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ABSTRACT

Author: Sieng, Monita. PhD

Institution: Purdue University

Degree Received: August 2019

Title: Structural and Mechanistic Insights into Regulation of RGS17 and PLCe
Committee Chair: Angeline M. Lyon

Recent advances in structural biology and biochemistry have identified proteins downstream
of G protein-coupled receptors (GPCRS) as promising drug targets. These proteins are highly
regulated to ensure proper physiological responses from extracellular stimuli. Dysregulation of
these signaling enzymes can have detrimental consequences, including cardiovascular disease and
cancer. Understanding how these proteins are regulated from a structural and biochemical
standpoint can therefore be exploited to develop new therapeutics.

In this work, the molecular mechanism of regulation of two different proteins downstream
of GPCRs is investigated. The first protein, Regulator of G Protein Signaling 17 (RGS17), is
involved in numerous processes throughout the body, including the development and progression
of lung cancer. This work presents the crystal structure of RGS17 bound to Ca®*. Ca?* was found
to bind to the same site as the predicted Ga binding surface and increases interactions between
RGS17 and Ga,. Therefore, Ca?* positively regulates RGS17, supporting a mechanism in which
Ca?* increases the GTPase activating function of the RZ-family of RGS proteins to ultimately
downregulate Ca?* signaling.

The second protein, phospholipase Ce (PLCg), has been implicated in cardiac hypertrophy
through its production of second messengers. This process is regulated by the small GTPase
RaplA. This work presents insight into the molecular mechanism of Rap1A-dependent activation
of PLCe, in which four conserved, hydrophobic residues on the surface of the RA2 domain of
PLCe play an essential role. Furthermore, small angle X-ray scattering studies show that binding
of RaplA induces conformational changes in PLCg, resulting in a more compact activated
complex. This supports a mechanism in which Rap1A is an allosteric activator of PLCg, inducing
conformational changes in PLCe that increase lipid hydrolysis by relieving autoinhibitory

interactions and/or by promoting interactions with the cell membrane.
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CHAPTER 1. INTRODUCTION

Signaling cascades mediated by G protein-coupled receptors (GPCRs) regulate a majority
of physiological functions in the human body. GPCRs are made up of seven transmembrane helices
and serve as cellular sensors that are classically activated by external stimuli to elicit specific
physiological responses (1). The general signaling paradigm of GPCRs begins with an external
stimulus, in the form of a ligand, binding to its cognate receptor (Figure 1.1) (1,2). Binding of the
ligand stabilizes the receptor in an active conformation and allows the receptor to bind a
heterotrimeric G protein (1,2). Heterotrimeric G proteins are GTPases made up of an «, 3, and
v subunit that serve as molecular switches to turn on or off specific signaling pathways (2). In the
inactive state, the Ga subunit is bound to GDP and interacts with GBy, which is an obligate
heterodimer (2). Activated GPCRs function as guanine exchange factors (GEF) for G proteins,
facilitating the exchange of GDP for GTP on the Ga subunit, and resulting in the dissociation of
Ga subunit from GBy (1). Both the Ga and Gy subunits interact with downstream effector

enzymes to elicit intracellular responses to the external stimuli (1,2).

Agonist
ZCZ Agonist
i iﬁ plasma
membrane
GDP GTP i
Effectors Effectors

Figure 1.1. G protein-coupled receptor (GPCR) signaling mechanism. GPCRs are coupled to
heterotrimeric G proteins made up of a Ga,, G, and Gy subunit. In the inactive state, the Ga.
subunit is bound to GDP. Binding of an agonist to the GPCR causes a conformational change in
the receptor and subsequent exchange of GDP for GTP on the Ga. subunit. This leads to the
dissociation of the Ga and Gy subunits, which regulate downstream effector enzymes.
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Due to their link to a wide range of diseases, GPCRs are popular pharmaceutical targets,
making up ~30% of FDA approved drugs (3-6). However, the development of drugs that target
GPCRs is becoming more challenging due to the limited structural information resulting from the
inherent instability of GPCRs and off-target effects. Since signal transduction pathways are made
up of a complex network of proteins that communicate with one another to convert an external
signal to an internal response, a potential alternative would be to target the players in the signaling

cascade downstream of GPCRs.

1.1 Regulator of G Protein Signaling Proteins

Regulator of G protein signaling (RGS) proteins function as GTPase activating proteins
(GAP) to facilitate the rapid turn off of GPCR signaling pathways (7). By themselves, activated
Goa subunits intrinsically hydrolyze GTP to GDP at a physiologically unfeasible slow rate (2).
This led to the discovery of RGS proteins from the Sst2p gene in Saccharomyces cerevisiae (8,9).
RGS proteins accelerate the rate of GTP hydrolysis up to 1,000-fold, resulting in the reassociation
of the Ga and Gy subunits and termination of the signal cascade (Figure 1.2) (7). Although there
are 21 Ga subunits divided into four main classes (Gas, Gai, Gog, Gouz13), RGS proteins only
have GAP activity towards the Gj and G4 subfamilies (7,10-13).

There are twenty RGS proteins that are categorized into four subfamilies based on sequence
similarity (RZ, R4, R7, and R12) (7,10,11). All the subfamilies share a conserved RH (RGS
homology) domain that serves as the Ga binding site and is required for stimulating GTP
hydrolysis. The subfamilies differ in the presence of extra domains flanking the RH domain that
contribute to subcellular localization and Ga specificity and affinity (Figure 1.3) (7,10,11,14,15).
The RH domain is made up of nine alpha helices that form two subdomains, the terminal and
bundle subdomains (14,15). The terminal subdomain is made up of al, a2, a3, a8 and a9, while
the bundle subdomain is made up of a4-a7. The base of the bundle subdomain, along with loops
from o7 and a8 form the Ga binding site (14-16). The mechanism of RGS-stimulated GTP
hydrolysis requires the RGS protein to bind the switch regions of the Ga. subunit. This binding
reduces the flexibility of the switch regions on the Ga. subunit and stabilizes the transition state.
This interaction is dependent upon a highly conserved asparagine or serine residue that interacts

with the catalytic glutamine residue of Ga (10,14,16-18).
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plasma
membrane

PO

RGS

RGS I I

Figure 1.2. Regulator of G protein Signaling (RGS) mechanism. GPCR signaling is terminated
by hydrolysis of GTP on Ga. This process is stimulated by RGS proteins that accelerate the rate
of GTP hydrolysis. Upon binding of RGS proteins, GTP is hydrolyzed, resulting in the release of

PO4 and reassociation of Ga with Gy.
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RZ (17,19,20) | RH
R4 (1-5,8,13,16,18,21) an | e
R7 (6,7,9,11) | RH
R12 (10,12,14) Pz | | RH |

Figure 1.3. Domain architecture of RGS subfamilies. There are twenty RGS proteins split into
four subfamilies. Domain abbreviations: pCys (poly-cysteine string), RH (RGS homology), AH
(amphipathic helix), DEP (disheveled/Egl10/pleckstrin domain), GGL (G protein y- like), PDZ

(Psd-95/DIgA/Z01 domain), PTB (phosphotyrosine binding domain), RBD (Raf-like Ras
binding domain), Go Loco (Gai loco).

RGS proteins are regulated by additional domains that dictate interactions with specific
proteins and/or localization. Of the four subfamilies, the R4 and RZ are the simplest and function
mainly as inhibitors of G protein signaling (19). The most extensively studied RGS family is the
R4 family, which contain an N-terminal amphipathic a-helical region (11). The RZ family contains
a short N-terminal cysteine-rich region that can be post-translationally modified to regulate
localization and trafficking (12,19-20). The R7 and R12 families are more complex and contain
additional domains that allow them to interact with G proteins and other signaling proteins, thereby
integrating multiple aspects of G protein signaling (19). The R7 subfamily contains an N-terminal
DEP (disheveled/Egl10/pleckstrin) and GGL (G protein y subunit-like) domains that contribute to
membrane localization (10,11,19). Finally, the R12 subfamily contains a PDZ (Psd-95/DIgA/Z01),
PTB (phosphotyrosine binding), RBD (Raf-like Ras binding domain), and Go Loco (Gain—Loco)
interaction domains which are responsible for downstream signaling (10,11,19).

Due to their ability to interact with activated Goo, Goi, Gaz, and Gagi1, RGS proteins
regulate signaling cascades downstream of numerous receptors, including the D2 dopamine, u
opioid, and 5-HT1a serotonin receptors (21-24). As a result, a growing number of studies have
linked RGS proteins to a wide range of diseases caused by impaired signaling. Previous studies
have shown patients with schizophrenia have decreased mMRNA levels of RGS4 (25). Other studies

have shown increased expression of RGS9 in patients with Parkinson’s disease (26). Knock
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out/down studies of RGS proteins have also implicated certain isoforms in specific physiological
conditions including hypertension (RGS2), hypotension (RGS5), anxiety, depression, and
alcoholism (RGS6), and cancer (RGS17) (27-32). Therefore, the ability of RGS proteins to
negatively regulate GPCR signaling makes them potential drug targets.

1.2 Regulator of G Protein Signaling 17

One member of the RGS family that is a potential therapeutic target for lung cancer is RGS17
(31,32). RGS17 is a member of the RZ subfamily and was discovered in 1999 as a Ga, interaction
partner in yeast (33,34). Although RGS17 is ubiquitously expressed, it is mainly found in the
central nervous system, with the highest expression localized to the cerebellum, nucleus
accumbens, parahippocampal gyrus, and putamen (12,34,35, 36). It has been found to interact with
Gai1-3, Goo, and Gaz, but preferentially binds to Gai and Gao. Thus, RGS17 is a potent regulator
of cAMP and Ca?* signaling through its inhibition of Garo (12,34).

Although normal RGS17 expression is mainly localized to the brain, studies have shown
increased levels of RGS17 in tumor cells of other tissues and organs (31,32). In a genome-wide
linkage study, a major susceptibility locus for lung cancer was identified on chromosome 6q23-
25, corresponding to RGS17 (31,37). Therefore, RGS17 was identified as a potential marker for
familial lung cancer. This was supported by studies that showed an ~8-fold increase in expression
of RGS17 in lung cancer tumors (31,37,38). Furthermore, knockdown of RGS17 by RNA
interference (RNAI) in a mouse xenograft model of cancer resulted in a 59-75% decrease in tumor
volume (31,38). The mechanistic role of RGS17 in lung cancer is attributed to its GAP activity
toward Gai and Gao, and the subsequent increase in CAMP, resulting in activation of the PKA-
CREB pathway (38). Overexpression of RGS17 decreased Guio signaling, which in turn decreased
inhibition of adenylyl cyclase (38). This caused an accumulation of cAMP, which increased PKA
activity and phosphorylation of cAMP response element-binding protein (CREB). Phosphorylated
CREB can then bind to cAMP response elements (CRE) to promote the transcription of genes

involved in growth and migration (38).

1.2.1 Inhibition of RGS17

The proliferative effect of RGS17 in lung cancers has been attributed to its interaction with

Gaij, Which results in the accumulation of cAMP (38). Therefore, targeting the protein-protein
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interaction between RGS17 and Gain with small molecule inhibitors could be a potential
therapeutic strategy. Using structure-based drug design guided by the crystal structure of RSG4-
bound to Gaiz (39) and high throughput screening (HTS), six compounds that inhibit RGS17-Ga
binding with micromolar affinity have been identified (31,40). However, the inhibitors did not
exhibit high specificity for RGS17-Ga inhibition and/or contained potentially reactive functional
groups, limiting their usefulness (40). More studies are being done to identify specific and
nonreactive inhibitors using HTS of small molecule chemical libraries, however, this method is

time consuming (41-46).

1.2.2 Regulation of RGS17

In order to develop specific and potent inhibitors of RGS17, more studies are needed to
elucidate its regulation. Currently, the only known mechanisms of RGS17 regulation are post-
translational modifications and degradation (12,47,48). RGS17 contains an N-terminal cysteine-
rich region that can be heavily palmitoylated to promote membrane localization (12,20).
Additionally, RGS17 contains six casein kinase and three protein kinase C recognition motifs that
can be potentially phosphorylated (47,49). It was also found that Y137 can be phosphorylated,
however, the specific kinase and functional consequences of phosphorylation are not known (49).
In addition to palmitoylation and phosphorylation, RGS17 can also be sumoylated by SUMO1, 2,
and 3, with K90 and K121 being the likely sites (49-51). Sumoylation of RGS17 has been
suggested to alter the function of RGS17 as a protein scaffold or effector antagonist (49,51).
RGS17 can also be ubiquitinated on K147, but the role of ubiquitination is unclear (49). In addition,
RGS17 may also be regulated by other protein-protein interactions. For example, some RZ and R4
subfamily members are regulated by Ca2*/calmodulin, in which binding Ca?*/calmodulin relieves
inhibition by PIP3 (52,53). Therefore, further structural studies illustrating the regulation of RGS17

can be used to exploit specific interactions as targets for new therapeutic approaches.
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1.3 Phospholipase C

Phospholipase C (PLC) enzymes are downstream effectors of many GPCR signaling
pathways. They hydrolyze the inner membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP)
to produce the second messengers diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IPs).
These second messengers activate protein kinase C and promote intracellular calcium (Ca?")
release (Figure 1.4) (54-58). This allows PLC enzymes to regulate numerous signal transduction

pathways involving cell growth, development, and differentiation (59).
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Figure 1.4. Phospholipase C (PLC) signaling mechanism. PLC enzymes hydrolyze the inner
membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2) into the second messengers
diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). DAG goes on to activate other
proteins such as protein kinase C (PKC), while IP3 binds to intracellular IP3 receptors to release
calcium.

Thirteen mammalian PLC isozymes have been identified that are divided into six subfamilies

(PLCB, PLCg, PLCy, PLCn, PLCo, PLCCL) (54-58,60). The PLC superfamily shares conserved
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core domains thought to be required for efficient lipase activity, and includes a pleckstrin
homology (PH) domain, EF-hands, the catalytic TIM barrel domain, and a C2 domain. The
mechanism of PIP2 hydrolysis by these enzymes involves an acid/base catalyzed reaction, wherein
the active site forms a covalent inositol 1,2-cyclic phosphodiester intermediate, and releases DAG.
The intermediate is subsequently hydrolyzed to release IP3. This mechanism requires two
conserved histidine residues in the TIM barrel, as well as Ca?*, which is coordinated by four acidic
residues (57,58).
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Figure 1.5. Domain architecture of PLC subfamilies. There are thirteen members of PLC
proteins split into six subfamilies. Domain abbreviations: pleckstrin homology (PH), C-terminal
domain (CTD), Src homology (SH2/3), Ras association (RA).

Although all PLCs hydrolyze PIP», they are differentially controlled by the presence or
absence of regulatory domains that typically flank the conserved core (54-58) (Figure 1.5). PLCP3
contains proximal and distal C-terminal domains (CTDs) that are involved in basal and Goyg-

dependent activation. Gy and Rac also activate PLCJ through binding to the core domains (57-
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59, 61-65). PLCy contains a large insert in the X-Y linker that contains a split PH domain involved
in receptor tyrosine kinase (RTK) binding. This results in RTK-dependent phosphorylation of
PLCy, leading to its activation (57,58,66). PLC& lacks additional regulatory domains and is
regulated by PIP, and Ca?* (57,58,67). The PLCS PH domain is required for membrane binding
through its ability to bind PIP2 with high specificity and affinity (67). PLC( lacks the PH domain
and additional regulatory domains, but contains a positively charged X-Y linker that may promote
membrane association (58,68). PLCn contains a C-terminal extension of unknown function but
has been reported to be activated by Gy (58,69). Finally, PLCe contains an N-terminal CDC25
domain and two C-terminal Ras association (RA) domains. Its regulation is also more complex, as
it is activated downstream of GPCRs and RTKs through direct interactions with the
GPy heterodimer and the small GTPases Ras, Rap, and Rho (56, 70-79).

Due to their involvement with various signaling cascades, PLCs are linked to numerous
physiological disorders (80). PLCB1 and PLCy1 are both highly expressed in the brain, and
contribute to the regulation of synaptic plasticity and cortical development (59,80-83). Knock out
and knock in studies in mice of PLCB1 and PLCy1, respectively, displayed an epilepsy phenotype
(84,85). PLCd4 and PLCC are both highly expressed in sperm, and knock out studies in male mice
resulted in reduced fertility (59,86,87). PLCe is ubiquitously expressed and has been linked to
cardiac hypertrophy, skin inflammation, and cancer development and progression (59,70,88-90).
Although dysregulation of PLC enzymes expression or activity has been implicated in a wide range
of physiological disorders, the molecular mechanisms by which they are activated are still not well

understood.

1.4 Phospholipase Ce

PLCe is the most recently discovered member of the PLC family. A yeast two-hybrid screen
for binding partners of Ras in C. elegans resulted in the discovery of PLC210 (60). The mammalian
ortholog, PLCg, is expressed in various tissues and almost all cell types (58,78,91,92). PLCe is
present as two splice forms, PLCela and PLCelb, and are the largest PLC isozymes with
molecular weights of 260 and 230 kDa, respectively (93). In addition to the core domains, PLCeg
also contains regulatory domains at the N- and C-termini. At the N-terminus, there is a CDC25

domain that is a guanine nucleotide exchange factor (GEF) for the small GTPase Rap1A (71,94,95).
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GEFs catalyze the exchange of GDP for GTP on GTPases, converting them to the active state
(71,94-96). At the C-terminus, there are two Ras association (RA1 and RA2) domains that bind to
RaplA, Ras and muscle-specific A-kinase anchoring protein (MAKAPB) (70-79,97). Currently,
the only high-resolution structural information available is of the PLCe RA domains alone and the
RA2 domain in complex with H-Ras (98). Based on the NMR structures of the RA domains, both
RA1 and RA2 have similar ubiquitin-like folds. However, only the RA2 domain binds to activated
small G proteins (98).

Although PLCe is ubiquitously expressed, it is expressed at highest levels in the heart, where
it regulates the development and function of cardiomyocytes (59). More specifically, PLCe is
linked to cardiovascular disease through its role in promoting cardiac hypertrophy (70,99).
Cardiac hypertrophy is caused by an increase in cardiomyocyte size, resulting in abnormal
enlargement of the heart muscle in response to hormonal and mechanical stimuli from
physiological stress (99). Although cardiac hypertrophy is an adaptive response, prolonged stress
on the heart, coupled with the increase in heart size, can lead to congestive heart failure (99).
Studies have shown that knock-down of PLCe by siRNA reduces agonist-induced cardiac
hypertrophy in rat ventricular myocytes (70). Therefore, PLCe is a therapeutic target for the
treatment of cardiac hypertrophy. However, designing small molecule inhibitors to specifically
inhibit PLCe may be difficult, given the conservation of the PLC active site. Therefore, more
structural information is required to develop small molecules that target the interactions unique to

PLCe.

1.4.1 Regulation of PLCe

PLCc is regulated through direct interactions with G proteins that are activated by signaling
pathways emanating from GPCRs and RTKs (56,70-79,97) (Figure 1.6). PLCe can be activated
downstream of Gio13-coupled receptors via interactions with RhoA (72). For example, thrombin
activates Gauzsz, stimulating RhoGEFs that activate RhoA (79,92). RhoA-dependent activation
requires an insertion within the TIM barrel domain, but its binding site is unknown (72,73). PLCe
can also be activated downstream of RTKSs, including the epidermal growth factor receptor (EGFR)
(79,91). Binding of EGF stimulates the receptor, culminating in the activation of H-Ras, which in

turn binds to the PLCe RA2 domain and stimulates lipase activity (58,91).
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Figure 1.6. Regulation of PLCe. PLCe acts downstream of GPCRs coupled to Gq, G213, Gs, and
receptor tyrosine kinases (RTK) through interaction with GBy and small G proteins, Rho, Rap,
and Ras. Abbreviations: exchange protein activated by cAMP (Epac), cyclic AMP (CAMP), Src
homology and Collagen (SHC), growth factor receptor-bound protein 2 (GRB2), Son of
Sevenless (SOS).

The best characterized pathway of PLCe activation is mediated by the small GTPase Rap1A.
Activation of B-adrenergic receptors by epinephrine leads to the accumulation of cyclic AMP
(cCAMP), which activates Epac (exchange protein directly activated by cAMP), a guanine
nucleotide exchange factor for RaplA (56,70,100-102). RaplA-GTP then binds to the RA2
domain of PLCeg, translocating the complex to the perinuclear membrane (56,70,75,103). The
PLCe CDC25 domain can further stimulate lipase activity by activating RaplA, which in turn
binds to the RA2 domain. PI14P is then hydrolyzed to generate a local pool of DAG, which activates
PKC(70,76,100-104). PKC, in turn, phosphorylates protein kinase D (PKD), ultimately increasing
the expression of genes involved in cardiac hypertrophy (101,102).

Taken together, PLCe is a bifunctional regulator of cellular processes as an activator and
effector of RaplA (56,71). While it is known that RaplA activates PLCe at the perinuclear
membrane through direct interactions between RaplA and the PLCe RA2 domain, the molecular
details underlying the process are unknown (70,75,76,97,101,102). PLCe¢ has low basal activity
and resides primarily in the cytoplasm (56). Binding of RaplA to the PLCe RA2 domain
translocates PLCe to the perinuclear membrane, increasing lipase activity (75,79). This activation

could be due to conformational changes within PLCe that release autoinhibition and/or enhance
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membrane association (98). Due to the lack of biochemical and structural data, further studies are

needed in order to elucidate the exact mechanism by which PLCc is activated by Rap1A and vice

versa. Knowledge of these mechanisms will facilitate the development of small molecules

targeting the interactions between these proteins and potentially serve as lead compounds for the

treatment of cardiac hypertrophy.
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CHAPTER 2. HIGH-RESOLUTION STRUCTURE OF RGS17
SUGGESTS A ROLE FOR CA?* IN PROMOTING THE GTPASE
ACTIVATING PROTEIN ACTIVITY BY RZ SUBFAMILY MEMBERS

This research was originally published in the Journal of Biological Chemistry. Sieng, M., Hayes,
M.P., O’Brien, J.B., Fowler, A.C., Houtman, J.C., Roman, D.L., Lyon, A.M. High-resolution
structure of RGS17 suggests a role for Ca?* in promoting the GTPase activating protein activity
by RZ subfamily members. J Biol Chem. 2019; 294(20): 8148-8160. © the American Society for
Biochemistry and Molecular Biology. doi: 10.1074/jbc.RA118.006059

2.1 Abstract

Regulator of G protein signaling (RGS) proteins are negative regulators of G protein-coupled
receptor (GPCR) signaling through their ability to act as GTPase-activating proteins (GAPS) for
activated Ga subunits. Members of the RZ subfamily of RGS proteins bind to activated Gowo, Ga,
and Gai1-3 proteins in the nervous system and thereby inhibit downstream pathways, including
those involved in Ca?*-dependent signaling. In contrast to other RGS proteins, little is known about
RZ subfamily structure and regulation. Herein, we present the 1.5 A crystal structure of RGS17,
the most complete and highest-resolution structure of an RZ subfamily member to date. RGS17
co-crystallized with Ca?* bound to conserved positions on the predicted Ga-binding surface of the
protein. Using NMR chemical shift perturbations, we confirmed that Ca* binds in solution to the
same site. Furthermore, RGS17 had greater than a 55-fold higher affinity for Ca* than for Mg?*,
without changing its thermal stability. Finally, we found that Ca?* promotes interactions between
RGS17 and activated Ga, and decreases the Ky for GTP hydrolysis, potentially by altering the
binding mechanism between these proteins. Taken together, these findings suggest that Ca?
positively regulates RGS17, which may represent a general mechanism by which increased Ca?*
concentration promotes the GAP activity of the RZ subfamily, leading to RZ-mediated inhibition

of Ca?* signaling.

