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Since I started doing scientific research, I’ve been fascinated
by the interplay of protein structure and dynamics and how they
together mediate protein function. A particular area of interest
has been in understanding the mechanistic basis of how lipid-
signaling enzymes function on membrane surfaces. In this
award lecture article, I will describe my laboratory’s studies on
the structure and dynamics of lipid-signaling enzymes on mem-
brane surfaces. This is important, as many lipid-signaling
enzymes are regulated through dynamic regulatory mechanisms
that control their enzymatic activity. This article will discuss
my continued enthusiasm in using a synergistic application of
hydrogen—-deuterium exchange MS (HDX-MS) with other
structural biology techniques to probe the mechanistic basis for
how membrane-localized signaling enzymes are regulated and
how these approaches can be used to understand how they are
misregulated in disease. I will discuss specific examples of how
we have used HDX-MS to study phosphoinositide kinases and
the protein kinase Akt. An important focus will be on a descrip-
tion of how HDX-MS can be used as a powerful tool to optimize
the design of constructs for X-ray crystallography and EM. The
use of a diverse toolbox of biophysical methods has revealed
novel insight into the complex and varied regulatory networks
that control the function of lipid-signaling enzymes and enabled
unique insight into the mechanics of membrane recruitment.

Essential to many signaling processes is the recruitment of
protein-signaling machinery to lipid membranes. This plays
critical roles in regulating membrane trafficking, cellular sig-
naling, and metabolism. My interests throughout my entire sci-
entific career have been focused on understanding the mecha-
nisms by which this recruitment is regulated and utilizing and
developing biophysical tools that allow us to study this process.
The fundamental driver for this research is that many of these
lipid-signaling systems are dysregulated in disease. My laborat-
ory’s recent efforts have particularly focused on defining the
regulation of protein and lipid kinases that work on cellular
membranes, as well as the enzymes that regulate the Ras super-
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family of GTPases. Our interest has been in defining the bio-
physical mechanisms that regulate these enzymes and how they
can be dysregulated through mutations that mediate human
disease.

Eukaryotic cells are compartmentalized into numerous
intracellular membranous organelles, with a highly developed
system that controls membrane trafficking between organelles.
Signaling lipids, including sphingholipids and phosphoinositi-
des, play a key role in mediating how signals are transduced
from these organelles as well as how membranes traffic
throughout the cell. The Ras superfamily of GTPases, which are
lipidated membrane proteins, also participate in mediating sig-
nal transduction and membrane trafficking. The enzymes that
regulate the formation of lipid signals and control the activation
state of monomeric GTPases function primarily on membrane
surfaces, and they must be properly recruited and activated in
the correct membranous compartments. Dysregulation of lip-
id-signaling enzymes through either increased or decreased
enzymatic activity is a frequent driver of human diseases,
including cancer, immune diseases, inflammation, develop-
mental disorders, and pathogen infection (1-3). Many lipid-
signaling enzymes can be controlled by multiple levels of
regulation, including post-translational modifications, protein-
binding partners, and allosteric conformational changes. This
is true for many lipid kinases, lipid-regulated protein kinases,
and regulatory enzymes of Ras superfamily GTPases.

The goal of this article is to discuss a snapshot of my labor-
atory’s studies on the molecular basis of regulation of lipid-
signaling enzymes using a combination of both HDX?>~MS and
X-ray crystallography. The focus is on examining how the study
of both protein structure and dynamics has allowed fundamen-
tal insight into the regulation of lipid signaling and the molec-
ular basis for how disease-linked mutations cause disease. This
work has revealed novel unexpected mechanisms of activation
by disease-linked mutations in the phosphoinositide 3-kinase
(PI3K) pathway and defined the molecular basis for how viral
pathogens can subvert phosphoinositide signaling. The enzyme
classes that will be highlighted in this article are the phosphoi-
nositide kinases and the protein kinase Akt.

