicle Preparation and Lipid Kinase Assays

Lipid kinase assays were carried out using the Transcreener® ADP? FI Assay (BellBrook
Labs) following the published protocol as previously described (49). In brief, substrate stocks were
made up containing 1.0 mg/mL PI vesicles or 4.0 mg/mL Golgi-mimetic vesicles (10% PS, 20%
PI, 25% PE, 45% PC) and were extruded through a 100 nm Nanosizer Extruder (T&T Scientific)
and then combined with in a buffer containing 20 mM Hepes pH 7.5, 100 mM KCl and 0.5 mM
EDTA (200 pM ATP with 1.0 mg/mL PI vesicles, 20 pM ATP with 1.0 mg/mL Golgi-mimetic
vesicles). Kinase reactions were started by adding 2 pL of this substrate stock in a 384-well black
low volume plates (Corning 4514). Proteins were thawed on ice and spun down to remove

precipitate. Proteins were diluted individually to 4X the desired concentration in Kinase Buffer
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(40 mM Hepes pH 7.5, 200 mM NacCl, 20 mM MgCl,, 0.8% Triton-X, and 0.2 mM TCEP) on ice.

Proteins were then mixed together or with additional Kinase buffer resulting in 2X desired
concentrations of each protein. To start the reaction, 2 uL. of 2X protein stock was added to 2 puL
of 2X substrate stock in plates. After mixing, the 4 pL reactions consisted of 30 mM HEPES pH
7.5 (RT), 100 mM NaCl, 50 mM KCI, 10mM MgCly, 0.25 mM EDTA, 0.4% (v/v) Triton-X, 0.1
mM TCEP, 10 uM ATP and 0.5 mg/mL vesicles. PI4KB was run at a final concentration of 15
nM, 20 nM or 40 nM and c100rf76 was run in 4-fold curves from 1 pM — 3.9 nM, or 1.5 uM — 23
nM, or 5-fold curves from 2 pM — 1.6 nM. Reactions proceeded at 23°C for 20-30 minutes.
Reactions were stopped using 4 pL of the transcreener stop buffer (1X Stop & Detect Buffer B,
8 nM ADP Alexa594 Tracer, 97 ng/ml ADP2 Antibody-IRDye® QC-1). Fluorescence intensity
was measured using a Spectramax M5 plate reader with Aex x =590 nm and Aem m =620 nm
(20nm bandwidth). Data was plotted using Graphpad Prism software, with ICso values determined
by nonlinear regression (curve fit). No detectable nonspecific ATPase activity was detected in

reactions containing 250 nM wild-type PI4KB without vesicle substrate.

Mapping the c100rf76-PI4KB binding interface using HDX-MS

HDX reactions were conducted in 50 pL reactions with a final concentration of 400 nM
of protein per sample (c100rf76-PI4KB, 400 nM each). Reactions were initiated by the addition
of 45 uL. of DO Buffer Solution (10 mM HEPES pH 7.5, 50 mM NaCl, 97% D-0O) to 5 uL of
protein solution, to give a final concentration of 87% D,0O. Exchange was carried out for four
timepoints, (3s at 1°C and 3s, 30s, and 300s at 23 °C). Exchange was terminated by the addition
of acidic quench buffer giving a final concentration 0.6 M guanidine-HCI and 0.8% formic acid.
All experiments were carried out in triplicate. Samples were immediately frozen in liquid

nitrogen and stored at —80°C until mass analysis.

Comparison of FLH4094AA and WT cl0orf76 secondary structure

HDX-MS reactions were performed with 40 pL final volume with a protein concentration
of 0.25 uM in each sample. Reactions were started by the addition of 39 uL D20 buffer (100mM
NaCl, 35 mM Hepes, 91.7% D:;0) to 1 pL of protein (Final: 89.4% D20). Reactions were
quenched by the addition of 30ul of acidic quench buffer (3% formic acid, 2M Guanidine)

resulting in final 1.28% Formic acid and 0.85M guandine-HCI. Proteins were allowed to undergo
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exchange reactions for either 3s or 300s at 23°C prior to addition of quench buffer and flash
freezing in liquid N». All samples were set and run in triplicate. Samples were stored at -80°C until

injection onto the UPLC for MS analysis.

HDX-MS data analysis

Protein samples were rapidly thawed and injected onto a UPLC system kept in a cold box
at 2°C. The protein was run over two immobilized pepsin columns (Applied Biosystems;
porosyme, 2-3131-00) stored at 10°C and 2°C at 200 uL/min for 3 min and the peptides were
collected onto a VanGuard precolumn trap (Waters). The trap was subsequently eluted in line with
an Acquity 1.7 pm particle, 100 x 1 mm? C18 UPLC column (Waters), using a gradient of 5-36%
B (buffer A 0.1% formic acid, buffer B 100% acetonitrile) over 16 minutes. MS experiments were
performed on an Impact QTOF (Bruker) and peptide identification was done by running tandem
MS (MS/MS) experiments run in data-dependent acquisition mode. The resulting MS/MS datasets
were analyzed using PEAKS7 (PEAKS) and a false discovery rate was set at 1% using a database
of purified proteins and known contaminants. HD-Examiner Software (Sierra Analytics) was used
to automatically calculate the level of deuterium incorporation into each peptide. All peptides were
manually inspected for correct charge state and presence of overlapping peptides. Deuteration
levels were calculated using the centroid of the experimental isotope clusters. Attempts at
generating fully deuterated protein samples to allow for the control of peptide back exchange levels
during digestion and separation were made for all proteins. Protein was incubated with 3M
guanidine for 30 minutes prior to the addition of DO, where they were further incubated for an
hour on ice. The reactions were then quenched as before. Generation of a fully deuterated sample
was successful for PI4K using this method, however generation of fully deuterated c100rf76 failed.
Results for c100rf76 are therefore presented as relative levels of deuterium incorporation and the
only control for back exchange was the level of deuterium present in the buffer (87%). The average
error of all time points and conditions for each HDX project was less than 0.2 Da. Therefore,
changes in any peptide at any time point greater than both 7% and 0.5 Da between conditions with
an unpaired t-test value of p<0.05 was considered significant. Full statistics on all HDX-MS

experiments are summarized in Appendix F.
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Protein Kinase A (PKA) Treatment of PI4KB

PKA (mouse catalytic subunit) was serially diluted and different concentrations were
incubated with PI4KB in 20 uL reactions on ice for 1 hour (20 pg PI4KB, 20 mM MgCl, 200 uM
ATP and either 840 ng, 168 ng, 34 ng, 7 ng or 0 ng PKA). Reactions were terminated by the
addition of acidic quench buffer giving a final concentration 0.6 M guanidine-HCIl and 0.8%
formic acid and then flash frozen in liquid N> prior to MS phosphorylation analysis.

To generate E. coli expressed, PKA phosphorylated PI4KB for use in kinase assays and
HDX-MS, phosphorylation of Ser496 was carried out using 1.0 mg PI4KB, 20 mM MgCl, 200
uM ATP and 4.2 ng PKA in NiNTA buffer, with the reaction allowed to proceed for 1 hour on
ice. The reaction was quenched with 20 mM EDTA, and immediately loaded onto a GE 1 mL
HisTap FF crude to remove His-tagged PKA. Phosphorylated PI4KB was concentrated followed
by size exclusion chromatography as described for PI4KB above. In tandem, a non-phosphorylated
PI4KB control was purified in the same manner except MgClz, ATP, and PKA were not added.

Protein was flash frozen in liquid N> for storage at -80 °C.

HDX-MS dose response of c100rf76 of phosphorylated PI4KB

Phosphorylated and non-phosphorylated PI4KB were generated and purified as described
above. HDX reactions were conducted in 130 pl reaction volumes with a final concentration of
20nM PI4KB (phosphorylated or non-phosphorylated) per sample, with 0 nM, 5 nM, 10 nM, 20
nM, 40 nM, 80 nM, 160 nM and 320 nM c100rf76. Exchange was carried out for 5 seconds, in
triplicate for each concentration of ¢100rf76. Hydrogen deuterium exchange was initiated by the
addition of 80 ul of D20 buffer solution (10 mM HEPES (pH 7.5), 50 mM NaCl, 97% D20) to
the protein solution, to give a final concentration of 60% D20. Exchange was terminated by the
addition of 20 pl ice cold acidic quench buffer at a final concentration 0.6 M guanidine-HCI and
0.9% formic acid. Samples were immediately frozen in liquid nitrogen at — 80 °C. Data analyzed

as described above in HDX-MS data analysis.

Phosphorylation Analysis

LC-MS/MS analysis of phosphorylated variants of PI4KB was carried out as described in
the HDX-MS data analysis section. MS/MS datasets were analyzed using PEAKS7 to identify
phosphorylated peptides in PI4KB and c100rf76. A false discovery rate was set at 0.1% using a
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database of purified proteins and known contaminants. To measure PI4KB phosphorylation levels
using Bruker Data analysis, the phosphorylated and non-phosphorylated peptides of interest were
extracted, and the total area of each peptide was manually integrated to determine the amount of
phosphorylated vs non-phosphorylated species under given experimental conditions. No
phosphorylation was detected in E. coli derived PI4KB. For Sf9 derived PI4KB Ser294
phosphorylation, the peptides KRTAS*NPKVENEDE (290-303) and
KRTAS*NPKVENEDEPVRLADERE (290-312) were averaged, for Ser413 phosphorylation
DTTSVPARIPENRIRSTRS*VE NLPECGITHE (395-425) was used, for Ser430 phosphorylation
GITHEQRAGS*F  (430-441) was used, and for Ser496  phosphorylation
IAAGDIRRRLS*EQLAHTPTA (486-505) and IAAGDIRRRLS*EQ-LAHTPTAF (486-506)
were averaged. No phosphorylation was detected in E. coli derived c100rf76. For Sf9 derived
c10orf76 Serl4 phosphorylation, LRKSS*ASKKPLKE (10-22) was used, and for the 325-351
phosphorylation (exact location of phosphorylation ambiguous)
VTTPVSPAPTTPVTPLGTTPPSSD (325-348), VITPVSPAPTTPVTPLGTTPPSSDVISS (325-
352) and VITPVSPAPTTPVTPLGTTPPSS (325-347) were averaged.

Isothermal Titration Calorimetry

Purified c100rf76, non-phosphorylated PI4KB, and Ser496-phosphorylated PI4KB were
dialyzed separately into buffer containing 20 mM Hepes pH 7.5, 150 mM NaCl and 0.5 mM TCEP.
AIIITC experiments were carried out at 20 °C on a MicroCal iTC200 instrument (GE Healthcare).
The sample cell contained non-phosphorylated PI4KB or Ser496-phosphorylated PI4KB (5 pM),
and c100rf76 (50 pM) was added in 19 injections of 2 uL. each. Data was processed using Origin
software (MicroCal) and the dissociation constants (Kd) were determined using a one-site model.
Figures are of a single experiment, but are representative of three independent experiments using

protein from two different protein preparations.

Alignments

Protein sequences from the Uniprot database were aligned using Clustal Omega (127) and
figures were generated using ESPript (91). Uniprot PI4KB entries used: H. sapiens (QOUBFS-2),
M. musculus (Q8BKCS), D. rerio (Q49GP3), D. melanogaster (Q9BKJ2), C. elegans (Q20077).
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Uniprot cl0orf76 entries used: H. sapiens (Q5T2E6), M. musculus (Q6PD19), D. rerio

(Q6PGW3), D. melanogaster (Q7KSU3).

DNA Constructs and Antibodies

GFP-PI4KB, GFP-PI4KB RL494EA, GFP-c100rf76, and GFP-c10orf76 FLH409AAA
were cloned using Gibson assembly (128) into the pEGFP-C1 vector (Clonetech). mRFP-
FKBP12-PI4KB and mRFP-FKBP12-PI4KB RL494EA were generated by amplifying the mRFP-
FKBP12 insert from mRFP-FKBP12-5ptpase domain (129) and replacing the N-terminal GFP in
either GFP-PI4KB or GFP-PI4KB RL494EA using a single digest with Ndel. AKAP-FRB-CFP,
which is used to selectively recruit FKBP12-tagged proteins to the outer mitochondrial membrane,
has been described previously (130).

The following antibodies were used to examine protein localization in WT and c100rf76
knockout HAP1 cells using immunofluorescence assays (IFA) or western blot (WB): a-GBF1
(Sigma, SAB2700817, diluted 1:100 [IFA] or 1:1000 [WB]), a-CM1 (coatomer, Felix Wieland,
diluted 1:500 [IFA]), a-GM130 (BD Biosc., 610822, diluted 1:200 [IFA]), a-Giantin (Enzo Life
Science, ALX-804-600-C100, diluted 1:200 [IFA]), a-ERGIC53 (Enzo Life Science, ALX-804-
602-C100, diluted 1:1000 [IFA]), a-BCOP (Sigma, G6160, diluted 1:100 [IFA]), a-PI4P IgM
(Echelon, Z-P004, diluted 1:100 [IFA]), a-ACBD3 (Sigma, WH0064746M1-100ug, diluted 1:100
[[FA]), a-Actin (Sigma, A5316, diluted 1:30000 [WB]), a-PI4KB (Millipore, 06-578, diluted
1:100 [IFA] 1:1000 [WB]), a-COPI a/y (Felix Wieland, diluted 1:1000 [IFA]), a-TGN46 (Novus
Biologicals, NBP1-49643, diluted 1:400 [IFA]), Goat anti-Mouse IgG (H+L) Cross-Adsorbed
Secondary Antibody Alexa Fluor 488 (Molecular Probes, A-11001, diluted 1:400 [IFA]), Goat
anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa Fluor 594 (Molecular Probes,
A-11005, diluted 1:400 [IFA]), Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody
Alexa Fluor 647 (Molecular Probes, A-21235, diluted 1:400 [IFA]), Goat anti-Mouse IgM (Heavy
chain) Cross-Adsorbed Secondary Antibody Alexa Fluor 594 (Molecular Probes, A-21044, diluted
1:400 [TFA]), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa Fluor 488
(Molecular Probes, A-11008, diluted 1:400 [IFA]), Goat anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody Alexa Fluor 594 (Molecular Probes, A-11012, diluted 1:400 [IFA]), Goat
anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody Alexa Fluor 647 (Molecular
Probes, A-32733, diluted 1:400 [IFA]), IRDye 680RD Goat anti-Mouse IgG (LI-COR
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Biosciences, 926-68070, 1:10000 [WB]), IRDye 800CW Goat anti-Rabbit IgG (LI-COR

Biosciences, 926-32211, 1:10000 [WB].

Cell Culture, Transfection, and Live-Cell Confocal Microscopy of Rapamycin Recruitment

HEK293-AT1 cells, which stably express the AT1a rat Angiotensin II receptor (131), were
cultured in Dulbecco’s Modified Eagle Medium (DMEM-high glucose) containing 10% (vol/vol)
FBS and supplemented with a 1% solution of penicillin/streptomycin. This cell line is regularly
tested for Mycoplasma contamination using a commercially-available detection kit (InvivoGen)
and, after thawing, the cells are treated with plasmocin prophylactic (InvivoGen) at 500 pg/ml for
the initial three passages (6-9 days) as well as supplemented with 5 pg/ml of plasmocin
prophylactic for all subsequent passages.

For confocal microscopy, HEK293-AT]1 cells (3x10° cells/well) were plated on 29 mm
circular glass-bottom culture dishes (#1.5; Cellvis) pre-coated with 0.01% poly-L-lysine solution
(Sigma). The cells were allowed to attach overnight prior to transfection of plasmid DNAs (0.1-
0.2 pg/well) using Lipofectamine 2000 (Invitrogen) and Opti-MEM (Invitrogen) according to the
manufacturer's instructions. Please note that studies using the rapamycin-inducible protein hetero-
dimerization system used a 1:2:1 ratio of plasmid DNA for transfection of the mRFP-FKBP12-
tagged PI4KB enzyme, AKAP-FRB-CFP recruiter, and GFP-c100rf76 variant (total DNA: 0.4
ng/well). After 18-20 hr of transfection, cells were incubated in 1 mL of modified Krebs-Ringer
solution (containing 120 mM NacCl, 4.7 mM KCI, 2 mM CaCl, 0.7 mM MgSO4, 10 mM glucose,
10 mM HEPES, and adjusted to pH 7.4) and images were acquired at room temperature using a
Zeiss LSM 710 laser-scanning confocal microscope (Carl Zeiss Microscopy). Rapamycin
treatment of cells was carried out at a final concentration of 100 nM. Image acquisition was
performed using the ZEN software system (Carl Zeiss Microscopy), while the image preparation

was done using the open-source FIJI platform (132).

Cell Culture, Transfection, and Live-Cell Confocal Microscopy of HAP1 WT and c100rf76
Knockout Cells

HAP1 WT cells and HAP1 c100rf76 knockout cells were obtained from T. Brummelkamp,
and are now carried by Horizon Discovery. The generation and validation of the Hap1l c100rf76

KO cell clone was described previously (68). HeLa R19 cells were obtained from G. Belov
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(University of Maryland and Virginia-Maryland Regional College of Veterinary Medicine, US).

HeLa PI4KB knockout cells were described previously (123). HAP1 cells were cultured in IMDM
(Thermo Fisher Scientific) supplemented with 10% fetal calf serum (FCS) and penicillin—
streptomycin. HeLa cells were cultured in DMEM (Lonza) supplemented with 10% FCS and
penicillin—streptomycin. All cells were grown at 37°C in 5% CO.. The following enteroviruses
were used: CVA10 (strain Kowalik, obtained from the National Institute for Public Health and
Environment; RIVM, The Netherlands), CVB3 (strain Nancy, obtained by transfection of the
infectious clone p53CB3/T7 as described previously (133), PV1 (strain Sabin, ATCC). Virus titers
were determined by end-point titration analysis and expressed as 50% tissue culture infectious

dose (TCIDsy).

Replication rescue assay

HeLa cells were transfected with plasmids carrying WT or mutant PI4KB (RL494EA),
Golgi-targeting EGFP (pEGFP-GalT) or kinase-dead PI4KB (PI4KB-KD) as a negative control.
At 24 h post-transfection, the cells were infected with CVA10, CVB3, and PV1. At 8 h p.i., the
infected cells were frozen, and virus titers were determined by end-point titration analysis and

expressed as 50% tissue culture infectious dose (TCIDs).

Immunofluorescence microscopy of WT and c10orf76 knockout HAPI cells

HAPI1 cells were grown on ibiTreat slides p-slide 18-wells (Ibidi) one day prior to
infection. Cells were fixed by submersion in a 4% paraformaldehyde solution for 15 minutes at
room temperature. Specific antibodies and their dilutions used are described in methods above.
PI4P staining was performed at room temperature as previously described (134). In brief, cells
were washed 3 times with PBS (plus 50 mM NH4Cl) after fixation. Cells were then permeabilized
with 10 uM digitonin in Buffer A (20 mM Pipes pH 6.8, 137 mM NacCl, 2.7 mM KCl) for 10
minutes and blocked with 5% normal goat serum (NGS) in PBS (plus 50 mM NH4Cl) for 45
minutes. Cells were incubated with anti-PI4P diluted in 5% NGS in PBS for 1 hour, followed by
3 washes with PBS. Cells were incubated with goat anti-mouse IgM and DAPI diluted in 2% NGS
in PBS for 1 hour, followed by 3 washes with PBS. Cells were then fixed with 2% formaldehyde
for 10 minutes and washed with PBS (plus 50 mM NH4Cl). For all other immunofluorescence

experiments (other than PI4P staining), the following procedure was followed at room
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temperature: cells were permeabilized with 0.1% Triton-X in PBS for 10 minutes, washed 2 times
with PBS, incubated with primary antibody diluted in 2% NGS in PBS for 45 minutes, washed 3
times with PBS, incubated with secondary antibody diluted in 2% NGS in PBS for 45 minutes and
washed 3 times with PBS. Confocal imaging was performed with a Leica Spell confocal

microscope

34 Results

cl0orf76 forms a direct, high affinity complex with PI4KB

cl0orf76 was previously identified as a putative PI4KB-binding partner through
immunoprecipitation experiments (56, 88); however, it was not clear if this was through a direct
interaction. To identify a potential direct interaction between PI4KB and c100rf76 in vitro, we
purified recombinant full-length proteins using a baculovirus and Spodoptera frugiperda (Sf9)
expression system. Experiments on PI4KB used the slightly smaller isoform 2 variant (1-801,
uniprot: Q9UBFS-2), compared to PI4KB isoform 1 (1-816 uniprot: Q9UBF8-1), similar to
previous structural studies (6). His-pulldown assays using NiNTA-agarose beads and purified
recombinant proteins showed a direct interaction between PI4KB and His-tagged c100rf76 (Fig.
3.1A). To examine the stoichiometry of the c100rf76-PI4KB complex, we subjected apo c100rf76
(79 kDa) and c100rf76 with PI4KB (89 kDa) to size exclusion chromatography. Apo c10o0rf76
eluted from the size exclusion column at a volume consistent with a monomer, while the c100rf76-
PI4KB complex (158 kDa) eluted at a volume consistent with a 1:1 complex (Fig. 3.1B). Since
cellular knockout of c100rf76 has been shown to reduce PI4P levels in vivo (68) , we investigated
the effect of c100rf76 on PI4KB lipid kinase activity with biochemical membrane reconstitution
assays using phosphatidylinositol (PI) vesicles. Intriguingly, c100rf76 was a potent inhibitor of
PI4KB, with inhibition being dose-dependent and possessing an ICso of ~90 nM (Fig. 3.1C). This
inhibitory effect was observed on both pure phosphatidylinositol (PI) vesicles, and vesicles that
mimic the composition of the Golgi (20% PI, 10% PS, 45% PE, 25% PC) (Fig. 3.1D). This
paradoxical PI4KB-inhibitory result in vitro conflicts with observed Golgi PI4P decreases in
c100rf76 deficient cells (68). This suggests that biochemical assays may not fully recapitulate the
environment of the Golgi. Pulldown experiments carried out with the PI4KB binding partners
Rabl11 and ACBD3 revealed that although c100rf76 did not directly bind Rab11 or ACBD3 alone,
it could form ternary PI4KB-containing complexes with both (Fig 3.2E,F), indicating a unique
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c100rf76 binding interface on PI4KB compared to Rab11 and ACBD3. To further define the role
of this complex we focused on defining the molecular basis of this interface, allowing for

generation of binding-deficient mutants for downstream cellular and viral experiments.
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Figure 3.1. PI4KB directly binds c100rf76 and forms ternary complexes with c10orf76, Rabl1la and
ACBD3.