2.2 Introduction

G protein-coupled receptors (GPCRs) regulate many physiological processes in response to
the binding of an extracellular ligand, leading to the activation of diverse pathways including
vision and hormonal signaling. The intracellular response to ligand binding is mediated by
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heterotrimeric G proteins, which consist of Ga. and GBy subunits. In the inactive state, Ga is bound
to GDP and stably associates with GBy. The activated GPCR is a guanine nucleotide exchange
factor (GEF) for Ga, catalyzing the exchange of GDP for GTP. Ga-GTP and Gy dissociate from
one another and bind downstream effector enzymes to stimulate second messenger production (1).
Gao subunits are deactivated upon GTP hydrolysis, and reassociate with Gy, terminating
downstream signaling. However, the intrinsic rate of GTP hydrolysis for many Ga. subunits is too
slow to be physiologically relevant. This discrepancy led to the discovery of the regulator of G
protein signaling (RGS) proteins, which are GTPase activating proteins (GAPS) for some classes
of Ga subunits (2-5). RGS proteins increase the rate of GTP hydrolysis by binding to the switch
regions of Ga.-GTP and stabilizing the transition state conformation (6).

Over twenty RGS proteins have been identified, and are subdivided into four families (R4,
R7, R12, and RZ) based on sequence conservation and Go. subunit preference. All RGS proteins
share the highly conserved RGS homology (RH) domain that is required for Ga.-GTP binding and
hydrolysis (7,8). This domain is composed of terminal and bundle subdomains, which consist of
the N- and C-termini and a four-helix bundle, respectively. Additional subfamily-specific domains
or regions flanking the RH domain contribute to the subcellular localization of the RGS protein,
the specificity, and affinity for the Ga-GTP subunit, and/or participate in protein-protein
interactions (9). The majority of RGS proteins act as GAPs for Gaiio and Gag subunits. However,
some RGS proteins have narrower substrate specificity, such as RGS2 which preferentially binds
Gog-GTP, or broader substrate specificity, like the RZ subfamily which can also bind Go-GTP
(9,10).

The RZ subfamily, comprised of RGS17 (RGSZ2), RGS19 (GAIP), and RGS20 (RGSZ1 or
Ret-RGS) are among the simplest RGS proteins. These proteins consist of the RH domain flanked
by short N- and C-termini. The N-terminus contains a highly conserved cysteine string that can be
palmitoylated, as has been reported for RGS19, resulting in potential localization of these proteins
to the plasma membrane (11,12). The defining feature of the RZ subfamily is the residue
implicated in GAP activity. The R4, R7, and R12 subfamilies use a highly conserved asparagine
residue (e.g. Asn128 in RGS4) to engage the switch regions of Ga (6,13,14). In contrast, the RZ
family contains a serine at this position (9,13,14). Whether or how this serine recapitulates the

interactions of the canonical asparagine residue in promoting GAP activity is not understood.
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RGS17 is a potent regulator of cAMP and Ca?* signaling and is expressed at highest levels
in the cerebellum (10,15,16). It was first identified as a GAP for Ga.o, and subsequently also found
to interact with Go; and Gaiz-3. Thus, RGS17 increases CAMP accumulation by inhibition of Gaio.
RGS17 has also been reported to negatively regulate Ca?* through a Gog-dependent mechanism
(15). The preferred substrate of RGS17 is therefore likely dependent upon the cellular context (12).
More recently, RGS17 has emerged as a promising therapeutic target in several cancers. RGS17
expression in non-neuronal tissues is linked to lung (17,18) and breast cancer (19), as well as
hepatocellular carcinoma (20). The mechanistic role of RGS17 in these diseases is attributed to the
increased CAMP driven by the inhibition of Gai signaling pathways (17). However, how RGS17
itself is regulated is unclear.

Herein, we present the 1.53 A structure of RGS17, the most complete structure of an RZ
family member, and the highest-resolution RGS structure reported to date. RGS17 crystallized as
a dimer, with strong electron density observed for two Ca?* atoms in each chain. One site is formed
by the side chain of Glu109 and the backbone of Tyr106, which are situated on the face of RGS17
that is predicted to bind the switch regions of Ga-GTP. This places the site in close proximity to
Ser150, the RZ subfamily residue thought to be responsible for GAP activity, and which is
analogous to RGS4 residue Asn128 (13,14). We confirmed that RGS17 binds Ca?* at the Tyr106-
GIlu109 site in solution, and at a concentration significantly less than that used to obtain the crystal
structure. Furthermore, we found that Ca?* binds to RGS17 with over 50-fold higher affinity than
Mg?*. Finally, we found that while Ca?* has no effect on the stability of RGS17 itself, Ca®*
enhances the ability of RGS17 to bind Go,-GTP. These findings suggest that Ca?* is a novel
potentiator of RGS17 activity. As RGS17 is known to regulate Ca?* signaling (10,15,16), this
could represent a mechanism of feedback inhibition, wherein elevated Ca?* promotes RGS17-Ga.

interactions to terminate Ga. signaling.

2.3 Results
2.3.1 Crystal Structure of RGS17 Bound to Calcium

RGS17 (residues 70-206) crystallized as an asymmetric dimer, with the final structure
refined to 1.53 A spacings (Figure 2.1, Table 2.1). The dimer is a crystallographic dimer, as RGS17
is monomeric in solution as determined by both size exclusion chromatography and NMR.
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Continuous electron density as observed for residues 72-203 in chain A and 72-206 in chain X,
but the two chains were otherwise essentially identical (r.m.s.d. of 0.11 A for Co atoms in residues
72-203). Overall, the RGS17 RH domain is similar to that of other RGS proteins (7) and a
previously determined structure of RGS17 (PDB ID 1ZV4 (21)). However, the two RGS17
structures differ from one another by 1.08 A (Co. atoms of residues 72-204), which is unexpected
given their identical sequence. This arises primarily due to differences within the terminal
subdomain and the orientation between the terminal and bundle subdomains of the RH domain
(Figure 2.2). Superimposing the bundle subdomains from this structure and 1ZV4 confirms the
bundle subdomain is highly similar, with an r.m.s.d. of 0.52 A for the Co. atoms of residues 106-
186. In contrast, superimposing the RGS17 structures over their terminal subdomains results in an
r.m.s.d. of 0.86 A for the Ca atoms of residues 72-105 and 187-206. In addition, the terminal
subdomain of our RGS17 structure is rotated by ~17 ° with respect to its orientation in the 1ZV4

structure (Figure 2.2) (22).

Figure 2.1. Crystal structure of RGS17 in complex with Ca?*. RGS17 crystallized as a dimer, but
is monomeric in solution, as determined by SEC and NMR. Chain X is shown color-ramped
from blue at the N-terminus to red at the C-terminus. Chain A is shown in gray, and the r.m.s.d.
between chains is 0.6 A. Strong electron density was observed for four Ca?* ions (black spheres).
The 10 o |Fo|-|Fc| omit map for the Ca?* ions are shown as blue cages, and electron density for
these ions persists beyond 20 .



Table 2.1 RGS17 Data Collection and Refinement Statistics.

Data Collection

X-ray source
Wavelength (A)

LS-CAT 21-ID-D
1.068 A

Dmin (A) 30.0 — 1.53 (1.56-1.53)

Space group P12:1

Cell dimensions

a, b, c(A) 39.6, 59.3, 65.2
o, B,v(°) 90, 100.6, 90
Total reflections 190,012

Unique reflections 39,255

Rsym (%) 13.2 (66.5%)

Completeness (%) 87.5 (41.4)

(Vo) 10.52 (6.95)

Redundancy 4.8 (1.7)

(CCup2) (0.58)

Refinement

Refinement resolution (A)
Total reflections used

30.0 - 1.53 (1.56-1.53)
37,292

RMSD bond lengths (A) 0.009
RMSD bond angles (°) 1.31
Estimated coordinate error (&)  0.103
Ramachandran plot
Favored (%) 98.5
Outliers (%) 0.0
Rwork/Riree (%0) 20.3/22.5
Protein atoms 2,275
Ligand atoms 39
Solvent molecules 293
Average B-factor (A?) 18.0
Protein 16.7
Ligand 37.2
Solvent 28.2
Wilson B factor (A2%) 12.9
PDB entry 6AM3

Values in parentheses correspond to the highest resolution data shell.

CCu2 is the Pearson correlation coefficient

39
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Figure 2.2. Superposition of RGS17 and 1ZV4 (21). The bundle subdomains of RGS17-Ca?*
(cyan, chain X) and 1ZV4 (fuchsia) (21) have an r.m.s.d. of 0.52 A for the Co atoms. The
RGS17-Ca?* terminal subdomain is rotated ~17 ° from the bundle subdomain with respect to
their orientation in the 1ZV4 structure. The N- and C- termini of the proteins are labeled N and
C. The 1ZV4 structure includes residues 66-143 and 146-204.

Each chain of RGS17 in the crystal structure also contained strong electron density
consistent with bound Ca?*, which was present in the crystallization conditions as 200 mM CaCl..
Each RGS17 chain coordinated two Ca2* atoms, but only one site is conserved between the two
chains. This site, located in the loop connecting helices a3 and a4, coordinates Ca?* through the
side chain of GIu109 and the backbone carbonyl oxygen of Tyr106, with the rest of the Ca?*
coordination sites occupied by five water molecules (Figure 2.3A, B). These Ca?* are tightly bound,
as electron density is still observed when the |Fo|-|Fc| omit map is contoured to 20  (Figure 2.1).
This Ca?* ion is on the same face of RGS17 that is predicted to interact with the switch regions of
Ga-GTP and is ~11 A from Ser150 (3,23,24). Thus, the Ca?* ion is positioned to potentially
modulate the interactions between RGS17 and its cognate Ga.-GTP.

Each RGS17 chain in the crystal structure also contains strong electron density for a second
Ca" ion. However, these secondary sites are not conserved between the two chains. In chain A, a
Ca?" ion is coordinated by the side chain of Glu148 and the carbonyl oxygen of 1le143, with the

remaining coordination sites occupied by three water molecules (Figure 2.3B). This site is located
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in the loop connecting helices a5 and a6, on the predicted Ga binding surface and in close
proximity to both Ser150 (~10A) and the Ca?* site formed by Tyr106 and Glu109 (Figure 2.3B).
In Chain X, a Ca* is coordinated by the backbone carbonyl oxygen of GIn124, located in the loop
connecting helices a4 and a5, along with three water molecules that complete the coordination of
Ca2* (Figure 2.3C). While this Ca?" is near the dimer interface and the N- and C-termini of Chain
A, it does not contribute to the dimer interface or interact with any residues in Chain A. For both
of these sites (11e143-Glu148 and GIn124), the Ca®* ions are tightly bound, as electron density is

visible when the |Fo|-|F¢| omit map is contoured to 20c.

Figure 2.3. The crystallographic RGS17 dimer coordinates four Ca?* ions. RGS17 chains are
colored as in Figure 2.1. Ca?" ions are shown as black spheres, waters as red spheres, and the
distance between the Ca?* ion and the coordinating atoms are shown in dashed yellow lines. All
coordination distances are between 2.3 - 2.6 A. (A) The backbone carbonyl oxygen of Tyr106
and side chain of Glu109 in the a:3-a4 loop coordinate one Ca?* ion in chain X. This is in close
proximity to Ser150, the GAP residue in the RZ subfamily. (B). As observed in (A), the RGS17
A chain also coordinates Ca?* via Tyr106 and Glu109. A second Ca?* is bound by the backbone
carbonyl of 1le143 and side chain of Glu148 in the a5-a6 loop. (C) The carbonyl oxygen of
GIn124, located in the a4-o5 loop, coordinates a Ca?* ion in chain X.
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2.3.2 RGS17 Binds Ca?* and Mg?* in Solution

RGS17 and other RGS proteins have not previously been reported to directly bind Ca?* or
other divalent cations. One possible explanation for the presence of bound Ca?" in our RGS17
structure is that it is an artifact due to the presence of 200 mM CaCl; in the crystallization
conditions. To establish whether RGS17 binds Ca?" in solution, we used nuclear magnetic
resonance (NMR) to monitor changes in the *H->N 2D HSQC spectrum of RGS17 in the presence
of 15 mM CaCl.. In this spectrum, protons that are directly bound to °N are detected, providing a
“fingerprint” of the amide backbone of the protein. To assign each peak in the *H-'>N HSQC
spectra, the protein backbone and CB carbons were first assigned using *C- and *°N-labelled
RGS17 and standard triple resonance experiments.

If RGS17 binds Ca?* in solution, Ca?" will alter the local chemical environment, causing
perturbations in the chemical shifts of the amide proton and/or nitrogen of residues in close
proximity to the bound ion. In contrast, residues that are distant from the site of binding and/or
unaffected by Ca?* addition will not have significantly perturbed chemical shifts relative to the *H-
15N HSQC spectrum of the protein alone. Addition of 15 mM CaCls to °N-labelled RGS17 caused
significant chemical shift perturbations (CSPs) for residues Ser107 (0.178 ppm), Glu108 (0.160
ppm), Glu109 (0.065 ppm) and Asn110 (0.096 ppm) (> 2 S.D. from the average CSP of all residues,
which is 0.059 ppm) (Figure 2.4). These residues are adjacent to Tyr106 and Glu109, the residues
that directly bind Ca?* in both chains of the crystal structure. A modest shift perturbation was also
observed for Tyr106 (0.019 ppm).

The other Ca?* ions observed in the crystal structure are coordinated by the backbone
carbonyl of 1le143 and sidechain of Glul148 in Chain A, or by the backbone carbonyl of GIn124 in
Chain X. Val149 displays significant perturbation (0.141 ppm), and a CSP for Ser145 was obtained
that was just below the 2 S.D. cutoff (0.058 ppm). However, other residues adjacent to this location
could not be definitively assigned in the triple resonance experiments. Similarly, definitive
measurement of the CSP for GIn124 was not possible due to spectral overlap. However, minimal
shift perturbations were observed for the adjacent residues Glu123 and Asn125 (Figure 2.4). Taken
together, these findings suggest that the sites formed by Tyr106/ Glu109 and 1le143/Glul48 are
most likely the preferred binding sites for Ca?*, even at concentrations an order of magnitude lower
than that used in crystallization (15 mM vs. 200 mM CacCly).
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Figure 2.4. RGS17 binds Ca?" in solution. (A) *H-1°N 2D HSQC spectra of RGS17 alone (black)
or upon addition of 15 mM CaCl> (red). (B) Structure of RGS17 where residues that display
chemical shift perturbations greater than 0.15 ppm are shown as ball-and-stick in red. Ca?®" is

shown as a black sphere. (C) Table of CSPs for all the residues that could be assigned in the *H-

1°N 2D HSQC spectra for RGS17.

We next tested whether another divalent cation could bind to the same site(s) on RGS17, or
if the interaction is unique to Ca?*. We assessed the ability of Mg?* to bind RGS17, given its
relative abundance in cells. Addition of 15 mM MgCl to ®N-labelled RGS17 resulted in a
significant CSP (> 2 S.D. from average, 0.017 ppm) for Ser108 (0.024 ppm) (Figure 2.5), similar
to the CSP observed in the presence of Ca?*. Ser107 (0.022 ppm) and Glu109 (0.072 ppm) also
displayed substantial shifts, consistent with Mg?* also binding to this site in RGS17. 15 mM MgCl
addition induced CSPs in a second group of residues including Val149 (0.031 ppm), Tyr140 0.024
ppm), and Ser150 (>0.023 ppm), located in helix o5 and the a5-a6 loop (Figure 2.5). These
residues are adjacent to or in close proximity to lle143 and Glul148, which coordinate a second
Ca?* site in Chain A of the crystal structure (Figure 2.1, 2.3), and which display altered chemical
shifts in the presence of Ca?* (Figure 2.4).
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Figure 2.5. RGS17 binds Mg?" in solution. (A) *H-*N 2D HSQC spectra of RGS17 alone (black)
or upon addition of 15 mM MgCl> (red). (B) Structure of RGS17 where residues with CSPs
greater than 0.15 ppm are shown in ball-and-stick in red. In contrast to spectra obtained in the
presence of CaClz, MgCl. induces CSPs in two regions of RGS17. The locations of the Mg?*
ions (black spheres) are modeled based on the location of Ca?* atoms observed in the RGS17—
Ca?* crystal structure. (C) Table of CSPs for all the residues that could be assigned in the *H-°N
2D HSQC spectra for RGS17.

These results demonstrate that both Ca®* and Mg?* bind directly to RGS17 in solution
through a site formed by the backbone carbonyl of Tyr106 and the side chain of Glu109. This site
is also the only Ca* binding site that occurs in both chains in the crystal structure. While secondary
Ca?* binding sites are observed within each chain of the crystal structure, the only other site in
which significant CSPs could be reliably observed was the site formed by the backbone carbonyl
of 1le143 and the side chain of Glu148. This second site may be less favorable for cation binding,
given that only one RGS17 chain has Ca?* bound in this site in the crystal structure. Finally, we
also found no evidence that the binding of divalent cations impacts the thermal stability of RGS17

as determined by differential scanning fluorimetry (Figure 2.6, Table 2.2).
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Figure 2.6. RGS17 is not significantly thermally stabilized by the addition of CaCl. or MgCl..
Differential scanning fluorimetry (DSF) was used to determine whether the binding of Ca* or
Mg?* perturbed the melting temperature (Tm) of RGS17. RGS17 was incubated with a
fluorescent dye and increasing concentrations of CaCl. or MgCl,, and the sample heated. As
RGS17 denatures, the dye fluoresces, and the inflection point of the curve corresponds to the Tp.

Table 2.2 Thermal Stability of RGS17

RGS17 + CaCl2 + MgCl:
(Tm + S.E.M.) (Tm £ S.E.M.) (Tm +S.E.M.)

protein only 55.3 £ 0.346
+ 200 nM 56.1 £ 0.63 58.3 £ 0.87
+2uM 58.0+1.14 56.9 +0.80
+20 uM 56.3 £ 1.07 56.1+1.05
+200 uM 58.2+1.21 57.9+1.07
+2mM 57.3 £ 0.566 595+ 1.44
+ 20 mM 51.7£0.189 55,5+ 1.07

2.3.3 RGS17 has Higher Affinity for Ca?* than Mg?*

Having demonstrated that RGS17 can bind both Ca?* and Mg?* at multiple sites, we next

determined the affinity of RGS17 for these ions. Using NMR,

we observed concentration-

dependent changes in CSP for both ions, and the magnitude of CSPs induced by Ca?* binding was
greater than those observed upon Mg?* binding (Figure 2.7). We determined the Kp for Ca?* and
Mg?* for each residue that displayed a significant CSP upon the addition of the divalent cation.

The CSP was fit as a function of ion concentration to a one-site binding model. For the binding

site created by Tyr106 and Glu109, the dissociation constants of Ca?* ranged from 98 uM (35-197,
95% CI) for Glu109 to 181 uM (98-296, 95% CI) for Glu108. Averaging the Kp values obtained
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for residues 107-110 in the presence of Ca?* yielded a Kp, avg 0f 132 + 35 uM. A similar Kp, avg 0f
91 £ 6 uM was observed for the binding site near 1le143 and Glu148 through the analysis of Ser145,

which had a Kp of 86 uM (31-172, 95% CI) and Val149, which had a Kp of 95 uM (37-182, 95%
Cl).
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Figure 2.7. RGS17 binds Ca?* with higher affinity than Mg?*. The Kp.avg for Ca* and Mg?*
binding to RGS17 was determined for each amino acid that displayed a significant CSP upon the
addition of divalent cation. Two cation binding sites were identified on RGS17, one formed by
Tyr106 and Glul109, and a secondary site formed by Ile143 and Glu148. Residues adjacent to
these binding sites that displayed CSPs > 2 S.D. greater than the average CSP were used to
calculate the Kp avg for each site by fitting the CSP as a function of ion concentration to a one-site
binding model. (A) CSP as a function of increasing Ca?* concentration. The Kp.avg for residues
Ser107, Glu108, Glu109, and Asn110 is 132 + 35 uM, and the Kp avg for residues Ser145 and

Val149 is 91 + 6 um. (B) CSP as a function of increasing Mg?* concentration. The Kp avg for
residues Ser107, Glu108, Glu109, and Asn110 is 34 + 23 mM, and the Kp avg for residues Ser145
and Val149 is 20 + 4 mM.

Titration of RGS17 with increasing concentrations of Mg?* revealed that RGS17 had much
lower affinity for this metal at both sites examined. For the binding site formed by Tyr106 and
Glul09, the Kp, avg was only 34 + 23 mM, with individual residues exhibiting Kp values ranging
from 21 mM (13-38, 95% CI) for Asn110 to 68 mM (45-104, 95% CI) for Glu108. The binding
site formed by 1le143 and Glu148 also displayed a lower affinity for Mg?*, where the Kp, avg Was
20 + 4 mM. Ser145 alone had a Kp of 17 mM (12-25, 95% CI) and Val149 had a Kp= 22 mM (20-
25, 95% CI). Thus, RGS17 has 257-fold and 219-fold higher affinity for Ca?* than Mg?* at the
sites formed by Tyr106 and Glu109 and Ile143 and Glu148, respectively.
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2.3.4 RGSL17 Binds Cations with Higher Affinity than RGS4 or RGS2

The RH domain is highly conserved across the RGS family, including the residues we have
shown to bind cations in RGS17. Additionally, as some of the interactions are mediated by the
peptide backbone, it is possible that all RGS proteins bind cations in solution. We used NMR
spectroscopy to determine whether RGS4 and RGS2 bind Ca?* and/or Mg?* in solution. RGS4 and
RGS2 share 40% and 38% identity with RGS17 across the RH domain and are well characterized
with respect to their structure and regulation (7) (Figure 2.8, 2.9).

The spectrum of RGS4 has been fully assigned (25), allowing us to identify amino acids that
show CSPs upon the addition of Ca?* or Mg?*. Using the same approach as described for RGS17,
the H-®N HSQC spectrum of RSG4 was obtained alone and in the presence of a 40-fold molar
excess of CaCl, or MgCl.. Similar to RGS17, two regions of RGS4 showed significant CSPs (> 2
S.D. from average, 0.019 ppm in the presence of Ca?*, or 0.006 ppm in the presence of Mg?*). The
first region corresponds to the cation binding site formed by Tyr106 and Glu108 in RGS17 (Tyr84
and Glu86 in RGS4). In the presence of Ca?*, RGS4 residues Tyr84 (0.056 ppm), Ser85 (0.206
ppm), Glu86 (0.291 ppm), Glu87 (0.043 ppm), Asn88 (0.081 ppm), and 11e89 (0.115 ppm) all
show significant CSPs. The second site is equivalent to the site formed by RGS17 lle143 and
Glul48 (RGS4 Vall121 and Glul26), with significant CSPs observed for residues Alal23 (0.019
ppm), Lys125 (0.066 ppm), and Val127 (0.056 ppm). The Kp.avg for these binding sites for Ca*
was calculated as a function of ion concentration using a one-site binding model. For the site
encompassing residues Tyr84, Ser85, Glu86, Glu87, Asn88, and 11e89 the calculated Kp, avg Was
9.6 £ 3 mM, while the Kp, ayg for the site associated with residues Alal23, Lys125, and Val127
was 6.1 + 1.6 mM. Thus, the RGS4 Kp, ayg for Ca?* at the two sites are 72-fold and 67-fold lower
than those calculated for RGS17 (Figure 2.8B).