2The abbreviations used are: HDX, hydrogen-deuterium exchange; PI3K,
phosphoinositide 3-kinase; ACBD3, acyl-CoA-binding domain 3 protein;
GPCR, G-protein-coupled receptor; PI4K, phosphatidylinositol 4-kinase;
PI4P, phosphatidylinositol 4-phosphate; PLA,, phospholipase A,; PIP,,
phosphatidylinositol (3,4,5)-trisphosphate; PIP,, phosphatidylinositol
(4,5)-bisphosphate.
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How to study protein dynamics on membranes?

Probing the structure and dynamics of peripheral membrane
proteins and their interaction with membranes remains an
extremely challenging biophysical problem. The study of
integral membrane proteins using X-ray crystallography and
cryo-EM using a combination of lipid cubic phase crystallog-
raphy (4) and nanodisc-mediated biochemical reconstitu-
tion (5) has provided fundamental molecular insight into a
number of membrane embedded signaling systems. How-
ever, structural studies of membrane interaction for periph-
eral membrane proteins that only transiently associate with
membranes provide additional technical challenges. The
proper recruitment to specific membrane compartments
underlies the regulation and activation of many peripheral
membrane proteins. These include enzymes that directly
act on lipid substrate embedded in membranes (i.e. lipid
kinases/phosphatases, phospholipases, etc.) or proteins that
are regulated through interactions with lipid signals that
mediate localization and activation (i.e. protein kinases (Akt,
BTK, PKC), and Ras superfamily GTPase regulatory GEF and
GAP proteins, etc.). Many of these enzymes are major play-
ers in human disease, exemplified by the class I PI3Ks, with
activating mutations in the PIK3CA gene encoding the class
I PI3K pl10a catalytic subunit being one of the most fre-
quently mutated genes in all of human cancer. There are also
numerous mutations in class I PI3Ks that cause immune
deficiencies and developmental disorders (6—11). Many of
these mutations alter the association of this protein with
lipid membranes, and therefore understanding the molecu-
lar mechanism of how membrane binding regulates the
activity of lipid-signaling enzymes can have direct implica-
tions for many diseases.

Upon entering my Ph.D. studies with Dr. Edward Dennis at
the University of California San Diego, my main challenge was
how to examine at a molecular level the interaction of lipid-
signaling proteins with membranes. The approach that we
decided to use was the application of hydrogen—deuterium
exchange MS (HDX-MS), which probes the exchange of amide
hydrogens with solvent. As amide hydrogens are involved in
hydrogen bonds in secondary structure elements, the exchange
of amides can give a readout of protein dynamics. Our hope was
that any conformational changes that occurred upon mem-
brane binding would be detectable using this approach, and it
would be able to define the membrane-binding interface as well
as any allosteric conformational changes. The enzymes we
chose to study were the phospholipase A, (PLA,) family of
enzymes, which is a large family of enzymes that catalyze the
hydrolysis of the acyl bond at the sn-2-position of phospholip-
ids. The PLA, enzymes contain numerous isoforms, with
diverse regulatory mechanisms, and provided an exciting test-
ing group for our initial HDX-MS experiments. This research
on the sPLA,, iPLA,, and cPLA, isoforms of PLA, (12-20),
carried out in collaboration with a postdoctoral colleague, Dr.
Howard Hsu, enabled novel insight into how these enzymes
interact with membranes. This work gave me the first insight
into the potential application of this approach to study the
interaction of lipid-signaling enzymes with membranes.
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HDX-MS

One of the main focuses of this article is on the use of
HDX-MS as a tool to probe protein dynamics and its powerful
use as a method to optimize and enhance other structural biol-
ogy approaches. However, due to space limitations, there will
not be a detailed overview of this technique, as numerous
reviews have recently carefully described the fundamentals
underlying the technique, and readers are advised to consult
these for more details (21-26). As this is an award lecture, I feel
it is critical that I acknowledge the training and guidance that I
received from the late Dr. Virgil Woods during my Ph.D. career
in this technique, as this was essential to my development as a
scientist. Dr. Woods played a fundamental role in the develop-
ment of tools and methodology to increase the throughput and
accessibility of HDX, and his contributions made a sizable
impact on the use of this technology (27).