(A) Recombinant c100rf76 directly binds to PI4KB in vitro. His-pulldown assays of baculovirus/Sf9 produced
6xHis-c100rf76 (3 uM) were carried out with untagged PI4KB (2.5 uM). (B) PI4KB and c100rf76 form a stable
complex. The complex of c100rf76-PI4KB eluted from a S200 superdex 10/300 GL increase gel filtration
column (GE) at a volume consistent with a heterodimer (169 kDa), while c100rf76 alone eluted at a volume
consistent with a monomer (79 kDa). Lines with MW values indicate elution of MW standards (158 kDa
aldolase, 75 kDa conalbumin). (C) PI4KB is potently inhibited by ¢100rf76 in a dose-dependent manner in vitro.
Kinase assays of PI4KB (20 nM) in the presence of varying concentrations of ¢100rf76 (1.6 nM-1 uM) were
carried out on pure PI lipid vesicles (0.5 mg/L) in the presence of 100 uM ATP. The data was normalized to the
kinase activity of PI4KB alone. ICso values were determined by one binding site, nonlinear regression (curve fit)
using Graphpad. Error bars represent standard deviation of independent technical replicates (n=3). (D) PI4KB is
potently inhibited by c100rf76 on pure PI vesicles and vesicles mimicking Golgi composition. Kinase assays of
PI4KB and c100rf76 were carried out on lipid substrate composed of pure PI vesicles (0.5 mg/mL) with 100 uM
ATP, and Golgi mimic vesicles (0.5 mg/ml, 10% PS, 20% PI, 25% PE, 45% PC) with 10 uM ATP. PI4KB was
present at 20 and 300 nM in the PI and Golgi substrate assays respectively, with c100rf76 present at 500 nM in
both experiments. The data is normalized to the kinase activity of PI4KB alone. Error bars represent standard
deviation of independent technical replicates (n=3). (E) PI4KB can form ternary complexes with Rabl1a and
c100rf76 in vitro. GST-pulldown assays were carried out using GST-Rab11a(Q70L) (6 uM) or GST alone (3
uM) as the bait, using 6xHis-c100rf76 (4 pM), PI4KB (2 uM) as the prey. (F) PI4KB can form ternary complexes
with ACBD3 and c100rf76 in vitro. GST-pulldown assays were carried out using GST-ACBD3 (4 uM) or GST
alone (4 uM) as the bait, and 6xHis-c100rf76 (3 uM) and PI4KB (2 uM) as the prey. Samples were washed a
total of 4 times in all experiments.
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HDX-MS reveals that PI4KB and c10orf76 form an extended interface involving a disorder-to-
order transition of the PI4KB N-lobe linker

To identify the putative interface between PI4KB and c100rf76, we employed hydrogen-
deuterium exchange mass spectrometry (HDX-MS) to map regions protected in both proteins upon
complex formation. HDX-MS is an analytical technique that measures the exchange rate of amide
hydrogens in proteins. Because one of the main determinants for amide exchange is the presence
of secondary structure, their exchange rate is an excellent readout of protein dynamics. HDX-MS
is thus a potent tool to determine protein-protein, protein-ligand, and protein-membrane
interactions (14). H/D exchange was carried out for three different conditions: apo PI4KB, apo
c100rf76, and a 1:1 complex of PI4KB with c100rf76. Deuterium incorporation experiments were
carried out at four different timepoints (3, 30 and 300 seconds at 23°C and 3 seconds at 1°C).
Deuterium incorporation is determined by quenching the exchange reaction in a solution that
dramatically decreases the exchange rate, followed by rapid digestion, peptide separation, and
mass analysis. A total of 185 peptides covering 96.9% of the PI4KB sequence, and 108 peptides
covering 73.9% of the cl10orf76 sequence were generated (Fig. 3.2A-D, Appendix F-H).
Significant differences in deuterium exchange between conditions were defined as changes in
exchange at any timepoint that met the three following criteria: greater than 7% change in
deuterium incorporation, a greater than 0.5 Da difference in peptide mass, and a p-value of less
than 0.05 (unpaired student’s t-test).

Multiple regions of PI4KB were protected from amide exchange in the presence of
c100rf76, revealing an extended binding interface (Fig. 3.2A,B,D; Appendix G,I). The most
prominent difference in exchange was at the C-terminus of the disordered N-lobe linker (residues
486-498), where the presence of c100rf76 led to a significant ordering of this region. This region
had no protection from amide exchange in the apo state, revealing it to be disordered, with a very
strong stabilization (>80% decrease in exchange) in the presence of cl10orf76, indicating a
disorder-to-order transition upon c10orf76 binding (Fig. 3.2D). This N-lobe kinase linker is
dispensable for lipid kinase activity, as it can be removed with a minimal effect on PI4KB catalytic
activity (97). In addition to this change there were multiple smaller decreases in exchange in the
helical domain (131-138, 149-157, 159-164, and 183-204) and kinase domain (676-688, 725-734,
and 738-765). The helical domain of PI4KB mediates binding to Rab11. However, the PI4KB-
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Rabl1 complex was still able to form in the presence of c100rf76 (Fig 3.1E).

“Top-down” view
A PI4KB B

Kinase domain

N-Lobe

Pro-rich Ser-rich
-

>7%
>30%

* N-lobé",
B linker

Decreased
HDX

@ P
e © 10 § F470-506
Sk 0 _ _ f S .
s 8 ¥
£5-10 o
°9 Helical & 9
= -
g + 20
£8-30 ! :
o
D E _40 T T T T T T T T 1 M
embrane
* 0 200 400 600 800 C-lobe
(o D  PIKB helical 129-157  PI4KB N-lobe linker PI4KB activation loop \ PIAKB C"L"beg38'765ﬂ
YNSKEPGVQ ~ 486-498 IAAGDIRRLSEQ  676-688 GFILSSSPRNLGF MQQGSQLPCFHGSSTI-
c100rf76 s 100 - RNLKERFHMSM
£100 ~ 100 { y—o 100 e 00
@ S5 . PIAKB 75 a 75 © «PI4KB % < PUKE
0] 2 5 / J4KB + 50 _~"-=Pl4KB 50 50 o
284 85| DB 5] 7 _Puks: oo Lpukes ]  PlaKa +
c X [T oL * 100176 o c10or o ¢100r76
9] ! }
5~ 2 ® 01 1_10 100 1000 0.1 1 10 100 1000 0.1 1_10 100 1000 0.1 1_10 100 1000
oo . i ) )
E _kg___!_lg_i__ & Time (s) Time (s) Time (s) Time (s)
T T 0 e .o, .o Y )
c :3 ] - === ¢100rf76 N-term ¢100rf76 N-termal of DUF ¢100rf76 DUF 534-547 ¢100rf76 DUF 632-641
g £-2 5 ., 5662 YDEIFM 403-408 DQYANA ITYGDTFLPTPSSY TLKLQDGLDQ
55 EI T 40 ’ 3 o I .//_1
® o4 2 30 /» cl00i76 30 oorrs 2 50 { 2", ct00rf76
Q% I T T T T T T 1 3 20 Vydas 20 0700 20 , ~+-C100rf76 - ¢100rf76
100rf7!
© 8 % A S /7 cloofte g f 10076 25 - PKs
** 0 100 200 300 400 500 600 700 2 ol 2 0l Pk 1 ? CrPUKB
© 0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000
Time (s) Time (s) Time (s) Time (s)

Figure 3.2. PI4KB binds c10orf76 through a disorder-to-order transition of the kinase domain N-lobe
linker (refers to Appendix F-I).

(A) Changes in deuterium incorporation PI4KB in the presence of c100rf76 showed a profound ordering of the
kinase domain N-lobe linker and smaller changes in the helical domain and C-lobe of the kinase domain. The
sum of the difference mapped as the difference in number of deuterons incorporated for PI4KB (400 nM) in the
presence and absence of c¢100rf76 (400 nM) over all time points (3s at 1 °C; 3s, 30s, and 300s at 23 °C). Each
dot represents a peptide graphed on the x-axis according to the central residue. The red boxes highlight key
regions that showed significant changes (>7% decrease in exchange, >0.5 Da difference, and unpaired two-tailed
student t-test p<<0.05). For all panels error bars represent standard deviation of independent technical replicates
(n=3).(B) c100rf76 binding induces differences in HDX throughout multiple domains of PI4KB. Regions of
>7% difference in deuterium exchange in the presence of c100rf76 are colored onto the structure of PI4KB
according to the legend (PDB: 4DOL). The N-lobe linker of the kinase domain is disordered in the structure and
is represented by a dotted line. (C) Changes in the deuterium incorporation of ¢100rf76 in the presence of PI4KB.
H/D exchange reactions displayed as the sum of the difference in HDX in the number of deuterons for c100rf76
(400 nM) in the presence of PI4KB (400 nM) at all time points (3s at 1 °C; 3s, 30s, and 300s at 23 °C) analyzed.
Red boxes highlight regions that showed significant changes (>7% decrease in exchange, >0.5 Da difference,
and unpaired two-tailed student t-test p<0.05). Error bars represent standard deviation of independent technical
replicates (n=3). (D) The PI4KB N-lobe linker undergoes a disorder-to-order transition upon binding c¢100rf76.
Selected peptides (including the sequence, domain information, and numbering) of both PI4KB and c100rf76
displayed as the % deuteration incorporation over time. Errors bars represent standard deviation of independent
technical replicates (n=3) and are typically smaller than the size of the point on the graph.

The decreases in exchange with c100rf76 observed in the kinase domain were located in the
activation loop (676-688) and the C-lobe (738-765), which may mediate the inhibition observed

in vitro. The protected surface on PI4KB extensively spans the membrane face of the kinase, which



51

may prevent PI4KB from directly interfacing with the membrane and accessing PI in the presence
of c100rf76, at least in the absence of other binding partners in vitro (Fig. 3.2B).

The presence of PI4KB also caused multiple differences in H/D exchange in c100rf76, with
increased exchange at the N-terminus (56-62) as well as decreased exchange N-terminal of, and
within, the domain of unknown function (DUF1741; 403-408, 534-547, 632-641) (Fig. 3.2C,D;
Appendix H,I). There are no clear structural determinants of c100rf76, with limited homology to
any previously solved structure; however, it is predicted to consist of a primarily helical fold
arranged into armadillo repeats. The uncharacterized DUF1741 domain of c100rf76 is present
throughout many eukaryotes; however, even though the DUF1741 domain is strongly conserved
in evolution, c100rf76 is the only protein that contains this domain in humans.

The largest observed change in deuterium incorporation in either protein was in the PI4KB
N-lobe linker (486-496). Interestingly, this region contains a consensus PKA motif (RRxS) that
corresponds to Ser496 (Ser511 in PI4KB isoform 1), which is phosphorylated in vivo and
conserved back to the teleost fishes (Fig. 3.3A) (122). Systems level analysis of PKA signaling
networks also show that phosphorylation of this site is decreased >90% in PKA knockout cells,
indicating that it is likely a direct PKA target (121). To better understand the regulation of the
c100rf76-PI4KB complex, we sought to characterize the effects of Ser496 phosphorylation.

PI4KB is directly phosphorylated at Ser496 by PKA to modulate the affinity of the c10orf76-
PI4KB complex

There are three well-validated phosphorylation sites on PI4KB: Ser294, Ser413, Ser496
(135). To test the role of phosphorylation of PI4KB at Ser496, we generated stoichiometrically
phosphorylated PI4KB at only Ser496 using an in vitro phosphorylation approach that relied on
the production of the purified mouse PKA catalytic subunit in £. coli. To minimize complications
from any background phosphorylation that occurs in Sf9 cells, we used PI4KB expressed in E. coli
to ensure the starting protein substrate was non-phosphorylated. Dose response assays for the
phosphorylation of PI4KB Ser496 using E. coli-produced protein were then carried out with
increasing concentrations of purified PKA, and the resulting product was analyzed by mass
spectrometry for the site-specific incorporation of the phosphate moiety (Fig. 3.3B). No
phosphorylation was identified from E. coli produced proteins untreated with PKA, as expected

(Fig 3.3C). Analysis of the Sf9-produced PI4KB revealed significant phosphorylation of Ser294,
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Ser413, Ser430 and Ser496, while Sf9-produced c10orf76 had evidence of phosphorylation of

Serl4, and an additional Ser/Thr phosphorylation in the 325-351 region, although the specific
residue is ambiguous from the MS data. Ser496 in PI4KB was phosphorylated efficiently by PKA,
with >99% phosphorylation at Ser496 occurring with a 1:500 ratio of PKA to PI4KB and no
detectable phosphorylation at the other major PI4KB phosphorylation sites (Fig 3.3C).

Lipid kinase assays were then carried out using different concentrations of c10orf76 for
both phosphorylated and non-phosphorylated PI4KB. The phosphorylated form had a 3-fold
increase in the ICso value, suggesting that Ser496 phosphorylation decreases c10orf76 binding
affinity, with no shift in the ICso value for the S496A PI4KB mutant (Fig. 3.3D). Kinase assays
carried out on both Ser496 phosphorylated PI4KB and non-phosphorylated PI4KB showed that
there is no direct effect of the phosphorylation events on basal lipid kinase activity (Fig. 3.3E).
PKA-mediated phosphorylation-dependent changes in the affinity of protein-protein complexes
have been previously described (136, 137). We utilized HDX-MS to test if the altered inhibition
profile we saw was due to decreased affinity between c¢100rf76 and PI4KB, a method previously
utilized to quantify the affinity of protein interactions (138). These experiments were carried out
at a single time point of D>O exposure (5 seconds at 20°C) with differing levels of c100rf76
present. Plotting the difference in deuterium incorporation versus c¢10orf76 concentration gives a
characteristic binding isotherm for both phosphorylated and non-phosphorylated PI4KB;
displaying a 2-3-fold decreased affinity for the phosphorylated form of PI4KB (85 nM vs 36 nM,
Fig 3.3F,G). Phosphorylated PI4KB Ser496 also displayed a ~2 fold decrease in affinity for
c100rf76 when determined by isothermal titration calorimetry (Fig. 3.3H). Phosphomimic PI4KB
mutants S496D and S496E did not mimic the phosphorylation-dependent reduction of c¢100rf76
affinity, so they could not be utilized to study this effect in vivo (Fig 3.3I). To better characterize
the role of the ¢100rf76-PI4KB complex in vivo, we sought to generate c100rf76-PI4KB complex-

disrupting mutations.
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Figure 3.3. The PI4KB-c100rf76 interface is conserved and can be post-translationally modified by PKA.
(A) The N-lobe kinase linker region of PI4KB is strongly conserved back to D. rerio. The N-lobe linker region
of PI4KB sequences of the organisms indicated were analysed using Clustal Omega/ ESpript 3. The consensus
PKA motif (RRXS) that is conserved back to D. rerio is indicated on the sequence, as well as the RL494EA
point mutation.(B) The N-lobe kinase linker of PI4KB can be efficiently phosphorylated by PKA. Recombinant
PKA at different concentrations (0, 7, 34, 168, or 840 ng) was incubated with recombinant (. coli) wild-type
PI4KB (20 pg) for 1 hour with 200 uM ATP and the amount of phosphorylation was followed using mass
spectrometry. Relative abundance of Ser496 phosphorylated PI4KB was calculated using the relative intensity
(total area) of the phosphorylated vs non-phosphorylated peptide (486-506). (C) Relative abundance of
phosphorylated PI4KB at Ser294, Ser413 and Ser496 sites and c100rf76 at S14 and S/T from 325-351 expressed
in SfY, E. coli, or expressed in E. coli and treated with PKA (PI4KB) were calculated using the relative intensity
(total area) of the phosphorylated vs non-phosphorylated peptides (290-303, 290-312, 395-425, 430-441, 486-
505 and 486-506) for PI4KB and (10-22 and 325-351) for c100rf76. For 325-351 the definitive phosphorylated
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Ser/Thr residue could not be determined. N.D. indicates no phosphorylation was identified. (D) PI4KB
phosphorylation by PKA alters the affinity for c100rf76. The kinase activity of different variants of PI4KB (15
nM) was measured in the presence of varying amounts of ¢100rf76 (23 nM-1.5uM) with 100% PI lipid substrate
(0.5 mg/L) and 100 pM ATP. The data was normalized to the kinase activity of PI4KB alone Error bars represent
standard deviation of independent technical replicates (n=3). (E) PI4KB has the same kinase activity when
Ser496 is phosphorylated or mutated to alanine. Kinase assay of PI4KB non-phosphorylated, phos-Ser496 or
S496A (15 nM) on pure PI lipid vesicles (0.5 mg/L) with 100 pM ATP. The data was normalized to the kinase
activity of WT PI4KB. Error bars represent standard deviation of independent technical replicates (n=3). (F)
Raw deuterium incorporation data for PI4KB peptide 488-508 used to generate panel C. The deuterium
incorporation for the phosphorylated and non-phosphorylated variants of PI4KB are shown in the presence of
different concentrations of ¢100rf76. Dotted blue line indicates mass centroid of PI4KB peptide in absence of
c100rf76, red box highlights the clear difference in deuterium incorporation at 40 nM c100rf76 between non-
phosphorylated and phosphorylated Ser496 PI4KB. (G) Phosphorylation of Ser496 reduces PI4KB affinity for
c100rf76. Deuterium incorporation of the PI4KB kinase linker region peptide 488-508 (20 nM) at a single time
point (5 seconds of D,O exposure at 23°C) was monitored in the presence of increasing concentrations of
¢100rf76 (0-320 nM c100rf76). Kq values were generated using a one binding site, nonlinear regression (curve
fit), and are shown with 95% confidence intervals. Error bars represent standard deviation of independent
technical replicates (n=3), most are smaller than the size of the point. (H) Representative ITC binding isotherms
following the titration of ¢c100rf76 into a solution of non-phosphorylated PI4KB (left) or Ser496 phosphorylated
PI4KB (right). Parameter values are an average with standard deviation of independent technical replicates
(N=3). (I) PI4KB S496D/E mutants do not mimic Ser496 phosphorylation modulation of c100rf76 binding. The
kinase activity of S496D/E variants of PI4KB (15 nM) was measured in the presence of varying amounts of
c100rf76 (23 nM-1.5uM) with 100% PI lipid substrate (0.5 mg/L) and 100 uM ATP. The data was normalized
to the kinase activity of PI4KB alone. Error bars represent standard deviation of independent technical replicates
(n=3).

Rationally engineered PI4KB and c10orf76 mutants that disrupt complex formation

The c100rf76 binding site within the N-lobe kinase linker of PI4KB identified by HDX-
MS is highly conserved in vertebrates, with much of the region also conserved in D. melanogaster,
but not in C. elegans (Fig. 3.3A). We used a combination of both the sequence conservation and
HDX-MS results to design a complex-disrupting mutant. The RL residues at 494-495 were
mutated to EA (RL494EA), effectively causing both a charge reversal and decrease in
hydrophobicity. The RL494EA mutant disrupted binding to His-tagged c100rf76 bait in a His
pulldown assay (Fig. 3.4A) and prevented inhibition by c¢100rf76 in kinase assays (Fig. 3.4B).
This mutant had exactly the same basal kinase activity as the WT PI4KB on both PI vesicles and
Golgi-mimetic vesicles (Fig. 3.4C), strongly suggesting that the mutant kinase is properly folded.
In an attempt to design rational mutations of cl10orf76 that also disrupted binding to PI4KB,
multiple mutations were tested in regions 403-408, 534-547 and 632-641 that were identified using
HDX-MS. Combining the HDX-MS data and sequence homology, we designed a triple alanine
mutant at the end of a putative helix (QYANAFL) that was well conserved in vertebrates (Fig.
3.4D), close to the HDX-MS protection (FLH residues 409-411 to AAA, referred to as FLH mutant
afterwards). The FLH mutant expressed well, significantly reduced binding to PI4KB in a His-
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pulldown assay (Fig. 3.4E), and also showed a marked reduction in its ability to inhibit PI4KB
activity (Fig. 3.4F). See Table 3.1 for a summary of all mutants generated to identify complex-
disrupting mutations. To confirm the ¢c10orf76 FLH mutant does not affect global protein structure,
we compared deuterium incorporation of the c100rf76 wild-type and FLH mutant and observed
no changes in deuterium incorporation outside of the predicted helix containing the FLH residues
(Fig 3.4G, Appendix J). The engineering of complex-disrupting mutants that do not alter catalytic
activity or protein folding provided an excellent tool to test the importance of the c100rf76-PI4KB

complex in cells.
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Figure 3.4. Rationally designed mutations in the conserved c100rf76-PI4KB interface disrupt complex
formation and do not perturb overall protein folding (refers to Appendix J).

(A) Engineered RL494EA PI4KB mutant shows decreased binding to c100rf76. His-pulldown assays of 6xHis-
c100rf76 (3 uM) with wild-type or RL494EA PI4KB (1-2 uM). (B) RL494EA PI4KB activity is not inhibited
by c100rf76. Kinase assays of either wild type or mutant RL494EA PI4KB (40 nM) were carried out with varying
concentrations of ¢100rf76 (3.9 nM-2uM) with 100% PI lipid vesicles (0.5 mg/L) and 100 uM ATP. The data
was normalized to the kinase activity of PI4KB alone. Error bars represent standard deviation of independent
technical replicates (n=3).(C) Wild-type PI4KB and RL494EA PI4KB mutant have the same lipid kinase
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activity. Kinase assays of either wild-type and mutant PI4KB (10 nM) were carried out with 100% PI lipid
vesicles (0.5 mg/L), 100 uM ATP, and PI4KB (300 nM) on Golgi-mimic vesicles (0.5 mg/mL) with 10 uM
ATP. The data was normalized to the kinase activity of WT PI4KB. Error bars represent standard deviation of
independent technical replicates (n=3). (D) The PI4KB-binding region of c100rf76 is strongly conserved back
to D. rerio. Clustal Omega/ ESpript 3 alignment of the FLH409 region of c100rf76 that binds PI4KB. (E)
FLH409AAA-c100rf76 mutant shows decreased affinity for PI4KB. His-pulldown assays of 6xHis-c100rf76 (1
uM) with wild-type PI4KB (1 uM). Samples washed a total of 4 times. (F) Kinase assay shows FLH409AAA
c100rf76 inhibition of PI4KB is greatly reduced. Kinase assay of PI4KB (40 nM) and a concentration curve of
c100rf76 (3.9 nM-2uM) on pure PI lipid vesicles (0.5 mg/L) with 100 uM ATP. The data was normalized to the
kinase activity of PI4KB alone. Error bars represent standard deviation of independent technical replicates (n=3).
(G) The FLH409AAA c10orf76 mutant maintains similar overall secondary structure to wild-type with a
destabilization at the mutation site; Differences in the changes in the deuterium incorporation of wild type and
FLH409AAA mutant c100rf76. H/D exchange reactions of ¢100rf76 (400 nM) were carried out for 3s and 300s,
and the average difference in number of deuterons incorporated between wild-type and FLH409AAA c100rf76
(400 nM) was graphed. Error bars represent standard deviation of 2-3 independent technical replicates
independent technical replicates.

Table 3.1 Summary of PI4KB and c10orf76 mutants generated to identify complex-disrupting
mutations. Mutations in bold were utilized for further study.

Protein  Mutation Expression Complex Disruption (1 pM)

PI4KB DI490KA Soluble (E. coli) yes
RL494EA Soluble (E. coli) yes

Cl0orf76  K635E Soluble (Sf9) no
Y406A Soluble (Sf9) no
QD637KA Soluble (59) no
FIS34AA Soluble (Sf9) no
DDN413AAA Soluble (Sf9) no
FNMS31AAA No soluble expression (Sf9) n/a
FIT534AAA Soluble (Sf9) no
YGD537AAA No soluble expression (Sf9) n/a
PTP543AAA Soluble (Sf9) no
LQD636AAA Soluble (Sf9) no
YAN406AAA Soluble (Sf9) no
DQY404AAA Soluble (Sf9) no
FLH409AAA Soluble (S79) yes
FLH409AAA + N408A  Soluble (S9) yes

PI4KB recruits c10orf76 to the Golgi
To define the role of the c10orf76-PI4KB interface in cellular localization we utilized
fluorescently-tagged variants of the wild-type and complex-disrupting mutants of both PI4KB and

c100rf76. All fluorescent constructs generated in this study are summarized in Table 3.2.
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Table 3.2 Summary of fluorescently-tagged PI4KB and c100rf76 constructs generated to study the role
of the PI4KB-c100rf76 complex in vivo.

