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Protein S-acylation is a reversible lipid post-translational modification that allows dynamic
regulation of processes such as protein stability, membrane association, and localization.
Palmitoyltransferase ZDHHC9 (DHHC9) is one of the 23 human DHHC acyltransferases that
catalyze protein S-acylation. Dysregulation of DHHC9 is associated with X-linked intellectual
disability and increased epilepsy risk. Interestingly, activation of DHHC9 requires an accessory
protein—GCP16. However, the exact role of GCP16 and the prevalence of a requirement for
accessory proteins among other DHHC proteins remain unclear. Here, | report that one role of
GCP16 is to stabilize DHHC9 by preventing its aggregation through formation of a protein
complex. Using a combination of size-exclusion chromatography and palmitoyl acyltransferase
assays, | demonstrate that only properly folded DHHC9-GCP16 complex is enzymatically active
in vitro. Additionally, the ZDHHC9 mutations linked to X-linked intellectual disability result in
reduced protein stability and DHHC9-GCP16 complex formation. Notably, | discovered that the
C-terminal cysteine motif (CCM) that is conserved among the DHHC9 subfamily (DHHC14, -18,
-5, and -8) is required for DHHC9 and GCP16 complex formation and activity in vitro. Co-
expression of GCP16 with DHHCs containing the CCM improves DHHC protein stability. Like
DHHC9, DHHC14 and DHHC18 require GCP16 for their enzymatic activity. Furthermore,
GOLGA7B, an accessory protein with 75% sequence identity to GCP16, improves protein stability
of DHHC5 and DHHCS8, but not the other members of the DHHC9 subfamily, suggesting

selectivity in accessory protein interactions. Additionally, | present my work towards a structural



basis for DHHC9, GCP16, and the DHHC9-GCP16 complex. My study supports a broader role

for GCP16 and GOLGA7B in the function of human DHHCs.
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PREFACE
This dissertation consists of three chapters. Chapter 1 is a general introduction and literature
review of S-acylation and DHHC protein acyltransferases. Chapter 2 presents my findings that
GCP16 stabilizes the DHHC9 subfamily of protein acyltransferases through a conserved C-
terminal motif. Chapter 2 is written as a standalone chapter for publication. Chapter 3
describes my work and progress towards solving the structures of DHHC9, GCP16, and the

DHHC9-GCP16 complex. The thesis finishes with a brief summary and concluding remarks.



Chapter 1: General Introduction and Literature Review

Cells utilize a wide array of protein modifications to extend the chemical properties of the
20 standard amino acids, dramatically expanding the ways in which proteins regulate cellular
processes. Protein lipidation is a unique type of co- or post-translational modification where
lipid moieties are covalently attached to nucleophilic side chains of specific amino acid residues,
which drastically affects how a protein ultimately functions. The fundamental physicochemical
effect of protein lipidation is a local increase in hydrophobicity. In turn, this modulates the
function of target proteins by increasing their binding affinity to biological membranes, allowing
changes in subcellular localization, affecting protein folding and stability, and modulating
protein-protein interactions. While there are at least six types of lipid modifications including
fatty acids, isoprenoids, sterols, phospholipids, glycosylphosphatidylinositol (GPI) anchors, and
lipid-derived electrophiles (1) the focus of this work is on protein S-acylation and the protein
acyltransferases the catalyze this reaction. For reviews on other lipid modifications, please refer

to references (1-4).

Protein S-acylation

Over the last half-century, researchers have made significant advances in our
understanding of protein S-acylation and its occurrence in biology. In 1971, Stoffyn and Folch-
Pi first observed that fatty acids constituted 2.5% by weight of brain white matter proteolipid
apoprotein (5). While the authors acknowledged they could not localize these fatty acids in the
proteolipids, they showed the lipid mixture was composed mainly of palmitic, stearic, and oleic
acids attached via ester linkage (5). In 1979, Schmidt et al. discovered that viral glycoproteins
were covalently modified with fatty acids that included palmitate, stearate, and oleate during the
viral maturation cycle (6). By 1980, Schlesinger et al. showed evidence that protein S-acylation
is a broad cellular activity that is present in membrane-bound and membrane-associating
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proteins in mouse and human cultured cell lines (7). For decades, there was a steady growth in
the number of S-acylation publications and an increase in the appreciation for the functional
importance of this modification, with explosive progress since the development of global S-
acylation profiling techniques (8, 9). Today, it is understood that protein S-acylation is a highly
conserved post-translational modification found in all known eukaryotic organisms (10). In
humans, it is one of the most common posttranslational modifications, with over 4,500 proteins
annotated on the SwissPalm database (11).

Chemically, protein S-acylation involves the attachment of long-chain fatty acids at
cysteine residues via a thioester linkage. Early lines of evidence cleverly uncovered that the
fatty acid attachment occurred on cysteine residues. Magee et al. showed protease digestion
and removal of a small, cytoplasmic-facing portion of the Sindbis virus PE2/E2 carboxy terminus
containing cysteine residues removed a significant amount of fatty acid ultimately detected (12).
Additionally, Kaufman et al. showed HLA-B and -DR heavy chains of human B lymphoblastoid
cells could be labeled with exogeneous radioactive palmitic acid (13). The authors localized the
signal to a transmembrane region that contained cysteine residues, and showed the release of
fatty acids exhibited pH sensitivity and kinetics similar to those of palmitoyl-CoA (13). In many
of these experiments, radioactive palmitic acid was used to study S-acylaltion, leading to S-
acylation commonly referred to as palmitoylation for many years. While the most common fatty
acid modification is palmitate (C16:0), other fatty acids such as stearate (C18:0), oleate (C18:1),
myristate (C14:0), palmitoleate (C16:1), arachidonate (C20:4), and eicosapentaenoate (C20:5)
have been observed (14-18).

S-acylation can have broad regulatory effects on modified proteins. It can confer
membrane binding for peripheral membrane proteins, target proteins to membrane
microdomains and subdomains such as lipid rafts, affect protein trafficking and intracellular
localization, improve protein stability, facilitate protein interactions, and more (10). One key
property that distinguishes S-acylation from other lipid modifications is its reversibility and
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dynamic nature. The labile nature of thioester bonds allows S-acylated proteins to be regulated
by cycles of S-acylation and deacylation (19). For example, a cycle of palmitoylation and
depalmitoylation regulates the localization and activity of palmitoylated Ras isoforms (20-22).
Farnesylated H- and N-Ras show weak membrane affinity with Golgi membranes. Ras
palmitoylation promotes interaction with Golgi membranes and facilitates stable association and
trafficking from the Golgi to the plasma membrane. Depalmitoylation releases Ras from the
plasma membrane, and the process of palmitoylation and trafficking from the Golgi to the
plasma membrane is repeated. This cycle of palmitoylation and deplamitoylation is thought to
regulate the time course and sites of Ras signaling by allowing rapid redistribution of Ras on
intracellular membranes (20). While the reversibility of S-acylation allows dynamic regulation of
proteins such as Ras isoforms, rapid cycles of acylation and de-acylation are not generalizable
for all S-acylated proteins. Global profiling of dynamic protein palmitoylation suggested some S-
acylation events turn over at very low rates or not at all within the contexts studied (9). Itis an
ongoing process to better understand the functional consequences of S-acylation in the context

of individual proteins and their effects on cellular physiology.

Discovery of DHHC Protein Acyltransferases

Although S-acylation was first described in the 1970s (5), it was debated whether this
process occurred spontaneously or through enzymatic catalysis. Non-enzymatic S-acylation,
often called autoacylation, can occur on a number of proteins including G protein a subunits,
myelin proteolipid protein, myelin Py glycoprotein, the G-protein-coupled receptor (GPCR)
rhodopsin, and the transport protein particle component Bet3 (23—-27). Confusingly, one study
with Gig1 showed the in vitro reaction occurred on the same residue that is palmitoylated in vivo
and the reaction proceeded to completion at a rate close to the rate of palmitate loss observed
in pulse-chase experiments in vivo (23). These observations showed that S-acylation could
occur, at least in these proteins, without the need for an enzyme.
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Thirty years after S-acylation was first described, the enzymes that catalyze S-acylation
were discovered. By 1999, it was known that S. cerevisiae contained two Ras proteins (Rasl
and Ras?2) that affected diverse processes related to cell growth (28). Ras-dependent growth
requires plasma membrane localization, which depends on a series of posttranslational
modifications on a carboxyl-terminal CaaX box where C is cysteine, a is an aliphatic residue,
and X is the terminal residue (29-31). First, protein farnesyl transferase attaches a farnesyl
group to the cysteine residue of the CaaX box. Second, farnesylation targets Ras to the
endoplasmic reticulum, where an endopeptidase removes the -aaX peptide and the farnesylated
carboxy-terminus is methylated by a methyltransferase. However, prenylation alone is
insufficient for efficient plasma membrane targeting of Ras. Yeast that fail to palmitoylate Ras
have reduced Ras at the plasma membrane (32). Through genetic studies in yeast, Deschenes
and colleagues identified the first protein acyltransferase (PAT), a complex of Erf2 (effect on
Ras function 2), and a second protein affecting Ras palmitoylation, Erf4 (33). A follow up study
showed Erf2 and Erf4 form an endoplasmic reticulum-associate complex required for Ras
plasma membrane localization in yeast (34). Most importantly, purified Erf2-Erf4 complex was
shown to catalyze the transfer of radiolabeled palmitate from palmitoyl CoA to the substrate
Ras2 in vitro, demonstrating that Erf2-Er4 complex is a bona fide PAT (35). Concurrently, Roth
et al. identified Akrlp as a PAT for its substrate Yck2p (36). Together, Erf2 and Akrlp represent
the founding members of the DHHC PAT family whose family members range in number from 5-

7 in yeast to 23 in humans (37).

Structural Overview of DHHC Protein Acyltransferases

DHHC proteins are multipass transmembrane proteins aptly named for the conserved
Asp-His-His-Cys motif embedded in a cysteine-rich domain (CRD) involved in zinc ion binding
(38-40). In addition to the DHHC-CRD, other conserved motifs have been identified such as the
Asp-Pro-Gly (DPG) motif, Thr-Thr-x-Glu (TTXE), and palmitoyltransferase conserved C-terminus
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(PaCCT) (37, 41). Outside the DHHC-CRD, DHHC proteins show considerable sequence
variation, especially in the N- and C-terminal domains. DHHC proteins range in size from ~263
amino acid residues (DHHC22) to over ~750 amino acids (DHHCS8). In humans, most family
members possess a core membrane topology with at least four transmembrane domains (42, 43).
Some members with variations are DHHC13, DHHC17, and DHHC23, which are predicted to
have six transmembrane domains, and DHHC4 and DHHC24, which are predicted to have five
transmembrane domains. Both DHHC4 and DHHC?24 are interesting cases, as they imply one of
the termini faces the luminal or extracellular space. Lastly, DHHC22 is predicted to have only two
transmembrane domains.