RGS4 also had decreased affinity for Mg?*. The putative cation binding site formed by
residues Tyr84 and Glu86 showed significant CSPs for residues Ser85 (0.014 ppm), Glu86 (0.033
ppm), Glu87 (0.021 ppm), and Asn88 (0.011 ppm) (Figure 2.8C). However, the Kp avg for this site
was 93 £ 193 mM. The RGS4 site likely formed by Val121 and Glu126 showed significant CSPs
for residues Alal23 (0.022 ppm) and Lys125 (0.027 ppm), with a calculated Kpayg 0f 90 £ 75
mM (Figure 2.8D). Thus, RGS4 has ~10-15-fold lower affinity for Mg?* relative to Ca?* and binds
both cations weaker than RGS17.
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The ability of RGS2 to bind Ca?* and Mg?* in solution was then tested. The NMR spectrum
of RSG2 has not been assigned, and thus the *H-1*N HSQC spectra of RGS2 was compared to
spectra obtained with increasing concentrations of CaCl, or MgCl. (Figure 2.9). Addition of 20-
or 250-fold molar excess of CaCl. to ©°N-labelled RGS2 caused few changes in the H-1°N HSQC
spectra (Figure 2.9A). This is consistent with RGS2 binding weakly to Ca?* in solution. Similarly,
the addition of up to 500-fold molar excess of MgCl, to ®N-labelled RGS2 had essentially no

impact on the *H-"N HSQC spectra (Figure 2.9B), demonstrating that RGS2 binds Mg?* very
weakly under these experimental conditions.
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Figure 2.8. RGS4 binds Ca®* weakly but does not bind Mg?*. RGS4 shares 40% sequence
identity with RGS17, including the residues that bind cations in RGS17. In RGS4, these sites
contain Y84 and E86 (RGS17 Y106 and E109), and V121 and E126 (RGS17 1143 and E148).

(A) Table of CSPs for all residues that could be assigned in the *H-*N 2D HSQC spectra of
RGS4 (25) upon addition of 40-fold molar excess CaClz. (B) Residues including and adjacent to
the putative cation binding sites in RGS4 that displaced CSPs > 2 S.D. greater than the average

CSP were used to calculate the Kp,avg for each site by fitting the CSP as a function of ion

concentration to a one-site binding model. CSP as a function of increasing Ca®* concentration.
The Kbp,avg for residues Y84, S85, E86, E87, N88, and 189 is 9.6 £ 3 mM, and the Kp ayq for
residues A123, K125, and V127 is 6.1 £ 1.6 mM. (C) Table of CSPs for all residues assigned in
the H-°N 2D HSQC spectra of RGS4 upon addition of 40-fold molar excess MgCl.. (D) CSP as
a function of increasing Mg?* concentration. The Kp,avg for residues S85, E86, E87, and N88 is
93 + 193 mM, and the Kpavg for residues A125 and K125 is 90 + 75 mM.
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Figure 2.9. 'H-°N spectra of RGS2 in the presence of CaClz or MgClz. (A) *H-°N 2D HSQC
spectra of RGS2 alone (black) and upon addition of 20 (green) or 250 molar excess of CaCl»
(red). (B) tH-*N 2D HSQC spectra of RGS2 alone (black) and upon addition of 100 (green), 250
(blue), or 500 molar excess MgCl> (red).
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2.3.5 Calcium Enhances Interactions Between RGS17 and Activated Go

The binding sites for Ca?* and Mg?* on RGS17 are located on the same face of the protein
predicted to interact with activated Ga subunits (6,14,15) and is in close proximity to the putative
GAP residue, Ser150. To determine whether Ca?* impacts the ability of RGS17 to bind activated
Go, an AlphaScreen protein interaction assay (26) was used to quantify association. Briefly,
RGS17 was biotinylated and immobilized on streptavidin-coated donor beads, while activated
GST-tagged Goo-GDP-AIF4 was immobilized on anti-GST acceptor beads. RGS17-Ga, binding
was quantified as an increase in bead-based fluorescence. RGS17 binds activated Go, in a
concentration-dependent manner, with saturation occurring at approximately 5 nM
Goo-GDP-AlF4 (Figure 2.10). Addition of 5 mM CaCl, has no impact on the apparent affinity of
the interaction but does cause a significant increase (p < 0.01) in the amount of bead-based
fluorescence relative to the control, suggesting increased binding between RGS17 and
Goo-GDP-AlF4 (Figure 2.10A, B). In contrast, the addition of 10 mM EGTA, which preferentially
chelates free Ca?*, has no significant effect on the amount of bead-based fluorescence, suggesting
the increased signal is dependent upon the presence of Ca?*. This increase in binding in the
presence of Ca?" is only observed between RGS17 and Go-GDP-AlF4, as Ca?* had no impact on
the interaction between Ga-GDP-AlF4 and the closely related RGS4 protein (Figure 2.10C, D).

Mg?* binds the same sites on RGS17 as Ca?* in solution, and thus could also impact the
RGS17-Go,-GDP-AlF, interaction. However, because Mg?* is required to stabilize the transition
state of Gao-GDP-AIlF,, its role in the protein-protein interaction cannot be directly assessed. To
indirectly probe the role of Mg?* in binding, 10 mM EDTA was used to chelate free Mg?* in the
binding reaction. Under these conditions, bead-based fluorescence decreased relative to the control.
However, it is not possible to determine how much of the decrease is due to perturbation of the
RGS17-Gai,-GDP-AlF, interaction versus destabilization of activated Gow. It is possible that Ca?*
alters the affinity between RGS17 and Go-GDP, however, the affinity of RGS17 for inactive Ga

subunits is too low to accurately determine.
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Figure 2.10. CaCl; enhances the binding of activated Go, by RGS17, but not RGS4. An
AlphaScreen assay was used to detect and quantify the binding of RGS17 to Gow,. (A) RGS17
binding to activated Ga is increased upon the addition of 5 mM CaCl> (purple inverted triangle)
relative to the control (blue circle), consistent with Ca?* promoting binding. Addition of 10 mM
EGTA, which preferentially chelates free Ca?* in solution, has no effect on the RGS17-Go
interaction. In contrast, the addition of 10 mM EDTA (red squares), which preferentially chelates
free Mg?* in solution, decreases the binding between RGS17 and Gow. This could be due to loss
of Mg?* bound to RGS17 or it may reflect a decrease in the amount of activated Go,, Which
requires Mg?* for stability. (B) Quantitation of saturation binding curves shown in panel (A). (C)
RGS4 binding to activated Gow (blue circles) is not altered by CaCl; (purple inverted triangles),
EDTA (red squares), or EGTA (green triangles). (D) Quantitation of saturation binding curves
shown in panel (C). Data represent the mean of three independent experiments = S.E.M.
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2.3.6 Ca?" Increases the GTPase Activity of RGS17

Ca?* selectively binds to RGS17 and increases its interactions with Gowo-GDP-AIF4.
Therefore, Ca?* may alter the ability of RGS17 to stimulate GTP hydrolysis. A GTPase Glo assay
was therefore used to measure the rate of GTP hydrolysis on a previously reported rate-altered
Gair mutant (Gain R178M/A236S) (27) with or without Ca?*. RGS17 stimulated GTPase activity
on Gai with statistically similar kcat and keat/Km values regardless of the presence of saturating
[Ca?] (Figure 2.11A, Table 2.3). However, the Ky for RGS17-stimulated GTP hydrolysis
decreased from 1.49 + 0.3 uM t0 0.56 + 0.1 uM (p = 0.018) in the presence of Ca?".

To determine whether the decrease in K, upon Ca?* addition was specific for RGS17, the
rate of GTP hydrolysis was also measured for RGS4 and the rate-altered Gair mutant (Gaiy
R178M/A236S) with or without Ca®*. RGS4 increased the rate of GTP hydrolysis, but no
significant change in the kinetic parameters was observed in the presence of Ca?* (Figure 2.11B,
Table 2.3). Thus, Ca?* appears to selectively enhance the GTPase activity of RGS17. The impact
of Ca?" on GTP hydrolysis was also investigated using Go,,. However, Goq hydrolyzed GTP too

quickly for accurate measurements in this assay.
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Figure 2.11. Ca?* increases RGS17-stimulated GTP hydrolysis. A GTPase Glo assay was used to
detect and quantify RGS-stimulated GTP hydrolysis on a rate-altered Gair mutant Gauiy
R178M/A326S). (A) RGS17 increases the rate of GTP hydrolysis in the presence (red squares)
or absence (blue circles) of saturating CaCl,. Addition of CaCl. significantly decreased the K
(Table 2). (B) RGS4 stimulates GTP hydrolysis on Gaiz, but is insensitive to the presence of
CaCly. Data represent the mean of four independent experiments + S.E.M.



Table 2.3. Steady-state kinetic parameters for RGS17 and RGS4 GTPase activity
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kCﬁt Km Vmax kcat/Km

(mint) (uM) (% GTP hydrolysis) (min™/uM)
RGS17 + Gai 57.71+294 149+0.26* 57.1+294 38.7+6.89
RGS17 + Ga,j+ CaCl, 51.93+218 056x0.14 51.9x212 92.9+23.2
RGS4 + Gai 61.78+2.18 039+0.08 61.8+2.18 160.4 + 34
RGS4 + Gai + CaCl, 60.38+2.06 0.34+0.07 60.4+2.06 176 + 38.1

2.3.7 Calcium Alters the Binding Mechanism Between RGS17 and Activated Golo

Isothermal titration calorimetry (ITC) was utilized to further characterize the RGS17-Ga,o

binding interaction in the presence and absence of saturating concentrations of Ca?* (Figure 2.12).

We observed no significant difference in the dissociation constants (Kp) of the RGS17-Gao
interaction in the presence (596 + 257 nM) or absence (611 + 128.5 nM) of Ca®". The

stoichiometry of the Gao:RGS17 complex was also found to be unchanged in the presence or

absence of Ca?*. However, the binding enthalpy for the interaction in the presence and absence of

Ca?*was found to be significantly different at -2.76 + .74 and -7.33 4 .72 Kca/mol, respectively.

The presence of Ca?* in the experiment increased the enthalpy by 4.57 Kca/mol, which is consistent

with Ca?* changing the binding mechanism between RGS17 and Gaw,. This change in binding is

most likely due to a decrease in the electrostatic interactions between RGS17 and G, and/or by

altering the local structures at the protein-protein interface (28,29).
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Figure 2.12. ITC characterization of RGS17-Ga, in the absence (Left) and presence (Right) of
saturating levels of Ca*. Dissociation constants (Kp) were calculated to be 611 + 128.5 nM and
596 + 257 nM in the absence and presence of Ca?* respectively. The binding enthalpies were -

7.33 4+ 0.72 Kea/mol and -2.76 + 0.74 in the absence and presence of Ca?*, respectively.

2.4 Discussion

RGS proteins are critical negative regulators of GPCR signaling through their ability to act

as GAPs for activated Ga subunits. The RZ subfamily inhibits GPCR signaling in the nervous

system, where they inactivate Gaz, Gow, and Gaii-3, thereby preventing Gi-dependent inhibition of

adenylyl cyclase (9,10). RGS17, a member of the RZ family, has also been reported to negatively

regulate Ca®* signaling, suggesting it also contributes to the regulation of Gagq-dependent processes

(15). RGS17 has emerged as a driver in cancer, in particular, lung and breast cancers (17-19),

where its overexpression results in increased inhibition of Gai-dependent signaling, thereby

increasing CAMP and PKA activity (17). However, how RGS17 itself is regulated is not well

characterized. In this study, we report a high-resolution crystal structure of RGS17 revealing that
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this protein binds Ca?* and provide support for a mechanism wherein Ca?* binding to RGS17
enhances its interactions with activated Ga..

RGSL17 crystallized as a dimer and both chains in the asymmetric unit preserve the canonical
RH fold (Figure 2.1) (7). Despite being identical in sequence to a previously published RGS17
structure (PDB ID 1ZV4 (21)), our RGS17 structure differs from 1Z2V4 in two major ways. First,
the terminal subdomain is rotated with respect to the bundle subdomain by ~17 °, relative to their
orientation in the 1ZV4 structure (Figure 2.2) (21,22). This suggests the terminal and bundle
subdomains may be flexible in their relative orientation, which could potentially facilitate binding
to activated Ga subunits. Secondly, our structure of RGS17 shows strong electron density for four
well-resolved Ca?* ions, with each chain in the asymmetric unit binding two Ca?* ions (Figure 2.1).
One Ca?" site, formed by the backbone carbonyl of Tyr106 and the side chain of Glu109, is
observed in both chains of the crystal structure (Figure 2.3A, B). We confirmed that RGS17 binds
Ca?" or Mg?* in solution by monitoring CSPs in the NMR spectra of *°N-labelled RGS17 in the
presence or absence of CaCl, or MgCl» (Figure 2.4, 5). Each RGS17 chain in the crystal structure
also bound a second Ca?* through the backbone carbonyl of GIn124 or via the backbone carbonyl
of 1le143 and the side chain of Glu148. We demonstrated that this latter site also displayed CSP
upon addition of MgCl, and CaCly, and therefore likely represents a secondary cation binding site
(Figure 2.5). Subsequent NMR experiments examined the affinities of these two metal binding
sites for Mg?* and Ca?*. RGS17 was found to preferentially bind Ca?* in solution, as the site formed
by Tyr106 and Glu109 exhibited a Kp,avg 0f 132 + 35 uM, a 257-fold increase in the affinity relative
to Mg?*. The metal-binding site formed by the carbonyl of 1le143 and the Glu148 sidechain showed
a similar trend in the affinity, where the Kp, ayg Was found to be 91 + 6 uM for Ca?*, 219-fold
higher affinity than that observed for Mg?* (Figure 2.7).

RGS17, and potentially the RZ subfamily, bind Ca?* and Mg?* to a greater extent than other
RGS proteins. For example, RGS4 is able to bind Ca?* in solution through sites equivalent to those
observed in RGS17 (Figure 2.8), but with ~70-fold lower affinity. RGS4 bound even more weakly
to Mg?*, with 10-fold lower affinity than Ca?*. However, the calculated Kpavg for the two cation
binding sites were within the error range of the experiment (93 + 193 mM for the site including
residues Tyr84 and Glu86, and 90 + 75 mM for the site formed by Val121 and Glul26, Figure
2.8). Thus, RGS4 does not appreciably bind Mg?* under these conditions. Similar results were

obtained with RGS2, which had only minimal changes in its *H-°N spectra at Ca®* concentrations
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up to 250-fold and in the spectra observed at 500-fold excess Mg?* (Figure 2.9). Thus, despite the
sequence conservation of the RH domain and the residues involved in cation binding, RGS4 and
RGS?2 interact weakly with Ca2* in solution.

Ca?" and Mg?* bind the same face of RGS17 that is predicted to interact with the switch
regions of activated Ga subunits to promote GTP hydrolysis (Figure 2.13). Comparison of the
RGS17-Ca?* structure with RGS—Ga complexes (6,30-33) would suggest that Ca®* could inhibit
Ga binding. To test this hypothesis, an AlphaScreen protein interaction assay was used to measure
binding between RGS17 and Gow,. Addition of Ca?* increased the observed binding between
RGS17 and Gao, Whereas addition of EGTA had no effect on the interaction (Figure 2.10). The
increased interactions between RGS17 and Ga. may also contribute to changes in GTP hydrolysis.
We found that Ca?* decreased the Km for RGS17-stimulated GTP hydrolysis on Gai1, but had no
impact on RGS4-stimulated GTP hydrolysis (Figure 2.11, Table 2.3). Finally, isothermal
calorimetry revealed a significant difference in binding enthalpy for the RGS17-Ga, interaction
brought about by the presence of Ca?" (Figure 2.12). Ca?* was found to increase the binding
enthalpy by 4.57 Kca/mol, demonstrating that Ca?* changes the binding mechanism for RGS17—
Golw. Polar interactions and/or conformational changes are typically reflected in the enthalpy of
binding (28,29). Thus, Ca?* may alter binding by decreasing the polar contacts between RGS17
and Gow, and/or altering the local structure at the protein interfaces.

Taken together, our data suggest Ca?* regulates RGS17 activity. While Ca?* binding directly
to other RGS proteins has not been previously reported, there is a precedent for Ca?*-mediated
regulation of RGS activity. For example, Ca?*/calmodulin is a known regulator of some RZ and
R4 subfamily members. These RGS proteins are inhibited when bound to PIPs at the cell
membrane and this inhibition is relieved upon binding Ca?*/calmodulin (9,34-36). Thus, these
RGS proteins are activated following Gq-dependent Ca?* release, providing a feedback mechanism
to inhibit further Gq signaling (34,35). Thus, additional studies will be required to determine
whether Ca?*, alone or in combination with calmodulin, may be a general regulator of RZ RGS

function.
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activated Go.,

Figure 2.13. Model of RGS17 bound to activated Gai. RGS17 is proposed to bind to the switch
regions of Ga subunits to promote GTP hydrolysis, based on the superposition of RGS17 with
RGS4 in its complex with activated Gai (PDB ID 1AG4) (6). Ser150 is required for GAP
activity and is equivalent to Asn128 in RGS4 (9). Tyr106 and Glu109 coordinate a Ca®* ion
(shown as a black sphere) in the structure of RGS17 and are located on the predicted Ga.i binding
surface. RGS17 is shown color-ramped from blue at the N-terminus to red at the C-terminus and
activated Gai is shown as a gray surface.

2.5 Experimental Procedures
2.5.1 RGS17 Expression and Purification

A construct for the RGS17 protein, encoding residues 70-206, was obtained from Addgene
(#39141) and was a gift from Nicola Burgess-Brown (The Structural Genomics Consortium).
RGS17 was purified largely as previously described (21). Briefly, RGS17 was expressed in BL21-
CodonPlus(DE3)-RIPL cells and grown at 37 °C and 275-300 rpm until an ODsggo of 2.0 was
reached. Protein production was then induced with 0.5-1 mM IPTG, and the culture was incubated
for an additional 16 h at 18 °C while shaking at 275-300 rpm. Bacterial cells were then pelleted
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and resuspended in 50 mM HEPES, 500 mM NaCl, 1 mM B-mercaptoethanol, 10 mM imidazole
at pH 8 (Buffer A) at 4 °C. Cells were lysed with lysozyme (1 mg mL™* cell pellet), and DNAse |
(approximately 2 mg) was added. The lysate was then subjected to multiple freeze-thaw cycles in
liquid N2, and the soluble lysate fraction was separated by centrifugation at 100,000 x g. His-
tagged RGS17 was then separated from the supernatant using an AKTA FPLC (GE Healthcare,
Chicago, IL) equipped with an immobilized metal affinity chromatography column (IMAC) (Ni
Sepharose 6 Fast Flow, GE Healthcare, Chicago, IL). Eluted fractions containing RGS protein
were then treated with His-tagged TEV protease at approximately 1:20 TEV:RGS molar ratio and
dialyzed overnight at 4°C against 5 L Buffer A to cleave the Hise tag. Samples were again subjected
to IMAC and the flow through was collected. Size-exclusion chromatography (10 mM borate, 500
mM NaCl, and 1 mM DTT at pH 7.0) was then used to obtain 99+% pure RGS17, as determined
by SDS-PAGE.

Isotope-labeled (**N and **C-°N) RGS17 was purified largely as above, with the exception
that when culture ODeoo reached 1.5, cells were pelleted at 3,500 x g at 4 °C for 15 min, and
resuspended in an equal volume of M9 minimal media supplemented with 2 g L™* D-Glucose-3Cg
and 1 g L™ °*NH4ClI for $3C-1°N sample or 1 g L™t *NH4CI for °N sample. Isotope-labeled samples
were concentrated to >1 mM in 20 mM KHPOs buffer with 100 mM NaCl, 0.5 mM B-
mercaptoethanol, and 2 mM NaNs, at pH 7.6. Prior to all NMR experiments, RGS17 was
exhaustively dialyzed against 55 mM HEPES, 110mM NaCl, 0.55 mM B-mercaptoethanol at pH
7.6 to remove phosphate buffer.

2.5.2 Crystallization of RGS17

Initial crystallization conditions were determined using commercially available
crystallization screens. Hanging drop vapor-diffusion experiments were set up in 96-well
polystyrene microplates (Greiner Bio-one) using a Mosquito LCP crystallization robot (TTP
Labtech) at 25 °C. The drops contained an equal volume (200 nL) of RGS17 (20.6 mg/mL in 10
mM borate pH 7.0, 500 mM NaCl, 1 mM DTT) and reservoir solution (0.2 M CaCl and 20% PEG
3350, pH 5.1) of the PEG/lon Screen (Hampton Research) suspended over 50 pL of reservoir.
Conditions were optimized in-house using 24-well SuperClear Pregreased plates (Crystalgen) with
drops containing equal volumes (0.5 uL) of RGS17 (16 mg/mL) and precipitant solution. Final
crystals were obtained from reservoirs containing 0.2 M CaCly, 22% PEG 3350 (w/v), and 0.1 M
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MES pH 6.0 at 12 °C using streak seeding. Crystals were harvested in 0.2 M calcium chloride
dihydrate, 40% PEG 3350, 0.1 M MES pH 6.0 and frozen on nylon loops in liquid N.

2.5.3 Data Collection, Processing, and Refinement

Diffraction data were collected at 100 K using an Eiger detector at the Advanced Photon
Source at LS-CAT 21-ID-D. HKL2000 was used to integrate and scale the data, and Phaser in
CCP4 (37) was used to solve the structure by molecular replacement with the prior structure of
RGS17 (PDB ID 1ZV4 (21)) as a starting model. The structure was built by manual model building
in COQOT (38) alternating with TLS refinement in REFMACS (39). The correctness of the structure
was assessed using MolProbity (40). Structure figures were generated using PyMOL 1.8.6.2
(Schrodinger, LLC).

2.5.4 Nuclear Magnetic Resonance

The following triple resonance experiments were performed at 25 °C using a 600 MHz
Varian INOVA NMR spectrometer equipped with a triple resonance gradient probe to assign
RGS17-RH backbone (and CB) chemical shifts: HNCACB, CBCA(CO)NH, HNCO, and
HN(CA)CO). Data were processed and analyzed using NMRPipe (41)and CCPNAnalysis (42),
respectively. 260 uM RGS17 in 50 mM HEPES, 100 mM NacCl, 0.5 mM B-mercaptoethanol, pH
7.6 in 10% D>0 was incubated with or without the indicated concentration of CaCl. or MgCl..
Subsequently, *H-N HSQC spectra were acquired at 25 °C using either a 500 MHz Bruker
Avance Il or a 600 MHz Varian INOVA NMR spectrometer each equipped with a triple resonance
gradient probe.