Fluorescent Construct Function

GFP-PI4KB localization of wild-type
GFP-PI4KB(RL494EA) localization in absence of ¢100rf76 binding
mRFP-FKBP12-PI4KB inducible recruitment to mitochondria

mRFP-FKBP12-PI4KB(RL494EA) inducible recruitment to mitochondria (without c100rf76 binding)

mRFP-FKBP12-PI4KB(S496A) inducible recruitment to mitochondria (without S496 phosphorylation)

GFP-c100rf76 localization of wild-type
GFP-c100rf76(FLH409AAA) localization in absence of PI4KB binding
CFP-FRB-AKAP mitochondrial recruitment of FKBP12 upon rapamycin addition

Fluorescence microscopy of HEK293 cells expressing GFP-tagged wild-type PI4KB revealed that
it primarily localizes to the Golgi (Fig. 3.5A). GFP-PI4KB RL494EA, which is deficient in
c100rf76 binding, also localized mainly to the Golgi, which suggests that c100rf76 plays a minimal
role in the Golgi recruitment of PI4KB (Fig. 3.5A). The wild-type GFP-c100rf76 also localizes to
the Golgi. However, the PI4KB binding-deficient FLH mutant is redistributed to the cytosol;
revealing an important role for PI4KB in the proper cellular localization of ¢100rf76 (Fig. 3.5B).
Note that the Golgi localization of GFP-PI4KB or GFP-c10o0rf76 is only visible with low
expression levels as the endogenous binding sites are quickly saturated and the excess cytoplasmic
GFP-tagged protein eventually masks the Golgi-bound pools at higher levels of expression.

To further analyze the role of PI4KB in the recruitment of clOorf76, we utilized a
chemically-inducible protein heterodimerization system that relies on the selective interaction of
the FKBP12 (FK506 binding protein 12) and FRB (a 9 kDa fragment of mTOR that binds
rapamycin) modules upon treatment with rapamycin (48, 139). Specifically, we fused the FRB
domain to residues 34—63 of a CFP-tagged mitochondrial localization signal from mitochondrial
A-kinase anchor protein 1 (AKAP1), and fused mRFP-FKBP12 onto the wild-type or mutant
variants of human PI4KB (Fig. 3.5C). These constructs allowed us to examine the localization of
the wild-type or mutant GFP-c100rf76 following the acute sequestration of PI4KB to the outer
mitochondrial membrane, where other Golgi-associating proteins are not present. To best
demonstrate their co-recruitment upon rapamycin addition, mRFP-FKBP12-PI4KB and eGFP-
c10orf76 were expressed at high levels, and thus present as mainly cytosolic due to saturation of
endogenous binding sites (Fig. 3.5D). Treatment with rapamycin (100 nM) caused the rapid
recruitment of mRFP-FKBP12-PI4KB to the mitochondria, which also caused the rapid co-
recruitment of c100rf76 (Fig. 3.5D); suggesting that PI4KB is the only component necessary for
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Figure 3.5. PI4KB recruits c100rf76 to the Golgi in vivo (refers to Appendix K).

(A) Transfections of HEK293 cells revealed that both wild-type GFP-PI4KB and RL494EA GFP-PI4KB localize
to the Golgi. (B) WT c100rf76 also localized to the Golgi, however, the PI4KB binding deficient mutant of
c100rf76 (FLH409AAA) predominantly localized to the cytosol. (C) Cartoon schematic of rapamycin-inducible
mitochondria recruitment. The AKAP1-FRB-CFP construct is localized to the outer mitochondrial membrane,
while the mRFP-FKBP12-PI4KB and eGFP-c100rf76 are localized in the Golgi as well as within the cytoplasm
where they can form a complex. Upon addition of rapamycin, the mRFP-FKBP12-PI4KB construct is
translocated to the mitochondria. (D) Mitochondria recruitment experiment with wild-type PI4KB and c¢100rf76.
Left: AKAP1-FRB-CFP is localized to the mitochondria before (top) and 5 minutes after rapamycin (100 nM)
treatment (bottom). Middle: mRFP-FKBP12-PI4KB at high expression level is located in the cytosol before
rapamycin (top) and translocates to the mitochondria after rapamycin induction (bottom). Right: eGFP-c100rf76
at a high expression level is located in the cytosol before rapamycin (top) and translocates to the mitochondria
after rapamycin induction (bottom). (E) Schematic of the rapamycin-inducible mitochondria recruitment



59

experiment with mutant PI4KB and WT c100rf76. (F) Mitochondria recruitment experiment with mutant PI4KB
and WT c100orf76. Left: AKAP1-FRB-CFP is localized to the mitochondria before (top) and 5 minutes after
(bottom) rapamycin treatment. Middle: mRFP-FKBP12-PI4KB(RL494EA) is located in the cytosol before
rapamycin (top) and translocates to the mitochondria after rapamycin induction (bottom). Right: eGFP-c100rf76
is located in the cytosol before (top) and after (bottom) rapamycin induction. Data information: Scale bars
represent 10 pum.

membrane recruitment of ¢100rf76. Experiments using mRFP-FKBP12 PI4KB RL494EA showed
that although the mutant kinase is relocated to the mitochondria, GFP-c100rf76 does not co-
localize (Fig. 3.5E,F). To test any effect of the PI4KB S496 phosphorylation site on localization,
although the S496E and S496D mutants did not properly mimic phosphorylation (Fig 3.31),
recruitment experiments were performed with the non-phosphorylatable PI4KB mutant (S496A).
At lower expression levels, nRFP-FKBP12 PI4KB S496A and eGFP-c100rf76 maintained normal
Golgi localization, and treatment with rapamycin caused recruitment to the mitochondria
(Appendix K). At higher expression levels, mRFP-FKBP12 PI4KB S496A and eGFP-c100rf76
quickly saturate Golgi sites and flood the cytosol, and treatment with rapamycin caused robust
recruitment to the mitochondria, suggesting phosphorylation of PI4KB S496 is not important in
the normal localization of either protein (Appendix K). Taken together, these live-cell studies
corroborated the protein interaction studies completed in vitro and also demonstrate that the newly
defined c100rf76-PI4KB interface is required for proper localization of c100rf76 to the Golgi.

Compellingly, these findings reveal a novel function of PI4KB in the recruitment of c100rf76.

cl0orf76 regulates active Arfl dynamics and maintains Golgi PI4P levels

The paradoxical finding that the loss of c100rf76 leads to decreased PI4P levels in cells,
yet cl0orf76 decreased the catalytic activity of PI4KB in vitro, suggested that there was an
unknown lipid or protein constituent in cells that is not present in our in vitro experiments. To
determine the role of c100rf76 in cells we examined the distribution of different Golgi-localized
signaling components in cl0orf76-deficient (knockout) HAP1 cells. In agreement with previous
studies (68), we found that there were decreased PI4P levels at the Golgi in c100rf76 knockout
cells, as indicated by decreased Golgi staining by an anti-PI4P antibody (Fig. 3.6A). Intriguingly,
there was an apparent increase in Golgi localized PI4KB in the c100rf76 knockout cells (Fig.
3.6A), similar to what occurs upon treatment with a PI4KB inhibitor (95), clearly indicating that

decreased PI4P production was not due to loss of PI4KB recruitment in the absence of c100rf76.
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We tested the localization of different Golgi markers to verify that decreased PI4P was not due to
disruption of Golgi morphology. Giantin, a marker of the cis/medial Golgi, and ACBD3, which
binds to Giantin and recruits PI4KB to Golgi membranes (48, 57), both showed similar localization
in both WT and ¢100rf76 knockout cells (Fig. 3.6B). Markers for the cis Golgi (GM130), the trans-
Golgi network (TGN46), and the ER-Golgi intermediate compartment (ERGIC53) were also
similar, suggesting that Golgi morphology was maintained in the c100rf76 knockout HAP1 cells
(Fig. 3.6B).

We next tested the localization of the Arfl-GEF GBF1, as active GTP-bound Arfl is a
putative activator of PI4KB (54). We confirmed similar expression levels of PI4KB, GBF1 and f3-
Actin in WT and c100rf76 KO cells to verify any observed differences were not due to protein
expression levels (Fig. 3.6C). In ¢100rf76 knockout cells there was a redistribution of GBF1, with
GBF1 being more diffuse, with less localized at the Golgi (Fig. 3.6D). The generation of active
GTP-bound Arfl by Arf-GEFs leads to recruitment of multiple effector proteins, with one of most
well characterised being the coatomer proteins, which form COPI coated vesicles that mediate
Golgi to ER trafficking. In ¢100rf76 knockout cells there was more diffuse staining outside of the
Golgi for the active Arfl-binding coatomer components COP- or COP-a/y (Fig. 3.6D). Antibody
staining with the CM1 antibody, which recognizes the native form of coatomer (140), showed
similar distribution for both WT and c100rf76 knockout cells, indicating the formation and
distribution of native cytosolic coatomer was not affected (Fig. 3.4D). This puzzling difference
may be caused by an altered recruitment of a subset of coatomer components (COP- or COP-
a/y), and minor effects on the native coatomer complex. Importantly, the major phenotypic
observations in the HAP1 c¢100rf76 knockout cells (i.e. reduced PI4P and increased PI4KB levels
on an intact Golgi, and a more diffuse GBF1 and COP-I staining with less localization at the
Golgi), were also observed in HeLa cells in which c100rf76 was knocked out (H.R. Lyoo and
F.J.M. van Kuppeveld, personal observation). Overall, these results suggest that c100rf76 plays a
role in the regulation of GBF1/Arfl dynamics at the Golgi.
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A Localization of PI4P and PI4KB in WT and ¢100rf76 KO HAP1 cells
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HAP1 WT c100rf76 KO

&

HAP1 WT HAP1 WT 4 c100rf76 KO

HAP1 WT ¢100rf76 KO c HAP1  HAP1
WT c100rf76 KO

GBF1

PI4KB

B-Actin

e

D Localization of Arf1 GEFs and effectors in WT and c100rf76 KO HAP1 cells

HAP1 WT GBF1 c100rf76 KO HAP1 WT : Y ¢100rf76 KO
'ﬁr' . .

HAP1TWT ¢100rf76 KO HAP1 WT ¢100rf76 KO

Figure 3.6. Knockout of c100rf76 in HAP1 cells leads to decreased PI4P levels and disruption of GBF1/
active Arfl localization despite minimal effects on Golgi morphology.

(A, B) HAPI1 cells were fixed and stained with antibodies examining PI4P and PI4KB (A) and Golgi morphology
markers (B). (C) Western blot of GBF1, PI4KB and B-Actin levels in both wild-type and c100rf76 KO HAP1
cells.(D) Markers of Arfl activation — the coatomer proteins COPIo/y and BCOP act as a readout for GTP-bound
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Arfl, while the native coatomer was detected with the CM1 antibody. Nuclei were stained with DAPI (blue).
Data information: Scale bars represent 10 pwm.

Replication of c10orf76-dependent enteroviruses requires intact c10orf76-PI4KB interaction

All enteroviruses depend on PI4KB kinase activity for replication. Despite the physical and
functional connection between PI4KB and c100rf76, enteroviruses showed different dependencies
on c100rf76 (68). Specifically, while Coxsackievirus A10 (CVA10) replication was impaired in
c10orf76 knockout cells, the replication of Coxsackievirus B1 (CVBI1) was not. Furthermore,
c10orf76 was identified as a pro-viral factor for replication of poliovirus (PV1) (141). We set out
to investigate the importance of the c10orf76-PI4KB interaction for replication of CVA10 and
PV1. We first made a side-by-side comparison of virus replication in HAP1 wildtype and c100rf76
knockout cells in a single cycle of replication. The replication of CVA10 was significantly
impaired in c100rf76 deficient cells, with partial inhibition of PV1 replication, and no impairment
for replication of Coxsackievirus B3 (CVB3) (Fig. 3.7A). Due to the notoriously difficult nature
of transfecting HAP1 cells, we determined the importance of the c100rf76-PI4KB interaction for
virus replication in HeLa PI4KB knockout cells transfected with different PI4KB expression
plasmids as previously described (123). Expression of wild type PI4KB efficiently restored the
replication of all viruses (Fig. 3.7B). Expression of the PI4KB RL494EA mutant that is deficient
in binding ¢100rf76 fully rescued replication in CVB3, only partially rescued PV 1 replication, and
failed to rescue CVAI1OQ replication. These observations suggest that the c10orf76-PI4KB
interaction is necessary for CVA10, and to a lesser extent, PV1 replication and thereby implies

that functions of c100rf76 are selectively hijacked by specific viruses.
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Figure 3.7. The c100rf76-PI4KB complex is essential for Coxsackievirus A10 replication.

(A) Viral infection assays determining viral titers by end-point titration at 0 hours and 8 hours in HAP1 wild-
type or c10orf76 knockout cells. Left: Coxsackievirus A10 infection. Middle: Poliovirus-1 infection. Right:
Coxsackievirus B3 infection. Titre values for c100rf76 knockout cells at 8 hours were statistically evaluated
compared to c100rf76 knockout titres at 0 hours and wild-type titres at 8 hours using a one-way ANOVA. **,
P<0.01; N.S., P>0.05. (B) Viral infection assays determining virus titers by end point titration at 8 hours in HeLa
wild-type and PI4KB knockout cells upon transfection of wild-type PI4KB, the complex-disrupting RL494EA
PI4KB mutant or the kinase dead D674A PI4KB mutant. Left: Coxsackievirus A10 infection. Middle:
Poliovirus-1 infection. Right: Coxsackievirus B3 infection. Values were statistically evaluated compared to the
GalT control using a one-way ANOVA. ** P<0.01; *, P<0.05; N.S., P>0.05. Data information: For all panels
error bars represent standard error of biological replicates (n=3).

3.5 Discussion

Defining the full complement of cellular roles for PI4KB is an important objective in
characterizing the integrated control of secretion and membrane trafficking at the Golgi, and also
provides a framework for understanding how PI4P can be manipulated by viruses. We have
identified the c100rf76-PI4KB interaction as an important Golgi signaling complex and a critical
factor in the replication of specific enteroviruses. Multiple mechanisms have been previously
described for how PI4KB participates in Golgi signaling and membrane trafficking, including
detailed insights into protein binding partners, post-translational modifications, and regulated
recruitment to specific membrane compartments. PI4KB was originally identified in yeast (yeast
protein PIK1) as an essential gene (50), with its activity playing a key role in secretion from the

Golgi (142). The mammalian isoform was identified soon afterwards through its sensitivity to
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wortmannin (51, 52, 143). The first identified Golgi activator of PI4KB was the GTPase Arfl (54).

However, no direct interaction has been established, which indicates a potential indirect
mechanism of activation. Phosphorylation of PI4KB by PKD at Ser294 mediates binding to 14-3-
3 proteins, with this leading to an increase in PI4KB activity (71, 92), that has been suggested to
correspond with an increase in PI4KB stability (69). The most well validated protein binding
partner that regulates Golgi recruitment of PI4KB is ACBD3 (previously referred to as GCP60)
(57). ACBD3 forms a direct, high-affinity interface with PI4KB that is mediated by a disorder-to-
order transition in the N-terminus of PI4KB upon binding to the Q domain of ACBD3 (48, 49).
The recruitment of PI4KB to the Golgi by ACBD3 is controlled through the direct interaction of
the GOLD domain of ACBD3 with the Golgi resident transmembrane protein Giantin (112). In
addition to regulatory protein interactions, PI4KB is predicted to contain an amphipathic lipid
packing sensor (ALPS) motif at the C-terminus that mediates lipid binding to unsaturated
membranes (46). PI4KB plays key non-catalytic roles through its interaction with the GTPase
Rabl11, with PI4KB required for localizing a pool of Rabl1 to the Golgi and TGN (53). This
interaction is mediated through a non-canonical, nucleotide-independent binding interface with the
helical domain of PI4KB (38). However, there are still many unexplained aspects of PI4KB
recruitment and regulation, highlighted by the increased recruitment of PI4KB to the Golgi
following treatment with PI4KB inhibitors that is concomitant with a decrease in Golgi PI4P levels
(95).

The protein cl10orf76 was originally identified as a putative PI4KB interacting partner
through co-immunoprecipitation experiments using tagged PI4KB (56, 88). Tests of genetic
essentiality identified c100rf76 as a central molecular hub at the Golgi, with it being synthetically
lethal in combination with the loss of several different Golgi-signaling proteins, and also showing
a genetic link to PI4KB (68). That study also found that ¢100rf76 is essential in the KBM7 CML
cells (near-haploid, human chronic myelogenous leukemia cells), but not in HAP1 cells
(nonhematopoietic derivative of KBM7 CML cell line, haloid for all chromosomes), with this
relationship also being true for PI4KB. Additional evidence on the essentiality of this protein is
highlighted by the homozygous mutant of ARMH3, the mouse homolog of c100rf76, which is
lethal at the pre-weaning stage (144). c100rf76 is highly conserved in vertebrates and we find a
strong correlation between the conservation of the kinase linker region of PI4KB and the PI4KB-

binding site in c100rf76, suggesting that a key role of c100rf76 is linked to its ability to form a
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complex with PI4KB. PI4KB recruitment to the Golgi is not mediated by c100rf76, but instead it

appears that PI4KB is responsible for the Golgi-recruitment of c100rf76. In vitro, c100rf76 led to
decreased lipid kinase activity of PI4KB. However, knockout of c100rf76 in cells led to reduced
PI4P levels. This discrepancy could be due to the lack of other PI4KB regulators in vitro, such as
Arfl/GBF1 or ACBD3, as well as the potential for c10orf76 to alter phosphatidylinositol
dynamics. Knockout of c100rf76 led to an increased cytosolic fraction of the Arf GEF GBF1 and
active Arf1 effectors (COP-$ or COP-a/y), but not native coatomer, suggesting altered Arfl/GBF1
dynamics in the c100rf76 knockout may be responsible for the disruption of Golgi PI4P levels
(54). This alteration was not due to Golgi disassembly, and despite perturbed Arfl dynamics the
presence of ACBD3 appeared to be sufficient for PI4KB recruitment to Golgi membranes as
previously shown (48, 57). The activity of PI4KB is also regulated through the action of
phosphatidylinositol transfer proteins (PITPs), which activate PI4KB activity, and ¢100orf76 may
play a role in altering PI dynamics (145). It is also possible that while PI4KB drives c¢100rf76
recruitment to the Golgi, endogenous c100rf76 levels in vivo engage only a minor fraction of
PI4KB, or that c100rf76 itself interacts with other Golgi factors that induce a non-inhibitory
confirmation with PI4KB. While further studies will be needed to fully describe the role of the
PI4KB/c100rf76 complex, our work reveals cl10orf76 as a novel player in regulation of Arfl
dynamics and corresponding Golgi PI4P levels (Fig 3.8A,B).

Enteroviruses hijack numerous lipid signaling processes within infected cells to mediate
their replication through the generation of replication organelles, with recruitment of PI4KB (58)
and GBF1 (86) playing key roles in this process. Recruitment of these cellular host factors in
enteroviruses is primarily mediated through the action of membrane-bound viral 3A proteins,
which form either direct or indirect interactions that are important for facilitating replication
organelle formation. One of the most well-conserved 3A binding partners in enteroviruses is the
Golgi resident protein ACBD3, which interacts with the central part of 3A and recruits as well as
activates PI4KB (49, 57, 79, 123, 124). The N-terminal part of the 3A proteins from several
enteroviruses (e.g., poliovirus and coxsackie virus B3) directly binds and recruits GBF1, but this
interaction is less conserved, severely reduced, or even absent in the 3A proteins of rhinoviruses
due to subtle amino acid differences in their N-terminus (79, 86). Recently, it has been found that
there are multiple mechanisms of recruitment of GBF1 downstream of Poliovirus (146), with

c100rf76 potentially being involved in this role. We find that c100rf76 is required for replication
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Figure 3.8. Summary of novel role of c100rf76 in modulating PI4P levels, active Arfl-GTP dynamics and
viral replication.

(A) At the Golgi, the recruitment of PI4KB can be controlled through the action of ACBD3. PI4KB can recruit
c100rf76 to the Golgi, with this playing a role in the dynamics and localization of GBF1 and active Arf1-GTP
and their downstream effectors (1). Active, membrane localized Arfl-GTP can activate PI4KB (2). (B) In a
c10orf76-knockout cell, there is decreased recruitment of GBF1 and active Arfl, with this potentially describing
the decreased levels of PI4P. (C) In enterovirus infected cells there are multiple mechanisms that can alter PI4P
levels and Arfl activation. The 3A proteins from different viruses can activate PI4KB, primarily through
hijacking ACBD3 (i), as well as directly binding to GBF1 (ii). Viruses that require c100rf76 to replicate rely on
the PI4KB-c100rf76 interface, emphasising the importance of manipulating PI4KB-c100rf76 and GBF1/Arfl-
GTP dynamics to facilitate viral replication

of coxsackie virus A10, and to a lesser extent poliovirus, and that c10orf76-dependent viruses rely
on the c100rf76-PI4KB interface. Poliovirus is the causative agent of poliomyelitis, and coxsackie
virus A10 is an important cause of outbreaks of hand-foot-and-mouth disease, but which is also
associated with severe, and sometime fatal, clinical symptoms such as aseptic meningitis.
Remarkably, replication of coxsackie virus Bl (68) and coxsackie virus B3 (this study) is
independent of c100rf76. Why the c100rf76-PI4KB interface is necessary for replication of some
enteroviruses, but not others, is unknown. The differential dependence on ¢100rf76 could possibly
be explained by distinct affinity of 3A proteins from different viruses towards GBFI1.
Alternatively, each virus may require specific threshold PI4P level for efficient formation of its
replication complexes or replication organelles. Together, viral 3A, ACBD3, GBF1 and c100rf76
play a role in viral replication organelle formation (Fig. 3.8C), although more research on the
dependence of viral replication on either GBF1 or cl10orf76-mediated alteration of PI4P levels is
required to better understand how enteroviruses hijack these complex membrane trafficking

processes.
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Direct inhibition of PI4KB is likely not a useful antiviral strategy due to unexpected
deleterious side effects of PI4KB inhibition in animal models (117). The targeting of other cellular
host factors used to manipulate PI4KB signaling or feedback is a potential avenue for development
of novel antiviral therapeutics. Identification of a direct high-affinity c100rf76-PI4KB complex
that regulates the cellular localization of c100rf76 represents key insight into the multifaceted
regulation of PI4KB signaling. The important role of the cl10orf76-PI4KB complex in the
replication of select enteroviruses represents a novel molecular platform which is targeted by
viruses that hijack lipid signaling. The involvement of c100rf76 in Arfl dynamics, as well as the
dependence on PI4KB for Golgi localization of ¢c100rf76, reveals a potential role of the c100rf76-
PI4KB complex in Arfl activation and subsequent PI4P production.
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Chapter 4: Studying selective inhibition of human PI4KIIIB and related
lipid kinases to facilitate the development of novel therapeutics.
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Contributions:

I performed purification of the PIK3CA crystal construct and crystallographic setup with
PQRS530, which was synthesized by the laboratory of Matthias Wymann. I collected synchrotron
data with John Burke (JEB) and assisted with co-crystal structure determination. HDX-MS on
human PI4KIIIB was performed by Meredith Jenkins (MLJ) in the laboratory of John Burke (JEB)
and Glenn Masson in the laboratory of Roger Williams. I cloned all PI4KIIIB constructs and
assisted Melissa Fowler (MLF) with protein expression and purification. I performed all pulldown
assays and the kinase assay of truncated PI4KIIIB. BQR695, compound 9, and KAI407 were
synthesized by the laboratory of Kevan Shokat. BRD73842 was synthesized by the laboratory of
Stuart Schreiber. 1 assisted Melissa Fowler with crystallographic setup and collection of
synchrotron data with JEB, and JEB solved the co-crystal structures of Rabl11-PI4KIIIB with
inhibitors. Cloning, expression, purification and HDX-MS analysis of P. vivax PI4K was
performed by myself and Gillian Dornan. I performed all lipid kinase assays of human and P. vivax
PI4K. Cloning, expression, purification and HDX-MS analysis of C. parvium PI4K was performed
by myself with assistance from Reece Hoffmann and MLJ. I designed truncations in parasite PI4Ks
with input from JEB, and performed expression, purification and crystallographic setup of these

constructs myself.