The basis of HDX-MS experiments is that amide hydrogens
exchange with solvent at rates that are exquisitely sensitive to
the presence of secondary structure. A basic schematic of the
HDX reaction is shown in Fig. 1. There are four primary determi-
nants of amide exchange: pH, temperature, primary sequence
effects, and influence from secondary structure/solvent accessibil-
ity. The main application for HDX-MS experiments is compari-
son between different conditions (apo versus binding partner; i.e.
membranes, proteins, ligands, etc.), and so pH, temperature and
primary sequence can be controlled for, and differences reveal dif-
ferences in secondary structure stability. Amide hydrogens are
involved in hydrogen bonds in both a-helices and 3-sheets and
can only exchange when these bonds are transiently broken
through protein motion. Therefore, amide hydrogen exchange
provides a readout of the secondary structure dynamics. An addi-
tional bonus from an HDX experiment that is extremely useful to
structural biologists is the determination of disordered regions
lacking secondary structure, as this information can be used in the
design of truncated constructs for other high-resolution structural
approaches (28 —-30).

An overall schematic describing some of my laboratory’s
application of HDX—-MS to study a variety of membrane-asso-
ciated lipid-signaling enzymes is shown in Fig. 2. HDX—MS has
been exceptionally useful to probe the dynamics of membrane
binding (12, 17, 18, 31-39); examine how disease-linked muta-
tions activate membrane signaling enzymes (31, 34, 38, 40, 41);
and define protein—protein (33, 36, 37, 42—48), protein—ligand
(49, 50), and protein—inhibitor (13, 21, 51-55) complexes.
There is not sufficient room to fully describe all of these studies,
with the focus of this article describing specific case studies
from our work on lipid-signaling enzymes.

Case studies in the study of protein dynamics on
membranes

One of the best-studied groups of lipid-signaling enzymes is
the phosphoinositide kinases, comprising 19 different human
genes that can generate seven distinct phosphoinositide species
(3). Phosphoinositides play key roles in defining organelle iden-
tity, in mediating membrane traffic between organelles, and as
lipid signals that can activate downstream signaling processes.
My postdoctoral research with Dr. Roger Williams at the MRC
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A. Hydrogen deuterium exchange mass spectrometry (HDX-MS)
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Figure 1. Overview of HDX-MS to study lipid-signaling systems. A, schematic representation of the methodological steps in an HDX-MS experiment. Protein
is exposed to deuterated solvent for a variety of different time periods, leading to exchange of solvent-accessible hydrogens. The exchange rate of amide
hydrogens is determined by the involvement in secondary structure. To localize the exchange information, the protein sample is shifted to a denaturing
condition that greatly decreases the exchange rate (pH ~2.5, 0 °C), followed by proteolysis using immobilized pepsin and separation of the peptides on a
reverse-phase column. The masses of the peptides are measured using a mass spectrometer. B, schematic of different conditions that can be studied using
HDX-MS for lipid-signaling enzymes. This figure was adapted from Ref. 24. This research was originally published in Biochemical Society Transactions. Vadas,
0., and Burke, J. E. Probing the dynamic regulation of peripheral membrane proteins using hydrogen deuterium exchange-MS (HDX-MS). Biochem. Soc. Trans.

2015; 43:773-786. ©Portland Press (United Kingdom).

Laboratory of Molecular Biology was focused on examining the
regulation of class IA phosphoinositide 3-kinases and their
interaction with lipid membranes. Class IA PI3Ks generate the
lipid-signaling molecule PIP; from the lipid substrate PIP,, and
the generation of PIP; downstream of phosphorylated recep-
tors, G-protein—coupled receptors, and Ras superfamily
GTPases plays key roles in growth, differentiation, and survival
(2, 56). PI3Ks are large complicated macromolecular assem-
blies composed of a p110 catalytic and a p85 regulatory subunit,

3874 J. Biol. Chem. (2019) 294(11) 3872-3880

and they are intricately regulated through both intra- and inter-
subunit inhibitory interactions that control its association with
lipid membranes. Studying the protein dynamics of PI3Ks on
membranes using HDX-MS provided unique insight into their
activation, with the details described below.