In 2018, Rana et al. solved the first atomic structures of two DHHC PATs, human DHHC20
(hDHHC20) and a catalytically inactive mutant of zebrafish DHHC15 (zfDHHS15) (44). These
structures represent DHHC proteins with a core four transmembrane topology. The structures
revealed that the transmembrane helices form a tepee-like arrangement, with the DHHC-CRD
and the C-terminus oriented towards the cytoplasm (Fig. 1.1). The structures showed that the C-
terminal domain interacts extensively with both the DHHC-CRD and the transmembrane domains.
Residues in the C-terminal TTXE and PaCCT motifs make crucial contacts that provide local
stability. Interestingly, the second threonine of the TTxE motif directly interacts with the aspartic
acid of the DHHC motif, though the exact chemical role of this contact in catalysis remains unclear,
as DHHC3 and DHHC7 have TGIE and TEIE, respectively, but retain enzymatic activity (44—46).
The glutamate of TTxXE forms a salt-bridge with a conserved residue arginine in the DHHC-CRD.
The conserved Asp of the PaCCT motif forms extensive hydrogen bonds with its neighboring
residues and is important for structural integrity of the enzyme (44). The structure also showed
two zinc ions coordinated by CCHC zinc-finger domains in the DHHC-CRD to likely serve a
structural role, supporting prior studies on the role of zinc binding (38, 39, 44). The overall DHHC-
CRD precisely positions of the DHHC catalytic cysteine close to the membrane to cytoplasm
interface; this explains why many S-acylated cysteines are located close to the membrane (11,
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47, 48). The authors also solved the structure hDHHC20 irreversibly inhibited by 2-
bromopalmitate, which allowed the identification of the lipid binding cavity (44). Above the active
site, the four transmembrane helices form a cavity where the fatty acyl chain binds (44). Even
though these three structures represent two DHHC members from two different organisms and
were obtained using different crystallization conditions (lipidic cubic phase vs. hanging drop vapor
diffusion), they are almost identical in overall architecture (44). This suggests that these structural
features are likely shared by other members of the DHHC family, at least with the core four

transmembrane topology.



Lumen

Cytoplasm

CTD

Figure 1.1. Structural Overview of DHHC Proteins. Cartoon representation of human
DHHC20 (PDB ID: 6BML). The four transmembrane helices (TM) are shown in blue, the DHHC
cystine-rich domain (DHHC) is shown in green, and the C-terminal domain (CTD) is shown in

magenta. Zn?" ions are shown as grey spheres.



Mechanism of Catalysis

Researchers using yeast Erf2-Er4 and mammalian DHHC2 and DHHC3 revealed that
DHHC proteins utilize a two-step catalytic mechanism (45, 49). In the first step, the enzyme
uses acyl-CoA as an acyl donor to form an acyl-enzyme intermediate. In the second step,
palmitate is transferred to the substrate protein. Early experiments with Erf2-Er4 and Akrlp
showed mutation of the DHHC cysteine prevents both autoacylation and substrate transfer,
supporting that the DHHC cysteine is required for catalysis (35, 36). With the structure of
hDHHC20, the catalytic triad was finally visualized, and a catalytic mechanism was proposed.
DHHC enzymes use a catalytic triad consisting of residues in the DHHC domain (Aspl153,
His154, and Cys156 in hDHHC20) (47). The triad residues are arranged sequentially and
linearly, compared to the three dimensional arrangements seen in the catalytic triad in serine
proteases (50) and cysteine proteases (51). Nonetheless, the geometry is overall conserved.
The distances between Cys-His and His-Asp pair are ~4 and 3 angstroms, respectively (47). In
the catalytic mechanism, His154 is polarized by Asp153 to act as a base in removing a proton
from Cys156, generating a thiolate nucleophile. The Cys156 thiolate then attacks the carbonyl
carbon of the fatty acyl-CoA thioester, forming the autoacylated DHHC enzyme intermediate.
Then, the fatty acyl chain is transferred to a protein substrate, regenerating the DHHC enzyme.
This proposed mechanism requires the catalytic cysteine to act as a thiolate nucleophile.
However, in the hDHHC20 structure, this cysteine is within the hydrophobic transmembrane
region of the protein (44). To explain this observation, Stix et al. used molecular dynamics
simulations to propose that hDHHC20 induces a local deformation of the membrane where the
catalytic cysteine resides, allowing it to access water and form a thiolate nucleophile (52).

While aspects of above mechanism are likely used by all DHHC proteins, previous
biochemical studies showed variations in the requirement for the DHHC motif. Gonzales et al.
showed yeast Swfl and Pfa4 with the catalytic cysteine mutated to arginine retained activity
(53). One proposed explanation is that the reaction proceeds through a ternary complex with
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the DHHC protein, acyl-CoA, and protein substrate, rather than a ping-pong mechanism (47).
This result suggests S-acylation may not necessarily require an autoacylated intermediate, and
it was proposed to explain why several groups have been unable to detect autoacylated DHHC
proteins including DHHC13, 19, 22, and 17 (54-56). Additionally, DHHC13 contains a DQHC
motif, rather than a DHHC motif. Though DHHC13 can tightly bind S-acylated proteins SNAP25
and CSP, mutation of DHHC13 DQHC to DHHC did not enable DHHC13 to S-acylate the two
proteins; however, mutation of DHHC17 DHHC to DHQC abolished its activity for SNAP25 and
CSP (55). These studies show that DHHC and DHQC are not interchangeable. Along those
lines, Mitchell et al. showed yeast Erf2-Erf4 H201A with a DAHC mutation could
autopalmitoylate but not transfer palmitate (49). Together, these lines of evidence suggest
there may be differences among more diversified DHHC proteins.

DHHC proteins display distinct fatty acyl chain selectivity. In 2012, Jennings and Linder
used a competition assay where nonradiolabeled acyl-CoAs of different chain lengths and
saturations were used to compete with radiolabeled palmitate for acylation of enzyme and
substrate (45). They observed a difference in acyl-CoA specificity between DHHC3 and DHHC?2
where DHHC2 could utilize acyl chains 14 carbons and longer, whereas DHHC3 selectively
used 14-16 carbon acyl chains (45). This study further showed that fatty acyl CoA selection
was determined at the autoacylation stage, as the reduction of radiolabeled palmitate
incorporation into substrate was determined by whether it was incorporated into the acyl-
enzyme intermediate (45). In a follow up study, Greaves et al. used a cell-based S-acylation
assay with fatty acid-azide/alkyne labeling to demonstrate marked differences in the fatty acid
selectivity of the DHHC enzymes including DHHC2, 3, 5, 7, 11, 15, and 17 (46). Strikingly, this
difference in selectivity was present in two highly related enzymes, DHHC3 and DHHC?7.
DHHC7 had a greater ability to incorporate C18:0 chains compared to DHHC3 (46). Through
domain swapping analysis, the authors identified a single amino acid, lle182, on
transmembrane domain 3 of DHHC3; when this isoleucine was mutated to serine, DHHC3 was

-10 -



more able to incorporate C18:0 chains (46). The structural basis of acyl chain selectivity was
revealed in the structure of hDHHC20 irreversibly inhibited with 2-bromopalmitate (44). The
fatty acid chain is inserted into the cavity formed by the four transmembrane helices, with
transmembrane domain 3 contributing the most residues in contact with the fatty acid chain.
The homologous residue to 11e182 in DHHC3 is Tyr181 in hDHHC20, which forms a hydrogen
bond with Ser29 on transmembrane domain 1. Together, the Tyr-Ser hydrogen bond pair
closes off the end of the fatty acid chain binding cavity. Mutation of Ser29 to a bulky side-chain
results in hDHHC20 preferring shorter fatty acid chains whereas mutation of Tyrl81 to a small
amino acid results in DHHC20 preferring longer fatty acid chains (44). One consideration is that
different DHHCs contain different residues in transmembrane domain 3, and different
membranes can be enriched for different lipids. Therefore, high-resolution structures of
additional DHHC enzyme family members and thorough functional analyses will be required for

a more complete understanding of DHHC fatty acyl selectivity.

DHHC Proteins and Substrate Interactions

In 2006, Roth et al. performed proteomic analysis to determine how individual DHHC
proteins affected cellular S-acylation in yeast (57). In yeast strains deficient of the
palmitoyltransferase Arkl, palmitoylation of Yckl, Yck2, Meh1, Yp199c, and Yk1047w were
decreased or abolished (57). Depletion of Erf2 resulted in reduced, but not depleted, levels of
Ras palmitoylation (57). While the palmitoylation of some S-acylated proteins were dependent
on specific DHHC proteins, knockout of individual DHHCs showed only a modest effect on
global cellular palmitoylation. The authors also noted that Akrlp targets were soluble proteins
that are exclusively palmitoylated, while Erf2 targets were modified by other lipid groups (57).
Overall, this study showed clear evidence of DHHC protein substrate specificity, as well as
varying degrees of substrate overlap.

In humans, the number of S-acylated proteins currently exceeds 4500, while there are
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only 23 DHHC proteins (11). This suggests DHHC proteins are very likely to act on multiple
substrates. In 2006, Fukata et al used a systematic screening approach to identify specific
DHHC protein-substrate pairs in mammalian cells (58). By overexpressing DHHC proteins with
specific substrate pairs and detecting the levels of palmitoylated substrate, the authors identified
specific DHHC proteins that increased the levels of palmitoylated substrate (58). This approach
was complemented with knockdown studies, where DHHC protein knockdown was used to
observe the effect on substrate palmitoylation (58). Many mammalian DHHC protein-substrate
pairs were largely identified based on results from co-overexpression studies. Overall, these
studies have shown that DHHC proteins S-acylate a broad range of substrates, with varying
degrees of selectivity and substrate overlap (59). However, it is worth noting that conclusions
based on overexpression studies should be validated orthogonally, as overexpression of
membrane proteins can cause non-physiological interactions and membrane localizations.
Currently, there is no clear indication that a universal mechanism drives how DHHC proteins
recognize specific substrates. Nonetheless, | will highlight a few cases of DHHC protein-
substrate interactions and S-acylation.