4.1 Abstract

The lipid kinases that generate the lipid signalling phosphoinositides have been established
as fundamental signalling enzymes that control numerous aspects of how cells respond to their
extracellular environment. In addition, they play critical roles in regulating membrane trafficking
and lipid transport within the cell. The class I phosphoinositide 3-kinases (PI3Ks), which generate
the critical lipid signal PIP3, are hyperactivated in numerous human pathologies including cancer,
overgrowth syndromes, and primary immunodeficiencies. The evolutionally similar type III beta
phosphatidylinositol 4-kinase isoform (PI4KIIIp) is also implicated in disease as an essential host
factor mediating the replication of numerous devastating pathogenic viruses. Additionally, the
parasite PI4KIIIB homologs play an essential role in the proliferation of the malaria and
cryptosporidium parasites. Therefore, characterizing potent, isoform-selective inhibitors for PI3Ks
and related PI4Ks is of paramount importance in developing therapeutic interventions for

numerous diseases. Here we utilize crystallography-optimized constructs of class I PI3Ka



70
(PIK3CA) and PI4KIIIp to co-crystalize these kinases with the novel, selective inhibitors PQR530,

Compound 9 and BQR695 to define the molecular basis of their selectivity. We also engineer
crystallography-optimized constructs of parasite PI4Ks, facilitating formation of the first
microcrystals of malarial PI4K. Overall our findings will aid in the development of novel selective

anti-cancer, anti-viral and anti-parasite compounds targeting PI3Ks and related PI4Ks.

4.2 Introduction

The class I phosphoinositide 3-kinases (PI3Ks) and related phosphatidylinositol 4-kinase
type III beta (PI4KIIIP) are two of the most clinically promising targets for drug development
against lipid kinases. Class IA PI3Ka (PIK3CA) is one of the most frequently mutated oncogenes
in human cancer (recently reviewed in (147)), with mutation rates of 24-46% in endometrial
cancer (148, 149), 20-32% in breast cancer (150, 151), 20-27% in bladder cancer (152, 153), 14-
23% in cervical cancer (154, 155), 13-28% in colorectal cancer (156), and 14-23% in head-and-
neck cancers (157, 158). Inhibitors with both pan-PI3K (159), and PIK3CA-specific (160) activity
have been recently approved as effective treatments for various cancers. PI3K inhibitor
development continues, with dozens more compounds entering into clinical trials as potency,
selectivity, and corresponding therapeutic index of lead compounds is further optimized.
Successful crystallization of all four closely related isoforms of the class I PI3Ks — PIK3CA(36),
PIK3CB(37), PIK3CD(39), PIK3CG(35) — have revealed the subtle isoform active site differences
that mediate selectivity of inhibitors, and have provided a platform for studying inhibitor
selectivity. Understanding the molecular mechanisms for selectivity of the next generation of PI3K
inhibitors is critical for their development as cancer therapeutics, allowing for targeting of specific
isoforms to reduce off target effects.

The lipid kinase PI4KIIIp is related to class I PI3Ks, and plays a key role in both mediating
viral replication (58), as well as in mediating proliferation of the Plasmodium (malaria) and
Cryptosporidium parasites (59, 62). Small molecule inhibitors of human PI4KIIIf are potent anti-
viral agents (58, 118, 161). The potent PI4KIIIP inhibitor PIK93 (27) has been used extensively to
decipher the cellular roles of PI4KIIIP (27, 55, 162) , and its role in mediating viral replication of
pathogenic RNA viruses.(58, 79, 95, 163, 164). PIK93 potently inhibits PI4KIIIB; however, it
shows cross reactivity towards a number of other lipid kinases, including inhibition of several

PI3KSs, which is associated with toxicity. Compared to PIK3CA inhibitors, molecular mechanisms
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driving PI4KIIIB selectivity are poorly understood The crystal structure of PI4KIII bound to

PIK93 was recently solved in complex with Rab11 (38), providing an opportunity for structure-
guided drug design efforts towards novel inhibitors with greater selectivity over PI3Ks. However,
the formation of diffraction quality crystals of PI4KIIIB has thus far been dependent on the
presence of PIK93, and the inability to crystalize PI4KIIIB with other inhibitors has limited our
understanding of the molecular mechanism of improved PI4KIIIP inhibitor selectivity.

Considering anti-parasite PI4K inhibitors, the basis for Plasmodium and Cryptosporidium
PI4K inhibitor selectivity over human PI4KIIIP also remains poorly defined as the structures of
parasite PI4Ks have yet to be elucidated. P. vivax P14K (1525 residues) and C. parvum PI14K (1114
residues) are much larger than the human PI4KIIIB homolog (801 residues for human isoform 2)
although the parasite homologs maintain the canonical class I PI3K/ class III PI4K helical and
kinase domain. A major impediment to generating constructs that are amenable to crystallography
are dynamic regions within proteins with either no or limited secondary structure, which can
contribute to protein flexibility and sample heterogeneity. These regions can prevent the ordered
packing required for the formation of diffracting protein crystals. The larger parasite PI4K
homologs are predicted to have many additional such disordered regions compared to human
PI4KIIIB, which have hindered efforts towards crystallization and structure determination.
Intriguingly, inhibitors exist that potently target human and Plasmodium PI4KIIIB, but not
Cryptosporidium PI4KIIIB (BQR695) — but inhibitors also exist that target Plasmodium and
Cryptosporidium PI4Ks, but not human PI4KIIIB (KDU-691) (59, 62). This suggests there are
both conserved and non-conserved features within each homolog, and highlights the need for
structural insights into parasite PI4K enzymes in order to define the molecular basis of PI4K
inhibitor specificity to aid anti-parasite drug development.

To aid the development of anti-cancer, anti-viral and anti-parasitic therapeutics, we sought
to determine the structural basis of selectivity for several novel phosphoinositide kinase inhibitors.
First, we utilized inhibitor soaks, where inhibitor is added to pre-formed apo crystals, of a
previously published crystallography-optimized construct of PIK3CA (165) to determine the co-
structure of the novel anti-cancer agent PQR530. This structure reveals its enhanced PIK3CA
selectivity is likely driven through a steric clash between PIK3CG I1e881 and the inhibitor methyl-
morpholine group. Regarding the related kinase PI4KIIIB, no such crystallography-optimized

construct allowing for inhibitor soaks was available. To guide crystal construct design of PI4KIIIf,
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we utilized hydrogen-deuterium exchange mass spectrometry (HDX-MS), a technique
successfully used as a preliminary step to produce truncated constructs optimized for
crystallography (166, 167), including the original PI4KIIIB crystal construct (38). HDX-MS
measures the exchange rate of amide hydrogens, and is an excellent probe of secondary structure
and solvent accessibility (168) (169, 170) — the dependence of H/D exchange rates on secondary
structure makes HDX-MS a powerful tool to study and identify intrinsically disordered regions
within proteins (171). Deletion of an additional disordered region identified using HDX-MS
(residues 249-287) in the original PI4KIIIP crystal construct facilitated crystallization in an apo
state and soaking apo crystals with a variety of small molecule inhibitors led to successful
determination of co-crystal structures of the anti-viral compound 9 and anti-malarial BQR695.
These structures reveal that the less sterically hindered hydrophobic regions within the PI4KIIIf
active site are driving selectivity; bulkier substituents of compound 9 (relative to PIK93) likely
encounter steric clashes in the active sites of related PI3Ks, with BQR695 also likely encountering
clashes in related PI3Ks. We further utilize HDX-MS to define several extended dynamic regions
within P. vivax and C. parvum PI4K and use this information to generate optimized constructs for
X-ray crystallography, resulting in microcrystals of a truncated variant (A1-390 + A886-995 +
A1055-1147) of P. vivax PI4K. In the absence of high resolution data, we show the anti-malarial
compound BRD73842 shows remarkable selectivity for P. vivax PI4K (ICso =21 nM) over human
PI4KIIIB (ICs0>10 uM) in lipid kinase assays. Overall, we describe the molecular basis for human
lipid kinase isoform selectivity of the anti-cancer compound PQRS530, the anti-viral compound 9,
and the anti-malarial compound BQR695, and engineer truncated parasite PI4Ks to facilitate
crystallization, representing the first step towards defining the molecular basis for parasite PI4K

selectivity of anti-parasite compounds.

4.3 Methods

Protein Expression and Purification — PIK3CA

The crystal construct of PIK3CA (AABD-LBS pl10a 105-1048) was expressed by
recombinant baculovirus in Sf9 cells, purified, and initially crystallized as previously published
(165). In brief, p110a was produced in Spodoptera frugiperda (S19) cells by infecting 1 L of cells
at a density of 1.5 x 10° cells/mL with baculovirus encoding the kinase. After 65 h of infection at

27 °C, cells were harvested and washed with phosphate-buffered saline (PBS). The pl110a
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construct contained an N-terminal 2x Strep Tag followed by a 10x histidine tag and tobacco etch
virus (TEV) protease cleavage site. Sf9 pellets were lysed in 50 mM Tris pH 8.0, 250 mm NaCl,
0.25 mM tris(2-carboxyethyl)phosphine (TCEP), 20 mM imidazole, protease inhibitor (Protease
Inhibitor Cocktail Set III, Sigma) using sonication, Triton X-100 was added to 0.5% (v/v), and
lysed material was centrifuged at 20 000g (Beckman J2-21, Beckman JA-20 rotor). Supernatant
was passed through a 5 um filter and onto a HisTrap FF Crude column preequilibrated in 50 mM
Tris pH 8.0, 250 mm NacCl, 0.25 mM TCEP, and 20 mM imidazole. Protein was eluted from the
column using 50 mM Tris pH 8.0, 200 mm NaCl, 0.25 mM TCEP, and 200 mM imidazole. Eluted
protein was passed through a 5.0 mL StepTrapHP column preequilibrated in 50 mM Tris pH 8.0,
250 mm NaCl, 0.25 mM TCEP, and 20 mM imidazole. The column was washed with 5.0 mL of
50 mM Tris pH 8.0, 200 mm NaCl, 0.25 mM TCEP, and 40 mM imidazole, and 5.0 mL of TEV
protease (0.01 mg/L) was added to the column for overnight cleavage at 4 °C. The protein was
eluted with 7.0 mL of 50 mM Tris pH 8.0, 200 mm NaCl, 0.25 mM TCEP, and 40 mM imidazole
and concentrated using an Amicon 50 kDa MWCO concentrator (MilliporeSigma) to 1.0 mL. The
protein was loaded onto a Superdex 200 10/300 GL Increase (GE Healthcare) in 50 mM Tris pH
8.0, 100 mM NaCl, 2% ethylene glycol (EG), and 1 mM TCEP, and protein from a single peak
was collected. Protein was concentrated using an Amicon 50 kDa MWCO concentrator to 6.5

mg/mL, flash-frozen as small aliquots in liquid nitrogen, and stored at —80 °C.

Protein Expression and Purification — human PI4KIIIB-Rabl11

Truncated human PI4KIIIp and full-length human Rab11a (Q70L) were expressed in BL21
C41 (DE3) cells. For Rabl1la (Q70L) expression, cultures were grown to an OD600 of 0.7 and
induced with 0.5 mM IPTG for 3.5 h at 37°C. For truncated PI4KIIIf expression, cultures were
induced overnight at 16°C with 0.1 mM IPTG at an OD600 of 0.6. Cells were harvested by
centrifugation, washed with cold phosphate-buffered saline (PBS), frozen in liquid nitrogen, and
pellets were stored at —80°C. Full length PI4KIIIP was expressed from Spodoptera frugiperda
(S19) cells by infecting 1—4 L of cells at a density of 1.0 x 106 cells/mL with baculovirus encoding
the kinase. All PI4K constructs had an N-terminal 6xhis-tag followed by a TEV protease site. After
48-65 h infection at 27°C, S19 cells were harvested and washed with ice-cold PBS.

Pellets of cells expressing PI4KIIIP were resuspended in lysis buffer [20 mM Tris-HCI pH
8.0 (4°C), 100 mM NacCl, 10 mM imidazole, 5% (v/v) glycerol, 2 mM B-mercaptoethanol, protease
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inhibitor cocktail (Millipore Protease Inhibitor Cocktail Set III, Animal-Free)], and were sonicated
on ice for 5 min. Triton X-100 was then added to a final concentration of 0.2%, and the lysate was
centrifuged for 45 min at 20,000g. The supernatant was then filtered through a 0.45 pm filter
(Celltreat Scientific Products) and was loaded onto a 5 mL HisTrap FF column (GE Healthcare)
equilibrated in buffer A [20 mM Tris-HCI pH 8.0 (4°C), 100 mM NaCl, 10 mM imidazole, 5%
(v/v) glycerol, 2 mM B-mercaptoethanol]. The column was washed with 20 mL of buffer A,
followed by 20 mL of 6% buffer B (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 200 mM imidazole,
5% (v/v) glycerol, 2 mM B-mercaptoethanol), and was eluted with 100% buffer B. The His-affinity
tagged protein was cleaved overnight at 4°C with TEV protease. The cleaved protein was then
diluted to 50 mM NaCl (using 20 mM Tris-HCI pH 8.0, 10 mM imidazole, 5% (v/v) glycerol, 2
mM B-mercaptoethanol) and was loaded onto a 5 mL HiTrap Q HP column (GE Healthcare)
equilibrated in buffer C (20 mM Tris-HCI pH 8.0, 50 mM NacCl, 5% (v/v) glycerol, 2 mM f-
mercaptoethanol). Protein was eluted with a gradient elution using buffer D (20 mM Tris-HCI pH
8.0, 1.0M NaCl, 5% (v/v) glycerol, 2 mM B-mercaptoethanol). Fractions containing the cleaved
PI4KIIIB were pooled and concentrated to 700 puL in an Amicon 50 K centrifugal filter (Millipore).
The protein was then loaded onto a HiPrep 16/60 Sephacryl S200 column equilibrated in buffer E
[20 mM HEPES pH 7.2, 150 mM NaCl, 1 mM Tris Carboxyl Ethyl Phosphine (TCEP)]. The
cleaved PI4KIIIB was then concentrated to <15 mg/mL in an Amicon 50 K centrifugal filter
(Millipore), and aliquots were frozen in liquid nitrogen and stored at —80°C.

Pellets of cells expressing Rab11 were resuspended in lysis buffer lacking imidazole [20
mM Tris-HCI pH 8.0, 100 mM NaCl, 5% (v/v) glycerol, 2 mM B-mercaptoethanol, protease
inhibitor cocktail (Millipore Protease Inhibitor Cocktail Set III, Animal-Free)]. Cells were
sonicated and centrifuged as described for PI4KIIIB. The supernatant was filtered through a 0.45
um filter (Celltreat Scientific Products) and incubated for 1 hour with 4 mL of Glutathione
Sepharose 4B beads (GE Healthcare) equilibrated in buffer F (20 mM Tris-HCI pH 8.0, 100 mM
NaCl, 5% (v/v) glycerol, 2 mM B-mercaptoethanol) followed by a 3 x 15 mL wash in buffer F.
The GST tag was cleaved overnight on the beads with TEV protease. Anion-exchange
chromatography was performed as outlined above for the truncated PI4KIIIB. Cleaved and GST-
tagged Rab11a(Q70L) were then concentrated to between 5 and 15 mg/mL and nucleotide loaded
by adding EDTA to 10 mM followed by 1 U of phosphatase (Phosphatase, Alkaline-Agarose from
calfintestine, Sigma P0762-100UN) per mg of protein. Proteins were then incubated for 1.5 h. The
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phosphatase was removed using a 0.2 pm spin filter (Millipore); the flow-through was collected,
and a 10-fold molar excess of GTPyS or GDP was added followed by MgCl2 to a final
concentration of 20 mM. Proteins were incubated for 30 min. GST-tagged Rab11a(Q70L) was
aliquoted and frozen in liquid nitrogen. Gel filtration was performed with cleaved GDP or GTPyS-
loaded Rab11a(Q70L) as described above for PI4KIIIp.

Protein Expression and Purification — P. vivax and C. parvum PI4K

The synthetic gene for full-length P. vivax PI4K (PVX 098050) was synthesized from
GeneArt (ThermoScientific), and was expressed and purified as previously described (62). The
synthetic gene for full-length C. parvum PI4K (cgd8 4500) was synthesized from GeneArt
(ThermoScientific), and was expressed and purified as previously described (59). Both full-length
and truncated PI4Ks were expressed from Spodoptera frugiperda (S9) cells by infecting 14 L of
cells at a density of 1.0 x 106 cells/mL with baculovirus encoding the kinase. P.vivax PI4K had an
N-terminal 6xhis-tag followed by a TEV protease site, while C. parvum PI4K had an N-terminal
10xhis-tag, followed by a 2X Strep-tag, followed by a TEV protease site. After 48—65 h infection
at 27°C, Sf9 cells were harvested and washed with ice-cold PBS. Cell pellets were sonicated in
NiNTA Buffer (20 mM Tris-HCI pH 8.0, 100 mM NacCl, 20 mM imidazole, 5% (v/v) glycerol, 2
mM B-mercaptoethanol) containing protease inhibitors (Millipore Protease Inhibitor Cocktail Set
III, Animal-Free) for 5 minutes on ice. Triton X-100 (0.1% v/v) was added to the cell lysate and
the lysed cell solution was centrifuged for 45 minutes at 20,000 x g at 2°C. Supernatant was filtered
through a 5 um filter and loaded onto a 5 mL HisTrap™ FF crude (GE) column in NiNTA buffer.
The column was washed with 1.0 M NaCl and 20 mM imidazole in NiNTA buffer and protein was
eluted with 200-250 mM imidazole in NiNTA buffer. Eluted P.vivax PI4K was pooled and
concentrated onto a 5 mL HiTrap™ Q column (GE) equilibrated with Q buffer (20 mM Tris-HCl
pH 8.0, 100 mM NaCl, 5% glycerol v/v, 2 mM B-mercaptoethanol) and eluted with an increasing
concentration of NaCl. P.vivax PI4K was pooled and concentrated using an Amicon 30K
concentrator and incubated overnight on ice with the addition of TEV protease. Eluted C. parvum
PI4K was pooled and concentrated onto a 5 mL StrepTrap™ HP column (GE) equilibrated with Q
buffer (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 5% glycerol v/v, 2 mM B-mercaptoethanol) and
was eluted by cleaving overnight on the column with the addition of TEV protease on ice. C.

parvum PI4K was eluted with Q buffer and concentrated using an Amicon 30K concentrator and
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incubated overnight on ice with the addition of TEV protease. Size exclusion chromatography
(SEC) was performed using a Superdex™ 200 10/300 GL increase (GE) column equilibrated in
SEC buffer (20 mM HEPES pH 7.5, 150 mM NacCl and 0.5 mM TCEP). Fractions containing the
protein of interest were pooled, concentrated, spun down to remove potential aggregate and flash

frozen in liquid nitrogen for storage at -80 °C.

Protein expression and purification: P. falciparum Rablla

Rablla was expressed with an N-terminal GST tag in BL21 C-41(DE3) E. coli cells
overnight at 16 °C with 0.1 mM IPTG. Cell pellets were sonicated in Q Buffer (20 mM Tris-HCl
pH 8.0, 100 mM NaCl, 5% (v/v) glycerol, 2 mM B-mercaptoethanol) containing protease inhibitors
(Millipore Protease Inhibitor Cocktail Set III, Animal-Free) for 5 minutes on ice. Triton X-100
(0.1% v/v) was added to the cell lysate and the lysed cell solution was centrifuged for 45 minutes
at 20,000 x g at 2°C. Supernatant was filtered through a 5 um filter and incubated with 1-4mL of
Glutathione Sepharose™ 4B beads (GE) for 1-2 hours at 4°C. Beads were washed with Q buffer,
and GST-tagged proteins were eluted with 20 mM glutathione in Q buffer. Protein was further
purified using anion exchange and size-exclusion chromatography as described above. Protein was

spun down to remove potential aggregate, flash frozen in liquid nitrogen and stored at -80 °C.

Crystallography - PIK3CA

Initial apo PIK3CA (AABD-LBS pl110a 105-1048) crystallography hits were obtained
from a grid of 1 pL hanging drops containing 0.5 pL of protein at 5.8 mg/mL (in 50 mM Tris pH
8.0, 100 mM NacCl, 2% EG, 1 mM TCEP pH 7.5) mixed 1:1 with 0.5 pL reservoir (poly(ethylene
glycol)6000 (PEG6000) 6-12%, 0.6 M sodium formate, 0.1 M N-cyclohexyl-2-
aminoethanesulfonic acid (CHES) pH 9.1-9.7, 5 mM TCEP pH 7.5) at a temperature of 18 °C.
Crystals collected for diffraction were obtained from 1 pL hanging drop containing 0.5 pL of
protein at 5.8 mg/mL with a 2-fold molar excess of inhibitor PQR530 mixed with 0.4 puL reservoir
(8% PEG6000, 0.6 M Na formate, 0.1 M CHES pH 9.5, 5 mM TCEP pH 7.5) and 0.1 puL of 1/1000
diluted microseeds crushed from a drop of the original apo crystals. Crystals were flash-frozen in
liquid nitrogen after transferring to 1 pL of reservoir solution containing 25% (v/v) glycerol as

cryoprotectant and then stored in liquid nitrogen.
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Diffraction data for the PIK3CA crystals were collected at 100 K at beamline BL14-1 of

the Stanford Synchrotron Radiation Lightsource. Data were processed using XDS (172). Phases
were initially obtained by molecular replacement using Phaser, (101) with the structure of
truncated PI3Ka (PDB ID: 4TUU (165)). Iterative model building and refinement were performed
in COOT (173) and phenix.refine (104), with a final Rwork = 24.2 and Rfree = 28.7 for the PI3Ka
structure bound to PQR530. Refinement was carried out with rigid body refinement, followed by
translation/libration/screw B-factor and xyz refinement. The final model was verified in
Molprobity for the absence of both Ramachandran and Rotamer outliers (174). Data collection and

refinement statistics are shown in Table 4.1.