NMR experiments with RGS4 and RGS2 were carried out as described for RSG17. *H-1°N
HSQC spectra of 375 uM RGS4 in 50 mM HEPES, 100 mM NaCl, 10 mM B-mercaptoethanol at
pH 7.6 and 10% D20 or 300 uM RGS2 50 mM HEPES, 100 mM NacCl, 11 mM B-mercaptoethanol
at pH 7.6 in 10% D20 were acquired, followed by addition of increasing concentrations of CaCl:
or MgClz. Chemical shift assignments for RGS4 were confirmed using prior assignments (25),
while the spectrum of RGS2 has not been assigned.

Chemical shift perturbations (CSPs) between control and metal-treated samples were

calculated by measuring the distance between the centers of the peaks using the following equation:

CSP = J(ASH )2 +(0.101 x A8 )2



60

where AdH and Adw are the difference in a chemical shift in the absence and presence of cation in
the indicated dimension.

Kb values for individual residues with CSP > 2 S.D. from the mean were obtained using
GraphPad Prism 7 by fitting CSP titration data to a one site binding model with correction for

ligand depletion as follows:

€SP = CSPx ((IM?*] +2[P) + Kp) — J(IMZT + 2[PT + K,)? — 4 x 2IPTMZ]) /2

x 2[P])

where CSPmax is the maximum CSP value observed, [M?'] is concentration metal ion, [P] is the
concentration protein, and Kp is the dissociation constant. Note: 2 x [P] was used to account for
the two metal binding sites on each molecule of RGS17. Kp values obtained for residues were
averaged to determine the Kp, avg Of metal-binding sites. ldentical residues were used for Mg?* Kp

determinations.

2.5.5 Differential Scanning Fluorimetry

The impact of Ca?* or Mg?* on the thermal stability of RGS17 was determined by measuring
the change in fluorescence of SYPRO Orange (Molecular Probes, Eugene, OR) due to protein
denaturation as a function of temperature (43). RGS17 was exchanged into a buffer containing 10
mM borate pH 9.0, 500 mM NaCl, and 1 mM DTT. RGS17 at a final concentration of 0.9 mg/mL
was incubated with 5X SYPRO Orange dye and increasing concentrations of CaClz or MgCl» (0.2
nM — 200 mM) for 30 min on ice in a final volume of 20 uL. Samples were assayed in triplicate
in a MicroAmp Optical 96-well plate and sealed with MicroAmp Optical Adhesive Film (Applied
Biosystems), and centrifuged for 1 min. DSF assays were carried out on a ViiA7 qPCR instrument
(Thermo Fisher). The change in fluorescence was measured at 0.2 °C intervals from 25-95 °C. The
Tm was calculated by fitting the increase in fluorescence as a function of temperature to a
Boltzmann sigmoid (GraphPad Prism 7.0). Data represent the mean of at least three experiments

performed in triplicate + S.E.M.
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2.5.6 AlphaScreen Method for the RGS17-Ga, Interaction

RGS17-Ga, binding was assessed as previously described (44). Biotinylated RGS17 was
conjugated to streptavidin donor bead in ALPHA Buffer (20 mM HEPES, 100 mM NacCl, 1% BSA,
1% Lubrol, pH 8). GST-rGa., purified as previously described (45) was conjugated to anti-GST
acceptor beads in ALPHA buffer. Ga, mixture was supplemented with a 5 uM AICl3z, 5 mM MgCl,
and 5 mM NaF (AMF), and 2.5 mM GDP. Final concentrations were 100 nM RGS17, indicated
concentration of Gawo, and 15 ng/ul of each bead. The assay was incubated for 1 h at ambient
temperature and then fluorescence measured using a Perkin Elmer Envision plate reader. Wells
lacking AMF represented negative control and were normalized to 0%, and wells containing
RGS17 in ALPHA buffer alone were normalized to 100%. Data analysis was performed using
GraphPad Prism 7.

2.5.7 GTP Hydrolysis Assays

RGS-stimulated GTP hydrolysis was measured using a rate-altered Gai variant, Gait
R178M/A326S, which was expressed and purified as previously described (27,46). GTPase
activity was measured using the Promega GTPase-Glo™ assay (Promega, Madison, WI) as has
been described, but with some modifications (47). Briefly, 1 uM Gair R178M/A326S and 1 uM
RGS17 or RGS4 were incubated in GTPase/GAP reaction buffer (50 mM Tris-HCI, pH 7.5, 50
mM NaCl, and 10 MgCl>) in the presence or absence of 100 uM CaCl, for 30 minutes. The reaction
was initiated by the addition of 2.5 uM GTP (10 pL final volume) and allowed to proceed for
increasing time points before the addition of an equal volume of GTPase-Glo reagent and a 30-
minute incubation. The GTPase-Glo reagent uses a nucleoside diphosphate kinase and ADP to
convert remaining GTP to ATP and GDP. The GTPase activity inversely correlates with ATP
production and is detected with the detection reagent containing a luciferase/luciferin mix. 20 puL
of this detection reagent was added to 20 uL of the reaction mixture and incubated in the dark for
10 minutes. Assay plates (Corning 3572, 384-well) were read on a Synergy 2 plate reader (Biotek;
Winooski, VT) in luminescence mode. Time points at 0.5, 1, 2, 3, 4, 5, and 10 minutes post-GTP
addition were taken. Wells without GTP was used in the normalization of values for data analysis
to represent 100% GTP hydrolysis while wells without Gair R178M/A326S represented 0% GTP

hydrolysis. Data analysis was performed using GraphPad Prism 7.
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2.5.8 Isothermal Titration Calorimetry.

Go, was concentrated in ITC sample buffer (50 mM HEPES pH 8.0, 200 mM NaCl, 2 mM
[-mercaptoethanol, and 50 uM GTPyS) to 3 uM. RGS17 was concentrated in ITC sample buffer
to 60 uM and 53.4 uM for - and + Ca?* samples, respectively. 45 mM Ca?* was included in Gou
and RGS17 samples to achieve saturation as determined by *H->N 2D HSQC NMR. RGS17
injections of 14 pL over 20 total injections were added to the ITC cell containing 1.4 mL of Ga
to reach a molar ratio (RGS17/Gaw) of 4.5. An injection duration time of 14 seconds and a spacing
of 240 seconds were set for each injection. All experiments were conducted on a GE MicroCal
VP-ITC System (General Electric; Piscataway, NJ, USA) at 25 °C. Heats of dilution were
determined by averaging the heat evolved by the last five injections and subtracted from the raw
data. The values for affinity, stoichiometry, and change in enthalpy were then determined using
the ORIGIN software provided by the manufacturer. Replicates for each run were further analyzed

using GraphPad Prism 7.
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CHAPTER 3. RAP1IA ALLOSTERICALLY ACTIVATES
PHOSPHOLIPASE Ce VIA ITS C-TERMINAL RA2 DOMAIN

3.1 Abstract

Phospholipase Ce (PLCe) responds to extracellular signals to produce second messengers
that activate PKC and downstream signaling pathways. Two C-terminal Ras association (RA)
domains, RA1 and RA2, which interact with scaffolding proteins or are activated by small
GTPases, respectively, are involved in this response. However, their roles in regulating basal PLCe
activity are unknown. Using a domain deletion strategy and functional assays, we found that the
RA1 domain significantly contributes to stability and activity relative to the RA2 domain. We next
identified conserved, hydrophobic residues on the surface of the RA2 domain that are distant from
the G protein binding site but could be involved in intra- or intermolecular interactions. Mutation
of these hydrophobic residues had minimal impact on the basal activity but eliminated Rap1A-
dependent activation. Small angle X-ray scattering was then used to gain insights into the
molecular architectures of a PLCe variant alone and in complex with RaplA. RaplA binding
induces substantial conformational changes in PLCeg, resulting in a more compact activation
complex. These results are consistent with Rap1A being an allosteric activator of PLCe, and that
activation likely requires interactions between hydrophobic surface residues of the RA2 domain
and the PLCe core.

3.2 Introduction

Phospholipase C (PLC) enzymes hydrolyze phosphatidylinositol lipids to generate the
second messengers' diacylglycerol (DAG) and inositol phosphates, including inositol-1,4,5-
triphosphate (IP3). 1P3 stimulates Ca* release from internal stores, and DAG, together with Ca?*,
activates protein kinase C (PKC) (1-5). Thus, PLC enzymes regulate numerous pathways including
cell proliferation, differentiation, and survival (6,7). The PLCe subfamily is the most recently
identified member of the PLC family and is required for maximum calcium-induced calcium
release in the cardiovascular system. However, chronic activation of PLCe leads to the
overexpression of genes that promote cardiac hypertrophy. Indeed, PLCe expression is increased

in patients with heart failure (3,5,8-10).
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PLCe shares a highly-conserved set of core domains with other isozymes of the PLC family,
which consists of a pleckstrin homology (PH) domain, four tandem EF-hand repeats, the catalytic
TIM barrel, and a C2 domain (5). PLCe uniquely contains an N-terminal CDC25 domain and two
C-terminal Ras association (RA) domains (1-5,11,12). The CDC25 domain is a guanine nucleotide
exchange factor (GEF) for the small GTPase RaplA (13-15), whereas the RA domains interact
with scaffolding proteins or activated G proteins (8,11,15-22). These regulatory domains have
been proposed to contribute to the basal regulation of PLCe, as well as its activation following G
protein-coupled receptor (GPCR) or receptor tyrosine kinase (RTK) stimulation (3,23).

The best-characterized pathway leading to PLCe activation is mediated by RaplA.
Stimulation of B-adrenergic receptors activates adenylyl cyclase, leading to an accumulation of
cyclic AMP (cAMP). In turn, cCAMP activates exchange protein activated by cCAMP (Epac), a GEF
for RaplA. RaplA-GTP then binds to the C-terminal RA2 domain of PLCeg, activating and
translocating the lipase to the perinuclear membrane (3,8,10,24,25). There, PLCe hydrolyzes
phosphatidylinositol-4-phosphate (PIsP), increasing DAG and activating PKC-dependent
pathways. RaplA and PLCe have also been proposed to form a feed-forward activation loop,
wherein Rap1A-GDP binds to the PLCe CDC25 domain, is activated to RaplA-GTP, and then
binds to the C-terminal RA2 domain (19,20). This feed-forward loop is thought to underlie the
increased expression of genes that result in cardiac hypertrophy (8,10,12,20,25-28). However, the
molecular mechanism by which RaplA-GTP stimulates the lipase activity of PLCe remains
unknown.

To better understand how the PLCe RA domains contribute to regulation, we expressed and
purified PLCe domain deletion variants that lacked one or both RA domains, and characterized
their basal activity and thermal stability. While the RA domains have similar folds (29), they have
divergent functions, as the RA1 domain interacts with scaffolding proteins and the RA2 domain
binds activated G proteins, including Rap1A (18-23,29). However, how Rap1A binding to the RA2
domain stimulates lipase activity is unknown. Guided by the structure of the RA2 domain alone
and in complex with H-Ras (29), we identified highly conserved residues that may be involved in
activation. Site-directed mutagenesis, thermal stability assays, activity assays, binding assays, and
small angle X-ray scattering (SAXS) were used to begin investigating the molecular mechanism
of Rap1A-dependent activation.
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3.3 Results
3.3.1 The Two RA Domains of PLCe Have Different Roles in Stability and Basal Activity

Full-length PLCe presents significant challenges for expression and purification, however,
N-terminal truncations that retain lipase activity can be purified to homogeneity from baculovirus-
infected insect cells (30). We expressed and purified PLCe PH-COOH, which retains both RA
domains (30), PH-COOH ARAL, which lacks the RA1 domain, PH-COOH ARAZ2, which lacks
the RA2 domain, and PH-C2, which lacks both (Figure 3.1A) (30). The contribution of each
domain to thermal stability was determined by measuring the melting temperature (Tm) of each
variant using differential scanning fluorimetry (DSF) (Figure 3.1B, Table 3.1) (31). Loss of both
RA domains (PH-C2) significantly decreases the T by ~3 °C compared to PH-COOH (Figure
3.1B, Table 3.1, p < 0.001) (30). Similarly, deletion of the RA1 domain in PH-COOH ARA1
decreased the Tm by ~4 °C. In contrast, deletion of the RA2 domain in the PH-COOH ARAZ2 variant
did not change the thermal stability relative to PH-COOH (Figure 3.1B, Table 3.1). These results
are consistent with the RA1 domain forming a stable interface with the PLCe core, and the RA2
domain being more flexibly connected.

The basal activity of each PLCe variant was then measured using a [*H]-PIP. liposome
hydrolysis assay (Figure 3.1C, Table 3.1) (17,32,33). Relative to PH-COOH (370 + 120 nmol
IPs/min/nmol PLCg variant), PH-C2, which lacks both RA domains, had ~6-fold lower basal
activity (62 = 25 nmol IPz/min/nmol PLCg variant, p < 0.0001) (Figure 3.1C, Table 3.1) (30). The
PH-COOH ARAL1 variant had a specific activity of 16 + 4 nmol IPs/min/nmol PLCg variant (p <
0.0001), a ~23-fold decrease in basal activity compared to PH-COOH (Figure 3.1C, Table 3.1).
However, PH-COOH ARA2 showed only a modest ~2-fold decrease in specific activity (200 + 64
nmol IPs/min/nmol PLCg variant, p < 0.001) (Figure 3.1C, Table 3.1). Taken together with the
thermal stability measurements, these results suggest that the decreased activity of PH-COOH

ARAL1 is due to destabilization of the enzyme.
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Table 3.1. Basal Activity and Melting Temperature (Tm) of PLCe Variants

Specific Activity +
S.D. (nmol o
PLCe Variant IPs/min/nmol PLCg Tm2S.D. (°C)
variant)
PH-COOH 370+ 120 51.3+0.72
PH-C2 62 + 25! 48.3 + 1.0
PH-COOH ARAL 16 + 41 47.4 +0.682
PH-COOH ARAZ2 200 + 642 50.8 + 0.37
PH-COOH K2150A 250 + 86 50.5+0.86
PH-COOH K2152A 260 + 41 49.6 £0.79
PH-COOH Y2155A 250 £43 50.2 £0.98
PH-COOH L2158A 270 £ 120 51.2+0.39
PH-COOH L2192A 270 £51 51.5+£0.71
PH-COOH F2198A 280 + 130 51.5+0.45
EF3-COOH 9+5! 51.7+0.12

1p <0.0001, ?p < 0.001; based on one-way ANOVA followed by Dunnett’s multiple
comparisons test vs. PH-COOH.

3.3.2 Mutations on the RA2 Domain Surface Do Not Alter Activity or Stability

The RA2 domain contributes to basal activity, but not thermal stability (Figure 3.1, Table
3.1). The RA1 and RA2 domains were shown be flexibly connected using nuclear magnetic
resonance studies (29), and the RA2 domain may still form transient interactions with the rest of
the PLCe core, hence the modest decrease in the activity of the PH-COOH ARA2 variant (Figure
3.1, Table 3.1). To identify residues on the RA2 domain that may be involved in intramolecular
interactions, we generated a homology model of the domain alone and in complex with
RaplA-GTP (Figure 3.2A). This model was generated by superimposing the structure of
RaplA-GTP with that of H-Ras bound to the RA2 domain (PDB ID 1C1Y and 2C5L, r.m.s.d. 0.51
A) (29,34). Previous cell-based studies identified two lysine residues on the RA2 domain, K2150,
and K2152, which were proposed to engage the switch regions of activated GTPases (21,23,29).
Specifically, the sidechain of K2150 forms electrostatic interactions with the switch region of H-
Ras. Further analysis of the crystal packing of the H-Ras—RAZ2 structure (PDB ID 2C5L) revealed
four conserved, solvent-exposed hydrophobic residues involved in lattice contacts: Y2155, L2158,
L2192, and F2198. These residues are not predicted to contribute to G protein binding and may
instead contribute to intra- or intermolecular interactions. To investigate the role of these residues,
site-directed mutagenesis was used to introduce the Y2155A, L2158A, L2192A, and F2198A
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mutants in the background of PLCe PH-COOH. In addition, K2150 and K2152 were also mutated
to alanine to further investigate the roles of the residues (21,23,29).

Mutation of any of the RA2 domain surface residues had no significant impact on the T,
(Figure 3.2B, Table 3.1), consistent with the Tm of the PH-COOH ARAZ2 variant (Figure 3.1B,
Table 3.1). The basal activity of these point mutants was measured using the [*H]-PIP, liposome
hydrolysis assay. The PH-COOH K2150A and K2152A mutants showed minimal changes in
activity (250 £ 86 nmol IPz/min/nmol PLCe variant and 260 + 41 nmol IPs/min/nmol PLCe variant,
respectively) compared to PH-COOH (370 + 120 nmol IPz/min/nmol PLCe variant); (Figure 3.2C,
Table 3.1). Similar trends were reported for these mutants in the background of full-length PLCe
using the cell-based [°H]-IPx assay (21,23). The PH-COOH Y2155A, L2158A, L2192A, and
F2198A points mutants however exhibited basal activity ~2-fold lower than that of PH-COOH
(Figure 3.2C, Table 3.1). These results are consistent with a minor role for the RA2 domain in

maintaining basal activity (Figure 3.1, 3.2).
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2C5L) and was generated by superimposing the structure of Rap1A-GTP with that of H-Ras

(PDB ID 1C1Y). Analysis of the crystal packing in the H-Ras-GTP-RAZ2 structure revealed

conserved, solvent-exposed hydrophobic residues distant from the G protein binding surface.
These residues numbered as in H. sapiens and R. norvegicus (in parentheses), are shown as cyan
spheres and could modulate intra- or intermolecular interactions important for basal and Rap1A
dependent activity. The PLCe RA2 residues K2150 and K2152, shown in hot pink spheres, have

been shown to contribute to RaplA-dependent activation. (B) Representative thermal melt

curves of PH-COOH (purple circles), and the RA2 point mutants in the PH-COOH background:

K2150A (slate blue circles), K2152A (lavender circles), Y2155A (dark gray circles), L2158A
(light gray circles), L2192A (maroon circles) and F2198A (pink circles). Data represent at least

three experiments performed in duplicate + S.D. (C) Mutation of residues on the RA2 domain
had no significant impact on the basal specific activity. Data represent at least three experiments

performed in duplicate + S.D.
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3.3.3 Residues on the Surface of RA2 Are Required for Rap1A-dependent Activation

Rap1A activation of PLCe has previously only been demonstrated in the cell-based [*H]-1Px
assay (19,20,23). We used the [*H]-PIP. liposome-based activity assay to determine whether
activation could be recapitulated in vitro using purified components. To ensure that RaplA
remained in its activated GTP-bound form, a constitutively active mutant of Rap1A (referred to as
RapL1AC2V.GTP) was used in these experiments (35). Because the RA2 domain is the primary site
for RaplA binding, the PLCe PH-COOH variant should show a RaplA-dependent increase in
lipase activity, whereas the PH-C2 variant should be unresponsive. Upon addition of increasing
concentrations of RaplA®?V.GTP, the PLCe PH-COOH variant showed a ~3-fold increase in
specific activity (1,900 £ 300 nmol IPs/min/nmol PLCe variant, Figure 3.3, Table 3.2), consistent
with the activation reported in cells (19,20,23), and an approximate ECsg of 1.60 £ 0.58 uM. In
contrast, PH-C2, which lacks both RA domains, showed no change in activity at all concentrations
of Rap1AC®!2V.GTP tested (Figure 3.3, Table 3.2).

Mutation of PLCe K2150 or K2152 was previously reported to decrease or eliminate G
protein-dependent activation in cells (21,23). The PH-COOH K2150A and K2152A mutants
showed similar results in vitro (Figure 3.3, Table 3.2). Lastly, as the hydrophobic residues on the
RA2 surface do not appear to contribute to Rap1A binding (Figure 3.2A), they are not be expected
to contribute to Rap1A-dependent activation. However, PH-COOH Y2155A, L2158A, L2192A,
and F2198A were insensitive to RaplA-GTP at all concentrations tested (Figure 3.3, Table 3.2).
Thus, the hydrophobic residues on the RA2 surface are required for RaplA-stimulated lipase

activity.
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Figure 3.3. Residues in the RA2 domain contribute to Rap1A-dependent activation. PH-COOH
(purple circles) is activated by Rap1AC?Y.GTP in a concentration-dependent matter, whereas
PH-C2 (navy blue squares) is unresponsive at all concentrations tested. Mutation of K2150 (slate
blue circles) or K2152 (lavender circles) eliminates Rap1AC?Y.GTP-dependent activation, as
does mutation of Y2155 (dark gray circles), L2158 (light gray circles), L2192 (maroon circles),
and F2198 (pink circles). All data represent the average of at least three experiments performed
in duplicate + S.D.
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Table 3.2. RaplA-dependent Activity and ICso Values of PLCe Variants

Minimum Maximum
activity + S.D.  activity £ S.D. Foldt ICso + S.D.
(nmol (nmol Activation M

PLCe Variant IP3/min/nmol IP3/min/nmol (uM)

PLCeg variant) PLCeg variant)
PH-COOH 630 + 140 1,900 + 300 3.0 0.38+£0.19
PH-C2 540 + 180 700 £ 120 1.3% 5.0 + 4.8
PH-COOH ARA1 N.D.° N.D.5 N.D.5 N.D.>
PH-COOH ARA2 N.D.° N.D.5 N.D.° N.D.°
PH-COOH K2150A 420+ 72 640 + 180 1.54 0.56 +0.43
PH-COOH K2152A 590 + 170 780+ 70 1.3° 0.52 +0.93
PH-COOH Y2155A 520 + 46 960 + 31 1.8* 0.46 £0.18
PH-COOH L2158A 710 +230 630 + 280 0.9 0.67 +0.31
PH-COOH L2192A 430 + 190 620 + 31 1.4% 0.93 +£0.67
PH-COOH F2198A 380 + 130 390 + 160 1.0° 0.47 +0.18
EF3-COOH 38+ 13 47 + 11 1.2° N.D.°

!Fold activation of PLCe variants by Rap1A®?Y.GTP was calculated by dividing the maximum
RaplA-stimulated activity by the activity in the absence of Rap1A®*2V.GTP. These specific
activities are determined at a single time-point, in contrast to the basal activities reported in

Table 1. 2p <0.0001, 3p < 0.001, *p < 0.01; based on one-way ANOVA followed by Dunnett’s

multiple comparisons test vs. PH-COOH. *Not determined.

3.3.4 Mutation of the RA2 Domain Does Not Change the Affinity for Rap1AC?V.GTP

To validate that the surface hydrophobic residues of PLCe do not contribute to RaplA
binding, an AlphaScreen protein-protein interaction assay was used to measure the binding
between PLCe PH-COOH and the RA2 domain mutants with RaplA®?2V.GTP. Using this
approach, PH-COOH was found to have an 1Cso of 0.38 + 0.19 uM for Rap1A®'2V.GTP (Figure
3.4, Table 3.2). In contrast, the addition of untagged Rap1A®*2V.GTP to PH-C2 resulted in a
significant increase in ICso of 5.0 + 4.8 uM, consistent with the loss of the RA2 domain and
therefore Rap1A®'2V.GTP binding (Figure 3.4, Table 3.2) (8,11,12,18-22). PH-COOH K2150A
and K2152A have similar 1Cso values (0.56 + 0.43 uM and 0.52 + 0.93 uM) for Rap1AC?V.GTP,
comparable to that of PH-COOH (Figure 3.4, Table 3.2). Thus, the lysine residues are not required
for Rap1AC®*V.GTP binding under these conditions. This is consistent with a previous study
wherein binding between the RA2 domain and H-Ras was characterized by isothermal titration
calorimetry (29). In cell-based assays, alanine substitutions at these positions result in modest
decreases in G protein activation (21,23). The binding affinity between the PH-COOH RA2 point
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mutants and RaplAC?Y.GTP was also measured. PH-COOH Y2155A, L2185A, L2192A, and
F2198A all bound Rap1AC?Y.GTP with an affinity similar to that of PH-COOH (Figure 3.4, Table

3.2). The loss of RaplA-dependent activation in these mutants is therefore not due to defects in
binding.