While the DHHC-CRD is responsible for catalyzing S-acylation, the N- and C-terminal
domains of DHHC proteins enable substrate-specific and other protein-protein interactions.
Several DHHC proteins contain modular protein binding domains that mediate interactions with
substrates and other proteins. DHHC17 and DHHC13 contain ankyrin repeat (AR) domains in
their N-termini. Lemonidis et al. identified an evolutionarily conserved sequence
[VIAP][VIT]xxQP in SNAP23, cysteine string protein, Huntingtin, cytoplasmic linker protein 3,
and microtuble-associated protein 6 that is recognized by the DHHC17 and DHHC13 AR
domain (60). In a follow up study, Verardi et al. solved the structure of the AR domain of
DHHC17 (ANK17) bound to a Snap25b peptide fragment, revealing the ANK17 domain forms a
concave shape with a conserved Trp residue forming crucial contacts dipeptide “QP” proline
residue in the substrate (56). Another substrate interaction motif is the PDZ binding motif found
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in the C-terminus of human DHHC3, 5, 8, 7, 14, 16, 17, 20, and 21. The PDZ binding domain is
required for DHHCS8 to bind to and palmitoylate PICK1 (61) and for DHHC5 and DHHCS to bind
and palmitoylate GRIP1b (62). DHHC14 contains a Type-lI PDZ domain, which is required for
its direct interaction with the PDZ domaining-containing Membrane-associated Guanylate
Kinase (MaGUK) PSD93 and its palmitoylation of PSD93 and Kv1 potassium channels (63).
Finally, DHHC®6 contains a Src-homology 3 (SH3) domain, which is required for its interaction
with selenoprotein K (SelK) in the ER membrane; together, DHHC6/SelK palmitoylate the

Inositol 1,4,5-triphosphate receptor, IP3R (64).

DHHC Protein Regulation by Accessory Proteins

Most DHHC proteins are thought to be a functional enzyme on their own, and, in some
cases, DHHCs have been observed to form a complex of homomers that regulate their activity
(65, 66). However, an increasing amount of evidence suggests that several DHHC proteins are
regulated by accessory proteins that control their activity, stability, and localization (67).

The yeast palmitoyltransferase, Erf2 and its accessory protein, Erf4, form a protein
complex that is responsible for Ras palmitoylation (33-35). Mitchell et al. showed, in the
absence of Erf4, Erf2 steady-state levels and half-life are decreased, suggesting a role for Erf4
in Erf2 stability (68). However, maintaining Erf2 stability is not the only role for Erf4, as yeast
with a stable Erf2 mutant still show growth defects (68). The authors used a coupled-
fluorescence-based autoacylation assay to show that Erf2, in the absence of Erf4, exhibited
rapid hydrolysis of the acyl-Erf2 intermediate; this result supports that Erf4 plays a role in
catalysis by shielding the active site from water in order to prevent a futile cycle of Erf2
autoacylation and hydrolysis (68). Lastly, Erf4 was also shown to be critical for acyl transfer to
Erf2 substrate Ras2, although the exact mechanism is to be determined (68). Based on
homology to Erf2-Erf4, the mammalian homologues DHHC9-GCP16 were discovered (69).
DHHC9 and GCP16 are major focuses of this thesis work. They will be revisited at the end of
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this literature review, and their functional relationship will be explored in later chapters.

Recently, DHHC5 was also shown to be regulated by GCP16 and its related paralog,
GOLGA7B. Ko et al. reported a functional interaction between GOLGA7 (GCP16) and DHHC5
in the context of nonapoptotic cell death by the small-molecule CIL56 (70). They showed that
DHHC5-GCP16 complex was required for CIL56-mediated toxicity, possibly by inhibiting
anterograde Golgi transport and disruption of trafficking pathways (70). Additionally, a human
interactome study reported DHHC5 and GOLGA7B interaction (71). Woodley and Collins
studied the role of DHHC5 and GOLGAT7B in regulating cell adhesion (72). The authors found
that DHHCS binds to and palmitoylates GOLGA7B, which stabilized DHHCS at the plasma
membrane. GOLGA7B was also found to modulate the DHHCS5 interactome, by promoting its
association with components of desmosomes and proteins in cell adhesion (72).

DHHCL17 protein palmitoylation and activity was shown to be regulated by Huntingtin
protein (HTT), which is a key protein that causes Huntington’s disease (73). Huntington’s
disease is an autosomal-dominant neurodegenerative disorder caused by polyglutamine (polyQ)
expansion in the HTT protein (74). HTT has been shown to interact with DHHC17 and DHHC13
through their ankyrin-repeat domains, and C214 of HTT is S-acylated. Mutation of the HTT S-
acylation site or knockdown of DHHC17 increased inclusion bodies formed by mutant HTT, a
hallmark of Huntington’s disease (75). In the brains of mice lacking one HTT allele or when
HTT protein expression is knocked down in cortical neurons, DHHC17 palmitoylation is
decreased and palmitoylation of its substrates SNAP25 and GluR1 are decreased. While this
study showed HTT can positively modulate DHHC17 palmitoylation and activity, it remains to be

determined whether this is a direct interaction.

S-acylation and DHHC Proteins in Disease
DHHC proteins catalyze S-acylation on an extensive number of proteins that are key
players in physiological processes and disease progression. S-acylated proteins include
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membrane receptors involved in cell signaling such as G-protein-coupled receptors (GPCRS),
proteins in membrane and vesicle trafficking, ion channels and transporters, adapters and
chaperones, transcriptional regulators, enzymes and kinases, and cell adhesion proteins (10). It
is no surprise that dysregulation of S-acylation and DHHC proteins is associated with diseases
such as cancers and neurodegenerative disorders. For examples, DHHC17 and DHHC13, also
known as HIP14 and HIP14L, respectively, are associated with Huntington disease, DHHC9
and DHHC15 are associated with X-linked intellectual disability, DHHCS is linked to
Schizophrenia, and DHHC12 is linked to Alzheimer disease (76). Furthermore, many DHHCs
including DHHC 2, 3, 7, 9, and 21 are linked to cancers such as colorectal, breast, lung,
prostate, ovarian, and leukemia among others (77). Most recently, DHHC20 and DHHC9 S-
acylation activity were shown to affect the membrane lipid organization and infectivity of SARS-
CoV-2, the viral agent of the COVID-19 global pandemic (78). For a more comprehensive
review of DHHC protein substrates and disease associations, the reader is referred to

references (10, 76, 77, 79).

DHHC9 and GCP16

In humans, DHHC9 was the first DHHC protein discovered to require an accessory
protein—GCP16 (also known as GOLGA7)—for its enzymatic function, based on sequence
homology with the yeast Ras PAT Erf2/Er4 (69). DHHC9 shares 31% sequence identity with
Erf2, while GCP16 shares 17% sequence identity with Erf4. DHHC9 colocalizes with and
requires GCP16 for its enzymatic activity (69). While the exact sequence identity between the
pair is limited, they possess functional similarities. For example, both form heteromeric DHHC
protein complexes, localize in early secretory pathway membranes, and are putative Ras PATs
in their respective organisms (35, 69). GCP16 is a small peripheral membrane protein that is
itself palmitoylated, and it has associations with proteins involved in vesicular transport at the
Golgi (80). However, it is unclear what the exact role of GCP16 is in DHHCO9 protein regulation,
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how GCP16 supports DHHC PAT activity, and to what extent GCP16 or other accessory
proteins function with DHHC proteins in general.

To date, seven DHHC9 substrates have been identified. The most well-characterized
DHHC9 substrate is Ras. DHHC9 was discovered based on its relation to the yeast Ras PAT,
and DHHC9 has been shown to act on H-Ras and N-Ras in vitro (69). Several follow up studies
support DHHC9'’s role as a human Ras palmitoyltransferase. Shimell et al. showed DHHC9 and
N-Ras likely function through the same pathway to promote dendritic cell growth in neuronal cell
culture (81). In human fibrosarcoma HT1080 cells, overexpressing ZDHHC9 promotes, while
repressing it diminishes, Ras PM localization (82). ZDHHCS9 silencing reduces oncogenic H-
Ras-mediated cell transformation and colony formation in murine NIH 3T3 cells (82). Chai et al.
reported microRNA-134 regulates DHHC9-dependent H-Ras localization in SST* neurons that is
dependent upon the palmitoylated cysteines (83). Using ZDHHC9 knockout mice, Liu et al.
showed Ras palmitoylation is decreased in bone marrow cells (84). Furthermore, ZDHHC9
inactivation inhibits oncogenic N-Ras cellular transformation in hematopoietic cells and slows
down the development of myeloid leukemia in N-Ras-induced chronic myelomonocytic leukemia
mice models (84). Other DHHC9 substrates are involved in a variety of cellular pathways.
DHHC9 S-acylates and contributes to membrane association of stress-regulated exon (STREX)
variant of the intracellular C-terminal domain of the large conductance calcium- and voltage-
activated potassium (BK) channel (85). DHHC9 S-acylates p2-adrenergic receptor as part of its
trafficking to and from the plasma membrane (86). DHHC9 can act on Interferon-induced
transmembrane protein 3 (IFITM3), an endosome- and lysosome-localized protein involved in
restricting viral infections (87). DHHC9 S-acylates Programmed cell death 1 ligand 1 (PD-L1) to
regulate PD-L1 stability in breast cancer cells (88). DHHC9 S-acylates glucose transporter
GLUTL1 in the promotion of glioblastoma tumorigenesis (89). Lastly, DHHC9 S-acylates SARC-
Cov-2 spike protein to allow the formation of viruses with enhanced fusion capacity (78).

Dysregulation of DHHC9 is associated with several diseases. Loss of function mutations
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in ZDHHCI result in X-linked intellectual disability (XLID), with affected individuals displaying
neurodevelopmental delay, seizures, and facial dysmorphism (90-93). Furthermore, ZDHHC9
gene expression is upregulated in many cancers including , myeloma, lung, prostate, ovarian,
and gastric cancers (77, 79). Accordingly, DHHC9 has clear biomedical importance and merits

further investigation.