Dynamic activation of PI3Ks on membranes

PI3Ks are composed of three distinct classes (I, II, and III),
with the class I PI3Ks generating the lipid signal PIP,. The class

SASBMB
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Dynamic activation of class IA PI3Ks
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Figure 2. Applications of HDX-MS to study lipid-signaling systems. Shown is a schematic of the cell with different lipid-signaling systems studied by
HDX-MS highlighted. The different studies, which focus on the use of HDX-MS to study protein-protein, protein-ligand, and protein-membrane interactions,
as well as looking at how disease-linked mutations cause allosteric activating conformational changes. Full details on these specific studies can be found in the

References.

I are split into two subclasses (IA and IB) dependent on the
presence of different regulatory subunits. The class IA PI3Ks
are composed of three catalytic subunits (p110«, p110f3, and
p1108) and five possible p85 regulatory subunits. The p85 reg-
ulatory subunits of class IA PI3Ks play three key roles in regu-
lating PI3Ks; they stabilize the p110 catalytic subunit, they
inhibit basal lipid kinase activity, and they allow for activation
downstream of phosphorylated tyrosine residues present on
receptor tyrosine kinases and their adaptor proteins (57). The
class IA PI3Ks are master regulators of growth and metabolism,
and disease-linked alterations that either increase or decrease

SASBMB

kinase activity lead to cancer, immunodeficiencies, and devel-
opmental disorders. Extensive biophysical characterization
revealed the structure of the p110 and p85 subunits; however, it
did not fully explain their interaction with membranes and how
activating and inactivating mutations can alter enzyme activity
(57). Also, there was limited information on the molecular basis
for how p110 isoforms can be differentially controlled by p85
regulatory subunits.

Intriguingly, HDX-MS studies on the different p110 cat-
alytic isoforms revealed unexpected differences in how p85
regulatory subunits interact with and inhibit each p110 iso-
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form. All p85 regulatory subunits contain an nSH2 and ¢SH2
domain that can bind phosphorylated tyrosine residues and
an interspersing iSH2 coiled coil domain. Using a variety of
domain deletions of p85 with each p110 catalytic subunit
revealed that all p110 subunits are inhibited by the nSH2 and
iSH2 domains present in p85, with the ¢cSH2 domain only
inhibiting p1103 and p1106 (38, 39, 50), revealing a com-
pletely unique inhibition of p110a compared with other
class IA isoforms. As only the p110« isoform frequently con-
tains activating mutations in solid tumors, this isoform-spe-
cific difference in inhibition may explain why p1108 and
p1106 are not frequently mutated in cancer due to this addi-
tional inhibitory input.

The next thing we wanted to establish was the conforma-
tional changes that mediated/accompanied membrane binding
in class I PI3Ks. Membrane binding of the PI3Ks was concord-
ant with large-scale conformational changes in both the p110
and p85 regulatory subunits (38, 39). Many of these changes
occurred at regions distant from both the active site and mem-
brane-binding surface, specifically located at inter- and intra-
subunit interfaces of domains within the p110 and p85 sub-
units. Intriguingly, HDX—-MS studies of the tetrameric class III
PI3Ks revealed large-scale conformational changes at intersub-
unit interactions upon membrane binding (36), suggesting that
large scale allosteric conformational rearrangements may be
involved in many membrane binding events. The oncogenic
and overgrowth mutations in p110« as well as the primary
immunodeficiency-causing mutations in p11096 cluster at these
interfaces. HDX-MS studies of the p110a and p1108 mutations
revealed that both led to conformational changes that mim-
icked and enhanced conformational changes associated with
membrane binding, revealing the molecular mechanism of acti-
vation for the disease-linked mutants (34, 38, 40, 41). Different
mutations/deletions in the p85a regulatory subunit can be both
oncogenic or promote immune disorders. HDX—-MS revealed
that an N-terminal deletion of the iSH2 domain preferentially
activates p1106 over p110q, revealing why this mutant primar-
ily results in a disease that is most similar to activating muta-
tions in pl1108 in immune deficiencies (34). Together, the
HDX-MS analysis combined with detailed biophysical and bio-
chemical analysis has provided insight into how disease-linked
mutations in class I PI3Ks cause disease through enhanced
membrane binding.