150+

120+

90-

Normalized Alpha Signal

30

-9 -8 -7 -6 -5
log [Rap1A®'2V] (M)

Figure 3.4. The PLCe RA2 mutants are not defective in binding Rap1A®2V.GTP. A competition
AlphaScreen protein-protein interaction assay was used to determine the binding affinities of
PLCe PH-COOH and the RA2 domain point mutants for Rap1A®*2V.GTP. PLCeg PH-COOH

(purple circles) binds to Rap1A®2V.GTP with an 1Cs of 0.38 + 0.19 uM whereas PH-C2 (navy

blue squares) binds to Rap1AC?Y.GTP with an ICso of 5.0 + 4.8 uM, demonstrating that
Rap1ACS2V.GTP does not bind PH-C2 as efficiently. The K2150A (slate blue circles) and
K2152A (lavender circles) mutants bind to Rap1AC®2Y.GTP with an affinity comparable to PH-
COOH. Mutation of the conserved hydrophobic residues on the RA2 domain surface to alanine
had no impact on the binding affinity for Rap1A®2V.GTP, consistent with their location in the
structure (PDB ID 2C5L) (29). Curves were normalized by setting the negative control (wells
lacking GST- Rap1AC?Y.GTP and untagged Rap1AC?Y.GTP) to 0% and the positive control
(wells lacking untagged Rap1A®'?V.GTP to 100%. All data represent at least two independent
experiments performed in duplicate £ S.D.
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3.3.5 RaplAC?V.GTP Binding Induces Conformational Changes in PLCe

The RA2 domain is the primary site for RaplA binding, but the lysines and hydrophobic
residues on the RA2 surface are required for activation. It is possible that these hydrophobic
residues link RaplA binding to the rest of the PLCe core, thereby increasing lipase activity. To
test this hypothesis, small angle X-ray scattering (SAXS) was used to determine the solution
architecture of a PLCe domain deletion variant alone and in complex with Rap1AC?V.GTP. For
these studies, a PLCe domain deletion variant spanning EF3-COOH (residues 1284-2281) was
used. This variant lacks the conformational heterogeneity associated with the PH domain and first
two EF-hands (30) but retains the RA domains for improved stability. PLCe EF3-COOH was
purified from baculovirus-infected insect cells and shown to retain stability and lipase activity
using DSF and the liposome-based activity assay. This variant also formed a stable, 1:1
stoichiometric complex between EF3-COOH and Rap1AC?V.GTP that could be isolated by size
exclusion chromatography (SEC) (Figure 3.5).
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Figure 3.5. Characterization of PLCe EF3-COOH. (A) Representative thermal melt curves of
EF3-COOH (teal hexagons) and PH-COOH (purple circles). Deletion of the PH domain and EF
hands 1/2 does not alter thermal stability. (B) PLCe EF3-COOH has ~40-fold lower basal
activity compared to PH-COOH. Data represent at least three experiments performed in
duplicate £ S.D. (****, p < 0.0001 based on one-way ANOVA followed by Dunnett’s multiple
comparisons test vs. PH-COOH). (C) PLCe PH-COOH is activated by Rap1A®!?V.GTP in a
concentration-dependent matter, whereas EF3-COOH is unresponsive. Statistical tests were
performed with all PLCg variants from Figure 3.1 and 3.3, but shown on separate graphs for
simplicity. (D) PLCe EF3-COOH forms a stable, stoichiometric complex that can be isolated by
size exclusion chromatography. Purified PLCe EF3-COOH (112 kDa) and Rap1AC®2V.GTP (21
kDa) were incubated to allow complex formation. The complex was isolated by size exclusion
chromatography and peak fractions were analyzed by SDS-PAGE.

PLCe EF3-COOH was found to be monomeric and monodisperse in solution (Figure 3.6A,
Table 3.3) and the Rap1A®*?V.GTP-EF3-COOH complex was also monodisperse (Figure 3.6B,
Table 3.3) (36,37). The molecular weight of EF3-COOH and the Rap1A®?V.GTP-EF3-COOH
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complex was determined by SEC-SAXS using the volume of correlation (V¢) and the Porod
volume (Vp) (37,38). EF3-COOH had estimated molecular weights of 108 kDa (V) and 118 kDa
(Vp), consistent with the calculated molecular weight of 112 kDa. The Rap1A®!2V.GTP-EF3-
COOH complex had an estimated molecular weight of 90 kDa (V. and Vp) compared to the
calculated molecular weight of 133 kDa (37,38). The radius of gyration (Rg) for EF3-COOH and
the complex were determined from their respective Guinier plots (Figure 3.6C, D). EF3-COOH
had an Ry of 45 + 0.1 A (Figure 3.6C), while Rap1A®*?V.GTP—EF3-COOH had a smaller Rq of 39
+0.2 A (Figure 3.6D).

The pair-distance distribution function provides information regarding the overall shape of
the molecule and the maximum interparticle distance (Dmax). PLCe EF3-COOH is predominantly
globular in solution with some extended features, consistent with the tail observed at high r values
(Figure 3.6E) (37). Its Dmax was found to be ~162 A, similar to the Dmax values reported for PLCe
PH-COOH and EF-COOH variants (30). In contrast, the pair distance distribution function for
Rap1A®2V.GTP-EF3-COOH is consistent with a more compact structure in solution (Figure 3.6F).
Indeed, the Dmax for the complex is ~136 A, ~26 A smaller than that of EF3-COOH alone. This is
consistent with the more compact ab initio bead model of Rap1A®?Y.GTP-EF3-COOH compared
to EF3-COOH (Figure 3.6G-H).

Figure 3.6. Rap1A®2V.GTP induces conformational changes in PLCe EF3-COOH. SAXS was
used to determine the solution structures of PLCe EF3-COOH alone and in complex with
Rap1ACG2V.GTP. Raw scattering curves for (A) EF3-COOH and (B) Rap1A®'?V.GTP—EF3-
COOH. Guinier analyses of low q values, In(I) (beam intensity) vs. g2 (scattering angle) with a
radius of gyration (Rg) of (C) EF3-COOH and (D) Rap1A®'?V.GTP-EF3-COOH. Fitting of the
linear regressions to the data is represented by residuals, shown at the top of the plots,
demonstrating the proteins are monomeric in solution. Pair-distance distribution functions (P(r))
with estimated maximum interparticle distances (Dmax) for (E) EF3-COOH and (F)
Rap1ACG2V.GTP-EF3-COOH. When Rap1A®*V.GTP is bound to EF3-COOH, the Dmax
decreases by nearly ~26 A and results in a more compact, globular structure as evidenced by the
more bell-shaped curve in the P(r) plot. Ab initio envelope models for (G) EF3-COOH and (H)
Rap1AC2V.GTP-EF3-COOH confirm Rap1A®?V.GTP induces conformational changes with
EF3-COOH.
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Table 3.3 SAXS Structural Parameters of PLC¢ Variants

PLCe EF3-COOH Rap1AC%?Y.GTP-EF3-COOH

Guinier analysis

1(0) (cm™) 1.378 x 10+ 2.903 x 10°® 3.436 x 10+ 1.488 x 10

Rg (A) 44.72 +0.1385 39.42 +0.238

q min (AY) 8.719 x 107 9.320 x 10°®

g range (A?) 8.719 x 10°-3.006 x 102 9.320 x 102-3.397 x 102
P(r) analysis

1(0) (cm™) 1.400 x 10’ 3.440 x 10

Rg (A) 44.60 39.36

Dmax (R) 162 136

Porod volume (A=) 196000 170000

q range (A7) 8.719 x 103-0.3810 9.320 x 103-0.3810

3.4 Discussion

PLCe is regulated downstream of GPCRs and RTKs via direct interactions with small
GTPases, including RaplA, RhoA, and the Ras isoforms (21,23). The PLCe RALl and RA2
domains have emerged as important regulators of subcellular distribution and small G protein
activation, respectively. However, their roles in basal activity are largely unknown, as is the
mechanism by which G protein binding to the RA2 domain stimulates lipase activity.

In this work, the respective roles of the RA1 and RA2 domains in basal activity and thermal
stability were investigated. The RA1 domain contributes to thermal stability, and its deletion
decreases basal activity, likely due to destabilization of the PLCe core. In contrast, removal of the
RA2 domain does not change stability and has a modest role in maintaining basal activity. Thus,
the RA2 domain may only transiently interact with other domains in PLCe (Figure 3.1). We also
showed that Rap1A activates the PH-COOH variant in vitro to the same extent reported in cells
(19,20,23). Deletion of the RA domains in PH-C2 eliminated RaplA-dependent activation,
consistent with the loss of the RA2 domain.

Because the RA2 domain is required for activation by Rap1A®*2V.GTP, we sought to identify
residues that may allow the domain to interact with the PLCe core and modulate activity. We
identified conserved, hydrophobic residues on the RA2 surface that could be involved in these
intramolecular interactions. Mutation of these residues had minimal impact on the basal properties

of PLCe PH-COOH and RaplA binding but eliminated RaplA-dependent activation. We also
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tested the contributions of two lysine residues (K2150 and K2152) that were previously reported
to contribute to G protein activation in cells. Mutation of these residues to alanine also eliminated
RaplA-dependent activation but had no impact on RaplA-binding or basal properties (Figures
3.2-3.4). The simplest explanation for these results is that these residues are involved in
communicating Rap1AC?Y.GTP binding to the rest of the enzyme. Interaction of RA2 with the
core of PLCc is also consistent with the conformational changes observed by SAXS (Figure 3.6).

Taken together, these findings are consistent with a model of allosteric PLCe activation by
RaplA (Figure 3.7). The RA2 domain is poised to link binding of activated Rap1A to the rest of
the PLCe core via intramolecular interactions, most likely mediated by its conserved surface
hydrophobic residues. The lysine residues likely indirectly mediate activation given their
proximity to the bound GTPase (29). This results in conformational changes in the RaplA-PLCe
complex that increases lipase activity, potentially by relieving autoinhibition and/or increasing and
optimizing interactions with the membrane. Future studies that provide higher resolution insights
into PLCe alone and in complex with Rap1A are essential for elucidating the molecular details of
this process. Such studies will provide needed insights into how dysregulation of this interaction

results in cardiovascular disease.
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Figure 3.7. Model of by Rap1A-dependent activation of PLCe. (A) Under basal conditions,
PLCe is present in the cytoplasm. The RA1 domain forms stable interactions with other domains
in the PLCe core, whereas the PH domain, first two EF-hands (EF1/2), and the RA2 domain are

flexibly connected. Rap1A is prenylated at its C-terminus and is localized to the perinuclear

membrane (45). (B) Following stimulation of 3 adrenergic receptors, Rap1A is activated and
binds directly to the PLCe RA2 domain. This binding induces conformational changes within
PLCe, some of which are mediated by the hydrophobic surface of the RA2 domain (cyan)
interacting with the rest of the PLCe core, thereby linking Rap1A binding to the lipase activity of
the enzyme. In addition, the PH domain and EF1/2 may form more stable interactions with the
core domains, as seen in crystal structures of the related PLC[3 enzyme. These conformational
changes may also facilitate interactions with the perinuclear membrane. Rap1lA may also
increase association with the membrane via its C-terminal prenyl group and help orient the PLCe
active site for maximum lipid hydrolysis.
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3.5 Experimental Procedures
3.5.1 Protein Expression, Purification, and Mutagenesis of PLCe Variants

cDNAs encoding N-terminally His-tagged PLCe variants from R. norvegicus were
subcloned into pFastBac HTA (PH-COOH: residues 837-2281, PH-C2: 832-1972, PH-COOH
ARA1L: 837-1988, 2098-2281; PH-COOH ARAZ2: 837-2098). EF3-COOH (residues 1284-2281)
was made using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs), while the PH-
COOH K2150A, K215A, Y2155A, L2158A, L2192A, and F2198A mutants were made using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). All mutants were sequenced over the
entire coding regions and expressed and purified as previously described (30).

For SAXS experiments, the N-terminal His-tag of PLCe EF3-COOH was removed prior to
purification over the ion exchange columns. Briefly, PLCe EF3-COOH was incubated with 5%
w/w TEV protease and dialyzed overnight in S200 buffer at 4 °C, and then subjected to further
purification as previously described (30).

3.5.2 Expression and Purification of Rap1A®?V.GTP

cDNA encoding N-terminally His-tagged constitutively active Rap1A (Rap1A®!2Y) from H.
sapiens was subcloned into pFastBac HTA. cDNA encoding N-terminally GST-tagged H. sapiens
RaplACY was generated using the Q5 Site-Directed Mutagenesis Kit and subcloned into
pFastbac Dual. Proteins were expressed in baculovirus-infected High5 cells. For both proteins, the
cell pellet was resuspended in 20 mM HEPES pH 8.0, 100 mM NacCl, 10 mM B-mercaptoethanol,
0.1 mM EDTA, 10 mM NaF, 20 mM AICIs, 0.1 mM LL, 0.1 mM PMSF, and 20 uM GTP (lysis
buffer) and lysed via dounce on ice. The lysate was centrifuged for 1 hour at 100,000 x g. The
pellet was dounced again on ice using lysis buffer supplemented with 1% sodium cholate and
solubilized at 4 °C for 1 hour. The sample was centrifuged again for 1 hour at 100,000 x g, and the
supernatant was diluted 2X with lysis buffer. His-tagged Rap1A®*?Y was then loaded on a Ni-NTA
pre-equilibrated with lysis buffer. The Ni-NTA column was washed with lysis buffer containing
10 mM imidazole and 0.2% cholate, then washed with lysis buffer containing 10 mM imidazole
and 10 mM CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate). Rap1 A%V
was then eluted with lysis buffer supplemented with 250 mM imidazole and 10 mM CHAPS. GST-

Rap1AC2Y was loaded onto a glutathione column pre-equilibrated with lysis buffer. The column
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was washed with lysis buffer containing 0.2% cholate followed by lysis buffer supplemented with
10 mM CHAPS. GST-Rap1A®*Y was eluted with lysis buffer supplemented with 20 mM reduced
glutathione and 10 mM CHAPS.

Rap1AC2Y and GST-Rap1A®'?Y were then concentrated and applied to tandem Superdex
S200 columns pre-equilibrated with G protein S200 Buffer (20 mM HEPES pH 8.0, 50 mM NacCl,
1 mM MgClz, 2mM DTT, 10 mM CHAPS, and 20 uM GTP). Fractions containing purified protein
were identified by SDS-PAGE, pooled, concentrated, and flash frozen in liquid nitrogen.
Rap1A®2Y ysed in the [®H]-PIP2 hydrolysis assays was purified in 1 mM CHAPS.

For SAXS experiments and AlphaScreen displacement assays, the N-terminal His-tag was
removed prior to purification over Superdex S200 Increase columns. RaplAS®!?V.GTP was
incubated with 5% w/w TEV protease and dialyzed overnight in dialysis buffer (20 mM HEPES
pH 8.0, 50 mM NaCl, 1 mM MgCl,, 10 mM B-mercaptoethanol, 1 mM CHAPS, and 20 uM GTP

at 4 °C, and then subjected to further purification.

3.5.3 Differential Scanning Fluorimetry

Melting temperatures (Tm) of PLCe variants were determined as previously described
(30,31). A final protein concentration of 0.5 mg/mL was used for each PLCeg variant. The thermal
melt curves were fit to a Boltzmann sigmoidal distribution, and the inflection point was used to
calculate the Tm. All assays were performed in duplicate with protein from at least two independent

purifications.

3.5.4 PLCeg Basal Activity Assays

Basal activity of PLCe variants was measured as previously described (17,30,32,33). PLCe
PH-COOH was assayed at a final concentration of 0.075 ng/uL, and the PH-C2, PH-COOH ARA1,
PH-COOH ARAZ2, and EF3-COOH were assayed at a final concentration of 5 ng/uL. The PLCe
PH-COOH K2150A, K2152A, Y2155A, L2158A, L2192A, and F2198A mutants were assayed at
a final concentration of 0.5 ng/uL. All assays were performed in duplicate with protein from at

least two independent purifications.
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3.5.5 RaplAC?V.GTP-dependent Activation of PLCe Variants

Rap1A®2V.GTP-dependent increases in lipase activity were measured using the same
approach as described for measuring basal specific activity (30,32), with some modifications.
Briefly, the [*H]-PIP, liposomes were first incubated with increasing concentrations of
Rap1A®2V.GTP in 50 mM HEPES pH 7.0, 3 mM EGTA, 1 mM EDTA, 100 mM NaCl, 5 mM
MgClz, 3 mM DTT, and 390 uM CHAPS at 30 °C for 30 minutes. The reaction was initiated by
addition of the PLCe variant protein, incubated at 30 °C for 8 minutes, and quenched by the
addition of 10% ice-cold trichloroacetic acid and 10 mg/mL BSA. All assays were performed in

duplicate with protein from at least two independent purifications.

3.5.6 AlphaScreen Binding Assay

GST-tagged Rap1A®*2V.GTP and His-tagged PLCe PH-COOH, or PH-COOH point mutants
were immobilized on AlphaScreen glutathione donor beads (PerkinElmer, cat no. 6765301) and
nickel chelate AlphaLISA acceptor beads (PerkinElmer, cat no. AL108C), respectively. Binding
between Rap1A®*2V.GTP and the PLCe variant brings the beads into close proximity, resulting in
fluorescence. Addition of untagged RaplAC?V.GTP then competes for binding to the PLCe
variant, decreasing the maximum fluorescence signal. Reactions were carried out in white 384-
well ProxiPlates (PerkinElmer) using 20 mM HEPES pH 8, 50 mM NaCl, 2 mM DTT, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM MgCl,, 0.5 mM CaCly, 40 uM GTP, ~0.02% CHAPS. 500 nM
GST-Rap1A®2V.GTP was preincubated with serial dilutions of untagged Rap1AC?Y.GTP (0 - 10
uM) and 50 nM PLCe variant on ice for 1 hour. 20 pg/mL of nickel chelate AlphaLISA acceptor
beads were added to each well and incubated for 1 hour in the dark and room temperature. 20
ug/mL of the AlphaScreen glutathione donor beads were then added to each well and incubated
for an additional 1 hour in the dark. Assay plates were read in an EnVision™ plate reader
(PerkinElmer) and analyzed using GraphPad Prism v.8.0.1. Wells lacking GST- Rap1A®?V.GTP
and untagged RaplA®?V.GTP represented the negative control and wells lacking untagged
Rap1AC2V.GTP represented the positive control. All curves shown were normalized by setting
the negative control to 0% and the positive control to 100%. All assays were performed in

duplicate with protein from at least two independent purifications.
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3.5.7 Formation and Isolation of the Rap1A®2V.GTP-EF3-COOH Complex

A 1:3 molar ratio of purified PLCe EF3-COOH and Rap1A®*?V.GTP containing 0.5 mM
CaCl,was incubated on ice for 30 minutes. The complex was resolved over a Superdex 200 column
pre-equilibrated with complex S200 buffer (20 mM HEPES pH 8, 50 mM NaCl, 2 mM DTT, 0.1
mM EDTA, 0.1 mM EGTA, 1 mM MgCl,, 0.5 mM CaClz and 40 uM GTP). Fractions containing
the purified complex were confirmed by SDS-PAGE, pooled, and concentrated for use in SAXS

experiments.

3.5.8 SAXS Data Collection and Analysis

Size exclusion chromatography (SEC)-SAXS was performed at BioCAT Advanced Photon
Source (Sector 18) using an AKTA Pure FPLC (GE Healthcare) and a Pilatus3 1M detector
(Dectris) with a beam size of 160 pum x 75 pum (Table 3.4). PLCe EF3-COOH and
Rap1AC2V.GTP-EF3-COOH were diluted to a final concentration of 2-3 mg/mL in S200 buffer
and complex S200 buffer, respectively, and centrifuged at 16,000 x g for 5 min at 4 °C prior to
data collection. Protein samples were eluted on a Superdex 200 Increase 10/300 GL column (GE
Healthcare) at a flow rate of 0.5 mL/min (Figure 3.8). The eluate passed through a UV monitor
followed by a SAXS flow cell consisting of a 1.5 mM ID quartz capillary with 10 um walls.
Scattering intensity was recorded using Pilatus3 1M detector placed 3.5 m from the sample (g-
range = 0.004 A to 0.4 A™Y) with a 12 KeV X-ray (1.033 A wavelength). Data was collected every
2 s with 0.5 s exposure times. Regions flanking the elution peak were averaged to create buffer
blanks which were subsequently subtracted from exposures selected from the elution peak to create
log(l) vs q curves (Figure 3.6A). BioXTAS RAW 1.4.0 (39) was used for data processing and
analysis. The Rq of individual frames were plotted with the “scattering chromatograms” (integrated
intensity of individual exposures vs frame number) (Figure 3.8). PRIMUS (40) was used to
calculate the Rg, 1), and Dmax for both samples. 10-15 ab initio models were calculated using
DAMMIF (EF3-COOH NSD: 0.940 + 0.018; Rap1A®2V.GTP-EF3-COOH NSD: 0.971 + 0.057)
(41), aligned and averaged with DAMAVER and final ab initio envelope structures were generated
using DAMMIN (42,43). Graphical plots were generated from buffer-subtracted averaged data
(raw scattering and Guinier plots) (44) or averaged envelope data (P(r) plots) and plotted using
GraphPad Prism v.8.0.1.
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Table 3.4. SAXS Data Collection and Analysis Parameters

(a) SAXS data collection parameters

Instrument BioCAT facility at the Advanced Photon Source
beamline 181D with Pilatus3 1M (Dectris) detector

Wavelength (A) 1.033

Beam size (um?) 160 (h) x 75 (V)

Camera length (m) 35

g-measurement range (A) 0.004-0.4

Absolute scaling method N/A

Basis for normalization to constant To incident intensity, by ion chamber counter
counts
Method for monitoring radiation Automated frame-by-frame comparison of relevant

damage regions

Exposure time, number of exposures 0.5 s exposure time with 2 s exposure period of entire
SEC elution )

Sample configuration SEC-SAXS. Separation by size using AKTA Pure

with a Superdex 200 Increase 10/300 GL column.
SAXS data measured in a 1.5 mm ID quartz capillary

Sample temperature (°C) 20
(b) Software employed for SAXS data reduction, analysis, and interpretation
SAXS data reduction Radial averaging; BioXTAS RAW 1.4.0 (39) and

ATSAS (44) used for frame comparison, averaging,
and subtraction

Basic analysis: Guinier, M\W., P(r)  BioXTAS RAW 1.4.0 (39) used for Guinier fit and
molecular weight; GNOM (43) used for P(r) function

Figure 3.8 Representative UV, size exclusion chromatography (SEC)-SAXS scattering and
integrated intensity and Rq as a function of individual frames chromatograms for PLCe EF3-
COOH and the Rap1AC?Y.GTP-EF3-COOH complex. (A) EF3-COOH and (B)
Rap1AC2V.GTP-EF3-COOH complex UV chromatograms were obtained from SEC-SAXS
experiments. Integrated intensity as a function of frame number for (C) EF3-COOH and (D)
Rap1AC®2V.GTP-EF3-COOH. Regions boxed in red were averaged and used for buffer
subtraction. Integrated intensity and Rq (black) as a function of frame number is shown for (E)
EF3-COOH and (F) Rap1A®*?V.GTP-EF3-COOH.
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3.5.9 Statistical Methods.