Remarks

In my thesis work, | focused on obtaining a better understanding of DHHC9 and GCP16.
Additionally, | sought to better understand the role of GCP16 in the DHHC9-GCP16 complex
and to determine the extent accessory protein requirements in the context of other DHHC
proteins. Chapter 2 discusses my findings that GCP16 stabilizes the DHHC9 subfamily of
protein acyltransferases through a conserved C-terminal motif. Chapter 2 is written as a
standalone chapter for publication. As of the date of writing this thesis, the manuscript is in
revision. Chapter 3 is a report of my efforts towards solving the structure of DHHC9, GCP16,

and the DHHC9-GCP16 complex by X-ray crystallography and cryogenic electron microscopy.
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Chapter 2: GCP16 Stabilizes the DHHC9 Subfamily of Protein Acyltransferases through a

Conserved C-terminal Cysteine Motif

Introduction

Cells utilize a wide array of protein post-translational modifications to extend the chemical
properties of the 20 standard amino acids, dramatically expanding the ways in which proteins
regulate cellular processes. In eukaryotes, protein S-acylation is the process in which long-chain
fatty acids (with palmitate being the most prevalent) are added to proteins at cysteine residues
via a labile thioester linkage. While the fundamental chemical effect of S-acylation is a local
increase in protein hydrophobicity, the reversible nature of S-acylation can result in a range of
consequences such as dynamic changes protein stability, membrane affinity and binding, and
protein trafficking and localization (10).

DHHC protein acyltransferases (PATs) are the enzymes responsible for catalyzing the
addition of long-chain fatty acids to substrate proteins (42). Members of the DHHC family are
conserved throughout eukaryotic evolution, with 5-7 members in yeast and as many as 23
members in humans (37, 94). Furthermore, dysregulation of DHHC proteins are associated with
a myriad of diseases that include cancers and neurodegenerative disorders (76, 95). DHHC
proteins are aptly named for the conserved Asp-His-His-Cys motif required for their PAT activity,
which is embedded in a cysteine-rich domain (CRD) involved in zinc ion binding (38—40).
Additionally, all DHHC proteins are multipass transmembrane proteins, with subfamily diversity
stemming from varied membrane topologies, sequence divergence in the amino- and carboxy-
terminal regions, and protein partner requirements (35, 67, 69). It is generally accepted that
DHHC proteins utilize a two-step ping-pong mechanism (45, 49). First, the DHHC protein uses
acyl-CoA as an acyl group donor to form an acyl-enzyme intermediate; then, the acyl group is
transferred from the DHHC cysteine to the target cysteine on the protein substrate. While this
mechanism is thought to be shared by all DHHCs, a majority of mechanistic and structural insight
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has been determined from studies on one subfamily of DHHCs that include DHHC2, 3, and 20
(39, 40, 45). Thus, this leaves many other DHHC proteins underrepresented, and potentially
subfamily-specific insights are yet to be discovered.

In humans, DHHC9 was the first DHHC protein discovered to require an accessory
protein—GCP16 (also known as GOLGA7)—for its enzymatic function, based on sequence
homology with the yeast Ras PAT Erf2/Er4 (69). DHHC9 colocalizes with and requires GCP16
for its enzymatic activity (69). GCP16 is a small peripheral membrane protein that is itself
palmitoylated, and it has associations with proteins involved in vesicular transport at the Golgi
(80). However, it is unclear what the exact role of GCP16 is in DHHC9 protein regulation, how
GCP16 supports DHHC PAT activity, and to what extent GCP16 or other accessory proteins
function with DHHC proteins in general. Furthermore, loss of function mutations in ZDHHC9
result in X-linked intellectual disability (XLID), with affected individuals displaying
neurodevelopmental delay, seizures, and facial dysmorphism (90-93). Despite the strong clinical
relevance, the molecular basis for how ZDHHC9 mutations affect DHHC9 protein and its
regulation is incompletely understood. In this study, | sought to better understand the role of
GCP16 inthe DHHC9-GCP16 PAT complex, and | investigated the stability of the DHHC9 disease

mutants. | also assessed whether the accessory proteins are involved with other DHHC proteins.

-19 -



Results

GCP16 Stabilizes DHHC9 through a Conserved C-terminal Cysteine Motif

My initial attempts to express and purify DHHC9 from Sf9 cells were met with low protein
yield, reduced purity, and extensive protein aggregation. This was consistent with a previous
report that DHHC9 purified without GCP16 resulted in an increased fraction of DHHC9 protein
being proteolyzed (69). Thus, | reasoned that one function of GCP16 is to stabilize DHHC9 and
prevent misfolding or aggregation. | used fluorescence-detection size-exclusion chromatography
(FSEC) to examine the effect of GCP16 on DHHC9 protein stability in cell lysates (96). DHHC9
fused with N-terminal mNeonGreen was expressed in HEK293 cells with or without GCP16. |
chose to fuse the fluorescent protein to the DHHC9 N-terminus to minimize perturbing its C-
terminus, based on previous reports that N-terminal modifications to Erf2 had no effect on its
stability and that the C-terminus of DHHC proteins are generally thought to mediate protein-
protein interactions (68, 97). Cells were solubilized in a dodecylmaltoside (DDM)-containing
buffer, and cleared lysates were applied to a gel-filtration column coupled to a fluorometer to
monitor fluorescence (Fig. 2.1). DHHC9 expressed alone showed a prominent void peak
characteristic of high-molecular weight protein aggregate and only a minor peak at the expected
retention time for a well-folded, monomeric protein (Fig. 2.1 A blue trace). By contrast, DHHC9
co-expressed with GCP16 showed improved monodispersity and a 4-fold increase in magnitude
(Fig. 2.1 A orange trace, C, D). To determine if the GCP16-mediated stabilizing effect is
dependent on the catalytic cysteine, | performed the same assay using DHHS9, in which the
catalytic cysteine was mutated to serine. Compared to DHHS9 alone, DHHS9 co-expressed with
GCP16 showed an almost identical improvement in monodispersity and expression as DHHC9
(Fig. 2.1 B, C, D). These data suggest that DHHC9 is stabilized by GCP16 co-expression, and

this effect is not dependent on DHHC9 catalytic activity.
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Cysteine. FSEC profiles of (A) DHHC9 and (B) DHHS9. HEK cells were transfected with vector
to express the indicated constructs without or with GCP16 co-expression shown with blue and
orange traces, respectively. Cells were solubilized in a DDM-containing buffer, and the cleared
lysate was analyzed via SEC by detecting fluorescence at excitation and emission wavelengths
of 480 nm and 508 nm, respectively. Arrows indicate the void retention time and the approximate
retention time corresponding to the size of DHHC9. Bar charts showing (C) average fold-change
and (D) normalized max intensity upon GCP16 co-expression for the indicated constructs for n=24
experiments. Normalization was done as described in the experimental procedures. The dashed
line indicates a fold-change of 1. Error bars represent the standard error of the mean. Asterisks
indicate a significance for p-value <0.05 determined by two-tailed t-test against the null

hypothesis.
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Next, | asked which regions and amino acid residues of DHHC9 are required for the
GCP16-mediated stabilizing effect. | used evolutionary conservation to generate combinatorial
N- and C-terminal deletions of DHHC9 (Table 2.1 and Fig. 2.2) and assessed the effect of GCP16
co-expression for each construct by FSEC (Fig. 2.3). For DHHC9 with N-terminal truncation N2,
C-terminal truncation C1, or both, GCP16 co-expression improved protein behavior, similar to the
full-length construct (Fig. 2.3 B, C, E, G, H). However, for DHHC9 constructs containing truncation
C2, GCP16 co-expression showed no significant difference when compared to DHHC9 alone
(Fig. 2.3 D, F). | observed that some individual truncations alter total levels of DHHC9 detected
(Fig. 2.3 H). For example, constructs N2 and N2C1 improved DHHC9 protein stability in the
absence of GCP16, possibly by removing disordered/aggregation-prone regions of DHHC9 (Fig.
2.3 B, E, G, H). Nonetheless, the addition of GCP16 further increased the stabilizing-effect in
constructs that included truncation C1. Thus, DHHCO residues between truncation C1 and C2

are required for GCP16-mediated stabilization.
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Construct Description

DHHC9 (full-length)

DHHCY N2 A2-19

DHHCS C1 A301-364
DHHCO C2 A278-364
DHHCY9 N2C1 A2-19, A301-364
DHHCS N2C1.1 A2-19, A295-364
DHHCY N2C1.2 A2-19, A289-364
DHHCY N2C1.3 A2-19, A282-364
DHHCO9 N2C2 A2-19, A278-364

Table 2.1. DHHC9 Constructs. Table denoting the generated constructs (left) and amino acid

changes (right).
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D9_zebrafish/1-381
D9_frog/1-365
D9_sea_turtle/1-4C
D9_chameleon/1-3
D9_human/1-364
D9_chicken/1-377

1
1
1
1
1
1

D9_zebrafish/1-381 106
D9_frog/1-365 108 Y| 210
D9_sea_turtle/1-4G 106
D9_chameleorv1-3 106
D9_human/1-364 106
D9_chicken/1-377 106

D9_zebrafish/1-381 211 - - - -------- i = LMLE 304
D9_frog/1-365 211 S | EURENEREEES RS- - - - - - - - - - - ] QF 304
D9_sea_turtle/1-4 211 [BEY | SPPHG- - - - - - - P QQ 308

D9_chameleon/1-3 211 T - --------- JLIE { pQ 304

D9_human/1-364 211 B - - VLEVLIC £ PL 304

D9_chicken/1-377 211 1 YPSHSSLTVLTVLEMLI i QQ 315
1

Cl1.2 C
D9_zebrafish/1-381 305 DSCSSAPSNGATTVPVNKSSNPATQT- TKSSAPL IPNEHTRBDEAK- -PSICSGTQKS-SSSPK- - EEKPSSP ISPNAV- - - - - -~ 386
D9_frog/1-365 305 QAGVLGQTEQANGNAQ@DPVSAAPLMSSESLENPASPGKGRQANAMEMSVQIPKQSDGTK |- - - - - o cc v o e e s 365
D9_sea_turtle/1-40 309 EESGAQGDSS TRGPS TAEPGAPEKSSTQEPGAPEKSSTQERGATQVLGALAVGSTREGSSSPTRQSAVPMLPLSPTGMPEETQPSAVELP - AQTRDDGPTEH 409
D9_chameleon/1-3305 DSA IQDSNA-GQGSTTAADRNPEAKAQEASGASEGDSAL - BEESL ----MPPAAAEPSVPSLDNERATH 374
D9_human/1-364 305 EESGSR- - - - - - PPSTAETSSSLLPQSPAPTEHLNSNEM-REDSS ----PPPEPPE---PPQEAAEAEK 364
D9_chicken/1-377 316 EENAAQEETCTRGPSAQEP TAAQGPGGQVPVPSLSNAEM-BEEKQ- - - - - - - - - - -covveooo Lo oo PTGE- - - - - - - - LPA---LSQDAGQAEH 377