The class IA PI3Ks are activated downstream of a number of
membrane-localized signaling proteins, including phosphory-
lated receptors, G-protein—coupled receptors (GPCRs), and
Ras superfamily GTPases. HDX—MS has been useful to study
the molecular basis for how these complexes, many of which
only form on membrane surfaces, activate PI3Ks. HDX-MS
showed how a phosphopeptide derived from a receptor tyro-
sine kinase activated class IA PI3Ks through binding to the
nSH2 and ¢cSH2 domains of p85, causing disruption of a subset
of the p85-inhibitory contacts with the p110 catalytic subunit
(50). Intriguingly, this also revealed a number of large-scale
allosteric conformational changes that occur distant from the
direct p85-inhibitory interface, similar to the changes seen
upon membrane binding. Class IA PI3Ks can be activated
downstream of Ras GTPases, and this requires the direct inter-
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action with membrane-localized Ras (for p110« and p1108) or
Rho (p110B) GTPases. HDX—-MS experiments carried out with
lipid-conjugated Ras allowed for the determination of confor-
mational changes that occur upon Ras binding and revealed
that Ras activation is mainly driven through enhanced mem-
brane binding (33), with covalent inhibitors of active Ras pre-
venting PI3K activation (52). The p110f isoform is the only
class IA PI3K that is able to be activated by G-y subunits down-
stream of GPCRs. The GBvy subunit binds to the helical-C2
linker of p110B, and this region undergoes conformational
changes upon membrane binding (58), suggesting that part of
the reason the complex formation occurs only on membrane
surfaces might be through membrane-induced conformational
changes. The GBy-bindingsite is conserved and is also found in
the divergent p110y class IB PI3Ks (37). Overall, HDX-MS has
allowed for the biophysical analysis of membrane complexes of
PI3Ks with their activators, allowing for the design of targeted
mutations to disrupt specific inputs in biological models of
PI3K function, and has revealed unexpected isoform-specific
regulatory mechanisms. Together, the HDX-MS studies de-
scribed here have provided unique molecular insight into PI3K
activation and provided some of the first insight into the many
mechanisms that control their proper recruitment and regula-
tion on membrane surfaces.

Dynamics of PIP;-mediated activation of Akt/protein
kinase B

The protein kinase Akt (also known as protein kinase B, or
PKB) is activated downstream of the lipid signal PIP; (59). Akt is
directly activated by PIP;, through an interaction of its PH
domain with PIP;, leading to disruption of an inhibitory inter-
action between the PH and kinase domains of Akt. It can also be
indirectly activated by PIP; through the PIP;-mediated activa-
tion of the protein kinase phosphoinositide-dependent kinase 1
(PDK1), which phosphorylates Akt. Akt is further phosphory-
lated by the kinase mTOR complex 2 (mTORC?2), leading to its
full activation. The inhibited state of Akt is maintained through
an inhibitory interaction between the activation loop of the
kinase domain and the PH domain. Critical aspects of Akt acti-
vation that have remained elusive are the molecular basis for
activating conformational changes that occur upon recruit-
ment to PIP,-containing membranes, as well as whether phos-
phorylation of the kinase domain of Akt leads to disruption of
the inhibitory PH-kinase domain interface. HDX—MS revealed
conformational changes that occur both upon PIP; binding and
upon phosphorylation of Thr-308 and Ser-473 (31). Through
the use of an oncogenic mutation in Akt in the activation loop
that disrupts the interface of the PH and kinase domains (60),
the conformational differences between direct membrane
binding and PH domain disruption were able to be determined.
Importantly, this study revealed that phosphorylated Akt in the
absence of PIP, membranes still has an intact PH-kinase
domain-inhibitory interface. These results suggest that Akt
activity is tightly restricted, with Akt signaling being con-
strained to membrane locations containing its activating lipids
PI(3,4)P, and PIP.,