GraphPad Prism v.8.0.1 was used to generate all plots. One-way ANOVA was performed
with Prism v.8.0.1 followed by Dunnett’s post-hoc multiple comparisons vs. the PH-COOH

variant as noted in figure captions. All error bars represent standard deviation.
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CHAPTER 4. CONCLUSIONS AND FUTURE PERSPECTIVES

4.1 Conclusions

The work presented in this dissertation focus on understanding the molecular mechanisms
regulating proteins downstream of GPCRs. Dysregulation of these enzymes has been implicated
in a wide range of diseases and cancers. Therefore, understanding how these proteins are regulated
structurally and biochemically can allow for the development of new therapeutic approaches. In
Chapter 2, the binding of Ca?* to RGS17 was characterized, and the role of this interaction in
RGS17 activity and Go binding was investigated. In Chapter 3, the molecular mechanism of
RaplA-dependent activation of PLCe was found to involve a conformational change in which
conserved, hydrophobic residues in the RA2 domain surface of PLCe may be involved in

mediating intramolecular interactions to stimulate lipid hydrolysis.

4.1.1 Ca?'is a Positive Regulator of RGS17

In Chapter 2 of this work, the crystal structure of RGS17 bound to Ca?* was solved to 1.53
A. RGS17 crystallized as a dimer with strong electron density for four well-resolved Ca?* ions.
There are two Ca?* ions bound to each chain in the asymmetric unit. One of the Ca?* sites is formed
by the backbone carbonyl of Tyr106 and the side chain of Glu109. This is located on the same
face of the protein as the predicted Go binding surface, and in close proximity to the residue
responsible for GAP activity, Ser150. RGS17 bound to Ca?* with a 50-fold greater affinity than
Mg?* in solution and Ca?* bound RGS17 with greater affinity than other related RGS proteins
(RGS4 and RGS2). Although Ca?* did not have an impact on the thermal stability of RGS17, it
did enhance the interaction between RGS17 and Ga, and increased the GTPase activity of RGS17
towards Goo. These findings suggest that Ca?* is a positive regulator of RGS17 activity and could
represent a mechanism of feedback inhibition where elevated Ca?" promotes RGS17-Ga

interactions to terminate Ga. signaling.

4.1.2 RaplA Allosterically Regulates PLCe Activity

In Chapter 3 of this work, biochemical and structural studies were used to investigate

RaplA-dependent activation of PLCe. Using a domain deletion approach, the RA1 domain of
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PLCe was found to be important for thermal stability and basal activity, while the RA2 domain
was dispensable for thermal stability and had a modest effect on basal activity. Further
investigation of the RA2 domain identified four conserved, hydrophobic residues on the RA2
surface that could be involved in intramolecular interactions with the PLCe core to modulate
activity. Mutation of these residues did not impact thermal stability, basal activity, or binding to
RaplA, but completely eliminated RaplA-dependent activation of PLCe. This suggests these
residues may contribute to intramolecular interactions to promote lipid hydrolysis upon binding of
RaplA. SAXS studies showed conformational changes in PLCe upon binding to Rap1A based on
the decreased Rgand Dmax vValues of PLCe alone and in complex with Rap1A. These studies support
a model in which RaplA allosterically regulates PLCe. Binding of RaplA to the PLCe RA2
domain could induce conformational changes that allow the conserved, solvent-exposed
hydrophobic residues in the RA2 domain to interact with the PLCe core, increasing lipase activity.
Mutation of the hydrophobic residues may decrease lipase activity through disruption of the
intramolecular interactions that result from Rap1A binding.

4.2  Future Perspectives

Chapter 2 of this work identified Ca?* as a novel potentiator of RGS17 activity. This opens
the door to future studies investigating the role of Ca?* in RGS signaling. Although this work is
the first to show direct binding of Ca?* to an RGS protein, previous studies have reported
Ca?*/calmodulin as a regulator of some RZ and R4 subfamily members. Therefore, it would be
interesting to determine if Ca?*, alone or with calmodulin, is a general regulator of RZ RGS
proteins. Furthermore, other groups are using high throughput fragment screening to identify
compounds that bind to RGS17. Since the findings of this work have shown that Ca?* enhanced
the interaction of RGS17 with Ga, it would also be interesting to investigate the impact of Ca?"*
on previously identified compounds ability to bind to RGS17. Finally, incorporating Ca?* in the
fragment screening process could potentially lead to the identification of novel compounds that
bind to RGS17.

Chapter 3 of this work focused on determining the molecular mechanism of RaplA-
dependent activation of PLCe using biochemical and low-resolution structural approaches. These

findings suggest a model in which RaplA allosterically regulates PLCe, wherein four solvent-
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exposed, conserved, hydrophobic residues on the RA2 surface are involved in intramolecular
interactions that promote lipase activity. To confirm these findings, future studies that provide
higher resolution insights into PLCe alone and in complex with Rap1A are needed. Although the
proposed model in this work involves RaplA inducing a conformational change in PLCe, it does
not explain how the conformational change promotes lipase activity. It is possible that the
conformational change relieves autoinhibition and/or increases interactions with the membrane.
Also, the other domain/residues involved in the intramolecular interactions with the four conserved,
hydrophobic residues in the RA2 surface have yet to be identified. Furthermore, the studies
presented in this dissertation only investigated the role of the RA domains in Rap1A-dependent
activation. It would be interesting to investigate the role of other domains such as the CDC25 and
PH domain in this interaction.
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Phospholipase C (PLC) enzymes produce second messengers
that increase the intracellular Ca®>* concentration and activate
protein kinase C (PKC). These enzymes also share a highly
conserved arrangement of core domains. However, the contri-
butions of the individual domains to regulation are poorly
understood, particularly in isoforms lacking high-resolution
information, such as PLCe. Here, we used small-angle X-ray
scattering (SAXS), EM, and functional assays to gain insights
into the molecular architecture of PLCe, revealing that its PH
domain is conformationally dynamic and essential for activity.
We further demonstrate that the PH domain of PLCJ exhibits
similar dynamics in solution that are substantially different
from its conformation observed in multiple previously reported
crystal structures. We propose that this conformational hetero-
geneity contributes to subfamily-specific differences in activity
and regulation by extracellular signals.

Phospholipase C (PLC)” enzymes hydrolyze phosphatidyli-
nositol lipids at cell membranes, producing inositol phosphates
and diacylglycerol, which in turn promote the release of Ca**
from intracellular stores and activate protein kinase C (PKC)
(1). Of the six PLC subfamilies, PLC and PLCe are required for
normal cardiovascular function, and dysregulation of their
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expression and/or activity can result in cardiac hypertrophy
and heart failure (2—-6). The activity of these lipases is autoin-
hibited by various domains and structural elements but can be
stimulated up to ~60-fold following activation of cell surface
receptors (1). PLCJ is activated downstream of G protein—
coupled receptors (GPCRs) primarily through direct interac-
tions with the heterotrimeric G protein subunits Ga, and GBy
(1, 7). PLCe is also activated downstream of GPCRs by GBy (8,
9), by the small GTPases RhoA and RaplA, and by Ras GTPases
following receptor tyrosine kinase activation (10).

Although the structural and molecular mechanisms by
which PLCS is regulated have been characterized at high reso-
lution (1, 7, 11-14), structural insights into PLCe regulation are
lacking. PLCf and PLCe both contain a pleckstrin homology
(PH) domain, followed by four tandem EF-hand repeats (EF1—
4), a TIM barrel that houses the active site, and a C2 domain
(Fig. 14) (1, 11). Additional domains that flank this core con-
tribute to subfamily-specific regulation. PLCS has a ~400-a-
minoacid C-terminal extension involved in autoinhibition (14),
Gaq—dcpcndent activation (12), and membrane association (13,
15-18). PLCe contains an N-terminal CDC25 domain with
guanine nucleotide exchange activity for Rapl1A (19) and two
C-terminal Ras association (RA) domains that interact with
scaffolding proteins (4) and small GTPases (20, 21).

Crystal structures of PLCA alone (22}, in complex with G
protein activators (12, 13, 23, 24) and/or physiologically rele-
vant small molecules (24) show that the PH, EF-hands, TIM
barrel, and C2 domains consistently assemble into a compact,
globular structure. Deletion of any of these individual domains
eliminates basal activity, whereas the C-terminal extension is
dispensable (7, 25). Thus, interdomain contacts between the
core domains appear essential for function. However, this view
is being challenged by studies suggesting that the PLCS PH
domain is flexibly connected to the rest of the core and that this
flexibility may be essential for its regulation (26 —28). In support
of this hypothesis, the related PLC8 enzyme contains a PH
domain that is flexibly connected to the core and dispensable
for activity but increases processivity by binding PIP, at the
membrane (29-31).

In contrast, relatively little is known about the structure and
molecular regulation of PLCe. The pathways leading to G
protein—mediated activation of PLCe have been characterized
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(5, 10, 20, 32—34), but the activator-binding sites on PLCe are
largely unknown. It is also not known how the accessory
domains contribute to regulation, in part because soluble, cat-
alytically active variants have not been available for study. The
only structural information for this enzyme comes from NMR
structures of its two RA domains and a crystal structure of the
RA2 domain in complex with Ras GTPase (35). Biochemical
studies of PLCe have shown thatits CDC25 and PH domains, its
first two EF-hands, and its RA domains are dispensable for
lipase activity (35-37). Thus, PLCe appears more similar to
PLCS than PLCS with respect to the requirement for its PH
domain in lipase activity.

In this work, we used biochemical assays, small-angle X-ray
scattering (SAXS), and negative stain EM to obtain structural
insights into the solution architecture of PLCe and probe the
roles of its PH and RA domains in regulating basal activity. We
show that the PH domain, likely together with the first two
EF-hands (EF1/2), is conformationally heterogeneous with
respect to the rest of the PLC core, which retains a compact
structure. In addition, the PH and RA domains have opposing
effects on the thermal stability of the enzyme that indicate that
one or both RA domains are intimately associated with the core,
but the PH domain is not. To compare these results with that of
a structurally well-characterized PLC, we also examined the
solution structure of the PLCA3 core domains. In contrast to
the structures observed across multiple different crystal forms,
we show that the PLCB PH domain also adopts multiple con-
formations in solution. Using site-directed mutagenesis and
disulfide bond engineering, we found that both the extended
and closed conformational states of the PLCS PH domain
retain basal activity and adsorb to liposomes, suggesting that
these conformational states are functionally relevant. Thus, it
seems likely that all PLC enzymes containing PH domains may
be inherently dynamic in solution and that these conforma-
tional states may underlie subfamily-specific differences in
their autoregulation, their association with cell membranes,
and their allosteric regulation by other signaling proteins.

Results

The PLCe PH and RA domains have differential impacts on
basal activity, thermal stability, and liposome binding

Given the lack of prior knowledge about the tertiary organi-
zation of PLCe, we investigated the respective contributions of
the PH domain and the two RA domains to basal activity, the
structural integrity of the enzyme, and binding to model mem-
branes. Because the full-length enzyme presents significant
challenges in expression and purification, we expressed and
purified three PLCe domain deletion variants: PH-COOH,
which retains the core domains and both RA domains (residues
837-2282); PH-C2, which lacks both RA domains (residues
837-1972); and EF-COOH, which lacks the PH domain (resi-
dues 1035-2282) (Fig. 14) (1, 8). Using a [*H|PIP, liposome
hydrolysis assay (24, 38, 39), we found that the PH-COOH var-
iant has the highest basal activity (Fig. 1.5; 390 = 123 nmol of
IP3y/min/nmol of PLCe variant). Loss of the RA domains in
PH-C2 decreased basal activity 6-fold (65 = 23 nmol of IP,/
min/nmol of PLCe variant, p = 0.0001), whereas loss of the PH

17478 . Biol Chem. (2018) 263(45) 17477-17490

domain in EF-COOH decreases activity 15-fold (25 = 12 nmol
of IP,/min/nmol of PLCe variant, p = 0.0001) (Fig. 1B).

To test whether the loss in specific activity is due to protein
destabilization, the melting temperature (T,,) of each variant
was determined using differential scanning fluorimetry (DSF)
(40). The PH-COOH and EF-COOH variants have similar T,
values of 51.3 £ 0.7 and 50.6 = 1.6 °C, respectively (Fig. 1C), but
PH-C2 hasalower T, (48.3 = 1.0 °C, p = 0.005). This suggests
that one or both RA domains directly contribute to the thermal
stability of the enzyme. The resulting destabilization of the PLC
core may be sufficient to account for the decreased basal activ-
ity of this variant. We next tested whether differences in basal
activity were due to changes in the ability of the variants to bind
PIP,-containing liposomes using a pelleting assay (41). We
hypothesized that PH-COOH and PH-C2 would show the
greatest binding to liposomes, as they retain the PH domain.
However, in the presence of liposomes, all three variants were
present to similar extents in the pellet, suggesting that differ-
ences in activity are not due to differences in binding (Fig. 1, D
and E).

PLCe variants have molecular envelopes distinct from those
predicted from PLC[ crystal structures

The PLCe PH domain increases basal activity, but has no
effect on thermal stability. We therefore hypothesized that the
PH domain may be flexibly attached to the rest of the core. If so,
then its molecular envelope should be characteristically differ-
ent from that predicted by the crystal structures of PLCS (46%
sequence identity for the region spanning EF3 through the C2
domain). We used small-angle X-ray scattering (SAXS) to
determine low-resolution ab initio bead models for the PLCe
PH-COOH, EF-COOH, and PH-C2 variants (Fig. 2, Tables 1
and 2, and Figs. S1-54) (42). Size-exclusion chromatography
(SEC)-SAXS was used to ensure sample homogeneity (Figs. S1
and 52). The minimal variability of radius of gyration (R,) as
determined by Guinier approximation using the SAXS data
(Fig. 53) or molecular weights as determined by multi-angle
light scattering (MALS) (Fig. 54) across the elution peaks indi-
cates that the samples were monodisperse. Guinier plots for
each variant were also consistent with the absence of aggre-
gates. PH-COOH and PH-C2 have Rg values of 43 = 0.54 and
40 + 0.48 A, respectively, whereas EF-COOH had an R:e of 46 +
2.5 A (Fig. 2 (D—F) and Table 2). All three PLCe variants also
had pair distance distribution functions consistent with a pre-
dominantly compact shape, but with some extended conforma-
tional aspects. The maximal intramolecular dimension (D)
for each variant was determined, with values of —162, —148,
and ~161 A, for PH-COOH, PH-C2, and EF-COOH, respec-
tively (Fig. 2, G—{). The SAXS data were also used to estimate
the molecular masses of the variants using the volume of cor-
relation (V) and the Porod volume ('V;)) (43). PH-COOH had
molecular masses of 118 kDa (V) and 126 kDa (V,), lower than
the calculated molecular mass of 165.5 kDa. As an additional
control, MALS was used to independently validate the molec-
ular mass of this variant at 168 kDa (Fig. S4). PH-C2 had esti-
mated molecular masses of 123.6 kDa (V) and 137 kDa (Vp),
comparable with its calculated molecular mass of 130.8 kDa.
Finally, EF-COOH had estimated molecular masses of 143.9
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Figure 1. Contributions of the PLCe PH and RA domains to activity, stability, and liposome binding. A, domain structure of R. norvegicus PLCe and Homo
sapiens PLCA3. The residue numbers above the diagrams correspond to predicted domain boundaries. PLCe variants usedin this study are depicted in brackets.
B, deletion of RA domains (PH-C2) or PH domain (EF-COOH) decreases basal specific activity 6- and 15-fold relative to PH-COOH, respectively. Data represent
atleast four experiments performed in duplicate = 5.D. (error bars) (****, p = 0.0001 based on one-way ANOVA followed by Tukey's multiple-comparison test).
C representative thermal melt curves of PH-COOH (purple hexagons), EF-COOH (green circles), and PH-C2 (blue triangles). Deletion of the RA domains decreases
thermal stability by 2.9 * 0.6 °C, relative to PH-COOH. Data represent at least four experiments performed in duplicate = 5.D. D, representative 5DS-polyacryl-
amide gel of PLCe variants following ultracentrifugation in the presence (+) or absence (—) of PE/PIP, liposomes. Total protein samples (T) contained protein
incubated in the presence (+) or absence (—) of liposomes but were not subject to centrifugation. £, band density of PLCevariants in the supernatant (5), pellet
(P), and total protein (T) in the presence orabsence of liposomes were quantified via Imagel. The ratio of protein present in the supernatant samples versus the
respective total protein control samples is shown. No significant differences in lipid binding for PLCe variants were observed. Data represent at least three
independent experiments.

kDa (V) and 138.3 kDa (V,), again comparable with the calcu-
lated molecular mass of 143.4 kDa (44).

Comparison of the ab initio SAXS models of PH-COOH and
PH-C2 reveals that they are very similar in overall shape (Fig. 2,
J and K). PLCe PH-COOH has a larger molecular volume
(4.57 X 10° A®) compared with PH-C2 (4.06 X 10° A%), consis-
tent with the presence of the RA domains in the PH-COOH

variant (45). As a comparison, we fit the atomic structure of the

SASBMB

PLCP3 core within the density (including the PH-C2 domains
from PDB entry 30HM (12)), confirming that the PLCe enve-
lopes are substantially larger than would be predicted for PLCJ,
which is consistent with their larger size (PLC3 PH-C2 is ~60
and ~77% of the total mass of PLCe PH-COOH and PH-C2,
respectively). Most interestingly, the SAXS envelopes of PH-
COOH and PH-C2 both feature a well-defined, extended pro-

trusion consistent with the extended tail observed in their pair
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distance distribution functions (Fig. 2, G, H, /, and K). This
feature is consistently observed in ab initio models of these
variants, as evidenced by the normalized spatial discrepancy
(NSD) values of 0.968 = 0.032 for PH-COOH and 0.924 *
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0.044 for PH-C2 for 15 independently determined models (46).
As this feature is observed in both PH-COOH and PH-C2, it
cannot correspond to the RA domains (Figs. 14 and 2) and thus
most likely represents the PH domain. The ab initio model of
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Table 1
SAXS data collection and analysis parameters

Conformational dynamics of PLC enzymes

SAS data collection parameters
Instrument
Wavelength (A)
Beam size (pm?)

1.033
160 (h) % 75 (v)

Camera length (m) 3.5

g measurement range (A~ ") 0.00365-0.383
Absolute scaling method NA®

Basis for normalization to constant counts

Method for monitoring radiation d Aut
Exposure time, number of exposures
Sample configuration

ted fre by

BioCAT facility at the Advanced Photon Source beamline 181D with Pilatus3 1M (Dectris) detector

To incident intensity, by ion chamber counter

frame comparison of relevant regions

1-s exposure time with a 2-s total exposure period of entire SEC elution

SEC-SAXS. Size separation by an AKTA Pure with a Superdex 200 Increase 10/300 GL column. SAXS

data measured in a 1.5-mm inner diameter quartz capillary.

Sample temperature (°C) 20

Software employed for SAS data reduction,
analysis, and interpretation
SAXS data reduction
and ATSAS (56)
Basic analysis: Guinier, molecular weight, Pir)

Radial averaging; frame comparison, averaging, and subtraction done using BioXTAS RAW 1.4.0 (55)

Guinier fit and molecular weight using BioXTAS RAW 1.4.0 (55), P(r) function using GNOM (65)

“ Mot applicable.

Table 2
SAXS structural parameters of PLCe variants
PLCe PLCe PLCe
PH-COOH PH-C2 EF-COOH
Guinier analysis
H0) (em ™) 6549 + 027  5L1+0.14 53.39 * 0.48
R (A) 43.37 £ 0.54 4046 = 048 4644 * 251
4 min (A ™Y 0.0183 0.0114 0.0083
g range (A7) 0.0183-0.0286 0.0114-0.0320 0.0083-0.0278
Pir) analysis
HO) {em™") 65.77 51.20 54.47
R, (A) 44,64 41.29 4931
o, (&) 162 148 161
Porod volume (A7) 213,000 213,000 277,000
g range (A7) 0.0183-0.184  0.0114-0.197  0.0083-0.172

the EF-COOH variant shares approximately the same long
dimension as the PH-COOH variant. EF-COQOH also contains a
similar extended protrusion from the main body of the enve-
lope, with an NSD of 0.627 = 0.039 for 10 independent models
(Fig. 2 (F, I, and L) and Table 2). However, electron density
appears to be lost both from the protrusion and from the center
of the molecule, relative to the models of PH-COOH and
PH-C2 (Fig. 2, J-L). This is supported by the decreased molec-
ular volume of the EF-COOH variant (3.48 X 10° A% (45).
These differences are most likely a direct consequence of delet-
ing the PH domain in EF-COOH.

Negative stain EM reconstruction of PLCe variants

To obtain higher resolution and orthogonal structures of the
PLCe variants, we used negative stain EM (Fig. 3 and Fig. 55) to
calculate single-particle reconstructions. Preliminary analysis
of the data sets revealed challenges in obtaining dominant 3D
class averages for each set of particles. Together with the SAXS
data, this is consistent with conformational heterogeneity in

the PLCe variants and necessitated a conservative approach to
data processing and calculating 3D reconstructions (Fig. S5).

For the PH-COOH variant, 2D classes containing 34,155 par-
ticles were used to generate two initial 3D models, each of
which was used to independently calculate two refined 25 A 3D
reconstructions (9,879 and 13,628 particles each) (Fig. 3 (4, D,
G, and /) and Fig. 56). Similarly, for the PH-C2 variant, 92,982
particles from the 2D classes were used to generate two refined
20 A 3D reconstructions (24,129 and 22,343 particles each) (Fig.
3 (B, E, H, and K) Fig. 56). These reconstructions confirm that
PH-COOH and PH-C2 are monomeric. The two PH-COOH
reconstructions have molecular volumes of 2.92 X 10° and
3.40 X 10° A3, respectively, and maximum diameters of ~116
A. The two reconstructions of PH-C2 have molecular volumes
of 3.07 X 10" and 2.78 x 10° A* and diameters of ~116 and
~124 A (45). Overall, these reconstructions have smaller
molecular volumes compared with the SAXS envelopes. This is
most likely due to the dehydration and sample flattening that is
common in negative stain (47). Although the PH-COOH vari-
ant retains the RA domains, there are no obvious differences
compared with PH-C2, further supporting our hypothesis that
one or both RA domains stably associate with the rest of the
core under these experimental conditions (Figs. 1 and 3). Thus,
distinctive features protruding from the main body of the recon-
structions of both PH-COOH and PH-C2 likely reflect the con-
formational heterogeneity of the PH domain with respect to the
PLCe core (Fig. 3 and Fig. S6).