Figure 2.2. Designing DHHC9 Deletion Constructs. Amino acid sequence of human DHHC9
compared to various orthologs. Amino acids highlighted in dark blue are completely conserved,
in light blue are somewhat conserved, and in white are not conserved. Arrows indicate where the

designated deletions were made.
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Figure 2.3. A Conserved Region in the DHHC9

Stabilization. (A) Cartoon depicting the tested DHHCO truncations. (B-F) FSEC profiles for the
indicated constructs. HEK cells were transfected with DHHC9 without (blue) or with GCP16
(orange). Cells were solubilized in a DDM-containing buffer, and the cleared lysate was analyzed
by FSEC. Bar charts showing (G) average fold-change and (H) normalized max intensity upon
GCP16 co-expression for the indicated constructs for n=3 experiments. Error bars represent the

standard error of the mean. Asterisks indicate a significance for p-value <0.05 determined by

two-tailed t-test against the null hypothesis.
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I next sought to determine the exact residues between DHHC9 C1 and C2 that are
required for GCP16-mediated stabilization. | made finer truncations between regions C1 and C2
in the N2C1 background and assayed for the effect of GCP16 co-expression using FSEC (Fig.
2.4). Much like the parent construct, truncations C1.1 and C1.2 showed an increase in expression
and monodispersity with GCP16 co-expression (Fig. 2.4 B, C, E, F). However, truncation C1.3
displayed no significant difference whether GCP16 was co-expressed or not (Fig. 2.4D, E, F).
Between truncations C1.2 and C1.3, | identified a conserved sequence “CCXXXC” at residues
283-288, which | refer to as the C-terminal cysteine motif (CCM). Given that cysteines may play
a role in protein-protein interactions, | tested whether mutation of these CCM cysteines would
abolish the stabilizing effect. | generated serine mutants at each individual cysteine in the CCM
using the DHHS9 N2C1 background and assessed the effect of GCP16 co-expression on DHHC9
protein (Fig. 2.5). Mutations C283S and C284S showed a diminished but statistically significant
improvement in protein expression when co-expressed with GCP16 (Fig. 2.5 A, B, E, F).
Interestingly, C288S or the triple mutations at all three cysteines (TM) showed no effect of GCP16
co-expression on DHHC9 protein quality (Fig. 2.5 C, D, E, F). Taken together, these data show
that DHHC9 protein expression and monodispersity is significantly improved by GCP16 co-
expression, and this stabilization effect requires a conserved DHHC9 C-terminal cysteine motif,

with cysteine 288 being the most critical.
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Figure 2.4. Defining the region of the DHHC9 CTD Required for GCP16-Mediated
Stabilization. (A) Cartoon depicting the tested DHHC9 truncations. (B-D) FSEC profiles for the
indicated constructs. HEK cells were transfected with DHHC9 without (blue) or with GCP16
(orange). Cells were solubilized in DDM-containing buffer, and the cleared lysate was analyzed
by FSEC. Bar charts showing (E) average fold-change and (F) normalized max intensity upon
GCP16 co-expression for the indicated constructs for n=3 experiments. The dashed line indicates
a fold-change of 1. Error bars represent the standard error of the mean. Asterisks indicate a

significance for p-value <0.05 determined by two-tailed t-test against the null hypothesis.
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Figure 2.5. Cysteines in the DHHC9 CTD are Required for GCP16-mediated Stabilization.
(A-C) FSEC profiles for the indicated cysteine to serine mutation and (D) the triple mutation (TM)
in the DHHS9 N2C1 parent construct. HEK cells were transfected with DHHC9 without (blue) or
with GCP16 (orange). Cells were solubilized in DDM-containing buffer, and the cleared lysate
was analyzed via FSEC. Bar charts showing (E) average fold-change and (F) normalized max
intensity upon GCP16 co-expression for the indicated constructs for n=3 experiments. The
dashed line indicates a fold-change of 1. Error bars represent the standard error of the mean.
Asterisks indicate a significance for p-value <0.05 determined by two-tailed t-test against the null

hypothesis.
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The DHHC9 CCM is Required for Complex Formation with GCP16

While FSEC is an efficient way to probe whether GCP16 expression influences DHHC9
stability, it cannot address whether the two proteins are interacting. To determine if DHHC9 and
GCP16 form a complex, | co-expressed these two proteins in Sf9 insect cells, affinity purified, and
assessed whether they co-elute in SEC (Fig. 2.6). Across multiple experiments, affinity-purified
DHHC9 in the absence of GCP16 consistently eluted at the void volume (Fig. 2.6 A). This and
the observation that the protein remains impure after tandem affinity chromatography and SEC
(Fig. 2.6 B), suggested that purified DHHC9 primarily exists as a high molecular weight protein
aggregate. GCP16 alone eluted around ~13 mL (Fig. 2.6 C, D). When DHHC9 and GCP16 were
co-expressed, both proteins co-eluted at a volume of ~11 mL (Fig. 2.6 E, F) with a monodispersed
peak, supporting that DHHC9-GCP16 exists as a folded complex.

Next, | tested whether the CCM of DHHCO is required for complex formation with GCP16.
| co-purified DHHC9 TM with GCP16 and analyzed the SEC profile. | confirmed by SDS-PAGE
that both DHHC9 TM and GCP16 were present in the elution from affinity purification (Fig. 2.6 H
lane 1). However, the SEC profile exhibited two distinct peaks at the void volume and at ~13 mL
(Fig. 2.6 G), paralleling what was seen for DHHC9 and GCP16 when purified separately.
Furthermore, SDS-PAGE analysis showed enrichment for DHHCO-strep in the fraction
corresponding to the void peak fraction and GCP16-strep in the fraction at ~13 mL (Fig. 2.6 H
lane 2-3). Together, these experiments support that DHHC9 and GCP16 form a complex when
co-expressed and co-purified. Furthermore, mutation of the conserved DHHC9 C-terminal

cysteines prevents complex formation under these conditions of detergent solubilization.
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Figure 2.6. DHHC9 CTD Cysteines are Required for Complex Formation with GCP16. Sf9
cells were infected with recombinant baculovirus encoding the indicated variations of the
following: DHHC9-strep, DHHC9 with the conserved triple cysteines mutated to serine (DHHC9
TM), or GCP16-strep. Protein was purified via strep-affinity purification and SEC as in the
experimental procedures. SEC profiles and SDS-PAGE Coomassie analyses for (A-B) DHHC9,
(C-D) GCP16, (E-F) the DHHC9-GCP16 complex, and DHHC9-TM co-purified with GCP16.

Arrows in the SEC profiles correspond to the labeled lanes for the corresponding SDS-PAGE.
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DHHC9 Enzymatic Activity For H-Ras Correlates with Protein Folding

Protein S-acylation by DHHC proteins occurs via a two-step mechanism (45, 49). The
DHHC protein uses acyl-CoA to form an acyl-enzyme intermediate; then, upon substrate binding,
the acyl group is transferred to the target cysteine on the protein substrate. Researchers
previously demonstrated that GCP16 increases the equilibrium levels of both autoacylated
DHHC9 and its substrate H-Ras in vitro (69). However, it remains unclear whether GCP16 directly
affects catalysis, or whether GCP16 simply increases the amount of folded and active DHHCO.
Therefore, | purified DHHC9 with or without GCP16 and classified whether the protein was folded
or aggregated based on SEC profiles. Immediately following purification and SEC, | assayed PAT
activity using H-Ras and [*H]-Palmitoyl-CoA. The folded DHHC9-GCP16 complex exhibited
radiolabeling for both H-Ras and autoacylated DHHC9 (Fig. 2.7 lane 2). The observed activity
was attributed to the catalytic activity of DHHC9, as catalytically inactive DHHS9 protein failed to
show any PAT activity (Fig. 2.7 lane 4). In contrast, the aggregated DHHC9-GCP16 did not exhibit
detectable PAT activity (Fig. 2.7 lane 3). Likewise, aggregated DHHC9 purified in the absence of
GCP16 exhibited no detectable activity (Fig. 2.7 lane 1). Similarly, DHHC9 TM was unable to
form a complex with GCP16 and resulted in only aggregated protein. The aggregated DHHC9
TM exhibited no detectable activity for H-Ras (Fig. 2.7 lane 5). Taken together, these experiments
suggest that DHHC9 requires GCP16 for its enzymatic activity. DHHC9 co-purified with GCP16
results in enrichment of a folded DHHC9 state, which is enzymatically active. However, when
GCP16 is absent or when DHHC9 is unable to form a complex with GCP16 (as is the case with
DHHC9 TM), essentially all DHHC9 protein is aggregated and exhibits no detectable PAT activity

for H-Ras.
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Figure 2.7. DHHC9 Requires Proper Protein Folding for H-Ras Activity. DHHC9 constructs
were purified and classified into aggregated (red) or folded (green) states based on their
respective SEC profiles. Purified DHHC9 was assayed for activity using H-Ras and *H-labeled
palmitoyl CoA. Radiolabeled protein was quantified via liquid scintillation spectroscopy and
detected via fluorography. The Y-axis represents picomoles of °H-labeled protein after
subtracting background radiation. Grey bars represent the quantity of labeled H-Ras, and white
bars represent the quantity of labeled DHHC protein. Error bars represent the standard error of
the mean for n=2 independent protein preparations. Arrows indicate bands corresponding to

radiolabeled DHHC9 and H-Ras.
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DHHC9 Disease Mutations Result in Reduced Protein Stability