Crystallography - PI4KIIIp-Rabl 1

Crystals of the optimized PI4KIIIf construct with Rabl1a-GTPyS or Rabl1a-GDP were
obtained in vapor phase equilibration plates in sitting drops. The reservoir solution was 15% (w/v)
PEG-4000, 100 mM sodium citrate pH 5.6, 200 mM ammonium sulfate and three volumes of
protein were mixed with one volume in the crystallization drops, with a final drop volume of 2.5
uL. Refinement plates were set by gridding PEG-4000, ammonium sulfate, and glycerol.
Optimized crystals were obtained by seeding using the Hampton Research Seed Bead Kit
according to the manufacturer's instructions. The best crystals were obtained in 13-15% (w/v)
PEG-4000, 100 mM sodium citrate pH 5.6, 250 mM ammonium sulfate, 2% glycerol with a 1/1000
or 1/10,000 seed solution dilution, a Rab11a-GTPyS final concentration of 4.51 mg/mL and a PI4K
final concentration of 7.38 mg/mL. Crystals were frozen in liquid nitrogen using cryo buffer [15%
PEG-4000 (w/v), 100 mM sodium citrate pH 5.6, 250 mM ammonium sulfate, 25% (v/v) glycerol]
cryoprotectant. Inhibitor soaks were performed by incubating crystals with 0.5 pL of 10 uM
inhibitor stocks in cryo buffer for 30 min, followed by a 30 min incubation with 0.5 uL. of 100 pM
inhibitor stock in cryo buffer, and a final 30 min incubation in 1 mM inhibitor stock in cryo buffer.
Before the final addition, 1 pL was removed from the crystal drop and 1 pL of the I mM inhibitor
in cryo buffer was added.

Data were collected at 100 K at the Canadian Macromolecular Crystallography Facility
(Canadian Light Source, CLS) beamline 08ID-1. Data were integrated using iMosflm 7.1 (98) and
scaled with AIMLESS (99). Phases were initially obtained by molecular replacement using Phaser
(101) with the structure of PI4KIIIP bound to PIK-93 and Rabl1 (pdb code: 4DOL) used as the
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search model. The final model of Apo PI4KIIIB bound to Rab11 was built using iterative model

building in COOT (103) and refinement using Phenix (104) to R work=21.6 and R free =24.6.
The final model of PI4KIIIB bound to BQR695 in complex with GDP loaded Rab11 was refined
to R work =25.5 and R free =28.6. The binding modes of BQR695 and compound 9 were
unambiguous, and ligand geometry was generated using the elbow subset of Phenix.52 Full
crystallographic statistics are shown in Table 4.2. Electron density corresponding to GTPyS and

GDP in Rab11 was clear and the mode of binding was unambiguous.

Crystallography — P. vivax xtalPI4K-P. falciparum Rabl1- KAI407

Microcrystals of the optimized P. vivax xtalPI14K construct with P. falciparum Rabl1a and
KAI407 were obtained in vapor phase equilibration plates in sitting drops. Prior to mixing with
crystallization drops, protein solution was mixed containing 59 uM P. vivax xtalP14K, 59 uM P.
falciparum Rabl1la and 120 uM KAI407 in Hepes pH 7.5, 150 mM NaCl and 1mM TCEP. The
reservoir solution was 15% (w/v) PEG-8000, 100 mM MES pH 6.5, 200 mM Zinc Acetate; four

volumes of protein were mixed with one volume of reservoir for a final drop volume of 0.5 pL.

GST Pulldown assay

Glutathione Sepharose 4B beads (GE Healthcare) were washed three times by
centrifugation and resuspension in fresh buffer G (20 mM Hepes pH 7.0, 100 mM NaCl, 2 mM
TCEP) at 4°C. GST-tagged bait protein [GST control or GST-Rabl1a Q70L (GTPyS)] was then
added to a concentration of 5 UM and incubated with the beads on ice for 30 min. Beads were then
washed three times with buffer G at 4°C. Nontagged prey proteins (PI4KIIIB or truncated
PI4KIIIB) were then added to a final concentration of 5 uM at which point the input was taken for
SDS PAGE analysis. The mixture was incubated on ice for an additional 30 min and then washed

four times with buffer G at 4°C, at which time an aliquot was taken for SDS PAGE analysis.

Lipid kinase assay of xtalPI4K

One hundred nanometer extruded PI vesicles were made with soybean phosphatidylinositol
(Sigma) in lipid buffer [20 mM HEPES pH 7.5 (RT), 100 mM KCI, 0.5 mM EDTA] using the
Avanti lipid mini-extruder. Lipid kinase assays were carried out using the Transcreener® ADP2

FI Assay (BellBrook Labs) following the published protocol as previously described (175); 4 uL
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Reactions ran at 21°C for 30 min in a buffer containing 30 mM Hepes pH 7.5 (RT), 100 mM NaCl,

50 mM KCI, 5 mM MgCI2, 0.25 mM EDTA, 0.4% v/v Triton-X, 1 mM TCEP, 0.5 mg/mL PI
vesicles and 10 pM ATP. Both full length human PI4KIIIB and the truncated PI4KIIIB crystal
construct with the C-term were run at 200 nM. Fluorescence intensity was measured using a

Spectramax M5 plate reader with Aex = 590 nm and Aem = 620 nm (20-nm bandwidth).

Lipid kinase assay of human PI4KIIIf and P. vivax PI4K

One hundred nanometer extruded lipid vesicles were made to mimic Golgi organelle
vesicles (20% phosphatidylinositol, 10% phosphatidylserine, 45% phosphatidylcholine and 25%
phosphatidylethanolamine) in lipid buffer (20 mM HEPES pH 7.5 (room temperature), 100 mM
KCIL, 0.5 mM EDTA). Lipid kinase assays were carried out using the Transcreener ADP2 FI
Assay (BellBrook Labs) following the published protocol as previously described61. 4-(ul
reactions ran at 21 °C for 30 min in a buffer containing 30 mM HEPES pH 7.5, 100 mM NaCl,
50 mM KCI, 5 mM MgCl2, 0.25 mM EDTA, 0.4% (v/v) Triton X-100, 1 mM TCEP, 0.5 mg
ml—1 Golgi-mimic vesicles and 10 uM ATP. P. vivax PI4K was used at 7.5 nM and human
PI4KIIIP was used at 200 nM. Fluorescence intensity was measured using a Spectramax M5
plate reader with excitation at 590 nm and emission at 620 nm (20-nm bandwidth). ICso values

were calculated from triplicate inhibitor curves using GraphPad Prism software.

Hydrogen deuterium exchange mass spectrometry

HDX reactions were conducted with 10 pL of protein in Dilution Buffer (20 mM HEPES
pH 7.5, 150 mM NaCl, 2 mM TCEP), and initiated by the addition of 40 puL. of D20 Buffer Solution
(10 mM HEPES pH 7.5, 50 mM NaCl, 2 mM TCEP, 92% D20), to give a final concentration of
74% D20. Final protein concentrations were 1 uM. A fully deuterated sample was generated by
incubating protein with 1M guanidine-HCI for 30 min, followed by overnight incubation with
deuterated buffer at a final concentration of 74% D20. Hydrogen exchange was terminated by the
addition of a quench buffer (final concentration 0.6 M guanidine-HCI, 0.8% formic acid). Samples
were rapidly frozen in liquid nitrogen and stored at —80°C until mass analysis.

Protein samples were rapidly thawed and injected onto a UPLC system immersed in ice.
The protein was run over an immobilized pepsin column (Applied Biosystems; porosyme, 2-3131-

00) at 130 uL/min for 3 min and the peptides were collected onto a VanGuard precolumn trap
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(Waters). The trap was subsequently eluted in line with an Acquity 1.7 pm particle, 100 x 1 mm2

C18 UPLC column (Waters), using a gradient of 5-36% B (buffer A 0.1% formic acid, buffer B
100% acetonitrile) over 20 min. Mass spectrometry experiments were performed on both a Xevo
QTOF (Waters) as well as an Impact II TOF (Bruker) acquiring over a mass range from 350 to
1500 m/z for 30 min, using an electrospray ionization source operated at 225°C, and a spray
voltage of 2.5 kV (Xevo) or a temperature of 200°C, and a spray voltage of 4.5 kV (Impact).
Peptide identification was done by running tandem MS/MS experiments using a 5-36% B
gradient over 120 min. This was supplemented with a 20 min MS/MS gradient separation to
identify and correct the retention time for all samples. MS/MS was run in data dependent
acquisition mode with a 1 s precursor scan from 350 to 1500 m/z, followed by three fragment scans
from 50 to 2000 m/z of 2s (Xevo) or a 0.5 s precursor scan from 200-2000 m/z, followed by 12
fragment scans from 150 to 2000 m/z of 0.25 s (Impact). The resulting MS/MS datasets were
analyzed with the Mascot search within Mascot distiller (Matrix Science). The MS tolerance in
mascot was set to 3 ppm with an MS/MS tolerance at 0.1 Da. All peptides with a Mascot score
>20 were analyzed using HD-Examiner Software (Sierra Analytics). The full list of peptides was
manually validated by searching a non-deuterated protein sample's MS scan to test for the correct
m/z state, and check for the presence of overlapping peptides. Ambiguously identified peptides
were excluded from all subsequent analysis. Marker peptides identified in the 20 and 120 min
samples were used to adjust the retention time of the long MS/MS gradient before analysis of
deuterium exchange. Retention time adjustment was carried out using HD-Examiner Software
(Sierra Analytics). The first round of analysis and identification were performed automatically by
the HD-Examiner software, but all peptides (deuterated and non-deuterated) were manually
verified at every state and time point for the correct charge state, m/z range, presence of
overlapping peptides, and any deviation from the expected retention time. Any peptide that
deviated from the expected mass by >5 ppm was excluded from analysis. Corrections for back

exchange were generated from a fully deuterated sample. All experiments were done in triplicate.

44 Results
Molecular basis for selective PIK3CA inhibition by POR530.

Class I PI3Ks are key drivers of cancer. PQR530 is a potent pre-clinical cancer therapeutic

generated by the Mathias Wymann laboratory (176). PQR530 is a derivative of PQR309
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(bimiralisib), a brain-penetrant pan-PI3K/mTOR inhibitor in phase II clinical trials (177, 178).

PQR309 contains two morpholine moieties, with binding to class I PI3K mediated through a
hydrogen bond of one of the morpholine O atoms with the hinge Val882 in PIK3CG (178), which
corresponds to hinge Val851 in PIK3CA. In PQR530, one of these morpholine moieties is
modified into an 3-methylmorpholine (Fig. 4.1A), which increases selectivity for PIK3CA (Ks =
0.84 nM) over PIK3CG (Ks= 10 nM (176), and also increases mTOR potency (0.33nM). Reducing
PIK3CG inhibition is an ideal strategy for strategy for developing therapeutics against PIK3CA
driven cancers, as inhibition of PIK3CG has adverse effects on immune function. To better
understand the structural basis for selectivity of PQR530, we utilized a previously published
crystallography-optimized PIK3CA p110a catalytic subunit construct (residues 105-1048, (165))
to co-crystalize p110a bound to PQR530. The core structure of PQR530 could be defined in the
electron density, but distinct density for the methyl groups was not apparent. Fitting PQR530 to
the obtained electron density map, the inhibitor was best accommodated with the methyl group in
either one of the two hydrophobic interfaces formed by side chains of Tyr836, 11848, 11932 or
Trp780, 11e800, and Val850 (numbering referring to PIK3CA) (Fig 4.1 B,C). Val850 in PIK3CA
corresponds to I1e881 in PIK3CG, and the predicted steric clash at this position in PIK3CG could
not be detected in PIK3CA. This potential clash may explain, in part, the preferred binding of
PQRS530 to PIK3CA versus PIK3CG — while PIK3CA facilitates binding of either potential
orientation of the methyl group, PIK3CG only facilitates one.
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Figure 4.1. X-Ray crystal structure of PQR530 in the active site of PIK3CA to 3.15A.

The electron density map of the inhibitor (2Fo-Fc map contoured at 1s, blue mesh) fits the core structure of
PQRS530, but did not provide clear density for placement of the C3-methyl during refinement in either
orientation. Amino acids in proximity of the methylgroups are indicated in grey. (A) Structure of PQR530 (B,
C) Two group preferred fits of PQR530 to the electron density map. Steric clashes predicted in the PIK3CG
model for the conformation in (B) were not found in PIK3CA: residue [1e881 in PIK3CG corresponds to Val850
in PIK3CA. Full details of X-ray data collection and refinement are in Table 4.1.



Table 4.1 Data collection and refinement statistics for PI3K p110a bound to PQR530.

Data collection
Space group
Unit Cell
Resolution (A)
Ruerge

Mean I/sigma(I)
CC(work)
CC(free)
Completeness (%)
Redundancy
Refinement
Resolution (A)

No. reflections
Ryori/Rfice
No. of hydrogen atoms
Macromolecules
Ligands
Water
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)

Ramachandran outliers (%)

Rotamer outliers

Clashscore

Average B-factor
Macromolecules
Ligand/Ion
Water

PIK3CA p1100.-PQRS530

P212121
58.93, 135.51, 144.50, 90, 90, 90
38.3-3.15 (3.26-3.15)*

0.145 (1.98)

9.1 (1.2)

0.935 (0.756)

0.908 (0.728)

99.5 (98.7)

8.3 (8.5)

39.3-3.15 (3.36-3.15)

20690 (3642)
24.2/28.7
6385
6356

29

0

847
0.002
0.41
91.78
7.50

0.73

1.00

17.26

121.71
121.69
125.67
0

*Values in parentheses are for highest resolution shell.

Truncations in PI4KIIIp identified by HDX-MS facilitate characterization of specific inhibitors
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PI4KIIIB is a key enzyme mediating the replication of enteroviruses and the proliferation

of the malaria parasite. Compound 9 is a potent anti-viral compound with excellent selectivity for
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human PI4KIIIB (116), and BQR695 is a recently reported highly potent PI4KIIIB inhibitor that

targets both the human and Plasmodium vivax variants of PI4KIIIP (62). To better understand the
structural basis for selectivity of these compounds, we sought to determine their co-crystal
structures with PI4KIIIB. Hampering these efforts has been the requirement of PIK93 for
crystallization of PI4KIIIP, an inhibitor with limited selectivity over class I PI3Ks. To facilitate
crystallization of the apo-state of PI4KIIIP for inhibitor studies, we sought to optimize the original
crystallography construct of PI4KIIIB (38) by identifying regions of disorder using HDX-MS.
Dynamic regions (either no or very transient secondary structure) in PI4KIIIB were identified using
HDX-MS (Appendix L) (97, 116). A truncated PI4KIIIP construct was designed using the HDX
information describing dynamic regions, and included an N-terminal deletion from 1 to 120, two
internal truncations (one from 249 to 287, and one from 408 to 507), and a C-terminal deletion
from 785 to 801 (Fig. 4.1A). This construct, referred to from now on as xtalPI4K (HsPI4KIIIP
S294A 121-784, A249-287, A408-507), enabled us to generate crystals of apo PI4KIIIB in
complex with full length Rab11 (Fig 4.1A).

A major concern when engineering proteins for structural studies is that the introduction
of truncations may disrupt the native conformation, as well as the function of the enzyme. To
verify that the HDX optimized construct was not structurally perturbed by the engineered
truncations we carried out tests on both the structure and function of this enzyme compared with
the full-length enzyme. HDX-MS experiments were carried out on both full length PI4KIIIB and
xtalPI4K, and these revealed that levels of deuterium incorporation for xtalPI4K were similar to
full length PI4KIIIB (Fig. 4.2B). Importantly, there was no difference in dynamics within or around
the active site of the enzyme. To verify that truncations did not change the activity or ability to
bind protein partners, we carried out lipid kinase assays as well as GST pulldowns with GST-
tagged Rabl1. Binding assays were carried out with the PI4KIIIf binding partner Rabl11 (Fig.
4.2C) and GST pull downs indicated that there was no qualitative difference in the ability of the
xtalPI4K to bind to Rab11 compared with full length PI4KIIIP. It was previously shown that the
C-termini of both PI4K and PI3Ks are essential for their activity (38, 179). For this reason, we
made a construct containing the N-terminal and internal truncations, but with an intact C-terminus
(referred to as xtal PI4KIIIB +cterm). This construct showed a slightly reduced (~70%) lipid kinase
activity on pure PI vesicles compared to WT full length PI4KIIIB (Fig 4.2D).
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Figure 4.2. HDX-MS facilitated design of crystallography-optimized constructs of human PI4KIIIf
(refers to Appendix L).

(A) Four truncations were made in PI4KIIIPB (1-120, 249-287, 408-507, and 785-801, referred to as xtal-
PI4KIIIB), and Rabl1 was full-length. Representative crystals of GTPyS Rab11 with Apo xtal-PI4KIIIB, best
crystals diffracted to 2.65 A. (B) HDX levels for the full length and truncated versions of PI4KIIIf after 3
seconds of deuterium exposure at 0°. (C) Pulldown assays with GST-tagged Rab11 Q70L loaded with GTPyS
for both the full-length wild-type PI4KIIIP and xtal-PI4KIIIf constructs. The inputs and the bound proteins were
analysed on SDS gels stained with Instant Blue. D: Lipid kinase assay of full-length wild-type PI4KIIIf and
xtal + cterm PI4KIIIB constructs. Assays were carried out with 200 nA PI4KIIIf in the presence of 0.5 mg/mL
phosphatidylinositol vesicles with 10 uM ATP. Enzyme activity is normalized to the activity of the full length
wild-type enzyme. Substrate conversion of ATP was ~15% for the wild type PI4KIIIp.

Molecular basis for selective PI4KIIIf inhibition by anti-viral compound 9.

Compound 9 is a bulkier derivative of PIK93 with a methoxy substituent off the central
phenyl, a para-hydroxy phenol off the sulfonamide, and a cyclopentyl group at the acetamide
position off of the central thiazole generated by Florentine Rutaganira in the Kevan Shokat Lab
(116). Compared to PIK93, Compound 9 is a more potent PI4KIIIB inhibitor with >140 fold
selectivity over PIK3CG, >20 fold selectivity over PIK3CD, and no inhibition of VPS34 (a class
IIT PI3K) at concentrations up to 20 uM (116). Compound 9 displayed >7-fold antiviral activity
against Hepatitus C virus with reduced cell toxicity (116). To determine the molecular basis for
the potency and specificity towards PI4KIIIB, we set out to crystallize it bound to PI4KIIIP.
Utilizing soaks of compound 9 with pre-formed crystals of apo xtalPI4K bound to GDP loaded

Rab11 allowed us to solve the co-crystal structure at 3.2 angstrom resolution.
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Compound 9 forms a crescent shape that conforms to the active site of PI4KIIIB. This
molecule makes extensive contacts with PI4KIIIP (Fig. 4.3A) (116). There are two putative
hydrogen bonds formed between the thiazole and the acetamide of compound 9 with both the
amide and carbonyl group of V598. The sulfonamide group also forms a hydrogen bond with
Lys549. All of these hydrogen bonds are similar to those reported in the structure of PIK93
bound to PI4KIIIB (38). Intriguingly the para-hydoxy group on the N-phenol sulfonamide also
makes a putative hydrogen bond with the carbonyl of G660 (116). The structure of compound 9
also reveals the molecular mechanism for how the acetamide and methoxy substituent mediate
inhibitor selectivity over PI3Ky and vps34. Aligning the structure of PI4KIIIf bound to
compound 9 with structures of PIK93 bound to PIK3CG and VPS34 (Fig. 4.3B-D) reveals a
number of steric clashes that explain the lack of potency of compound 9 against the PI3K family
kinases. The acetamide group clashes with residues W812 and M953 in PIK3CG, and residues
Y746 and F673 in vps34. The methoxy group off the central phenyl group clashes with the
aspartic acid from the DFG motif in the activation loop (D964 in PI3Ky and D823 in vps34).

B PI4KIIIB C PI3Ky D vps34

(

LSG;%

\LLLQ@

$603
veglzl% 'A601

Figure 4.3. X-ray crystal structure of PI4KIIIp bound to compound 9 to 3.2 A reveals the structural basis
for its selectivity.

(A) Residues mediating the interaction of PI4KIIIB with compound 9, with putative hydrogen bonds indicated
by dotted lines; figure generated using ligplot (180). (B) The structure of compound 9 bound to PI4KIIIp, with
selected residues colored in orange and shown as spheres. (C) A model of compound 9 in the active site of
PI3Ky. The model was generated by aligning the active site of the structure of compound 9 bound to PI4KIIIB
to the structure of PI3Ky bound to compound 1 (PDB: 2CHZ). The equivalent residues shown in panel A are
colored in green and shown as spheres, with steric clashes highlighted in red. (D) A model of compound 9 in the
active site of vps34. The model was generated by aligning the active site of the structure of compound 9 bound
to PI4KIIIP to the structure of vps34 bound to PIK93 (PDB: 2X6J). The equivalent residues shown in panel A
are colored in cyan and shown as spheres, with steric clashes highlighted in red. Full details of X-ray data
collection and refinement are in Table 4.2.
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Molecular basis for selective PI4KIIIp inhibition by anti-malarial BOR695.

The compound BQR695 is a recently reported highly potent PI4KIIIP inhibitor that has
high potency against both the human (ICso = 80 nM) and Plasmodium vivax (~3.5 nM) variants of
PI4KIIIB (62). Soaking apo xtalPI4K-Rab11 GDP crystals with the potent anti-malarial compound
BQR695 allowed for determination of the structure of human PI4KIIIf bound to BQR695 refined
to a resolution of 3.2 A. This compound makes two putative hydrogen bonds with PI4KIIIp, one
between the nitrogen of the central quinoxaline and the amide hydrogen of V598, and one between
the hydrogen on the amino group off the central quinoxaline with the carbonyl of A601 (Fig. 4.4A).
The hydrogen bond between V598 and the central quinoxaline is characteristic of many protein
and lipid kinase inhibitors (181) as this mimics the hydrogen bond made with the N1 of the ATP
adenine. This compound has been shown to be specific over PI3K kinases (10 fold more potent
against PI4KIIIB over PIK3CA, and >100 fold more potent against PI4KIIIB compared to all other
class I and class III PI3K isoforms) (62). Comparing the structure of PI4KIIIf bound to BQR695
with PI3K structures (104, 173, 182, 183) reveals the molecular basis for this specificity; PI4KIIIfB
has a larger binding pocket to accommodate the glycyl methyl amide group compared to the class
I and class III PI3Ks. The wall of this pocket is composed of L383 in PI4KIIIB, which corresponds
to a tryptophan in class I PI3Ks, and a phenylalanine in class III PI3Ks (Fig. 4.4B,C). The clash
at this position is likely to interfere with the ability of the central quinoxaline of BQR695 to
properly hydrogen bond with V598 of PI4KIIIp.