Two refined 20 A reconstructions of the EF-COOH variant
(13,416 and 14,498 particles each) were likewise generated from
2D classes containing 53,028 particles (Fig. 3 (C, F, /, and L) and
Fig. 56). Like the other PLCe variants, the EM analysis indepen-
dently confirms that EF-COOH is monomeric. Similar to the

Figure 2. SAXS envelopes reveal the solution architectures of PLCe variants. A-C, raw scattering curves for PLCe PH-COOH (A), PH-C2 (B), and EF-COOH (C).
D-F, Guinier analyses of low g values, In() (beam intensity) versus g* (scattering angle) with R, of PH-COOH, PH-C2, and EF-COOH, respectively. Fitting of the
linear regressions to the datais represented by residuals, shown at the bottom of the plots, demonstrating that the proteins are monomeric in solution. G-/, pair
distance distribution functions (P(r)) indicating elongated envelopes for PH-COOH, PH-C2, and EF-COOH variants, respectively. Estimated maximum intramo-
lecular distances (D__ ) are provided. Ab initio envelope models (left) and equivalent envelopes rendered as volumes (right) show protrusions in PH-COOH ()
and PH-C2 (K) and lack of density, likely corresponding to the missing RA domains in PH-C2. As a reference, the crystal structure of the PLCA3 core (colored as
in Fig. 14; PDB entry 30HM (12)) is fit within the SAXS-derived envelopes such that the PH domain is oriented toward the extended protrusion and the C2
domain toward the additional density on the opposite side of the envelope. In L (EF-COOH), the domain is extended similarly to PH-COOH, but electron density
is lost from the protrusion and the center of the molecule due to loss of the PH domain. The PLCA3 core lacking the PH domain is fit within the density as

described for fand K.
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Figure 3. Single-particle negative stain EM reconstructions confirm elongated conformations in PLCe variants. A-C, raw, unadjusted micrograph field
views with examples of picked particles (circles) for PLCe PH-COOH (A), PH-C2 (B), and EF-COOH (C). D-F, the top five reference-free 2D class averages for
PH-COOH (D), PH-C2 (), and EF-COOH (F) variants. G, two representative, refined 3D models of PH-COOH, with the top purple model generated from 9,879
particles and bottom orchid model generated from 13,628 particles. H, representative models of PH-C2, with the top navy model generated from 24,129 particles
and the bottomn sky blue model generated from 22,343 particles. /, representative models of EF-COOH, with the top sea foam green model generated from 13,416
particles and the bottom lime green model generated from 14,498 particles. J-L, FSC curves for refined 3D models of PH-COOH, PH-C2, and EF-COOH,
respectively. The gold-standard FSC (0.143) for all models indicates a final resolution of 25, 20, and 20 A, respectively. FSC curves reflect the cross-correlation
coefficient from aligning two independent half-maps. A representative workflow for the PLCe PH-COOH variant, containing A, D, and G, is shown in Fig. S5.

trends observed for the PH-COOH and PH-C2 variants, the
reconstructions of EF-COOH are smaller overall than its SAXS
envelopes. The EF-COOH reconstructions have molecular vol-
umes of 3.13 X 10” and 3.67 X 10 A* and maximum diameters
of ~126 and 130 A (Fig. 3, G-I) (45). Importantly, the
EF-COOH reconstructions further confirm that this variant
has a different molecular architecture compared with the PH-
COOH and PH-C2 variants, due to deletion of the PH domain.
This is consistent with the SAXS analysis of these variants (Fig.
2) and supports a model in which the PH domain adopts mul-
tiple conformations with respect to the rest of the PLC core.

The PLCB3 PH domain is also conformationally dynamic

Because our data are consistent with the PH domain adopt-
ing multiple conformations in PLCe, we assessed the solution
structure of the PLCB3 core by performing SAXS on a variant
that includes its PH, EF, TIM barrel, and C2 domains along with
an autoinhibitory portion of its C-terminal domain (CTD),
PLCPB3-A892 (Figs. 1A and 4).

17482 ) Biol. Chem. (2018) 293(45) 1747717490

We first compared the experimentally determined SAXS
data for PLCB3-A892 with the calculated SAXS data derived
from the PLCPB3 crystal structure (containing the PH-proximal
CTD domains from PDB entry 30HM (12); Figs. 4 and 5, Tables
1 and 3, and Figs. S1-S3). The experimental and calculated
Guinier plots for PLCB3-A892 generated similar R, values of 34
and 31 A, with experimentally determined molecular masses of
87.9kDa(V,)and 96.2kDa (V,), comparable with the calculated
molecular mass of 100.89 kDa. However, the Guinier plots for
the two data sets have a y* value of 7.8, indicating substantial
divergence between the experimental and calculated data (Fig.
5B). The calculated pair distance distribution function for
PLCPB3-A892 (Fig. 5C) is bell-shaped, as expected for the glob-
ular structure observed in crystal structures (Fig. 44). However,
the experimentally determined pair distance distribution func-
tion indicates the presence of extended features, as evidenced
by the tail at high values of r (Fig. 5C). In addition, the calculated
D,,.. is 105 A, compared with the experimentally determined
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Figure 4. Characterization of conformationally stabilized PLCB3-A892 variants. A, representative crystal structure of the PLCS3 core (PH-C2 domains)
with the proximal CTD (PDB entry 30HM (12)), with the domains labeled and colored as in Fig. 1A. The predicted SAXS envelope is shown as a gray 20-A low-pass
filter surrounding the crystal structure, Residues Glu-60 and Val-164 (shown in ball-and-stick representations) were mutated to cysteines for disulfide bond
formation to restrict the motion of the PH domain. The X-Y linker and the loop connecting the C2 domain to the proximal CTD are disordered and omitted for
clarity. The ends of the X-Y linker are denoted by hot pink asterisks, and the ends of the C2-proximal CTD are denoted by cyan asterisks (26). B, cysteine mutations
in PLCBA3-A892 (E60C/V164C) alter basal specific activity only under oxidized conditions (***, p = 0.001; **, p = 0.01 based on one-way ANOVA followed by
Tukey’s multiple-comparison test). Basal specific activity data represents at least two experiments performed in duplicate * S.D. (error bars). C, cysteine
mutationsin PLCB3-A892 (E60C/V164C) do not alter thermal stability under reducing or oxidizing conditions. Representative curves are shown for PLC83-A892
(gray diamonds), reduced E60C/V164C (red inverted triangles), and oxidized E60C/V164C (orange squares). Thermal stability data represent at least six experi-
ments performed in triplicate + S.D. D, representative SDS-PAGE of PLC83-A892 variants following ultracentrifugation in the presence (+) or absence (—) of
PE/PIP, liposomes. Total protein samples (T) contained protein incubated in the presence (+) or absence (—) of liposomes but were not subject to centrifu-
gation. £, PLC3-A892 variants show minimal binding to liposomes. Gels were quantified as described in Fig. 1E, and no significant differences in liposome
binding were observed for the PLC33-A892 variants. All data are mean = S.D. of at least four independent experiments and analyzed by one-way ANOVA

followed by Tukey's multiple-comparison test.

D,,.. of 122 A. This is consistent with PLCS3-A892 having a
more extended structure in solution that is inconsistent with
published crystal structures.

The volume of the ab initio envelope of PLCB3-A892 encap-
sulates the crystal structure of PLCB3 but is more elongated
and features a well-defined, extended protrusion (Fig. 5D).
Thus, the overall shape of the PLCB3-A892 SAXS envelope is
more consistent with the SAXS envelopes and 3D recon-
structions of PLCe PH-COOH and PH-C2 than with the
low-pass—filtered 20-A envelope of the PLCS 30HM crystal
structure (Figs. 2, 3, and 4A4). The compact portion of the
PLCP3-A892 SAXS envelope also shows additional density
beyond the low-pass—filtered crystal structure (Fig. 5D). This
most likely corresponds to disordered regions that are not
observed in the crystal structure, such as the X-Y linker within
the TIM barrel domain. In PLC3, this linker is ~80 residues
(~9 kDa) and is disordered in all published structures (Fig. 44).

To confirm that the extended protrusion observed in the
experimentally determined PLCP3-A892 envelope corre-
sponds to the PH domain, we generated the E60C/V164C dou-
ble mutant of PLCB3-A892 (Fig. 44). These two mutations, in
combination with an exogenous bismaleimidoethane cross-
linking reagent, were previously shown to restrict the motion of

SASBMB

the PH domain without impacting basal activity (26). Because
the distance between the CB atoms of these residues varies
between crystal structures, we anticipated that they would be
able to form a redox-dependent disulfide bond. Thus, we puri-
fied PLCB3-A892 E60C/V164C under either oxidizing or
reducing conditions. Using the [*H]PIP, hydrolysis activity
assay, we found that reduced PLCB3-A892 E60C/V164C had a
specific activity of 0.33 *+ 0.20 nmol of IP,/min/nmol of PLCS3-
A892 variant, comparable with that of PLCB3-A892 (0.41 *
0.20 nmol of IP3/min/nmol of PLCB3-A892 variant) (Fig. 4B).
Oxidized PLCB3-A892 E60C/V164C had a specific activity of
2.3 * 0.37 nmol of IP;/min/nmol of PLCB3-A892 variant, sig-
nificantly greater than that of PLCS3-A892 (p = 0.001) and
reduced PLCB3-A892 E60C/V164C (p = 0.01, Fig. 4B). How-
ever, all three PLCB3-A892 variants had essentially identical
T,,, values as measured by DSF (Fig. 4C), and all variants bound
similarly to PE/PIP, liposomes, as measured using the liposome
pelleting assay (Fig. 4, D and E). The increased basal activity of
oxidized PLCB3-A892 E60C/V164C is in contrast to a recent
report from Kadamur and Ross (26), who found no significant
difference in basal activity when the PH domain was conforma-
tionally restricted by cross-linking. This difference is most
likely due to the use of PLCB3-A892 in this study as opposed to
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107

6107 ‘TT ARJA U0 saURIQIT ANSIoAIUN) anping 18 F10°0qf mavwzdny woly papeojumo(g



108

Conformational dynamics of PLC enzymes

PLCp3-A892 PLCP3-A892
PLC[33-A892 E60C/V164C oxidized, E60C/V164C reduced
A 2 E : | 7
1 1 s.,\ 1
g g WM'\"'|§’{'W1M\N | - i
-1 ‘ | |/ -1
2 -2 ‘ 21
0 e : 08 T 0 o ;

o
a

ﬂ
[

| & =4
expt.R =34£0.37A| R,=35£25A R,=35£0.93 A E
42 calc. R/ =31£0.09A 34 26 S
. XI =78 H 2 %
40! 32 3 24 2
g
=338 = 30 = 22 L
= = = =
= 36 - 28 = 20 i
orn %‘
34 26 " 18 ;
32 24 16 g
v 8 5o e A ML Ay o - S R A e | =
# . : i %
& RIS & S & b @ & RIS 2
FEIFEISTSS SIS TSI z
qz qz qz &
Co.w G 0.020, Ko. g
expt.D_ :~122A D, . ~120 A D, ~120A &
s~ calc.D_ :~105A £
/7 o\ e
0.08] F % 0.016] 0.03: =
1 \ =3
o g
_o0s [/ \ __0.012] __0.024 S
= ! \ = = g
] \
o i \ o o =z
004{ \ 0.008] 0.016] Z
] \
! \ N
! s
/ ")

17484 ) Biol. Chem. (2018) 293(45) 17477-17490 .§ASBMB



Table 3
SAXS structural parameters of PLC[33-A892 variants

PLCP3-A892  PLCA3-A892
E60C/V164C  E6DC/V164C
PLCP3-A892 (oxidized) (reduced)
Guinier analysis
10} (em ™Y 59.44 + 0.07 1147 + 0.34 25.33 + 0.33
Ry (A) 3378 + 0.37 35.13 + 2.54 34.79 + 0.93
g'min (A 1) 0.0089 0.0159 00112
g range (A™") 0.0089-0.0384  0.0159-0.0363  0.0112-0.0372
Pir) analysis
10} (em ™) 59.76 11.36 25.28
Ry (A) 3443 35.81 35.12
D, (A) 122 120 120
Porod volume (A7) 165,000 166,000 164,000
g range (A4 0.0089-0237  0.0159-0.227  0.0112-0.230

full-length PLCB3. Full-length PLCB3 retains the C-terminal
extension and thus has increased membrane association and
much higher basal activity (1, 7).

The oxidized and reduced PLCB3-A892 E60C/V164C
mutants were also analyzed by SAXS and were confirmed to be
monomeric and monodisperse in solution (Fig. 5, Table 3, and
Figs. 5S1-54). Guinier plots of these variants generated R, values

of ~35 A (Fig. 5, F and J). The experimentally dctcrmmcd
molecular mass of oxidized PLCB3-A892 E60C/V164C was
found to be 71 kDa (V) and 65.3 kDa (V,,), and reduced PLC83-
A892 E60C/V164C had molecular masses of 69 kDa (V) and
53.3kDa (Vp), all of which are lower than the calculated molec-
ular mass (100.6 kDa). The discrepancy in the SAXS-derived
molecular masses versus the calculated molecular masses is
likely due to the lower signal/noise ratio of these data sets. Thus,
MALS was used to confirm the molecular masses of these vari-
ants in solution (Fig. S4). Finally, the pair distance distribution
functions of these variants are similar, with D values of ~120
A (Fig. 5, G and K). The ab initio envelopes of oxidized and
reduced PLCB3-A892 E60C/V164C were then compared with
one another and PLCB3-A892 (Fig. 5, D, H, and L). The oxi-
dized PLCB3-A892 E60C/V164C envelope has a more com-
pact, globular structure as compared with the envelope of
PLCA3-A892 (Fig. 5, D and H). The molecular volume of the
oxidized PLC33-A892 E60C/V164C envelope is 3.42 X 10° A%,
comparable with that of PLCB3-A892 (3.44 X 10° A”) (45). A
similar result was obtained upon the addition of 15 mm excess
bismaleimidoethane to PLCB3-A892 E60C/V164C purified
under reducing conditions. The resulting envelope again has a
more compact shape than that of PLCA3-A892, with a molec-
ular volume of 3.43 % 10° A® (Fig. S7 and Table S1). Thus, the
disulfide bond between E60C and V164C limits the motion of
PH domain similarly to the previously reported cross-linker
(26). In contrast, the envelope for reduced PLCB3-A892 E60C/

Conformational dynamics of PLC enzymes

V164C is most similar to that of PLCB3-A892, as it clearly fea-
tures the extended protrusion (Fig. 5, D and L). It also shares a
similar molecular volume as the other PLCB3-A892 variants
(3.49 % 10° A%). Overall, these results are most consistent with
the PLCA3 PH domain, likely together with EF1/2, adopting
multiple conformations in solution that contribute to the final
volume of the reconstruction.

Discussion

PLCe and PLCP regulate the intracellular Ca®™
tion and PKC activation downstream of GPCRs and, in the case
of PLCe, downstream of receptor tyrosine kinases (1, 10, 11).
Numerous structures of PLC3 have been determined over the
last 10 years (12—14, 18, 23, 24, 48), but the observed compact-
ness of PLCB in these structures appears to be misleading, given
the growing evidence that its PH domain is conformationally
dynamic (26-28), including in this study. Although PLCe is
anticipated to share a similar core architecture with PLCJ (46%
sequence identity for the region including EF3-C2), it was not
known whether its PH domain would be situated more similarly
to crystal structures of PLCS or PLCS with respect to the core
or how its C-terminal RA domains would influence the overall
conformation of the protein.

Using biochemical assays, SAXS, and single-particle EM, we
show that the PLCe variants PH-COOH, PH-C2, and
EF-COOH retain activity and have molecular architectures
consisting of a compact core that features a well-defined pro-
trusion (Figs. 1-3). As both PH-COOH and PH-C2 share this
feature, this protrusion is highly unlikely to correspond to the
RA domains and instead is most likely a core domain (Figs. 1-3)
(9, 36). The loss of density on the opposite end of the SAXS
envelope in PH-C2 relative to PH-COOH is consistent with
deletion of the RA domains. However, fitting the structure of
the PLCP33 core (PDB entry 30HM (12)) in the PH-COOH and
PH-C2 envelopes such that the C terminus of the C2 domain
extends into the additional density also fails to account for the
volume of the observed envelopes. Whereas PLCe PH-C2 is
~35 kDa larger than PLC3 PH-C2, this is largely due to inser-
tions and a longer X-Y linker and is still insufficient to account
for the total volume of the envelope, especially the extended
protrusion. Thus, the large envelopes are most consistent with
dynamic behavior at the N terminus of the PLCe variants. This
observation is consistent with the fact that deletion of the PH
domain has no effect on thermal stability (Fig. 1C), indicating
that interactions between this domain and the rest of the core
are transient in nature. We propose that the PH domain in both
PLCB3 and PLCe is connected to the rest of the core via the

concentra-

Figure 5. PLCB3-A892 SAXS lysis confirms confor

Id: ics ofits PH d

Aand B, raw scattering curve (A) and Guinier analyses (B) of low

qvalues, In(l) (beam intensity) versus g° (scattering angle) with R, for | PLCA3-A892 (gray line) and calculated from the PLCA3 crystal structure (dashed black line,
PDE code 30HM (12)). Fitting of the experimental linear regressnon to the experimental data is represented by residuals, as shown in the bottom tenth of the
plot, and confirms that the proteins are monomeric in solution. C, pair distance distribution function P{r), with maximum interparticle distance (D _.) for the
experimentally determined and calculated PLC33-A892 data shown as in B. D, ab initio “dummy atom” envelope models (left) and equivalent envelope
rendered as volumes (right) for PLCB3-A892. The PLCA3 crystal structure is fitted as a reference, with the PH domain oriented toward the extended protrusion
and colored as in Fig. 1A, E-G, raw scattering curve (E), Guinier analysis (F), and pair distance distribution function (G) of oxidized PLC33-A892 ESOC/VI64C. H,
ab initio “dummy atom” envelope models (left) and equivalent envelope rendered as volumes (right) of oxidized PLCA3-A892 E60C/V164C, with the crystal
structure fit as in D. [-K, raw scattering curve ([}, Guinier analysis (J), and pair distance distribution function (K) of reduced PLC33-A892 EGOC/V164C. L, ab initio
“dummy atom” envelope models (left) and equivalent envelope rendered as volume (right) for reduced PLCB3-A892 E60C/V164C, with the crystal structure fit
as in D.PLCA3-A892 and reduced PLCA3-A892 E60C/V164C envelopes show similar protrusions, whereas oxidized PLC33-A892 E60C/V164C appears more
compact.
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Figure 6. A rigid-body ensemble model of PLC/33-A892 is consistent with
conformational heterogeneity of the PH domain and EF1/2. A, crystal
structures of the PLCS subfamily reveal a compact structure, wherein the PH
domain is in close proximity to the TIM barrel domain and EF-hands 1 and 2
(EF1/2). Domains are colored as in Fig. 1A, with the exception of EF1/2, which
are shown in periwinkle blue. Dashed lines, regions disordered in the crystal
structure, with the catalytic Ca** ion shown as a black sphere. B, a rigid-body
ensemble model that better fits the experimentally determined SAXS data
was determined using SASREF (y” of 1.67 (61)). In this model, the PH domain
(residues 11-146), EF1/2 (residues 147-221), and the remaining domains of
PLCP3-A892 (residues 222-892) were treated as independent, rigid bodies.
Additional restraints included restricting the PH domain C terminus to within
5 A of the N terminus of EF1/2 and the C terminus of EF1/2 within 5 A of the N
terminus of EF3 and the rest of the enzyme. In the resulting model, the PH
domain is translated by ~140° and translated —70 A from its position in the
crystal structure. This large motion is facilitated by EF1/2, which is rotated by
~155° and translated ~20 A from its position in the crystal structure. EF1/2
hands are weakly conserved compared with the rest of core domains across
PLC enzymes and variably ordered in crystal structures of PLCB. Finally, the
residues linking EF2 and EF3 may serve as a hinge region, facilitating the
rotation of EF1/2 and allowing the PH domain to sample multiple
conformations.

weakly conserved EF1/2 hands and that a hinge between EF2
and EF3 allows the PH domain to adopt multiple conformations
with respect to the core. In support of this hypothesis, we used
ensemble rigid-body modeling to generate a model based on
PLCB3-A892 SAXS data (Figs. 5 and 6). In the resulting com-
putational model, which fits the experimental data with a y* of
1.67, the PH domain and EF1/2 are rotated away from the rest of
the PLC core and from one another. The PH domain is rotated
~140° from its position in the crystal structures and translated
by ~70 A. EF1/2 is also rotated from its position in the crystal
structure by ~155° and translated by ~20 A (Fig. 6). This flex-
ibility would therefore allow the PH domain and EF1/2 to adopt
multiple conformational changes with respect to one another
and to the rest of the PLC core. Although the current model is
limited by the resolution of the SAXS envelopes and the EM
reconstructions, it represents the simplest model of the data.
We also showed that the PLCe PH domain is important for
lipase activity (Fig. 1B). The C-terminal RA domains of PLCe
also make a substantial contribution to basal activity (Fig. 1B),

17486 .. Biol. Chem. (2018) 293(45) 17477-17490

but because these domains contribute to stability as measured
by DSF (Fig. 1C), the loss of activity is most simply explained by
decreased structural integrity of the core. As the RA2 domain is
the primary binding site for activators such as Rap1A and Ras
(20, 21), this may provide a potential mechanism by which small
GTPases could allosterically activate phosphatidylinositol hy-
drolysis. In future studies, the role of the N-terminal CDC25
domain will need to be similarly assessed.

Although the PLCB3 core is compact in crystal structures
(Fig. 4) (12, 24), its SAXS envelope features a similar extended
protrusion observed in the PLCe PH-COOH and PH-C2 enve-
lopes (Figs. 2, 3, and 5). To determine whether this extended
protrusion is in fact the PH domain, we used SAXS to study the
PLCP3-A892 E60C/V164C variant under reducing and oxidiz-
ing conditions, which would restrain the motion of the PH
domain (Fig. 5) (26). The molecular envelope of the reduced
PLCP3-A892 E60C/V164C mutant is most similar to that of
PLCPB3-A892, whereas oxidation or cross-linking results in a
more compact molecular envelope lacking a defined extended
protrusion (Fig. 5 and Fig. S7). The more compact structures
observed following oxidation or cross-linking are more consis-
tent with the conformation of PLCB3 in crystal structures.
Thus, we believe that these studies are the first to provide direct
structural evidence for multiple conformations of the PLC PH
domain and possibly EF1/2. However, the respective contribu-
tions of these conformational states to basal activity and mem-
brane association require further study (26).