DHHC9 protein pathogenic variants include missense mutations R148W, P150S, and
R96W, and a honsense mutation terminating at R298 (93). An earlier study reported that DHHC9
(R148W) and DHHC9 (P150S) possessed reduced steady state levels of autopalmitoylated
DHHC9 (98). Given the importance of GCP16 in stabilizing DHHC9 protein folding with a
corresponding effect on enzyme activity, | asked how the missense and nonsense mutations
affected complex formation with GCP16. Compared to wildtype DHHC9, DHHC9 with R148W,
P150S, R96W, or R298X mutations exhibited a greater extent of protein aggregation and reduced
monodispersity as monitored by FSEC (Fig. 2.8 A-E, blue traces, F). Co-expression with GCP16
resulted in improved protein behavior compared to the respective DHHC9 constructs alone for all
the mutants except R96W, although with a diminished effect compared to wildtype (Fig. 2.8 A-E,
orange traces, F). These results suggest the DHHC9 mutations associated with XLID result in

decreased protein stability and reflect reduced formation of a DHHC9-GCP16 complex.
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Figure 2.8. DHHC9 Disease Mutations Exhibit Reduced Protein Stability.
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GCP16 and GOLGA7B Stabilize DHHCs in a Subtype-Specific Manner

Our experiments suggest that the CCM in DHHC9 plays an important role in complex
formation with GCP16. This motif is present in other DHHCs closely related to DHHC9, namely,
DHHC14, 18, 5, and 8, but it is not present in distantly related DHHCs, such as DHHC3 and
DHHC20 (Fig. 2.9 A). DHHC9 was the first human DHHC identified to require a protein partner
for its activation, based on its homology to yeast Erf2/Er4 (69). Recent studies suggest that
GCP16 and GOLGAT7B, a protein with ~75% amino acid sequence identity to GCP16, function as
accessory proteins for additional members of the DHHC protein family. Woodley and Collins
reported that DHHCS interacts with GOLGA7B, facilitating DHHCS localization at the plasma
membrane and enabling its interactions with components of desmosomes to regulate cell
adhesion (72). Ko et al. identified ZDHHC5 and GOLGA7 (GCP16) in a screen for genes involved
in an unconventional nonapoptotic cell death pathway triggered by the synthetic small molecule
oxime, CIL56 (70). They went on to show that DHHC5 and GCP16 form a mutually stabilizing
protein complex localized at the plasma membrane. Complex formation is dependent upon C-
terminal cysteines in the conserved CCM motif, consistent with my results for DHHC9-GCP16
complex formation. To determine the potential of other DHHC proteins to form complexes with
GCP16 and/or GOLGAT7B, | tested whether co-expression of GCP16 or GOLGA7B affects the
protein behavior of a set of DHHC proteins using FSEC. Like DHHC9, all DHHCs containing the
CCM exhibited improved protein expression and monodispersity when co-expressed with GCP16
(Fig. 2.9 B-E, H, I). However, representative DHHCs without the CCM showed no significant
difference whether GCP16 was co-expressed (Fig. 2.9 F-l). This supports that the GCP16-
mediated stabilization is specific to certain DHHCs that possess the CCM. Interestingly, DHHC
protein co-expression with GOLGA7B showed a similar, but distinct, result (Fig. 2.10). While
GOLGAT7B co-expression significantly improved DHHC5 and DHHCS8 protein (Fig. 2.10 D-E, H,
1), it had no significant stabilizing effect on DHHC9, 14, 18, 3, and 20 (Fig. 2.10 A-C, F-I). Taken
together, my FSEC experiments suggest GCP16 and GOLGA7B stabilize DHHC proteins in a
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subtype-specific manner.
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Figure 2.9. GCP16 Co-expression Stabilizes DHHC Proteins with the Conserved C-terminal

Cysteine Motif. (A) Amino acid sequence alignment of select DHHC proteins at the conserved

CTD cysteine motif. The conserved cysteine motif is boxed in red. (B-G) FSEC analysis of crude

HEK lystates for the indicated constructs without (blue) or with GCP16 (orange). Bar charts
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GCP16 co-expression at n=3 experiments. Error bars represent the standard error of the mean.
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hypothesis.
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To better understand the effect of GCP16 on the DHHC9 subfamily, | purified DHHC14
and DHHC18 and assessed the relationship between protein folding and PAT activity (Fig. 2.11).
As was the case with DHHC9, DHHC14 purified without GCP16 resulted in nearly complete
protein aggregation (Fig. 2.11 A-B) and exhibited no detectable PAT activity (Fig. 2.11 E lane 1).
On the other hand, DHHC14 co-purified with GCP16 was monodisperse (Fig. 2.11 C-D) and the
folded complex in the included volume exhibited enzymatic activity for H-Ras and DHHC14
autoacylation (Fig. 2.11 E lane 3). Surprisingly, the DHHC14-GCP16 aggregate detected in the
void volume exhibited PAT activity, albeit reduced relative to the folded complex (Fig. 2.11 E lane
2). Similarly, DHHC18 purified by itself was aggregated and enzymatically inactive (Fig. 2.11 F-
G, Jlane 1). Like DHHC14-GCP16, the DHHC18-GCP16 complex purified as two species with
the folded complex having more activity than that found in the aggregate (Fig. 2.11 H-I, J lane 2).
These results suggest that the stabilizing effect of GCP16 spans the DHHC9 subfamily. To my

knowledge, this is the first demonstration of DHHC14 and DHHC18 enzyme activity in vitro.
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Figure 2.11. DHHC14 and DHHC18 Each Forms a Complex with GCP16 to Confer PAT
Activity. Sf9 cells were infected with recombinant baculovirus encoding strep-tagged DHHC
alone or DHHC+GCP16. Protein was purified via strep-affinity purification and SEC. SEC profiles
and SDS-PAGE Coomassie for (A-B) DHHC14, (C-D) the DHHC14 co-purified with GCP16, (F-
G) DHHC18, and (H-1I) DHHC18 co-purified with GCP16 are shown. Arrows in the SEC profiles
correspond to the labeled lanes for the corresponding SDS-PAGE analysis. (E and J) Purified
DHHC14/DHHC18 was classified into aggregated (red) or folded (green) states based on the SEC

profile.
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Radiolabeled protein was quantified via liquid scintillation spectroscopy and detected via
fluorography. The y-axis represents picomoles of *H-labeled protein after subtracting background
radiation. Gray bars represent the quantity of labeled H-Ras, and white bars represent the
guantity of labeled DHHC protein. Error bars represent the standard error of the mean for n=2
independent protein preparations. Arrows indicate bands corresponding to radiolabeled DHHC14

and H-Ras.
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Discussion

In this study, | sought to understand the function of GCP16 in the DHHC9-GCP16
complex. | found that co-expression of GCP16 with DHHC9 improved DHHC9 protein levels and
homogeneity. Through truncations, mutagenesis, and FSEC screening, | identified a conserved
C-terminal cysteine motif in DHHCO that is required for the GCP16-mediated stabilization effect.
| used the SEC profiles of purified proteins to show the CCM is required for formation of the
DHHC9-GCP16 complex. Without GCP16, purified DHHC9 aggregates, and only folded DHHC9-
GCP16 complex formation is enzymatically active for H-Ras in vitro. Furthermore, | showed that
disease mutations associated with XLID result in decreased protein stability and diminished
DHHC9-GCP16 complex formation.

DHHC9 and GCP16 were discovered based on homology to yeast palmitoyltransferase
Erf2-Er4 (35, 69). DHHC9 and GCP16 share 31% and 17% sequence identity with Erf2 and Er4,
respectively. While the exact sequence identity between the pair is limited, they possess
functional similarities. For example, both form heteromeric DHHC protein complexes, localize to
the Golgi, and are putative Ras PATs in their respective organisms (35, 69). Furthermore,
DHHC9-GCP16 can substitute for loss of Erf2 in S. cerevisiae (98). Mitchell et al. showed, in the
absence of Er4, Erf2 steady-state levels and its half-life are significantly lowered; and, one
function of Erf4 is to stabilize Erf2 by impeding its ERAD-mediated degradation (68). Similarly,
my data supports that one role for GCP16 is to provide local stability for DHHC9, suggesting this
function for the partner protein may be evolutionarily conserved. However, the role of the
accessory protein likely extends beyond DHHC protein stabilization. For example in yeast,
stabilization of Erf2 does not suppress loss of Erf4 in vivo, and Erf2 exhibits distinct enzyme
kinetics with and without Erf4 in vitro (68). Specifically, the absence of Erf4 does not abolish Erf2
autopalmitoylation, suggesting that residues of Er4 do not participate directly in this step.
However, the absence of Erf4 does increase the rate of hydrolysis of the thioester on the acyl-
enzyme intermediate, causing Erf2 to undergo a futile cycle of autopalmitoylation and hydrolysis.
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Erf4 is required for Erf2 to transfer the palmitoyl group to the protein substrate, with the exact
mechanism remaining unclear. Given their structural and functional similarities, | speculate that
GCP16 plays some role in catalysis. Unfortunately, despite extensive optimization of purification
conditions, protein engineering, and extraction using native lipid nanodiscs (99, 100), | have been
unsuccessful in purifying DHHC9 alone that is properly folded with any detectable enzyme activity.
Without having a baseline activity for a GCP16-less DHHCS9, it is difficult to attribute whether any
observed lack of activity is due to a catalytic requirement for GCP16 or a lack of folded DHHC
enzyme.

We asked whether these cysteines are involved in direct interaction with GCP16 and/or
whether they are palmitoylated. | attempted to detect direct interaction by cross-linking purified
DHH9-GCP16 with disuccinimidyl sulfoxide and performing nano LC-MS/MS in orbitrap fusion;
however, the results were inconclusive as my sequence coverage did not include the DHHC9 C-
terminal domain. Previously, global identification of S-acylation sites in mouse forebrain detected
modification of DHHC9 on the active site cysteine and a second cysteine within the DHHC-CRD
(101). While sites identified from proteomic studies serve as a valuable first step in mapping S-
acylation, factors such as low abundance, hydrolysis, or turnover during experimental procedures
may paint an incomplete picture. In an effort to evaluate the S-acylation state of the CCM
cysteines in the context of GCP16, | collaborated with the Linder lab and used 17-ODYA labeling
(102) and Acyl-Biotin Exchange (ABE) (103, 104) in HEK cells overexpressing DHHC9 or
DHHC14 with and without GCP16 co-expression. However, though we were able to detect
labeling outside of the catalytic domain, we were unable to definitively assign the S-acylation sites
in the CCM. Nonetheless, the CCM partially overlaps with previously annotated DHHC motifs
which may provide insight into the implications of the CCM cysteines.