SASBMB
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Structure and dynamics of phosphatidylinositol
4-kinases

The phosphatidylinositol 4-kinases (PI4Ks) generate the
lipid phosphoinositide phosphatidylinositol 4-phosphate (PI4P),
with four distinct PI4K isoforms that generate PI4K (61).
Two of these PI4Ks are soluble proteins (PI4KIIla and
PI4KIIIB, referred to as PI4KA and PI4KB in the rest of this
work) and transiently associate with membrane surfaces. The
generation of PI4P at the Golgi and the plasma membrane by
PI4KB and PI4KA, respectively, play essential roles in mediat-
ing membrane trafficking, in lipid transport, and in the gener-
ation of substrate for the production of the lipid signals PIP,
and PIP; (62). Also, both PI4KA and PI4KB are frequently
hijacked by viruses to generate PI4P-enriched replication
organelles that are essential in viral replication (63, 64). These
viral replication organelles are used by the viruses to localize
their viral replication machinery in the cell, with the PI4P pro-
duced also playing key roles in manipulating lipid transport.
The PI4KB isoform is also a major anti-parasitic target, as
small-molecule inhibitors directed at the Plasmodium and
Cryptosporidium variants of PI4KB are able to kill all life cycles
of the causative parasites of malaria and cryptosporidiosis and
are extremely promising anti-parasitic therapeutics (65-69).
Therefore, understanding the regulatory mechanisms that con-
trol P14K activation has direct therapeutic implications for both
viral and parasitic infections.

The critical role of PI4Ks in regulating essential membrane
trafficking and their participation in disease progression for
both viral and parasitic pathogens made them an extremely
interesting target to study. Our initial studies focused on
PI4KB, due to the intense interest in drug development for both
antiviral and antiparasitic therapeutics. Numerous questions
existed regarding the regulation of PI4KB, as it was known to
play both catalytic and noncatalytic roles in regulating mem-
brane trafficking, with limited information existing on the pro-
tein complexes that mediated these roles. Limiting the initial
ability to study PI4KB was the lack of any high-resolution struc-
tural information. A powerful application of the HDX-MS
approach is that it can be used to identify disordered regions
that prevent crystallization of complex protein assemblies.
Through an HDX-MS- optimized approach, we were able to
make a number of N-terminal, C-terminal, and internal dele-
tions in PI4KB that allowed for the determination of the struc-
ture of PI4KB bound to the small GTPase Rab11 (30, 46). The
structure of PI4KB revealed that it shared a similar kinase and
helical domain architecture compared with the PI3Ks. This
allowed for a collaboration with the Shokat laboratory in the
structure-guided drug design of novel potent and selective
PI4KB inhibitors (70). PI4KB was known to play a key noncata-
lytic role in binding to Rab11, with PI4KB being required for the
recruitment of a subpopulation of Rab11 to the Golgi and trans-
Golgi network (71, 72). Intriguingly, the complex with Rab11
revealed the molecular basis of this recruitment, with the heli-
cal domain of PI4KB forming a unique Rab-binding site over
the Rabll nucleotide-binding pocket. This binding site on
Rab11 still allowed for the binding of Rab11 effectors, which
permitted for the formation of tertiary complexes of PI4KB—
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Rab1l and Rabl1 effectors. This formation of a tertiary Rab
complex is unique, and it potentially reveals a novel mechanism
for Rab regulation by binding partners and reveals how PI14KB
mediates Rabll recruitment. Intriguingly, HDX-MS studies
revealed that when Rab11 binds PI4KB, there is a substantial
allosteric conformational change in the switch regions of Rab11
that bind effectors, possibly providing a mechanism for PI4KB
to alter Rab11 effector specificity. This same Rab11-binding
interface is also found in the Rab8 GEF Rabin8 (73), with this
complex also allowing for formation of Rabl1 tertiary com-
plexes. Overall, this work revealed a platform for design of
PI4KB inhibitors and provided novel insight into the role of
PI4KB in mediating membrane trafficking.