D674
B PI4KIIIB Cc 110t
P P — P \
o2 e T vV AL\ Yy, WA
] s — m w J - e '\)\_
3 1595 35557 L1383 = . - Ml \ a
,&\. A W780 o E 3L M772

R . TN
[ 3

“ a : "
A e L - “,/ BQR69Y5 pu k BQR695
PSE\;ILQ% P %63 ) r
¢

A601

Figure 4.4. X-ray crystal structure of PI4KIIIf bound to BQR695 to 3.2 A reveals the structural basis for
its selectivity.

(A) Residues mediating the interaction of PI4KIIIB with BQR695, with putative hydrogen bonds indicated by
dotted lines; figure generated using ligplot (180). (B, C) Comparison of the PI4KIIIf and class I PI3K (p110 a)
active site. Shown are the PI4KIIIp structure with BQR695, and a model of p110a. (derived from PDB: 4JPS54)
with BQR695. Residues in similar position in PI4KIIIf and p110a are highlighted (L373 and L.384 in PI4KIIIp)
and (M772 and W780 in p110a) are shown as sticks. Potential clashes in the p110a are highlighted in red. Full
details of X-ray data collection and refinement are in Table 4.2.
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Table 4.2 Data collection and refinement statistics for PI4KIII bound to compound 9 or BQR695.

Data collection

Wavelength (A)
Space group
Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge

R-meas

CC1/2
CC*
Refinement

Resolution range (A)

Reflections used for R-free
R-work
R-free

Number of non-hydrogen
atoms

Macromolecules

Ligands

Water
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran outliers (%)
Clashscore
Average B-factor

Macromolecules

Ligands

Solvent

PI4K-compound 9-Rab11-GDP | PI4K-BQR695-Rab11-GDP

0.9797
P 212121

48.9,103.5, 188.9, 90, 90, 90

67660 (6441)
16316 (1611)
4.1 (4.0)

98.63 (99.44)
8.93 (2.11)
82.35

0.1092 (0.7019)

0.1249
0.933 (0.375)
0.988 (0.738)

473432 (3.31-3.2)

5%
0.2291 (0.3328)
0.2616 (0.3660)

5058

4987
71

0
621

0.003

0.69
96

0.3
5.73
96
96.1
93.9
N.A.

0.9797
P212121

48.82, 105.4, 188.85, 90, 90, 90

62,007 (5729)
16,065 (1499)
3.9 (3.8)

95.56 (90.96)
8.12 (1.64)
91.96

0.1008 (0.7039)

0.1164
0.996 (0.815)
0.999 (0.948)

54.05-3.2 (3.314-3.2)

5%
0.2553 (0.3936)
0.2864 (0.3915)

5059

5020
39

0
622

0.002

0.40
95

0.17
21.10
110.80
110.80
119.20
N.A.
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Optimization of parasite PI4K constructs for crystallography using HDX-MS

In the absence of the Plasmodium or Cryptosporidium PI4K structure, the structural basis
for specificity of anti-parasitic PI4K inhibitors over human PI4KIIIB remains poorly defined.
Crystallization and structure determination of the human PI4KIIIB homolog is so far only possible
through the removal of disordered regions of the protein that impede crystallization (38, 97, 115,
116). The larger Plasmodium PI14K homolog (172 kDa) and Cryptosporidium PI4K homolog (129
kDa) are predicted to have many additional such disordered regions, which have hindered efforts
towards crystallization and structure determination. To identify dynamic regions within
Plasmodium PI4K, we subjected recombinant protein to a short 0.3 second pulse of deuterium (3
sec on ice) so that only amides with low secondary structure would become deuterated. We
identified four key regions within the protein with rapid exchange profiles: the N-terminus (~1-
400), C-terminal to the predicted helical domain (~550-700), and two regions in the N-lobe of the
kinase domain (~900-100 and 1100-1200) (Fig 4.5A). Using the HDX-MS dynamics information,
several truncated constructs were designed to reduce overall disorder and potentially facilitate
crystallization, and expressed in Sf9 cells (all constructs are summarized in Table 4.3). The most
promising construct, P. vivax xtalPI4K (A1-390 + A886-995 + A1055-1147), contained three
truncations (Fig 4.5B) and eluted from gel filtration in the void as a potential soluble aggregate
(Fig. 4.5C) with moderately pure yields of 0.9 mg per 1.0 L Sf9 cells after purification (Fig 4.5D).
Despite presentation as a potentially soluble aggregate, P. vivax xtalPI4K formed microcrystals in
the presence of P. falciparum Rabl1a and the anti-malarial inhibitor KAI-407 (Fig 4.5E).

We then utilized the short D>O pulse experiment to identify dynamic regions within the
smaller Cryptosporidium PI4K. We identified four key regions within the protein with rapid
exchange profiles, albeit these were shorter than the Plasmodium PI4K disordered regions: the N-
terminus (~1-75), two regions c-terminal the predicted helical domain (~200-300, 425-525), and
one region within the N-lobe of the kinase domain (~775-825) (Fig 4.5F). Again, several truncated
constructs were designed to reduce overall disorder and potentially facilitate crystallization, and
expressed in SfY cells (all constructs are summarized in Table 4.3). The most promising construct,
C. parvum xtalPI4K (A1-68 + A217-290+ A782-817), contained three truncations (Fig 4.5G) and
eluted from gel filtration at a volume consistent with a monomer (Fig. 4.5H). After purification,
C. parvum xtalPI4K was extremely pure (Fig 4.5I); however, yields of 150 pg per 1.0 L Sf9 cells

after purification were too low to continue with crystallography.
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Figure 4.5. Identification of dynamic regions within parasite PI4Ks using HDX-MS facilitates engineering
of crystallography optimized constructs.

(A) The deuterium incorporation of P. vivax PI4K at 0.3 s D,O exposure (i.e. 3 s D2O exposure at 0°C) is mapped
according to the central residue, with putative domain architechture shown above. Every point represents a single
peptide. Experiments were carried out in triplicate, and error bars represent SD. Most are smaller than the size
of the point. Red boxes highlight rapidly exchanging regions with limited secondary structure. (B) P.vivax
xtalPI4K (A1-390 + A886-995 + A1055-1147) optimized crystallography construct engineered to remove
disordered regions identified using HDX-MS. (C) Recombinant P.vivax xtalPI4K (103kDa) elutes from a S200
Superdex 10/300 GL increase gel filtration column (GE) at a volume consistent with a soluble aggregate (in the
void). SDS-Page Gel of purified P.vivax xtalPI4K peak marked with a red box is shown in (D). (E) Microcrystals
formed by P.vivax xtalPI4K in complex with P. falciparum Rab11a and the anti-malarial inhibitor KAI-407. (F)
The deuterium incorporation of P. vivax PI4K at 0.3 s D>O exposure (i.e. 3 s D20 exposure at 0°C) is mapped
according to the central residue, with putative domain architecture shown above. Every point represents a single
peptide. Experiments were carried out in triplicate, and error bars represent SD. Most are smaller than the size
of the point. Red boxes highlight rapidly exchanging regions with limited secondary structure. (G) C. parvum
xtalPI4K (A1-68 + A217-290 + A782-817) optimized crystallography construct engineered to remove disordered
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regions identified using HDX-MS. (H) Recombinant C. parvum xtalP14K (109kDa) elutes from a S200 Superdex
10/300 GL increase gel filtration column (GE) at a volume consistent with a monomer. SDS-Page Gel of purified
C. parvum xtalP14K peak marked with a red box is shown in (I). (J) Plasmodium P14K, but not human PI4KIIIp,
is potently inhibited by the anti-malarial BRD73842. Kinase assays of Plasmodium PI14K (7.5 nM) and human
PI4KIIIB (200 nM) in the presence of varying concentrations of BRD73842 were carried out on Golgi-mimic
vesicles (0.5 mg/L) in the presence of 10 uM ATP. The data was normalized to the kinase activity of each
enzyme alone. ICso values were determined by one binding site, nonlinear regression (curve fit) using Graphpad.

Error bars represent standard deviation of independent technical replicates (n=3).

Table 4.3 Summary of engineered crystallography-optimized parasite PI4K constructs.

Protein  Truncation(s) Soluble S /) Furth.e r
expression Characterization
P. vivax A1-390 yes -
Pl4K A1-390 + A573-660 yes -
A1-390 + A866-955 yes -
A1-390 + A937-1222 no -
A1-390 + A1051-1205 no -
A1-390 + A1065-1200 yes -
A1-390 + A573-660 + A886-995 yes -
A1-390 + A886-995 + A1065-1151 yes -
A1-390 + A886-995 + A1055-1098 yes -
potentially soluble
A1-390 + A886-995 + A1055-1147 yes aggregate; resulted in
microcrystals
A1-390 + A573-660 + A866-995 + potentially soluble
A1055-1147 yes aggregate; low yield
C. parvum  Precision Protease cut site at 531 no unstable after cleavage
Pl4K A1-68 yes -
A217-290 yes -
A448-535 no -
A452-518 yes -
A782-817 yes -
A1098-1114 no -
A1-68 + A217-290 yes -
A1-68 + A217-290 + A782-817 yes monomeric; low yield
A1-68 + A217-290 + A452-518 +
yes unstable

A782-817

In the absence of a high resolution structure of Plasmodium P14K, we utilized kinase assays

of human PI4KIIIP and Plasmodium PI4K on Golgi-mimic vesicles to determine the mechanism

of action and selectivity of BRD73842, a novel anti-malarial (61). BRD73842 was a potent
inhibitor of Plasmodium PI4K (ICso = 21 nM) and showed no inhibition of human PI4KIIIP at

concentrations up to 10 uM (Fig 4.5J).
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4.5 Discussion

Recent years have seen an explosion in the development of potent and selective small
molecules targeting the class I PI3Ks and PI4KIIIB. The class I PI3K inhibitors are now quite
advanced in the clinic, with multiple being approved for treatment of blood cancers. There has
been a number of failed trials of PI3K inhibitors in solid tumors, with many complications from
dose-limiting toxicity. As the next generation of preclinical cancer therapeutics targeting class I
PI3Ks is optimized to increase potency and tune selectivity, understanding the molecular basis of
inhibition by these compounds will provide key insight in optimizing isoform selectivity. PQR530,
a novel anti-cancer compound derived from PQR309, is modified into a 3-methylmorpholine,
which increases selectivity for PIK3CA over PIK3CG. We were able to determine the co-crystal
structure of PIK3CA bound to PQR530. While the core structure of PQR530 could be defined in
the electron density, clear density for the methyl group on the modified morpholine was not
apparent, which was best accommodated in one of two hydrophobic interfaces in PIK3CA. The
lack of distinct density for the methyl group may be due to binding of PQR530 in both methyl
orientations within the co-crystal structure. One of these potential inhibitor orientations in PIK3CA
shows the additional methyl group packs against Val850 in PIK3CA. This residue corresponds to
Ile881 in PIK3CG, which would exhibit an expected steric clash that could not be detected in
PIK3CA. This structure explains the preferred binding of PQR530 to PIK3CA versus PIK3CG, in
which it would be unable to bind in one of the potential orientations. It should be noted that the
lack of a distinct signal for the methyl group in the X-ray structure may also suggest that PQR530
can bind to PI3Ks in multiple ways, with the substituted morpholine pointing toward either the
hinge region or the solvent exposed space.

The related lipid kinase PI4KIIIp plays both key physiological and pathological roles, and
the design of novel potent and selective inhibitors will be essential both in deciphering the cellular
functions of this enzyme, as well as in the development of potential future therapeutic agents in
diseases dependent on PI4KIIIP activity. In addition to playing an essential role in the replication
of the malaria parasite (62), PI4KIII mediates the replication of a variety of pathogenic RNA
viruses. Along with this critical role in mediating pathological conditions, PI4KIIIf also plays key
roles in a number of physiological processes including membrane trafficking (88), lipid transport
(184), and cytokinesis (53), and the development of potent and selective molecules will be

essential in deciphering the isoform specific functions of this enzyme. Since PI4KIIIB plays an
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essential role in mediating viral replication for a variety of pathogenic viruses, the development of
PI4KIIIPB inhibitors has been an attractive target for pan anti-viral agents. A number of potent
PI4KIIIB inhibitors have recently been discovered (62, 95, 114, 115, 117, 118, 185, 186), and
experiments on a variety of RNA viruses show they are potent anti-viral agents. However, a
complication of this work has been the toxic effects of some of these inhibitors on host function.
There are conflicting results of the toxicity of PI4KIIIB inhibitors in vivo, with some showing
immunosuppressive effects (114), some showing lethality in mice (117), and others being well
tolerated (118). Deciphering if these effects are dependent on the inhibition of PI4KIIIf, or through
other off target effects requires the generation of more potent and specific PI4KIIIP inhibitors.
Further, in recent years, non-polio enteroviruses, particularly Enterovirus D68, have emerged as a
threat to public health with outbreak sizes increasing and no targeted anti-viral therapy available
(81). Particularly in children, EV-D68 causes devastating polio-like symptoms including acute
flaccid myelitis, which can result in debilitating paralysis and even death. The potential anti-viral
benefit of human PI4KIIIP inhibitors in these cases may outweigh the risk of immunosuppressive
effects. A specific goal for the development of antivirals is to avoid off target effects on both
PIK3CG and PIK3CD as both of these enzymes play key roles in the immune system (33).

A prominent challenge in deciphering the molecular basis of PI4KIIIB inhibitor specificity
has been the inability to crystalize the kinase in the absence of PIK93, an inhibitor with several
off-target effects. Using HDX-MS to identify disordered regions in PI4KIIIB permitted us to
generate crystals of PI4KIIIf in the absence of small molecule inhibitors, enabling us to soak these
crystals with the potent inhibitors compound 9 and BQR695, and solve the co-crystal structure
with these compounds. These structures have revealed novel molecular details about the
mechanism of specificity of PI4KIIIB inhibitors. Differences in the pocket accommodating the
acetamide group of compound 9 in PI4KIIIB compared to PIK3CG and vps34 explains why
compound 9, the bulkier derivative of PIK93, was a more effective antiviral compound in a cellular
model of Hepatitis C virus replication, with lower cellular toxicity. The acetamide group mediating
specificity of PI4KIIIB compound 9 strongly correlates with previous studies on compounds very
similar to PIK93, where addition of a bulky substituent in a similar position to the acetamide group
in PIK93 greatly enhanced specificity (186, 187). The larger binding pocket of PI4KIIIp is also
key in accommodating the glycyl methyl amide group of the anti-malarial BQR695 compared to

the class I and class III PI3Ks.The structural details of these compounds bound in the active site
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pocket will provide a future framework for the optimization of PI4KIIIB inhibitors to enhance
potency and specificity, reducing off-target effects against PI3Ks.

Finally, PI4KIIIp also plays a critical role in the replication of the malaria and
cryptosporidiosis parasites (59, 62). While several novel anti-parasitic compounds target
Plasmodium and Cryptosporidium PI4Ks, the molecular basis for their potency and specificity is
poorly understood. Both parasite homologs of PI4KIIIB are significantly larger than the human
variant, and contain several key differences in residues lining the active site. As such, structural
information from human PI4KIIIB has limited use in facilitating structure-guided drug design
against parasite PI4Ks. Using HDX-MS we were able to show significantly longer stretches of
disorder are present in the P. vivax and C. parvum PI14Ks, which may explain the failure to obtain
diffraction quality crystals of either enzyme to this point. Removal of these disordered regions
allowed us to purify engineered protein constructs more likely to crystalize, resulting in
microcrystals of P. vivax PI4K in complex with P. falciparum Rab11a and the potent anti-malarial
KAI407. While these crystals were too small to attempt diffraction experiments, future
optimization of crystallization conditions and eventual determination of P. vivax PI4K with this
construct remains a possibility. Engineering attempts in C. parvum P14K generated well-behaved,
monomeric protein, but significantly impaired total yield. Future optimizations should include
scaling-up expressions, co-expressions with a binding partner such as Rab11a, and/or optimization
of purification conditions, which may ultimately lead to viability of this construct for
crystallography experiments. In the absence of parasite PI4K structures, recombinant lipid kinase
assays on Golgi mimic vesicles have allowed for the characterization of potency and specific anti-
malarial and anti-cryptosporidium compounds targeting PI4K. Identification of BRD73842 as a
potent Plasmodium PI4K inhibitor with no activity against human PI4KIIIB highlights the
possibility of taking advantage of subtle isoform differences in developing novel anti-parasitic

therapeutics.
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Chapter 5: Discussion and Future Directions

5.1 Summary of Research Objectives

PI4KIIIB is a key generator of PI4P at the Golgi that is essential for proper Golgi formation
and function and plays crucial roles in lipid transport, membrane trafficking and cytokinesis.
Further, PI4KIIIB plays critical roles in the proliferation of many viruses and the malaria and
cryptosporidium parasites, and is a prominent target for the development of novel therapeutics
against these pathogens. Since mammalian PI4KIIIB was identified in the late 90s, several
important regulatory proteins have been identified, including GBF1/Arf1, ACBD3 and the protein
c10orf76. Additionally, viral 3A proteins manipulate host PI4KIIIB during infection to drive viral
replication. Despite the identification of numerous regulatory proteins, molecular mechanisms
involved in both the normal regulation of PI4KIIIP and its hijacking during viral infection have
remained undefined.

During the course of this dissertation, I set out to define key molecular mechanisms
regulating PI4KIIIP activity. To this end, I have used various biochemistry techniques to reveal
mechanisms of PI4KIIIP regulation by protein binding partners and small molecule inhibitors. The
primary objective of this dissertation has been to define the molecular basis of PI4KIIIB protein
complexes required for normal Golgi PI4P levels and viral replication. In Chapter 2, I described
the molecular basis of PI4KIIIB activation by the Aichivirus 3A protein through ACBD3. In
Chapter 3, I discovered a direct complex between PI4KIIIB and c10o0rf76, defined crucial
interfaces of this interaction, and utilized complex-disrupting mutations to study the critical role
of this complex in normal Golgi PI4P production and the replication of enteroviruses. In Chapter
4, I studied the molecular basis for selective inhibition of human PI4KIIIB and related lipid kinases
by novel anti-cancer, anti-viral and anti-parasitic compounds.

In this final chapter, I will first discuss the implications of the results from Chapter 2 and
Chapter 3 pertaining to both normal PI4KIIIf signalling, and its manipulation during viral
infection. I will also discuss the significance of the results from Chapter 4 regarding selective
inhibition of human PI4KIIIP and related lipid kinases as therapeutics. Finally, I will summarize
future directions to further probe human PI4KIIIB regulation by host and viral proteins, and

characterize parasite PI4Ks.
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5.2 Regulation of PI4KIIIB and Golgi P14P
PI4KIIIB was first recognized as a key signalling protein when the yeast homolog, Pikl1p,
was identified as an essential gene in Saccharomyces cerevisiae (50). The eventual
characterization of mammalian PI4KIIIP revealed its Golgi localization and distinct similarity to
PI3Ks (52, 188). PI4P generated by PI4KIIIB at the Golgi is recognized by several proteins
including OSBP, FAPP, CERT, and GOLPH3 which are important for Golgi stability and lipid
transport (55, 63-66). The activity of PI4KIIIP is regulated by multiple protein-protein
interactions with its various domains, as well as phosphorylation. The small GTPase Arfl was the
first identified regulator of human PI4KIIIf at the Golgi and acts to drive PI4KIIIB-dependent
PI4P generation through a yet unknown mechanism (54). In turn, PI4KIIIp plays a critical role in
recruitment of the small GTPase Rabll to the Golgi, through its helical domain (38, 67).
Experiments utilizing the Drosophila melanogaster PI4KIIIB homolog, “four-wheel drive”
(FWD), have shown that PI4KIIIB-mediated Rab11 recruitment is independent of kinase activity,
with formation of this complex essential for spermatogenesis in the fly (53). PI4KIIIP is
phosphorylated at Ser294 by the protein kinase PKD, which directly drives binding of 14-3-3 and
leads to an activation of PI4P production at the Golgi (6971, 92). Less well understood are
interactions involving the proteins ACBD3 and c100rf76, which have recently been implicated in
PI4KIIIP regulation (56, 57, 68). Defining the molecular mechanisms of all regulatory partner
interactions with PI4KIIIB is a key goal in deciphering the complexity of its regulation, and

understanding its catalytic and non-catalytic roles.

PI4KIIB-ACBD3 complex

ACBD3 has been implicated in PI4KIIIp regulation since several studies showed their co-
localization to viral replication organelles during viral infection (56, 57, 76, 79). ACBD3 is a multi-
domain adaptor protein, containing an acyl-CoA binding domain (ACBD), glutamine-rich region
(Q) and Golgi-dynamics domain (GOLD). ACBD3 is normally localized to the Golgi via an
interaction with its GOLD domain and the large transmembrane Golgi-resident protein Giantin
(112). Our HDX-MS experiments probing the PI4KIIIB-ACBD3 interface show that the normally
disordered N-terminus of PI4KIIIP undergoes a disorder-to-order transition to bind to the Q region
of ACBD3. Mutations in these regions of PI4KIIIB (I43A, D44A) or ACBD3 (FQ258AA)

successfully disrupted complex formation, confirming the putative interface. Concurrent to these
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initial experiments, another group published the NMR structure of the PI4KIIIB N-terminus bound

to the ACBD3 Q region (48). Further, by locking the ACBD3 GOLD domain onto membranes to
mimic Giantin recruitment, they showed that ACBD?3 alone is able to activate PI4KIIIf by directly
recruiting it to membranes. (48). In our studies we were unable to show an activation of PI4KIIIf
by freely soluble ACBD3 even in the presence of membranes. Taken together, these findings
reveal a mechanism by which Giantin localizes ACBD3 to the Golgi, where it subsequently
recruits PI4KIIIp via a disorder-to-order transition of the N-terminus, activating its kinase activity

on Golgi membranes.

PI4KIIIB-c100rf76 complex

c10orf76 was originally identified as a PI4KIIIB-associated protein through co-
immunoprecipitation experiments using tagged PI4KIIIP (56, 88). Recent experiments probing
genetic essentiality identified c100rf76 as a key molecular hub at the Golgi. c100rf76 in HAP1
cells was identified as synthetically lethal in combination with the loss of several different Golgi-
signaling proteins, and genetically linked to PI4KIIIB (68). cl10orf76 is highly conserved in
vertebrates, and homozygous knockout of the mouse homolog of c100rf76 (ARMH3) is lethal in
the pre-weaning stage (144).