Earlier proteomics studies identified the C-terminal CCX7.13C*(S/T) sequence among
DHHC proteins where cysteines centered around the “GCxxN” motif were palmitoylated, and
these cysteines in DHHC5 and DHHCS8 were detected to be palmitoylated in vivo (14, 101).
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Subsequently, Ko et al. showed DHHC5 and GOLGA7 (GCP16) are mutually stabilizing and that
DHHC5-GOLGAY complex formation, as assessed by immunoprecipitation, is dependent on the
DHHC5 C-terminal cysteines (70). The catalytically active DHHC5-GOLGA7 complex is required
for nonapoptotic cell death induced by the synthetic oxime-containing small molecule caspase-
independent lethal 56 (CIL56) (70). Additionally, palmitoylation of the DHHC5 C-terminal
cysteines controls its interaction with and its ability to palmitoylate GOLGA7B, which in turn
regulates DHHCS internalization and turnover and its protein interactome (72). Howie et al.
observed that the DHHCS5 C-terminus between N218-T334, which includes the CCM, is required
for palmitoylation of the Na-pump accessory protein phospholemman (PLM) (105). Interestingly,
PLM does not bind directly to this region of DHHCS5, but rather it associates with DHHCS5 through
an intermediate, the Na-pump a subunit, which does bind directly to DHHC5 N218-T334 (106).
Nonetheless, the DHHC5 region containing the CCM is specifically required for palmitoylation of
its substrates PLM and Flotillin-2, while other substrates such as PSD-5 and GRIP1 require the
PSD-95/Discs-large/Z0-1 homology (PDZ) binding motif (105). The CCM I identified in the
DHHC9 subfamily overlaps with the end of the previously described CCX7.13C*(S/T) sequence.
Taken together, | reason that the CCM cysteines are likely to be palmitoylated and mediate
accessory protein interaction either directly or indirectly by exposing a GCP16/GOLGA7B binding
site. Interaction with the accessory protein provides protein stability, and it expands the DHHC
protein interactome, which may be a mechanism of substrate recruitment and regulation. How
subtype preferences for GCP16/GOLGA7B are governed is to be resolved, though it seems likely
to involve additional protein domain coordination.

DHHC9 in silico analysis hints at a role for the CCM. A DHHC9 atomic model was
generated using AlphaFold, a ‘knowledge-based’ algorithm that utilizes protein-sequence
information available in the Protein Data Bank to understand and predict unknown protein
structures (107). Superimposing the DHHC9 model onto the acylated-intermediate mimic 2-
bromopalmitate-DHHC20 (2-BP-DHHC20) model, obtained from X-ray crystallography (PDB ID:
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6BML) (40), suggests that the CCM is part of a helix that corresponds to the a’2 helix in DHHC20
and that the CCM cysteines are oriented with sidechains towards the membrane (Fig. 2.12). In
DHHC20, the a’2 helix is an amphipathic helix that lies almost parallel to the membrane; it follows
the palmitoyltransferase conserved C-terminus (PaCCT) motif and contacts TM3 and TM4 to
provide local stability (40, 41). Additionally, Plain et al. predicted that the DHHC5 C-terminal
PaCCT motif, which includes the CCM, forms a juxtamembrane amphipathic a-helix, and they
demonstrated this helix binds to the Na-pump a subunit (106). In the DHHC9 model, S-acylation
of the CCM would similarly anchor the CCM helix to the membrane, possibly allowing a similar
local stability to this region of the protein. Additionally, the 2-BP-DHHC20 model reveals that the
active site is surrounded by hydrophobic residues on all sides except the front of the enzyme (40),
and previous molecular dynamics simulations suggested that DHHC20 causes a local
deformation in the lipid bilayer to expose the catalytic cysteine for acyl-CoA attack (52).
Therefore, it seems the active site must be protected in such a way to only expose the nucleophilic
cysteine when appropriate for either acyl-CoA or substrate access. An interesting possibility with
the heteromeric DHHC complexes is that the accessory protein regulates exposure to the active
site. This is supported by the observation that, in the absence of Er4 or its C-terminal domain,
Erf2 undergoes a constant futile cycle of autopalmitoylation and hydrolysis (68). In the DHHC9
subfamily, the C-terminus and palmitoylated CCM may position the accessory protein to regulate
access to the active site and to protect the acyl-enzyme from undergoing hydrolysis. Only when
conditions are favorable, such as when substrate is bound, does the active site become
accessible for palmitate transfer. This may explain why Erf2 requires Erf4 for the substrate
transfer step. Looking ahead, it will be especially revealing to see the structure of a heteroprotein

DHHC complex and a DHHC-substrate protein complex.
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Gray: DHHC20
Blue: DHHC9

Figure 2.12. In Silico Model of DHHC9 Suggesting that the CCM is Located Where the a’2
Helix Exists in DHHC20. Structural alignment of AlphaFold DHHC9 model (blue, Q9Y397) with
the DHHC20 model generated from X-ray crystallography data (gray, PDB ID: 6BML DHHC9 N-
and C-terminal regions predicted with lower confidence (residues 1-15 and 295-364) are not
shown.). Palmitic acid (sphere representation in red) and a’2 helix in DHHC20, and the CCM
(stick representation of cysteine residues) in DHHC9 are indicated. Brown bars indicate predicted

membrane boundary between the cytoplasm and the lumen of the Golgi apparatus.
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The Ras protein family members are well-known drivers of many cancers and
understanding Ras protein regulation and its protein interactors may reveal future drug targets.
DHHC9 was discovered based on its homology to the yeast Ras PAT (69), and more recent
studies support its role in Ras protein regulation. Shimell et al. showed DHHC9 and N-Ras likely
function through the same pathway to promote dendritic cell growth in neuronal cell culture (81).
In human fibrosarcoma HT1080 cells, overexpressing ZDHHC9 promotes, while repressing it
diminishes, Ras PM localization (82). ZDHHCS9 silencing reduces oncogenic H-Ras-mediated
cell transformation and colony formation in murine NIH 3T3 cells (82). Chai et al. reported
microRNA-134 regulates DHHC9-dependent H-Ras localization in SST* neurons that is
dependent upon the palmitoylated cysteines (83). Using ZDHHC9 knockout mice, Liu et al.
showed Ras palmitoylation is decreased in bone marrow cells (84). Furthermore, ZDHHC9
inactivation inhibits oncogenic N-Ras cellular transformation in hematopoietic cells and slows
down the development of myeloid leukemia in N-Ras-induced chronic myelomonocytic leukemia
mice models (84). While DHHCS9 is the putative Ras PAT, the existence of additional human Ras
PATSs has been speculated (69). DHHC9 is not present in all tissues. DHHC9 mRNA expression
is particularly enriched in the brain, skeletal muscle, lung, and liver, but absent in thymus, spleen,
and peripheral blood leukocytes (69). Additionally, Rocks et al. observed that short hairpin RNA-
mediated knockdown of ZDHHC9 showed no detectable effect of Ras palmitoylation in HeLa cells
(108). It is probable that another DHHC protein is palmitoylating Ras where DHHC9 is absent.
DHHC14 and DHHC18 may be candidates. DHHC14 and DHHC18 localize to the ER and Golgi,
respectively (2), in line with stops during the Ras acylation pathway (21). Additionally, Fukata et
al. found that overexpression of H-Ras with DHHC18 enhanced H-Ras palmitoylation compared
to other DHHCs tested (109). In my study, | found DHHC9, 14, and 18 require complex formation
with GCP16 for activity for H-Ras in vitro. Itis to be determined whether this requirement extends
in vivo. GCP16 has been found to be expressed ubiquitously (80), possibly allowing it to function
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as a coordinator for Ras-palmitoylation with other DHHCs where DHHC9 is absent.

In conclusion, | identified a C-terminal conserved cysteine motif in DHHCO9 that is present
in a subset of DHHC proteins that includes DHHC9, 14, 18, 5, and 8. GCP16/GOLGAT7B co-
expression improved DHHC protein stability with subtype specificity, where GCP16 potentiated
all subfamily members while GOLGA7B potentiated only DHHC5 and DHHCS8. In the context of
detergent purification, | showed the CCM is required for DHHC9-GCP16 complex formation and
enzymatic activity for H-Ras, and the GCP16 requirement extends to DHHC14 and DHHC18.
Additionally, | reported the first DHHC14 and DHHC18 purification with SEC profile and enzymatic
activity in vitro. My research supports a broader role for GCP16 and GOLGA7B in the function of

human DHHC proteins.
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Experimental Procedures

Construction of Expression Plasmids

Amino acid sequences were obtained from the UniProt database for the following human
proteins: DHHC9 (Q9Y397), DHHC14 (Q8IZN3), DHHC18 (Q9NUEO), DHHC5 (Q8VDZz4),
DHHC8 (Q9ULCS8), DHHC3 (Q9NYG2), DHHC20 (Q5W029), and GCP16 (Q7F5G4). Genes
were synthesized based on protein sequences (GenScript, Piscataway, NJ). The plasmid
encoding GOLGA7B was obtained from the Harvard Medical School Plasmid repository. All
DHHC genes used were PCR amplified to exclude the start methionine and to include flanking
BamHI/Xhol sites. Similarly, GOLGA7 and GOLGA7B were amplified to exclude the start
methionine and to include Agel/Notl sites. All genes were subcloned via standard molecular
biology techniques into their respective expression vectors. Any mutations were generated via
quick change PCR.

For FSEC, | used a dual mammalian expression vector modified from the pIRES-EGFP
RK6 vector provided by M. Mayer, National Institutes of Health, Bethesda, MD. The vector
encoded a start methionine followed by mNeonGreen (AOA1S4NYF2), a BamHI/Xhol insertion
site, an EMCV internal ribosomal entry site (IRES), an Agel/Notl insertion site, and a stop codon.
DHHC genes were incorporated using BamHI/Xhol, and golga7 or golga7b genes were
incorporated using Agel/Notl.

For protein purification, genes were subcloned into a modified pFastBac baculovirus
expression vector (Thermo Fisher Scientific, Waltham, MA). DHHC9, DHHC9 TM (C283S,
C284S, and C288S), and GCP16 were encoded to express a C-terminal strep-tag. DHHC14 and

DHHC18 were encoded to express an N-terminal strep-tag.