Extension of the PH domain from the catalytic core may be
important for PLCB and PLCe regulation by Gy subunits (8, 9,
49, 50). Despite multiple studies over several decades, the GBy-
binding site on PLCB has remained elusive (27, 28, 51, 52).
Previous studies have suggested that GBy-dependent regula-
tion of PLCP is modulated by interactions between these two
proteins and the membrane (28, 53). It is therefore possible that
the PH domain is extended when PLCf is in contact with mem-
branes. Interdomain contacts between the PH domain and the
other core domains, including their respective orientation at
the membrane, may also contribute to regulation (28). More
recently, the GBy-binding site in PLCB was proposed to be
blocked in the closed conformation of the PH domain, suggest-
ing that conformational flexibility of the domain is required for
GpBy binding and activation (26). Our data are fully consistent
with this model. The mechanism of GBy-dependent activation
of PLCe s only beginning to be investigated (9), but because our
data are consistent with PLCe also containing a conformation-
ally dynamic PH domain, we propose that it may likewise con-
tribute to GBy-dependent regulation.

Experimental procedures
PLCe and PLCP expression and purification

cDNA encoding Rattus norvegicus PLCe PH-COOH (resi-
dues 837-2282), PH-C2 (residues 832-1972), and EF-COOH
(residues 1035-2282) were subcloned into the pFastBac-HTA
vector (Invitrogen) and confirmed by sequencing over the
entire coding region. Proteins were expressed in baculovirus-
infected Sf9 cells, harvested 48 —-72 h postinfection, and flash-
frozen. PLCP3-A892 (residues 10-892) was expressed as
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Figure 6. A rigid-body ensemble model of PLC/33-A892 is consistent with
conformational heterogeneity of the PH domain and EF1/2. A, crystal
structures of the PLCS subfamily reveal a compact structure, wherein the PH
domain is in close proximity to the TIM barrel domain and EF-hands 1 and 2
(EF1/2). Domains are colored as in Fig. 1A, with the exception of EF1/2, which
are shown in periwinkle blue. Dashed lines, regions disordered in the crystal
structure, with the catalytic Ca** ion shown as a black sphere. B, a rigid-body
ensemble model that better fits the experimentally determined SAXS data
was determined using SASREF (y” of 1.67 (61)). In this model, the PH domain
(residues 11-146), EF1/2 (residues 147-221), and the remaining domains of
PLCP3-A892 (residues 222-892) were treated as independent, rigid bodies.
Additional restraints included restricting the PH domain C terminus to within
5 A of the N terminus of EF1/2 and the C terminus of EF1/2 within 5 A of the N
terminus of EF3 and the rest of the enzyme. In the resulting model, the PH
domain is translated by ~140° and translated —70 A from its position in the
crystal structure. This large motion is facilitated by EF1/2, which is rotated by
~155° and translated ~20 A from its position in the crystal structure. EF1/2
hands are weakly conserved compared with the rest of core domains across
PLC enzymes and variably ordered in crystal structures of PLCB. Finally, the
residues linking EF2 and EF3 may serve as a hinge region, facilitating the
rotation of EF1/2 and allowing the PH domain to sample multiple
conformations.

weakly conserved EF1/2 hands and that a hinge between EF2
and EF3 allows the PH domain to adopt multiple conformations
with respect to the core. In support of this hypothesis, we used
ensemble rigid-body modeling to generate a model based on
PLCB3-A892 SAXS data (Figs. 5 and 6). In the resulting com-
putational model, which fits the experimental data with a y* of
1.67, the PH domain and EF1/2 are rotated away from the rest of
the PLC core and from one another. The PH domain is rotated
~140° from its position in the crystal structures and translated
by ~70 A. EF1/2 is also rotated from its position in the crystal
structure by ~155° and translated by ~20 A (Fig. 6). This flex-
ibility would therefore allow the PH domain and EF1/2 to adopt
multiple conformational changes with respect to one another
and to the rest of the PLC core. Although the current model is
limited by the resolution of the SAXS envelopes and the EM
reconstructions, it represents the simplest model of the data.
We also showed that the PLCe PH domain is important for
lipase activity (Fig. 1B). The C-terminal RA domains of PLCe
also make a substantial contribution to basal activity (Fig. 1B),
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but because these domains contribute to stability as measured
by DSF (Fig. 1C), the loss of activity is most simply explained by
decreased structural integrity of the core. As the RA2 domain is
the primary binding site for activators such as Rap1A and Ras
(20, 21), this may provide a potential mechanism by which small
GTPases could allosterically activate phosphatidylinositol hy-
drolysis. In future studies, the role of the N-terminal CDC25
domain will need to be similarly assessed.

Although the PLCB3 core is compact in crystal structures
(Fig. 4) (12, 24), its SAXS envelope features a similar extended
protrusion observed in the PLCe PH-COOH and PH-C2 enve-
lopes (Figs. 2, 3, and 5). To determine whether this extended
protrusion is in fact the PH domain, we used SAXS to study the
PLCP3-A892 E60C/V164C variant under reducing and oxidiz-
ing conditions, which would restrain the motion of the PH
domain (Fig. 5) (26). The molecular envelope of the reduced
PLCP3-A892 E60C/V164C mutant is most similar to that of
PLCPB3-A892, whereas oxidation or cross-linking results in a
more compact molecular envelope lacking a defined extended
protrusion (Fig. 5 and Fig. S7). The more compact structures
observed following oxidation or cross-linking are more consis-
tent with the conformation of PLCB3 in crystal structures.
Thus, we believe that these studies are the first to provide direct
structural evidence for multiple conformations of the PLC PH
domain and possibly EF1/2. However, the respective contribu-
tions of these conformational states to basal activity and mem-
brane association require further study (26).

Extension of the PH domain from the catalytic core may be
important for PLCB and PLCe regulation by Gy subunits (8, 9,
49, 50). Despite multiple studies over several decades, the GBy-
binding site on PLCB has remained elusive (27, 28, 51, 52).
Previous studies have suggested that GBy-dependent regula-
tion of PLCP is modulated by interactions between these two
proteins and the membrane (28, 53). It is therefore possible that
the PH domain is extended when PLCf is in contact with mem-
branes. Interdomain contacts between the PH domain and the
other core domains, including their respective orientation at
the membrane, may also contribute to regulation (28). More
recently, the GBy-binding site in PLCB was proposed to be
blocked in the closed conformation of the PH domain, suggest-
ing that conformational flexibility of the domain is required for
GpBy binding and activation (26). Our data are fully consistent
with this model. The mechanism of GBy-dependent activation
of PLCe s only beginning to be investigated (9), but because our
data are consistent with PLCe also containing a conformation-
ally dynamic PH domain, we propose that it may likewise con-
tribute to GBy-dependent regulation.

Experimental procedures
PLCe and PLCP expression and purification

cDNA encoding Rattus norvegicus PLCe PH-COOH (resi-
dues 837-2282), PH-C2 (residues 832-1972), and EF-COOH
(residues 1035-2282) were subcloned into the pFastBac-HTA
vector (Invitrogen) and confirmed by sequencing over the
entire coding region. Proteins were expressed in baculovirus-
infected Sf9 cells, harvested 48 —-72 h postinfection, and flash-
frozen. PLCP3-A892 (residues 10-892) was expressed as
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described previously (14). PLCB3-A892 E60C/V164C was gen-
erated using site-directed mutagenesis, confirmed by sequenc-
ing over the entire coding region, and expressed as described
(14).

PLCevariants were purified as described (9), with some mod-
ifications for proteins used in single-particle EM and liposome-
pelleting assays. After lysis and ultracentrifugation, the super-
natant was applied to a 5-ml HisTrap FF column (GE
Healthcare) equilibrated with Buffer A (20 mym HEPES, pH 8,
300 or 500 mm NaCl, 20 mm imidazole, 10 mm B-mercaptoeth-
anol, 0.1 mm EDTA, and 0.1 mm EGTA) and eluted with a gra-
dient of 0-100% Buffer A supplemented with 500 mum imidaz-
ole pH 8. Fractions containing protein were pooled, buffer-
exchanged with an equal volume of Buffer E (20 mm HEPES, pH
8, 50 mm NaCl, 2 mm DTT, 0.1 mm EDTA, and 0.1 mm EGTA),
and loaded onto a 1-ml Mono() 5/50 GL column (GE Health-
care) pre-equilibrated with Buffer E. Protein was eluted with a
gradient of 0-100% MonoQ-S Buffer E containing 500 mm
NaCl. Fractions containing protein were again pooled, buffer-
exchanged, and concentrated as described above before loading
on a 1I-ml MonoS 5/50 GL column (GE Healthcare) pre-equil-
ibrated with Buffer E. The protein was eluted, pooled, and con-
centrated as described above before final purification over tan-
dem Superdex 200 Increase columns (GE Healthcare).

PLC33-A892 and reduced PLCB3-A892 E60C/V164C were
purified as described previously (54). Oxidized PLC33-A892
E60C/V164C was purified similarly, but reducing agents were
omitted in each step.

Differential scanning fluorimetry

DSF assays were carried out as described previously (40, 54),
with minor modifications. Purified PLCe (0.2— 0.6 mg/ml) and
PLCPS variants (0.5 mg/ml) were incubated with 5X SYPRO
orange dye in the presence of 5 mum CaCl,. All assays were per-
formed in duplicate or triplicate with protein from at least two
independent purifications.

Basal activity assays

PLCe and PLCJ activity was measured as described previ-
ously (24, 38, 54). The PLCe PH-COOH variant was assayed at
a final concentration of 0.075 ng/ul, PH-C2 at 0.1-1 ng/ul, and
EF-COOH at 0.5 ng/ul. PLCB3-A892 was assayed at a final
concentration of 10 ng/pl, and PLCB3-A892 E60C/V164C (oxi-
dized or reduced) was assayed at 12 ng/ul. Oxidized PLCB3-
AB92 E60C/V164C was assayed in the absence of reducing
agents. All assays were performed at least in duplicate with
protein from at least two independent purifications.

SEC-SAXS/MALS-DLS data collection and analysis

SEC-SAXS was performed at BioCAT (Sector 18) Advanced
Photon Source equipped with an AKTA Pure FPLC and a Pila-
tus3 1M detector (Dectris) with a beam size of 160 pm > 75 pm
(Table 1). Data were collected at room temperature, with a
12-KeV X-ray (1.033-A wavelength) and ~3.5-m sample-to-
detector distance (g range = 0.00365 to 0.383 A~ 1). All purified
PLCe and PLCB3-A892 variants were diluted to a final concen-
tration of 2-3 mg/ml in 20 mm HEPES, pH 8, 200 mm NaCl, 2
mm DTT, 0.1 mm EDTA, and 0.1 mm EGTA. Samples were
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centrifuged at 16,000 % g for 5 min at 4 °C before data collec-
tion. Protein samples were eluted on a Superdex 200 Increase
column (GE Healthcare; Figs. S1 and 52). The eluate was passed
through the UV monitor and then the SAXS flow cell, which
consists of a 1.5-mm quartz capillary with 10-pm walls. Data
were collected every 2 s with 1-s exposure times. For PLCe
PH-COOH, frames corresponding to the leading edge of the
elution peak as opposed to the highest point of the peak were
selected for SAXS analysis. The usual practice of averaging
frames corresponding to the highest point in the peak mani-
fested symptoms of aggregation in the Guinier analysis due to
possible capillary fouling (Fig. S14). For all other PLCe and all
PLCB3-A892 variants, frames corresponding to the protein
peak were used for SAXS analysis (Fig. S1, B-F). A buffer file
was generated for all samples by averaging exposures flanking
the elution peak and was used for background subtraction
(Fig. S1).

Raw scattering data were reduced using BioXTAS RAW 1.4.0
(55) and ATSAS (56). The low variability in the distribution of
R, corresponding to the individual frames as seen plotted with
the “scattering chromatograms” (integrated intensity of indi-
vidual exposures plotted against frame number) demonstrates
the monodisperse nature of the samples (Fig. S3). For oxidized
PLC33-A892 E60C/V164C, automated Guinier approximation
for individual frames was not possible due to low signal to noise,
and we therefore used averaged frames 188 —193 to enable reli-
able Guinier approximation and calculation of the R . We used
MALS data and the molecular mass distribution across the elu-
tion peak to confirm the monodisperse nature of PLCe PH-
COOH, oxidized PLCB3-A892 E60C/V164C, and reduced
PLCB3-A892 E60C/V164C (Fig. 54). For the SEC-MALS-DLS
(dynamic light scattering) experiments, the samples were
loaded on the SEC column with an exclusion limit of 1.25 MDa
(WTC-03055, Wyatt Technologies), which was followed by a
UV detector, a MALS detector, and a DLS detector (DAWN
Helios I, Wyatt Technologies). This experiment enabled us to
not only establish that the samples were monodisperse but also
to acquire a more reliable estimate for the molecular mass of
samples analyzed using the ASTRA software (Wyatt Technol-
ogies) that were ambiguous with SAXS. I(g) versus g curves
generated after buffer subtraction and averaging selected expo-
sures were used for more detailed analyses of the SAXS data. R
1{0), and D for each protein were obtained using PRIMUS
(57). 1015 ab initio models were calculated using DAMMIF,
and then aligned and averaged with DAMAVER (58). For all
PLCe and PLCB3-A892 variants, the mean NSD for all calcu-
lated models ranged from 0.560 + 0.018 to 0.968 £ 0.032. One
ab initio model was excluded from both the PLCe EF-COOH
and oxidized PLCB3-A892 E60C/V164C data sets (discard cri-
teria NSD > mean + 2 X S.D.). Final ab initio envelope struc-
tures were generated using DAMMIN (59). Plots were gener-
ated from buffer-subtracted averaged data (raw scattering and
Guinier plots) or pair distance distribution (P(r) plots) and plot-
ted using GraphPad Prism version 7.0.

Theoretical SAXS data for the PLC33 core crystal structure
was generated using its coordinate file (PDB entry 30HM (12)).
CRYSOL3.0 (56, 60) was used to compare the calculated SAXS
data with the experimentally determined data for PLC33-A892.
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SASREF (61) was used to generate a computational model that
fit the empirical SAXS data. For this model, the following inter-
domain distance restraints were placed. The C terminus of the
PH domain (residues 10 —146) was within 5 A of the N terminus
of the EF1/2 hands (residues 147-221), and the C terminus of
the EF1/2 hands was within 5 A of EF3-proximal CTD (residues
222-892). The theoretical SAXS scattering curve was then
compared with the empirically determined data. Plots were
generated from buffer-subtracted averaged data (raw scattering
and Guinier plots) or averaged envelope data (P(r) plots) and
plotted using GraphPad Prism version 7.0.

Negative stain EM sample preparation and imaging

For each PLCe variant, 3 pl of freshly purified protein
(0.015-0.018 mg/ml) was applied to glow-discharged carbon-
coated 400-mesh copper grids (Electron Microscopy Sciences)
and stained with 0.75% uranyl formate (47). Samples were
imaged with a CM200 field electron gun transmission electron
microscope (Phillips) operated at 200 kV. Micrographs were
collected with a US4000 4k * 4k CCD camera (Gatan), using a
1-s exposure time, defocus range of 5 pm, and at a nomal mag-
nification of 50,000, resulting in a sampling of 2.31 A/pixel at
the specimen level.

Single-particle 3D EM reconstructions
Data were processed with a beta release of RELION 2.1 (62).

Raw micrographs were CTF-corrected, and particles were
autopicked before reference-free 2D class averaging. For PLCe
PH-COOH, 47,300 particles were extracted, and the 2D classes
contained 34,155 particles. For PLCe PH-C2, 124,747 particles
were extracted, and the 2D classes contained 91,982 particles.
For PLCe EF-COOH, 58,549 particles were extracted, and the
2D classes contained 53,028 particles. To minimize any poten-
tial model bias, de novo initial models were generated for PH-
COOH, PH-C2, and EF-COOH from their respective 2D class
averages. From the respective selected 2D classes for each var-
iant, we generated two particle subsets containing ~100 parti-
cles per 2D class to build de nove initial models with the
RELION-2.1b1 stochastic gradient descent method. One initial
model per subset was chosen at random and used as a reference
for 3D class averaging of particles from the best 2D classes. Four
3D classes were generated per initial model. When possible, the
dominant 3D class from each of the two sets of four 3D classes
was chosen for 3D auto-refinement, resulting in two final,
refined structures. The representative workflow is shown in Fig.
S5. Fourier shell correlation (FSC) curves corresponding to
refined models were calculated using standard methods (63).

Liposome pelleting assays

200 pm hen egg white phosphatidylethanolamine and 100
pum porcine brain phosphatidylinositol 4,5-bisphosphate
(Avanti Polar Lipids) were mixed and dried under N,. Lipids
were resuspended in sonication buffer (50 mm HEPES, pH 7, 80
mum KCl, 3 mm EGTA, and 2 mm DTT) and sonicated in two
30-s bursts (14, 38). For oxidized PLCB3-A892 E60C/V164C,
DTT was omitted from the sonication buffer. Liposomes (65 ul)
were combined with either 2 pg of total PLCe variant (0.15
nmol of PLCe PH-COOH, 0.19 nmol of PLCe PH-C2,0.17 nmol
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of PLCe EF-COOH]) or 1 pg of total PLCB3-A892 variant (0.125
nmol) and sonication buffer to a final volume of 100 pl. Control
binding reactions contained protein and buffer only, and total
protein controls were incubated with liposomes or buffer. All
samples were incubated for 1 h on ice. All samples, excluding
total protein control samples, were then centrifuged at
119,000 X g for 1 h. Total protein control samples were incu-
bated on ice for the duration of the ultracentrifugation. For
centrifuged samples, the supernatant was removed, and the pel-
let was resuspended in 100 ul of sonication buffer. The PLCe
pellets were also subjected to sonication to resuspend the pellet.
For analysis by SDS-PAGE and Image], 16 ul of the superna-
tant, resuspended pellet, or total protein control was denatured
with 4 pl of 5% SDSloading dye, and 5 pl of the total sample was
analyzed by SDS-PAGE. All gels were stained with Bio-Safe
Coomassie Blue (Bio-Rad), and band density was quantified
with Image].

Statistical methods

All plots were generated using GraphPad Prism version 7.0.
One-way ANOVA was performed with Prism 7.0 and followed
by Tukey post hoc multiple comparisons as noted in the figure
legends. All error bars represent S.D.

Figure creation

Single-particle EM 3D envelopes were rendered with UCSF
Chimera (45). SAXS molecular envelopes were generated from
dummy atom coordinate files with e2pdb2mre.py (64) using a
low-pass filter to 20 A and rendered in Chimera. All ribbon
diagrams and dummy atom models were generated using
PyMOL (Schrédinger, LLC, New York). Figures were created
using Adobe Illustrator and Photoshop.
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Supporting Table 1. SAXS structural parameters of PLCB3-A892 E60C/V164C treated
with 15 mM excess BMOE.

PLCP3-A892 E6OC/V164C +15 mM excess BMOE

Guinier analysis

I0) (cm 1) 2557 0230

R, (A) 348 +154

g min (A" 0.0109

g range (A 0.0109-0.0369
P(r) analysis

1(0) (cm™) 2357

R, (A) 35.37

D,. (A) 120

Porod volume (A7) 153,000

g range (A 0.0109-0.230
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Supporting Figure 1. Size exclusion chromatography (SEC)-SAXS scattering
chromatograms for PLCe¢ and PLCB3-A892 variants. Each chromatogram shows the
integrated scattering intensity as a function of exposure number for all PLC variants
characterized in this study. Regions boxed in red correspond to data used for SAXS analysis,
regions boxed in black were averaged and used for the buffer blanks. (A) PLCe PH-COOH, (B)
PLCe PH-C2, (C) PLCe EF-COOH, (D) PLCB3-A892, (E) oxidized PLCB3-A892 E60C/V 164C

oxidized, and (F) reduced PLCB3-A892 E60C/V 164C.
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Supporting Figure 2. Representative UV chromatograms for PLCe and PLCP3-A892
variants. (A) PLCe PH-COOH, (B) PLCt PH-C2, (C) PLCe EF-COOH, and (D) PLCB3-A892

UV chromatograms were obtained from SEC-SAXS experiments, while (E) oxidized PLCB3-
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A892 E60C/V164C oxidized and (F) reduced PLCR3-A892 E60C/V164C UV chromatograms

were obtained during SEC-MALS-SAXS experiments.
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Supporting Figure 3. Integrated scattering intensity and R, values. The integrated scattering
intensity and R, as a function of individual frames is shown for (A) PLCe PH-COOH, (B) PLCe
PH-C2, (C) PLCe EF-COOH, (D) PLCB3-A892, and (E) reduced PLCB3-A892 E60C/V164C.
Red lines correspond to the frames used in the data analysis. Oxidized PLC3-A892

E60C/V164C is not shown, as the signal to noise for this sample required averaging frames for

the Guinier approximation and calculation of the R,.
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Supporting Figure 4. Multi-angle light scattering (MALS) confirms the molecular weights
of PLCe PH-COOH, oxidized PLCB3-A892 E60C/V164C, and reduced PLCB3-A892
E60C/V164C. SEC-MALS was used to validate the molecular weight and monodispersity of (A)

PLCe PH-COOH in solution. SEC-MALS-SAXS was used to confirm the molecular weights and
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monodispersity of (B) oxidized PLCB3-A892 E60C/V164C, and (C) reduced PLCR3-A892

E60C/V164C.
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Supporting Figure 5. Example RELION-2.1 workflow for PLCe PH-COOH
reconstruction. (A) Representative, unadjusted micrograph showing a field view of uranyl

formate-stained particles. (B) RELION-2.1 workflow, starting with selected classes from
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reference-free 2-D classification. To validate de nove initial models, two sets of particles
containing ~100 particles per 2-D class were separately selected and used to generate each set of
3-D initial models. One model was chosen at random and subjected to 3-D classification. Due to
apparent conformational heterogeneity of the particles on the grid, 3-D class distributions did not
result in a distinct dominant class in most cases for all PLCe variants in this study (e.g., 29%,
259%, and 28%), but 3-D refinement was performed with the most dominant class whenever
possible. Panels A, B, and the final 3-D reconstructions are also shown in Figure 3 in the main

text.
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Supporting Figure 6. Fitted 3-D EM reconstructions of PLCg. Two reconstructions of (A)
PLCe PH-COOH, (B) PLCe PH-C2, and (C) PLCe EF-COOH with the PLC3 core crystal
structure fit as a reference (colored as in Fig. 1A and including the PH-C2 domains from PDB ID
30HM (12)). In the PH-COOH and EF-COOH reconstructions, the C-terminus of the C2 domain
is oriented towards the additional density observed in these envelopes relative to PH-C2, which
likely corresponds to the RA domains. For the EF-COOH reconstructions, the PLCB3 core

structure fit in the density lacks the PH domain.
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Supporting Figure 7. Crosslinking of reduced PLCB3-A892 E60C/V164C restricts motion
of the PH domain. Reduced PLCB3-A892 E60C/V164C was incubated with 15 mM excess
bismaleimidoethane (BMOE) to crosslink the PH domain and EF1/2. (A) SEC-SAXS
chromatogram of integrated scattering intensity versus exposure number. Regions boxed in red

correspond to exposures used in SAXS analysis, and regions boxed in black were averaged for



the buffer blank. (B) Raw scattering curve, (C) Guinier analyses of low q values, In(I) (beam
intensity) vs. q* (scattering angle) with radius of gyration (R,), and (D) Pair-distance distribution
function of the BMOE-treated PLCB3-A892 E60C/V 164C. (E) Ab initio envelope models (top)
and equivalent envelopes rendered as volumes (bottom). The envelopes are most consistent with
the oxidized PLCb3-D892 E60C/V164C variant, suggesting that crosslinking is sufficient to

restrict the motion of the PH domain.
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