Our work provides the first evidence of a direct PI4KIIIB-c100rf76 complex, which is
mediated through the kinase linker region of PI4KIIIB, and functions to recruit c100rf76 to the
Golgi. In vertebrates, there is a strong correlation between the conservation of the kinase linker
region of PI4KIIIP and the PI4KIIIB-binding site in c10o0rf76, suggesting that a critical role of
c100rf76 is linked to its ability to form a complex with PI4KIIIB. While the majority of PI4KIIIf
is normally localized to the Golgi, phosphorylation of Ser496, located in the binding interface for
c10orf76, has been shown to drive the kinase to nuclear speckles through a yet unknown
mechanism (122). The role of PI4KIIIp in the nucleus remains unexplained. While
phosphorylation of Ser496 was recently shown to be driven by PKA in vivo (121), we show PKA
directly and specifically phosphorylates this site in vitro, which in turn modulates the affinity of
PI4KIIIB for cl0orf76. Due to the number of signalling pathways affected by PKA
activation/inhibition, studying the direct effect of this protein kinase on PI4KIIIP in vivo is
challenging. As expected, the non-phosphorylatable S496A mutant showed no distinct changes in
Golgi localization or its ability to recruit c10orf76. Unfortunately, the inability of either S496D or
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S496E mutants to mimic phosphorylation limited our ability to further study the effect of PKA

phosphorylation on PI4KIIIf signalling. It is possible phosphorylation of PI4KIIIf Ser496
modulates the PI4KIIIB-c100rf76 complex in vivo, facilitating binding of another protein
associated with re-localization of PI4KIIIB from the Golgi to the nucleus, though further
investigation is required.

We show that PI4KIIIp is able to bind both ACBD3 and c100rf76 simultaneously, and
PI4KIIIB is both necessary and sufficient for Golgi membrane recruitment of c10orf76, indicating
ACBD3 recruitment of PI4KIII to the Golgi in turn recruits ¢100rf76 to the Golgi. Intriguingly,
c100rf76 causes a decrease of PI4KIIIP kinase activity in vitro, yet knockout of c100rf76 leads to
reduced PI4P levels in vivo. This discrepancy between could be due to the lack of other PI4KIIIP
activators in vitro, such as ACBD3 or Arfl/GBF1, as well as the potential of c100rf76 to alter
phosphatidylinositol dynamics, possibly through phosphatidylinositol transfer proteins (PITPs)
that activate PI4KIIIP (145). Significant attempts at crystalizing the PI4KIIIB-c100rf76 complex
to explain the direct inhibitory effect in vitro were unsuccessful, yet nanobodies (189) we raised
against this complex (data not shown) may facilitate future high resolution structural studies. /n
vivo, knockout of c100rf76 led to an increased cytosolic fraction of GBF1 and the active Arfl
effectors (COP-B or COP-0/y) but not native coatomer, indeed suggesting altered Arfl/GBF1
dynamics are responsible for disruption of Golgi PI4P levels (54). During the publication process
of our findings, another group published proximity-dependent biotinylation (BioID) experiments
with GBF1, identifying an interaction with c100rf76 (190). Taken together with our findings, there
is a clear link between c10orf76 and GBF1. Perhaps c100rf76, when recruited to the Golgi by
PI4KIIIB, directly recruits GBF1 to Golgi membranes, driving Arfl activation which in turn
positively regulates PI4KIIIB. Additional study into the potential of a direct cl10orf76-GBF1
complex will be necessary to define how c100rf76 affects GBF1/Arfl dynamics downstream of
PI4KIIIp.

That concurrent study also shows c100rf76 siRNA knockdown causes Golgi fragmentation
and impairs cellular secretion in HeLa cells (190). In HAP1 cells we do not observe Golgi
fragmentation, and ACBD3-PI4KIII recruitment to the Golgi is normal. This discrepancy may be
due to utilization of different cell types: HAP1 cells are fully haploid (1n), while HeLa cells are
hypertriploid (3n+), carrying a different genetic complement (191). Potential genetic

compensation mechanisms in these HAP1 c100rf76 knockout cells may also contribute to these
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differences. Considering the observed essentiality of c10orf76 in KBM7 cells (68), it is clear a

precise coordination of cellular ¢100rf76 protein levels is required for proper Golgi maintenance

and cell viability.

5.3 Hijacking of PI4KIIIB during viral infection

Picornaviruses cause a host of human diseases including gastroenteritis, poliomyelitis,
aseptic meningitis and acute flaccid paralysis. Despite the impact of these viruses on human health,
no targeted anti-viral therapy is available. Picornaviruses hijack numerous lipid signaling
processes within infected cells, manipulating lipid composition to generate replication organelles,
which are essential for the proper formation of viral replication machinery (75). The recruitment
of PI4KIIIB and GBF1/Arfl to replication organelles plays a critical role in this process (58, 86).
Central to recruitment of these host factors are interactions with virus encoded membrane-bound
3A proteins, which are required for viral replication organelle formation. While the recruitment of
ACBD3, PI4KIIIB, and GBF1 to replication organelles has been well established, the exact
complement of necessary components is not well understood. Defining the molecular mechanisms
of viral PI4KIIIB hijacking is an important goal in understanding viral replication and could

potentially lead to novel therapeutic strategies.

PI4KIIB and ACBD3

ACBD3 has been heavily implicated in mediating PI4KIIIB activation by many
picornaviruses, with the viral 3A proteins from Aichivirus, rhinovirus, poliovirus and
coxsackieviruses exhibiting direct interactions with ACBD3 (79). However, initial studies
examining the effect of ACBD3 siRNA knockdowns on viral replication are ambiguous: ACBD3
is essential for Aichivirus replication (57, 76), non-essential for rhinovirus 14 and coxsackievirus
B3 (83, 87), and results are conflicting for poliovirus (77, 79). Our discovery that Aichvirus 3A
protein is able to directly activate PI4KIII in vitro may explain some of the discrepancies on the
role of ACBD3 in viral infection — while our experiments and those previous have not been able
to identify a direct interaction, perhaps the presence of viral 3A affects local membrane dynamics
or lipid presentation in a manner that enhances catalysis by PI4KIIIf. It is possible this direct
activation does not occur in all picornaviruses, as the sequence of viral 3A proteins does differ

even between viral serotypes, which could contribute to the discrepancies in ACBD3 requirement.
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Regardless of direct activation, we show a significantly stronger activation of PI4KIIIf by
viral 3A in the presence of ACBD3, which would be present with PI4KIIIf during infection in
vivo. Our discovery of the role of the GOLD domain mediating the interaction between viral 3A
and ACBD3 in intriguing, as this domain also mediates the recruitment of ACBD3 to the Golgi
through an interaction with Giantin (112). The replacement of the normal Giantin interaction
provides a potential mechanism of ACBD3 redistribution, and synchronous PI4KIIIp
redistribution, from the Golgi to replication organelles. The non-conserved N-terminal extension
of the ACBD3 GOLD domain, which mediates the 3A interaction, explains the specificity of 3A
for ACBD3 over other GOLD domain containing proteins.

Recent determination of the X-ray crystal structures of 3A proteins from Aichivirus,
rhinovirus 14, poliovirus, enterovirus D68 and enterovirus A71 bound to ACBD3 show that 3A
forms a molecular harness around the unique N-terminal extension of the GOLD domain,
supporting our initial characterization of this interface (124, 192). Utilizing the PI4KIIIB-ACBD3
complex disrupting mutants we identified, another group recently showed that the PI4KIIIpB-
ACBD3 interaction is required for PI4KIIIp recruitment to replication organelles and efficient viral
replication (123). Further, using full ACBD3 knockout cell lines, they showed that ACBD3 was
required for viral replication in all enteroviruses tested — previous ambiguity in the requirement
for ACBD3 was in fact due to an incomplete, yet still potent (>90%) siRNA knockdown, with
levels still sufficient to facilitate viral replication (123). While our research has contributed to the
understanding of the essential role of the viral 3A-ACBD3-PI4KIIIf complex in mediating
picornavirus replication, the binding interfaces of this complex involve flexible regions of proteins
and disorder-to-order transitions, and will be challenging to disrupt pharmacologically as an anti-

viral strategy.

PI4KIIIB and c100rf76

While the ACBD3 is required by all enteroviruses for replication, we find that c100rf76 is
required for the replication of coxsackievirus A10, and to a lesser extent poliovirus. Our data show
coxsackievirus B3 does not depend on c100rf76, which is also observed in coxsackievirus Bl
(68).We find that clOorf76-dependent viruses rely on formation of the PI4KIIIB-c100rf76
complex. Since PI4KIIIB drives recruitment of c100rf76, and not the reciprocal, the role of this

complex in viral replication is unlikely a PI4KIIIf recruitment mechanism, as is the case with
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ACBD3. Intriguingly, GBF1 also plays an important role in the replication of select viruses,

namely coxsackievirus B3 and to a lesser extent poliovirus (125, 193). The GBF1-dependence of
specific viruses is thought to correlate with the affinity of the specific viral 3A protein for GBFI,
with those of high affinity requiring GBF1 (85, 86, 125, 193). The N-terminal part of the 3A
proteins from coxsackievirus B3 and poliovirus directly bind to and recruit GBF1 (in addition to
ACBD?3) but this interaction appears absent in the 3A proteins of rhinoviruses due to subtle amino
acid differences (79, 85). Excitingly, our demonstration of the role of the PI4KIIIB-c100rf76
complex in GBF1 dynamics suggests enterovirus 3A proteins of low GBF1 affinity could still
regulate GBF1 on replication organelles by recruiting only the PI4KIIIB-c100rf76 complex.
Essentially, it is possible that all enterovirus 3A proteins bind ACBD3, and some also bind GBF1,
recruiting these proteins along with PI4KIIIP to replication organelles. Enteroviruses with a low
3A-GBF1 affinity cannot recruit GBF1 directly, and instead rely on recruitment of the intact
PI4KIIIB-c100r76 complex to regulate GBF1 at replication organelles. Alternatively, each virus
may require a specific threshold level of PI4P for efficient formation of replication complexes or
replication organelles, which is disrupted in the absence of the PI4KIIIB-c100rf76 complex.
Further experiments are needed to probe potential recruitment of c100rf76 to replication organelles

and its effect on GBF1 activity during viral replication.

5.4 Selective inhibition of human PI4KIIIB and related lipid kinases

In addition to studying the molecular mechanisms of PI4KIIIp signalling and hijacking by
viruses, directly targeting human and parasite PI4KIIIfs pharmacologically remains an active area
of potential therapeutic development. Class I PI3Ks, which are evolutionarily related to PI4KIIIf,
are key targets of cancer therapeutics, and represent the best studied of the lipid kinases in terms
of inhibition by small molecules. Successful crystallization of all four class I PI3K isoforms (35—
37, 39), together with the recently solved crystal structure of human PI4KIIIf (38), has revealed
the subtle isoform differences mediating inhibitor selectivity and have provided a framework for

developing potent and selective PI4KIIIP inhibitors with anti-viral and anti-parasite potential.

Class I PI3K
Class I PI3Ks play critical roles in cancer, and the first generation of cancer therapeutics

targeting these enzymes have recently gained FDA approval (159, 160, 194, 195). PIK3CA is one
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of the most frequently mutated oncogenes in human cancer, with high mutation rates observed in
several types of cancer including endometrial, breast, bladder, cervical, colorectal and head-and-
neck cancers (147). Therefore, understanding the molecular basis of PIK3CA inhibition by novel
anti-cancer compounds is a critical goal for cancer therapeutic development. PQR530, a novel
anti-cancer compound derived from the phase II drug bimirilisib, contains an additional methyl
group that reduces off-target inhibition of PIK3CG (176). Through determination of the co-crystal
structure of PIK3CA bound to PQR530, we provide insight into its mechanism of inhibition and
specificity. We find PQR530 likely binds with two distinct methyl orientations within PIK3CA. A
steric clash in one of these potential binding orientations within PIK3CG caused by 11e881 (V850
in PIK3CA) could not be detected in PIK3CA, suggesting only one potential binding orientation

is possible within PIK3CG, which explains the reduced inhibition observed for this isoform.

Human PI4KIIIS

PI4KIIIB is closely related to class I PI3Ks, and plays critical roles in viral replication and
parasite proliferation. While potent PI4KIIIP inhibitors have been discovered that act as potent
anti-viral agents on numerous RNA viruses (58, 115, 117, 118, 185), development has been limited
due to potential immune suppression (114) and toxicity in mice (117). However, some PI4KIIIf
inhibitors are well tolerated in mice (118), and in recent years non-polio enteroviruses have
emerged as a threat to public health (81) with no targeted anti-viral treatment available. Key to
exploring the potential of PI4KIIIf inhibitors as anti-viral therapeutics is the development and
characterization of more potent and specific inhibitors. Our HDX-MS-aided design of optimized
PI4KIIIPB constructs promoted crystallization of the kinase in the absence of an inhibitor, which
was only possible with an additional deletion of the disordered 249-287 region present in the
original PI4KIIIP crystal construct (38). We also demonstrated that these engineered truncations
do not affect overall PI4KIIIP structure, as catalytic activity is maintained. Apo PI4KIIIP crystals
allowed for inhibitor soaks and facilitated the determination of the co-crystal structures of PI4KIIIf
bound to either the anti-viral compound 9 or anti-malarial BQR695. Together, these structures
reveal that PI4KIIIP has a more accommodating active site than related PI3Ks, and that PI4KIIIf
selectivity can generally be driven with bulkier inhibitors. Future investigation is necessary to

determine whether highly selective inhibitors, such as compound 9, still elicit toxicity and/or
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immunosuppressive effects in vivo. Our engineered PI4KIIIP construct will provide an excellent

tool for future characterization of novel PI4KIIIf inhibitors moving forward.

Parasite PI4Ks

The parasite homologs of PI4KIIIB are essential for the replication of the malaria and
cryptosporidiosis parasites, and are prominent targets for drug development (59, 62). Despite the
effectiveness of parasite PI4KIIIB inhibitors, the molecular basis for their potency and specificity
is poorly understood. The anti-malarial BQR695 is a potent Plasmodium PI4K inhibitor, however
it also inhibits human PI4KIIIB, indicating the human PI4KIIIP structure is of limited utility in
designing specific anti-parasite compounds. Structural characterization of either the Plasmodium
or Cryptosporidium PI4K active site is a key goal in developing potent parasite PI4K inhibitors
that avoid inhibition of human PI4KIIIB and related PI3Ks. Our HDX-MS analysis reveals
significantly longer stretches of disorder in the P. vivax and C. parvum PI4Ks, which likely
explains the failure to obtain diffraction quality crystals of either enzyme thus far. Truncations in
disordered regions of P. vivax PI4K facilitated the formation of microcrystals bound to the potent
anti-malarial KAI407 in complex with P. falciparum Rabl1. However, these microcrystals were
too small to attempt diffraction experiments, and further optimization of crystallization conditions
failed to improve crystal quality. In the absence of parasite PI4K structures, we demonstrate our
recombinant lipid kinase assays provide an excellent platform for characterizing anti-parasite PI4K
inhibitors, evident through our identification of the potent anti-malarial compound BRD73842 as
a potent, selective Plasmodium PI4K inhibitor. Our initial P. vivax PI4K crystals represent
progress towards Plasmodium PI4K structure determination, and optimization efforts continue in

collaboration with Novartis.

5.5 Future Directions

PI4KIII is a critical signalling molecule that exhibits key catalytic and non-catalytic roles
through interactions with several protein binding partners at the Golgi. The work of this
dissertation has elucidated the molecular mechanisms by which ACBD3 and c10orf76 mediate
fundamental PI4KIIIB functions at the Golgi. Our data, along with others (190), have identified a
clear link between PI4KIIIP recruitment of c100rf76 to the Golgi, and GBF1/Arfl regulation.

Whether ¢100rf76 indeed forms a direct interaction with GBF1, or this interaction is mediated
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through an intermediate factor, remains a prominent question in deciphering the role of c100rf76
in GBF1 regulated Arfl dynamics. Additionally, while active Arfl in turn activates PI4KIIIp at
the Golgi to drive PI4P generation (54), a direct interaction has yet to be determined, indicating
this regulatory mechanism may be more complex. Further investigation into the mechanisms of
the c100rf76-GBF1 and GBF1/Arfl-PI4KIIIB interactions are required to fully define this
signalling axis. Future experiments probing the c10orf76-GBF1 and GBF1/Arfl1-PI4KIIIf
interactions could utilize recombinant proteins and HDX-MS analysis, in a similar manner as the
work of this dissertation, to identify potential protein-protein interfaces. Engineered complex-
disrupting mutations at these interfaces could then be utilized to study the role of these complexes
in Golgi homeostasis and PI4P levels in vivo.

Host PI4KIIIP also plays an essential role in the replication of numerous viruses. Our
studies have contributed to the understanding that all enteroviruses rely on a direct interaction
between the viral 3A protein and host ACBD3 to recruit PI4KIIIB to replication organelles, a
process necessary for viral replication (123, 192). The GBF1 protein is also required for replication
in a subset of picornaviruses thought to have high affinity of viral 3A protein for GBF1 (85, 86,
125, 193). The work of this dissertation has revealed that a subset of picornaviruses also require
an intact PI4KIIIB-c100rf76 complex for replication. Taken together with the notion that c100rf76
regulates GBF1, it is possible that picornaviruses with viral 3A proteins that do not bind GBF1
with high affinity require the PI4KIIIB-c100rf76 complex to elicit GBF1 manipulation. In addition
to characterizing affinities of distinct viral 3A proteins for GBF1, future experiments probing
c100rf76 recruitment to replication organelles, and the role of c100rf76-GBF1 dynamics on viral
replication are necessary to thoroughly explain viral 3A-mediated mechanisms of host protein
hijacking.

Finally, the Plasmodium and Cryptosporidium PI4KIIIB homologs are prominent targets
for pharmaceutical development, and determination of their high-resolution structures would
significantly aid medicinal chemistry efforts towards inhibiting these enzymes. Microcrystals of
the truncated Plasmodium PI4KIIIB designed with HDX-MS data provide some promise in this
endeavor, yet protein stability and yield were limitations for our crystallography-optimized
constructs. Future experiments utilizing different expression systems, such as human embryonic

kidney (HEK) cells, optimization purification conditions, or even or raising specific nanobodies
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as crystallization chaperones (189) could be explored to improve these limitations and potentially

lead to high-resolution structure determination of parasite PI4KIIIfs.

5.6 Conclusion

PI4KIIIB is a critical signalling molecule at the Golgi which regulates PI4P levels and
subsequent membrane trafficking, lipid transport, and cell division processes. Understanding the
regulation of this kinase thus has significant implications in basic cell biology. The essential role
of PI4KIIIP in the replication of several prominent human viruses and parasites emphasises the
importance of also understanding its role in disease to facilitate novel therapeutics. This
dissertation has elucidated the molecular basis for the viral 3A-ACBD3-PI4KIIIB and c100rf76-
PI4KIIIB complexes, and provided insight into their roles in both normal Golgi signalling and the
replication of viruses. In addition, characterization of the molecular basis of selective inhibitors of
PI4KIIIB has provided invaluable information to support the future development of novel anti-

viral and anti-parasite therapeutics.
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Appendix A. In vitro lipid kinase assay shows membrane-bound Arfl activates PI4KIIIP (refers to Fig
2.1).

(A) Schematic — Arfl with a His-Tag binds to Nickelated Vesicles (5% DGS-NTA(Ni), 10% PS, 20% PE, 20%
PI, 45% PC) and recruits PI4KIIIB to the membrane, while free Arfl lacking a His-Tag no longer binds
Nickelated Vesicles. (B) Lipid kinase assays monitoring the production of ADP in the presence of Golgi
mimicking vesicles containing 5% NGS-NTA(Ni) were carried out with 150 nM PI4KIIIP for 60 minutes. Arfl
was present at 750 nM. Free Arfl shows no significant activation of PI4KIIIf, while membrane-bound Arf1 with
a His-Tag activates PI4KIIIp.
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Appendix B. HDX-MS methodology (refers to Fig. 2.2 and 2.5).
(A) Representative UPLC base peak chromatogram (BPC) trace of an ACBD3 peptic digest. (B) MS spectra

for the time window selected in the BPC in A. (C) Raw data for the peptide 367-374 in ACBD3 with and
without 3A showing the shift in mass centroid upon deuterium incorporation after 0.3, 3, and 30 s exposure to
D0 buffer. (D) HDX incorporation plots for this peptide in the presence and absence of Aichi virus 3A

protein.
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Appendix C. Changes in HDX levels observed for constructs in apo and complex states tested for PI4K
and ACBD3 (refers to Fig. 2.2).

The residue start number (S), residue end number (E), charge state (Z), retention time (RT), and sequence are
displayed for each peptide. The four time points are labeled (0.3-300 seconds) for both states. The relative level
of HDX is colored according to the figure in the legend. The data listed are the average of 2-3 independent
experiments, with error represented as SD. Peptides with difference in exchange (>7%, 0.7 Da difference before

FD correction) have the sequence colored with decreases shown in cyan (7-15%) and blue (>15%) and increases
shown in orange (<-7 to -15%).
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Appendix D. Changes in HDX levels observed for constructs in apo and complex states tested for ACBD3
and Aichi virus 3A (refers to Fig. 2.5).

The residue start number (S), residue end number (E), charge state (Z), retention time (RT), and sequence are
displayed for each peptide. The four time points are labeled (0.3-300 seconds) for both states. The relative level
of HDX is colored according to the figure in the legend. The data listed are the average of 2-3 independent
experiments, with error represented as SD. Peptides with difference in exchange (>7%, 0.7 Da difference before
FD correction) have the sequence colored with decreases shown in cyan (7-15%) and blue (>15%) and increases
shown in orange (<-7 to -15%).

s e W s ;S o L5 o5 s P
- c
G 83 4 120 AMGGAAEEARRLEQRWGFGL s
noae S e b I
nowm s 07 QoL 7 10 508 vaDOL EH
noai e b 156 eveniovecs o
755 o sencamwer 576 o [
% owl oo L 1 L 4 b H
ER R 352 MR

o5 5% mnres

B 50 0s . v

0w o [ o1 5 i) o . 105 Losauwatboa

St 65 oo [kt "

m: 6 e 20 5 o5 isa

PR o2 il o5

o o3 o;

13 11 VAAKGMNGPRDTCIGE o B2 o0 (7S 5 7% uwmaa

114 120 2 62 ALHKQVL uz- 02

o1 43 waw B

R — ekt

15 1> 108 ronwome Sofsial o1 e

hemy u Golis0l o5 sz

i 3 s oo il o:

S e Ve il o

e o Aumon oI o

B e ron o2 ] o1

o3 5h fadwaom o5 s 07

Howr: 33 fooaam sl o

e 4 aosr 3 sy o1

Ml e - o

i 3 wamr 1[0 oc

a2 75 roavdaren o

e o7 288

Tmie . oo o1

T o vk o

e s 7 maicrmaar o

7w 3s macrancan o

7w a 57 maceawaaman o

7m0 macrancanaa o

w3 47 latamoa os

e s oo

MEL e ol i

B e vaa i

%1 a1 vastow S0 20

EE G 1o

2352 43 Adcawaae i

R — o

ToBi 87 mmsomsr 5

B b wncaummos Se 07 s

T 6 Momeaunmsnemme il 8e

it 6o WcamORAHIAE 5 10 3

356 366 2 73 EALENGPKESL 656 07 [750] o

T 0 v i3 o o1

6 702 101 EAECHERASI ii: 05 57

373 103 Amenesiumo 551 11 see

Tl 1o less

R 5

Tiim: e o

533 84 WnMomonoamD =

V3 a6 wivakoecaams o)

Do — o

Wam: s

S o

Sy e

e 5

b

P

S o

s s

s 5

o i

e

S e

S 7

Sl e 2

-



133

Your data has SEVERE anisotropy
1o0A"2 based on the spread in values of the
three principle components= 54.10 A**2
The principle components are the exponential
[ 50 A2 scale factors used to correct for anisotropy.
They may be regarded as B factors applied to

the three principle directions of the data set.
Larger |yglues| indicate stronger anisotropy.

rder the 3 components are:

75 A*'2

25A*2

a* direction
b* direction
c* direction

F/sigma

3.0

7.9 56 46 40 35 3.2 3.0 28 26 25
resolution

The recommended resolution limits along a*,b*,c* are
3.1Ang 3.2Ang 25Ang

These are the resolutions at which F/sigma
drops below an arbitrary cutoff of 3.0

9117 reflections were in the initial data set. 3210 were discarded because they fell outside
the specified ellipsoid with dimensions 1/3.1, 1/3.2, 1/2.5 A a"lé'ng a’b*.c*, respectively.
These discarded reflections had an average F/sigma of 2.50.