Although the PI4KB—Rabl11 structure provided insight into
how PI4KB can play noncatalytic roles in regulating membrane
transport, it did not explain the mechanism by which PI4KB is
recruited to the Golgi and trans-Golgi network. It also did not
provide insight into how pathogenic single-stranded RNA
viruses are able to activate PI4KB downstream of the lipidated
viral effector protein 3A. The 3A protein does not form a direct
complex with PI4KB, which implied the possible involvement
of a PI4KB-binding partner. The acyl-CoA-binding domain 3
protein (ACBD3) had been proposed as the main binding part-
ner for recruiting PI4KB to the Golgi (74) and had emerged as a
binding partner of 3A proteins from numerous different viruses
(44, 74-79). HDX-MS revealed that the GOLD domain of
ACBD3 binds directly to the Aichi virus 3A protein, with the Q
domain forming a direct interaction with the disordered N ter-
minus of PI4KB (44, 76). ACBD3 is located to the Golgi through
a direct interaction with the Golgi protein giantin, and this
shows how PI4KB can be recruited to the Golgi membrane
through formation of a complex with ACBD3. The PI4KB-
ACBD3 complex is formed through a disorder—order transi-
tionin the PI4KB N terminus upon binding ACBD3, with muta-
tions in this region leading to disruption of complex formation.
Defining the molecular chain of events that mediate how
viruses hijack PI4KB through a 3A-ACBD3 tertiary complex
provides a novel mechanism to develop novel antiviral thera-
peutic strategies. Much is still unknown about other protein-
binding partners of the PI4Ks and how they regulate its role in
membrane trafficking and viral infection, with further biophys-
ical studies being essential to decipher the regulation of these
enzymes.

Conclusions

This award lecture article has given a brief overview of how
my laboratory has approached the study of lipid-signaling sys-
tems using a synergy of biophysical techniques. Phosphoinosit-
ide kinases are central signaling hubs that control many aspects
of how cells respond to external stimuli and how membranes
traffic between organelles. There are still many unexplored
aspects of how these enzymes are regulated, specifically how
protein-binding partners and post-translational modifications
regulate their association with membranes. Due to their fre-
quent involvement in disease, defining these regulatory mech-
anisms may provide novel approaches for therapeutic interven-
tion. The use of HDX-MS has proven to be a powerful
analytical tool in the study of these complicated systems. An
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exciting development in the study of lipid-signaling research
is the potential to start combining the medium-resolution
HDX-MS approach with high-resolution cryo-EM studies
of lipid-signaling proteins bound to their native membrane
substrates. This is still an ambitious objective, as this will
require conditions where sufficient occupancy of membrane
binding is maintained at the concentrations used in EM, but
this has the potential to transform our molecular under-
standing of signaling at membrane surfaces. Also, the con-
tinued use of HDX-MS in a synergistic manner with X-ray
crystallography and NMR for construct design is useful to
generate high-resolution snapshots of the proteins involved,
with this approach still underutilized. It is an exciting time to
be a structural biologist interested in lipid signaling, as con-
tinued technological developments in EM and MS have the
potential to revolutionize our ability to study membrane
recruitment in unprecedented molecular detail. On a per-
sonal note, it is a great pleasure to win this prestigious Young
Investigator Award and have the article published in JBC, as
I began my academic career in lipid research with three pub-
lished JBC articles in my Ph.D. I greatly appreciate the Jour-
nal’s support of molecular studies into lipid signaling.
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