5907 reflections remain after ellipsoidal truncation. Anisotropic scale factors were then
applied to remove anisotropy from the data set. Lastly, an isotropic B of -61.11 A°
was applied to restore the magnitude of the high resolution reflections diminished by
anisotropic scaling. The following pseudo precession images illustrate the individual steps.

I @ large magnitude F - ® small magnitude - @ F/sigma under 2.5 l

ANISOTROPIC
SCALING B

b* horiz

c* vert.

K=0
a* horiz

c* vert.

L=0
a* horiz

b* vert.

Appendix E. Details of anisotropic data processing (refers to Table 2.1, 2.2 and Fig. 2.4).
The output from the anisotropic data processing server is shown. The revised data completeness after anisotropic
truncation and scaling is shown in Table 2.2. (http://services.mbi.ucla.edu/anisoscale/).
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Appendix F. Full statistics on all hydrogen deuterium exchange experiments according to the guidelines
from the International Conference on HDX-MS (196) (refers to Fig. 3.2).

Data Set PI4KB c100rf76 103{4 (E Artf(‘)796An?1ﬁant
%D>0=87.4% %D>0=87.4% 04,D>0=90.5%
_ _ 1) - . 0
HDX reaction details pH(read_)_ 7'05 pH(read_) 7'05 pHeady= 7.5
Temp=23°C Temp=23°C Temp= 23°
HDX time course 3sat1°C 3sat 1°C

HDX controls
Back-exchange

Number of peptides
Sequence coverage
Average peptide
length/ redundancy
Replicates

Repeatability

Significant differences
in HDX

3s, 30s, 300s at
23°C

N/A

Corrected using a
fully deuterated
(FD) sample

185

96.9%

Length =13.8

Redundancy = 3.2
3

Average StDev =
1.2%

>7% and >0.5 Da
and unpaired t-test
<0.05

3s, 30s, 300s at 23°C
N/A

Corrected based on
%D-,0

108

73.9%

Length = 12.1
Redundancy = 1.9
3

Average StDev =
0.6%

>7% and >0.5 Da
and unpaired t-test
<0.05

3s, 300s at 23°C

N/A

Corrected based on
%D-,0

111

72.8%

Length =10.7
Redundancy = 1.7
3

Average StDev = 1%

>7% and >0.5 Da
and unpaired t-test
<0.05
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Appendix G. Changes in HDX levels observed for PI4KB in apo and ¢100rf76 complex states (refers to
Fig. 3.2).
The residue start number (S), residue end number (E), charge state (Z), retention time (RT), and sequence are
displayed for each peptide. The four time points are labeled (0.3-300 seconds) for both states. The relative level

of HDX is colored according to the figure in the legend. The data listed are the average of 2-3 independent
experiments, with error represented as SD.
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Appendix H. Changes in HDX levels observed for ¢100rf76 in apo and PI4KB complex states (refers to
Fig. 3.2).

The residue start number (S), residue end number (E), charge state (Z), retention time (RT), and sequence are
displayed for each peptide. The four time points are labeled (0.3-300 seconds) for both states. The relative level
of HDX is colored according to the figure in the legend. The data listed are the average of 2-3 independent
experiments, with error represented as SD.

APO PI4KIIB bound
S _E_ZRT seq 3.0 SD 300 SD
3 41 7.7 YFQGAQUE 0 0
3 92 7.5 YFQGAQVEKRGGL e
3 275 6.8 YFQGAQVEKRGGLLRKSSASKKPLKEKVVLM 353 0.9 37.8 1.0 375 £
3 265 4.9 VEKRGGLLRKSSASKKPLKEKVVL 1305 1.0/32.5 1.6 325 g9
10 223 3.0 LRKSSASKKPLKE 49.6 1.6 47.1 1.8 48.8 &t
10 26 5 4.4 LRKSSASKKPLKEKVVL 0.8/325 1.6 341 § g
10 27 5 5.1 LRKSSASKKPLKEKWLM 318 bg
11 27 4 5.0 RKSSASKKPLKEKVVLM 09 0344 3~
27 32 1 12.2 MYDEF 01 . . <
28 32 1 114 YDEIF 01 . .
28 33 1 12.3 YDEIFM 01 . .
56 62 1 8.7 EVLEGKL 02 . .
56 70 2 11.2 EVLEGKLESLDGEEL 02 . .
63 70 1 9.1 ESLDGEE 04 . .
71 80 2 8.7 MKIKDNINCL 0.1 B .
81 88 2 8.9 FQHCIQAL 0.4 . .
81 99 4 8.6 FQHCIQALGEEHPIRVVNA 02 . .
81 100 3 9.8 FQHCIQALGEEHPIRVVNAL 01 . .
81 103 4 10.8 FQHCIQALGEEHPIRVVNALQTL 01 X .
89 100 3 6.9 GEEHPIRVVNAL 03 . .
106 120 3 4.7 LIRGVHQKNKSTSGF 17 . .
107 120 3 4.1 IRGVHQKNKSTSGF 20 . .
121 126 1 12.9 DINML 01 . .
135 143 1 115 CMKNLMESL 04 ) .
137 143 2 10.5 KNLMESL 01 . .
193 207 4 5.0 QILSHPPSRREHGYD 05 . .
193 208 4 5.2 QILSHPPSRREHGYI . .
213 231 3 10.9 ALLVNYRKYESVNPYIVKL . .
216 231 4 9.9 VNYRKYESVNPYIVKL . .
232 237 1 6.2 SIVDDE . .
232 240 1 9.3 SIVDDEATL . .
245 249 1 6.7 LVIAQ . .
245 250 1 7.3 LVIAGA . .
245 253 1 10.0 LVIAQALSE . .
245 269 4 10.3 LVIAQALSEYNRQYKDKEEEHQSGF X .
246 253 1 7.3 VIAQALSE B B . B
281 295 2 7.2 FIADAHEKISVQTNE 55.1 N 65.6
297 301 1 12.4 ILLAL 0.1 . . .
302 307 1 8.4 YEAVHL 03 . . .
302 315 2 11.5 YEAVHLNRNFITVL 0.2 . . .
308 314 2 9.2 NRNFITV 0.8 . . .
308 315 2 10.9 NRNFITVL 0.2 . . .
324 348 2 8.9 LVITPVSPAPTIPVIPLGTIPPSSD 03 . . .
325 348 2 8.5 VITPVSPAPTIPVIPLGTTPPSSD 03 . . .
325 352 2 9.4 VITPVSPAPTIPVIPLGTTPPSSDVISS 05 08 . .
348 352 1 5.1 DVISS 67.7 2.1 13 .
352 359 1 10.2 SVELPLDA 48.6 1.6 66.0 0.7 67.2
353 359 1 9.9 VELPLDA 47.6 1.9 66.3 0.7 66.1 X
360 366 1 6.6 DVATSNL 58.8 1.8 09
367 371 1 132 LITFL 0.4 00 .
371 375 1 4.4 LKYSS 06 03 .
376 394 4 7.5 IVMQDTKDEHRLHSGKLCL 0.2 05 .
379 392 4 4.1 QDTKDEHRLHSGKL 0.6 15 .
379 394 2 6.6 QDTKDEHRLHSGKLCL 0.6 02 .
380 394 5 6.7 DTKDEHRLHSGKLCL 0.2 06 .
395 399 1 93 IILTC 03 02 .
396 400 1 9.2 ILTCI B 0.1 ..
398 402 1 5.3 TCIAE . 02 .
398 404 1 5.2 TCIAEDQ § 04
400 404 1 3.5 IAEDQ . 09 .
400 408 1 6.4 IAEDQYANA . 04 .
402 408 1 5.0 EDQYANA . 05 .
403 408 1 4.7 DQYANA . 02 .
409 417 1 10.1 FLHDDN . 02 330 .
422 444 5 5.0 HRMPMRHRKKAADKNLPCRPLVC . 15 .
445 449 1 10.5 AVLDL . 02 .
453 466 2 12.5 FIVTHMMKEFPMDL . 04 .
454 466 2 11.3 IVTHMMKEFPMDL . 05 .
459 466 2 12.3 MKEFPMDL . 11 361 .
471 479 1 8.2 IQWHKLLC . 0.1 .
500 510 2 13.9 INLLKFLMSNE . 07 !
525 529 1 10.7 MIVNL . 04 .
533 547 2 12.8 FITYGDTFLPTPSSY . 02 .
534 547 1 11.9 ITYGDTFLPTPSSY . 05 .
551 557 2 10.8 YYEIRM .. 0.1 ..
551 564 2 11.0 YYEIIRMHQSFDNL X 0.9 .
558 564 1 8.2 HQSFDNL . 0.5 .
569 591 4 10.3 LRLSTNAGQWKEAASKVTHALVN 151331 0.5 513 6331
569 594 5 11.0 LRLSTNAGQWKEAASKVTHALVNIRA . 10 415 .
570 591 3 9.8 RLSTNAGQWKEAASKVTHALVN . 04 494 .
570 594 5 10.7 RLSTNAGQWKEAASKVTHALVNIRA . 12 378 1. .
570 605 5 13.1 RLSTNAGQWKEAASKVTHALVNIRAIINHFNPKIES . 0.6 11818 0.2 .
572 592 3 11.4 STNAGQWKEAASKVTHALVNI . 07 47.0 .
578 594 4 8.5 WKEAASKVTHALVNIRA . 07 .
593 605 3 7.2 RAINHFNPKIES . 01 .
595 605 3 7.2 IINHFNPKIES . 01
595 606 3 8.4 IINHFNPKIESY . 01 X 05 0.1 342 04
606 615 2 8.5 YAAVNHISQL 31.9 0.6 41.0 0.8 0.1 413 1.1 64.4 03| 682 0.6
607 615 1 7.6 AAVNHISQL 35.4 0.5 43.4 0.8/ 62.4 1.0/ 67.8 0.9 34.8 1.1 43.7 0.9 619 03| 664 1.3
608 615 1 7.3 AVNHISQL 36.1 1. 03 12 536 0.5
622 628 1 5.9 EVWRANY . . 04 0.9.0.5
623 628 1 5.0 WRANY . 04 11 03
632 640 2 8.5 TLKLADGLD 15 06 57.9 1.3 §
632 641 2 8.4 TLKLQDGLDQ 48.7 0.7 55.9 1.4 0.7 595 0.3/ 685 0.8
633 640 1 8.1 LKLQDGLD 54.3 13603 1.3 08 623 1.1 646 1.0
634 641 2 6.2 KLQDGLDQ 45.6 0.8 51.0 1.2 62.7 2.0 664 1.7 1.9/ 61.8 0.2| 661 2.1
634 654 4 9.2 KLODGLDQYERYSEQHKEAAF 03 452 0.4 575 03 581 15 16 454 08 559 1.3 58.4 0.4
641 654 3 6.4 QVERYSEQHKEAAF 12 426 22 461 06 19 43802 463 21
642 653 3 3.9 YERYSEQHKEAA 20 07
642 654 3 6.3 YERYSEQHKEAAF 08
655 661 2 5.9 FKELVRS 04
655 664 2 7.6 FKELVRSIST 02
655 665 2 7.3 FKELVRSISTN
658 664 2 5.3 LVRSIST . X
665 672 1 7.5 NVRRNLAF 05 42.3 0.8 42.4 1.0
673 680 1 8.4 HTLSQEVL 55.8 1.0/67.9 54.5 2.4[69.6 1.7
681 688 1 7.9 LKEFSTIS 57.7 1.2 64.3 0.5 57.7 1.4/67.5 1.3
684 688 1 6.8 FSTIS 63.3 0.2[75:8| 0.9 63.8 1.2(77.4] 1.7
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PI4KB peptides showing HDX differences in presence of c100rf76 (significant difference >7 %D and 0.5 #D, unpaired student T-test <0.05)
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¢100rf76 peptides showing HDX differences in presence of PI4KB (significant difference >7 %D and 0.5 #D, unpaired student T-test <0.05)
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Appendix 1. PI4KB and c100rf76 form an extended interface with spanning multiple regions (refers to

Fig. 3.2).

(A, B) All peptides of both PI4KB (A) and c100rf76 (B) with a significant difference in H/D exchange of >7%
decrease in exchange, >0.5 Da difference, and unpaired two-tailed student t-test p<0.05 at any time point (3s at
1 °C; 3s, 30s, and 300s at 23 °C). Error bars represent standard deviation of independent technical replicates

(n=3), and are typically smaller than the size of the point on the graph.
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Appendix J. Changes in HDX levels observed for wild-type c10orf76 and FLH409AAA c100rf76 (refers
to Fig. 3.4).

The residue start number (S), residue end number (E), charge state (Z), retention time (RT), and sequence are
displayed for each peptide. The two time points are labeled (3 or 300 seconds) for both proteins. The relative
level of HDX is colored according to the figure in the legend. Error bars represent standard deviation of 2-3
independent technical replicates independent technical replicates.

WTc100r76 FLHA10AAA c100rf76
s 3 z RT Seq 30 sD 300.0 sD 30 sD 300.0 D

0 27 T 5.92 LRKSSASKKPLKEKVVLM 05 570 01
10 27 5 5.92 LRKSSASKKPLKEKVVLM 04 55.0 11 e
27 32 1 1265 MYDEIF 04 40.2 08 3.
28 32 1 1165 YDEIF 01 366 08 R
28 33 1 1226 YDEIFM 02 392 09 3t
33 a4 3 8.05 MTEDPSKCSPRF % g
a8 54 2 1145 LMKV &8
56 62 2 9.07 EVLEGKL g~
56 70 2 1157 EVLEGKLESLDGEEL <
63 70 1 9.43 ESLDGEEL

66 70 1 7.08 DGEEL

70 80 2 9.74 LMKIKDNINCL

7 80 2 9.08 MKIKDNINCL

81 87 2 7.08 FQHCIOA

81 99 4 8.93 FQHCIQALGEEHPIRVVNA

81 100 4 10.3 FQHCIQALGEEHPIRVVNAL

87 99 3 7.5 ALGEEHPIR

88 99 2 6.8 LGEEHPIRVVNA

88 100 3 8.74 LGEEHPIRVVNAL

89 100 3 7.13 GEEHPIRVVNAL

106 120 3 5.4 LIRGVHQKNKSTSGF

121 125 1 1045 DINM

121 126 1 1316 DINML

135 143 2 11.9 CMKNLMESL

169 174 1 6.05 VIDNIS

193 208 4 5.05 QILSHPPSRREHGYDA
215 231 4 10.41 LUNYRKYESVNPYIVKL

218 231 4 9.99 YRKYESVNPYIV)

232 236 1 6 SIVDD

232 237 1 6.63 SIVDDE

232 240 1 9.59 SIVDDEAT

232 24 1 1005 SIVDDEATLNGMG

237 244 1 7.66 EATLNG

238 244 1 7.18 ATLNGMG

25 250 1 7.89 LVIA

25 253 1 1035 LVIAQALSE

25 269 4 10.66 LVIAQALSEYNRQYKDKEEEHQSGF

246 251 1 7.65 VIAQAL

26 253 1 7.35 VIAQALSE

254 269 4 5.51 YNRQYKDKEEEHQSGF

270 276 1 1035 FsALTNM

277 281 1 1019 VGSMF

281 295 3 7.52 FIADAHEKISVQTNE

282 295 2 6.16 IADAHEKISVQTNE

288 295 2 5.45 KISVQTNE

302 307 1 8.82 YEAVHL

302 315 3 11.94 YEAVHLNRNFITVL

308 315 3 11.32 AVHLNRNAITVL

308 315 2 1145 NRNFITVL

311 315 1 1229 ATVL

316 323 2 4.86 AQSHPEMG

316 324 1 8.25 AQSHPEMGL

316 347 3 9.81 AQSHPEMGLVTTPVSPAPTTPVTPLGTTPPSS

324 347 2 9.29 LVTTPVSPAPTIPVIPLGTTPPSS

325 348 3 8.8 VITPVSPAPTTPVIPLGTTPPSSD

348 352 1 5.7 DVISS.

352 359 1 1055 SVELPLDA

353 358 1 9.55 VELPLD

353 359 1 10.3 VELPLDA

360 366 1 6.92 DVATSNL

360 367 1 9.95 DVATSNLL

367 371 1 1385 UTRL

371 378 2 9.98 LKYSSIVM

376 394 4 7.9 IVMQDTKDEHRLHSGKLCL

379 394 2 6.99 QDTKDEHRLHSGKLCL

395 399 1 9.71 ILTC

398 404 1 5.59 TCIAEDQ

400 404 1 3.49 1AEDQ

400 408 1 6.75 IAEDQYANA

403 408 1 5.1 DQYANA

409 217 1 9.48 AAADDNMNF

45 489 1 1095 AVLDL X
453 466 3 13.52 FVTHMMKEFPMDL 09
asa 466 3 12.52 IVTHMMKEFPMDL X L 08
a7 479 1 8.12 IQWHKLLC X 14
525 529 1 1062 MIVNL ; 02
551 557 2 1121 YYEIRM . 02
552 564 3 10.21 YENRMHQSFONL X 03
554 564 2 8.95 IIRMHQSFONL 11
558 564 2 8.61 HOSFONL X 35.1 0.0
565 569 11132 vsMvL y 05
569 577 2 6.41 LRLSTNAGQ X 15
569 592 5 11.95 LRLSTNAGQWKEAASKVTHALVNI 328 X 66,5 03
570 594 5 11.03 RLSTNAGQWKEAASKVTHALVNIRA 02 56.4 13 . 56.7 02
572 594 4 11.2 STNAGQWKEAASKVTHALVNIRA 04 545 09 . 60.0 05
572 605 5 13.62 STNAGQWKEAASKVTHALVNIRAIINHFNPKIES 02 415 19 . 414 09
589 605 4 12.07 LUNIRAINHFNPKIES 11 11 01 09
593 605 3 7.49 RAIINHFNPKIES 04 08 02 01
593 606 4 8.46 RAINHFNPKIESY 01 05 00 02
595 605 3 7.69 1INHENPKIES 02 343 05 01 342 04
595 606 3 8.88 IINHFNPKIESY 02 394 07 02 395 03
606 614 2 6.02 YAAVNHISQ 1.0 17 433 06 12
606 615 1 8.97 YAAVNHISQL 06 14 483 05 14
606 615 2 8.97 YAAVNHISQL 04 13 485 06 03
607 615 1 7.57 AAVNHISQL 18 12 50.3 10 28
622 628 1 6.35 EVVRANY 0.0 404 14 L 12 03 40.0 0.5
622 632 2 8.11 EVVRANYDTLT 29 57.7 14 36.1 0.0 59.8 10
623 628 2 5.57 VWRANY 02 47.2 26 06 496 11
632 641 2 871 TLKLQDGLDQ 19 12 63.6 03 06
633 641 2 8.45 LKLQDGLDQ 08 36 65.2 04 04
634 641 2 6.54 KLQDGLDQ 056 17 59.0 06 06
641 654 3 6.82 QYERYSEQHKEAAR 12 53.2 29 386 02 534 07
642 648 2 5.26 YERYSEQ 1.4 [NEGE] 06 . ona7 1.3 eSS 07
642 654 3 6.65 YERYSEQHKEAAF 09 50.8 22 347 05 50.7 04
655 664 2 7.99 FKELVRSIST 01 04 01 01
655 665 2 7.64 FKELVRSISTN 04 08 02 06
656 664 2 5.82 KELVRSIST 17 21 06 14
658 664 2 5.92 LVRSIST 03 08 06 05
665 672 2 8.14 NVRRNLAF 07 06 48.9 08 11
673 677 1 3.83 HTLSQ 11 3.0 25 17
673 680 1 8.87 HTLSQEVL 03 34 05 07
681 688 1 8.3 LKEFSTIS 32 17 08 01
684 688 1 7.18 FsTIS 1.0 15 08 12
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A Recruitment of PI4KB (S496A) and c100rf76 at low expression levels

AKAP- mRFP-FKBP- eGFP-c100rf76
FRB-CFP PI4KB(S496A)

Pre-
rapamycin

mRFP-FKBP- eGFP-c100rf76
PI4KB(S496A)

Post-
rapamycin

B Recruitment of PI4KB (S496A) and c100rf76 at high expression levels

mRFP-FKBP- eGFP-c100rf76
PI4KB(S496A)

Pre-
rapamycin

AKAP- mRFP-FKBP- eGFP-c100r76
FRB-CFP PI4KB(S496A)

Post-
rapamycin

Appendix K. PI4KB (S496A) does not affect PI4KB or c100rf76 recruitment to the Golgi in vivo (refers to
Fig. 3.5)

(A) Mitochondria recruitment experiment with PI4KB(S496A) and c10orf76 at low expression levels. Left:
AKAP1-FRB-CFP is localized to the mitochondria before (top) and 5 minutes after rapamycin (100 nM)
treatment (bottom). Middle: mRFP-FKBP12-PI4KB(S496A) at a low expression level is located at the Golgi
before rapamycin (top) and translocates to the mitochondria after rapamycin induction (bottom). Right: eGFP-
cl0orf76 at a low expression level is located at the Golgi before rapamycin (top) and translocates to the
mitochondria after rapamycin induction (bottom). (B) Mitochondria recruitment experiment with
PI4KB(S496A) and c10orf76 at high expression levels (single cell zoom-in). Left: AKAP1-FRB-CFP is
localized to the mitochondria before (top) and 5 minutes after rapamycin (100 nM) treatment (bottom). Middle:
mRFP-FKBP12-PI4KB(S496A) at a high expression level saturates the Golgi and cytosol before rapamycin
(top) and robustly translocates to the mitochondria after rapamycin induction (bottom). Right: eGFP-c100rf76
at a high expression level saturates the Golgi and cytosol before rapamycin (top) and robustly translocates to the
mitochondria after rapamycin induction (bottom). Data information: Scale bars represent 10 pm.
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Appendix L. Identification of dynamic regions in PI4KIIIf (refers to Fig. 4.2).

Hydrogen deuterium exchange levels for the full length PI4KIIIp enzyme after 3 seconds of deuterium exposure
at zero degrees. Every point in the graph represents an individual peptide, with the central residue (i) graphed on
the x-axis versus HDX on the y-axis. The domain organization is shown below, with areas showing high levels
of deuterium incorporation shaded gray. Experiments were carried out in triplicate, and error bars are shown on
the graphs (most are smaller than the size of the point, average standard deviation across entire dataset was

1.01%).