Fluorescence-Detection Size-Exclusion Chromatography
HEK cells at 80-95% confluency were transfected with 2.5 pg of expression plasmid using
jetPRIME transfection reagent per the manufacturer’s instructions. Cells were grown at 37°C for
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48 hours. The media was aspirated, cells were suspended and washed in 2 mL of cold PBS, and
samples were lysed in 150 pL of lysis buffer (1x PBS, 1% n-Dodecyl-B-D-Maltopyranoside (DDM),
1x Roche protease inhibitor) for 30 minutes at 4°C with rotation. Whole-cell lysates were cleared
by centrifugation in a table-top centrifuge at 15k rpm for 10 minutes at 4°C. The supernatant was
further cleared by ultracentrifugation in a TLA 100.3 rotor at 70K rpm for 20 minutes. An aliquot
(50uL) was applied onto a Superdex 200 Increase 10/300 GL column pre-equilibrated with
running buffer (1x PBS, 0.5mM DDM). The eluent from the SEC column was passed through a
fluorometer set to excitation, 480 nm, and emission, 508 nm.

For quantitation, peak intensities in arbitrary fluorescence units were obtained at the
expected DHHC peak for every profile. For DHHC9 constructs, values were normalized to either
DHHC9 or DHHC9 N2C1, depending on the set of constructs tested for that given day. Data sets
across different days were then normalized to DHHC9 globally. For experiments that included
other DHHCs, i.e., DHHC14, 18, 5, 8, 3, and 20, raw intensity values were used without
normalization. For statistical analysis, | used two-tailed t-tests assuming unequal variances
against the null-hypothesis that GCP16/GOLGA7B co-expression has no significant effect on

DHHC protein signal.

Expression and Purification of DHHC Proteins and DHHC-GCP16 Complexes.

All constructs were expressed using the Invitrogen Bac-to-Bac® baculovirus-insect cell
expression system. Sf9 cells (1-2L) were infected at 2.5 — 4.0 x 10° cells/mL with P2 virus (107-
108 PFU/mL, 30mL/L). Cells were incubated at 27°C for 24 hours and moved to 18°C for an
additional 48 hours. All purification steps were done on ice or with 4°C buffer unless stated
otherwise. Cells were harvested by centrifugation at 2,040 x g and washed with 200 mL of PBS.
Cells were solubilized in buffer A (PBS, 15% glycerol, 0.5mM TCEP, 0.5ug/mL leupeptin, 2ug/mL
aprotinin, 0.5ug/mL pepstatin A, and 0.5mM phenylmethylsulfonyl fluoride) containing 1% DDM
wi/v at a ratio of 250 mg DDM/g of cells. Solubilization was performed at 4°C with stirring for one
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hour. Large debris were removed by centrifugation at 12,000 x g. The supernatant was further
clarified by ultracentrifugation at 185,000 x g for 45 minutes to remove remaining insolubilized
material. To the supernatant, 2 mL of equilibrated StrepTactin Sepharose High Performance
resin (GE Healthcare, Marlborough, MA) was incubated with stirring for one-hour. The resin was
collected by centrifugation and transferred to a gravity column (Bio-Rad). The resin was washed
with 10 resin bed volumes of wash buffer (buffer A with 0.5 mM DDM) and eluted with elution
buffer (buffer A with 2.5 mM desthiobiotin, 0.5 mM DDM). Protein was concentrated using Amicon
ultra concentrators. Size exclusion chromatography was done using a Superdex 200 (GE
Healthcare) in SEC buffer (150 mM NaCl, 20 mM HEPES pH 7.4, 0.5 mM TCEP, 15% glycerol,

0.5 mM DDM).

PAT Assays

PAT assays were performed immediately following purification and SEC as described
previously (69). Protein concentrations were determined by NanoDrop (Thermo Scientific) using
predicted extinction coefficients. Enzyme was diluted to 250 nM in enzyme dilution buffer (50 mM
MES pH 6.4, 100 mM NacCl, 10% glycerol, 0.05% DDM, 0.5 mM TCEP). H-Ras (80 uM, purified
from insect cells infected with recombinant Baculovirus) was diluted to 10 uM in enzyme dilution
buffer. For a 50 uL reaction, the final concentration was 50 nM enzyme, 2 uM H-Ras, 1 uM palm-
CoA. Each reaction was allowed to reach equilibrium by incubation at room temperature for 10
minutes. Reactions were quenched in SDS loading dye containing 25 mM TCEP. Samples were
split and run on two SDS-PAGE gels in parallel. For fluorography, one gel was exposed to
enhance solution (1M sodium salicylate, 15% methanol), dried under vacuum for 2 hours, and
exposed to film for 4-15 days. For liquid scintillation spectroscopy, the gel was stained with
Coomassie, H-Ras bands were extracted, and a section of gel around the expected DHHC protein
size was extracted. Extracted gel pieces were dissolved in 500 pL Soluene overnight at 37°C.
Ultima Gold scintillation fluid (5 mL) was added, and disintegrations per minute (DPM) was
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measured using a scintillation counter after allowing for stabilization for 8-24 hours. For each
experiment, | used DHHC20 as a positive control and H-Ras without enzyme to account for
nonenzymatic acylation. Background DPM was subtracted from each sample before converting

counts to picomoles based on the specific activity of palmitoyl-CoA.
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Chapter 3: Towards a Structural Basis for the DHHC9-GCP16 Complex

Introduction

My goal was to determine the high-resolution structures of DHHC9, GCP16 and the
DHHC9-GCP16 complex. The structures would provide insight into the overall architectures of
DHHC9 and GCP16, and it would allow visualization of how they come together to form a
functional heterodimeric DHHC enzyme. Comparison of the DHHC9-GCP16 complex with
existing structures of hDHHC20 and zfDHHS15 would reveal universal DHHC structural motifs,
as well as highlight subfamily specific differences. Furthermore, high-resolution structures
would enable structure-guided biochemical experiments to better investigate the mechanism of
catalysis for heteromeric DHHC protein complexes. Moreover, visualizing protein-protein
interaction surfaces and the critical residues involved would provide a platform for the
development of specific inhibitors or potential drugs to combat DHHC9-associated diseases.

DHHCY9 is an integral membrane protein and GCP16 is a peripheral membrane protein,
which have unigue challenges over soluble proteins. Soluble proteins mostly contain
hydrophilic surfaces which make soluble proteins generally stable in solution. However, in
addition to hydrophilic surfaces, membrane proteins contain hydrophobic and amphiphilic
domains that help embed them into biological membranes. This results in two major challenges
for membrane proteins. First, it is more difficult to express membrane proteins in high quantities
compared to soluble proteins, as there is a greater limitation to the amount of membrane area
and membrane insertion machineries. Second, special considerations are required to extract
and stabilize membrane proteins while minimizing irreversible protein unfolding and
aggregation. The most widely used class of reagents for membrane protein extraction and
stabilization are detergents, amphipathic molecules containing a hydrophilic headgroup (usually
polar, sometimes charged) and a hydrophobic tail (110). Detergents act by inserting into
biological membranes, disrupting membrane integrity, and, at concentrations above the
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detergent critical micelle concentration (CMC), extracting membrane-embedded components
into detergent micelles. However, detergents are imperfect at replicating biological membranes,
due to factors such as detergent molecule exchange rate, varying levels of chemical harshness,
and the removal of native lipids (110). As a result, for any given membrane protein purification,
a series of detergents are tested empirically to determine the best one for optimal protein extract
guantity, solubility, activity, homogeneity, and stability (111). In summary, for a given
membrane protein structure target, it is often required to optimize the construct, expression, and
purification conditions before any structural determination technique.

To date, X-ray crystallography is the most used experimental technique for determining
the structure of macromolecules. Out of ~185,000 structures deposit in the Protein Data Bank,
over 161,000 have been solved by X-ray crystallography (112). Briefly, the goal of X-ray
crystallography is to obtain a 3D molecular crystal from a protein crystal (113). The protein
crystal is exposed to an X-ray source and the X-rays are scattered onto an electron detector,
forming a diffraction pattern. The diffraction provides information on the amplitudes of the
scattered X-rays, and a follow-up experiment determines the phases of the scattered X-rays.
With the amplitudes and phases of the scattered X-rays, an electron-density map can be
generated and used for modeling atomic coordinates.

In recent years, cryogenic electron microscopy (cryo-EM) single-particle analysis (SPA)
has become a powerful technique for determining the structure of macromolecules. Cryo-EM
SPA entails plunge-freezing protein specimens in a vitreous environment to trap proteins in its
natural state in (ideally) random orientation. With a transmission electron microscope, an
electron beam is passed through the sample and onto a detector, forming a two-dimensional
projection. By taking projections of the sample from many different angles and computationally
averaging them, a three-dimensional map is generated that is used for structural modeling.
Although cryo-EM techniques have been used for over four decades, only recent technological
advances in direct electron detectors, computer algorithms that correct for beam-induced
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movement and specimen drift, and software for image analysis have enabled high-resolution
structure determination (114).

This chapter presents my progress towards obtaining the structures of DHHC9, GCP16,
and DHHC9-GCP16. For both DHHC9 and GCP16, | sought to identity a structure candidate by
screening orthologs and protein engineering. | optimized expression and purification conditions
to obtain sufficient quantities of pure protein for crystallization studies. | report my exploration of
DHHC9-GCP16 fusion proteins, before focusing on a DHHC9 and GCP16 co-expression
approach. DHHC9-GCP16 complex was the emphasis of extensive crystallization trials, though
| was unable to obtain well-ordered crystals. Lastly, | present my progress towards solving the

structure by cryo-EM.

Results

The Search for a DHHC9 Structural Candidate

To solve the structure of DHHC9, | sought to find a DHHC9 candidate that was most
amenable to structural studies. Previous work in the Linder Lab suggested that human DHHC9
(huDHHC9) exhibits low expression and is technically challenging to purify (69). To identify a
more stable DHHC9, | used a bioinformatic approach to generate a set of DHHC9 orthologs,
with the goal of screening for the best protein behavior. | used the huDHHC9 amino acid
sequence as a query for the Uniprot Protein Basic Local Alignment Search Tool (BLAST) (115).
Hits were identified based on percent sequence identity. To avoid overlap with the closely
related DHHC14 sequence (59% sequence identity to DHHC9 in humans), a percent identity
threshold of 70% was selected. The data was filtered by species, and alternative isoforms from
the same species were removed. Lastly, pair-wise identity was compared to ensure that each
ortholog was similar to human DHHC9, but distinct from one another by at least 8% i.e., two
orthologs can both be 85% similar to huDHHC9, but they are >8% difference from each other.
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The final set consisted of 12 orthologs (Table 3.1). Additionally, for each ortholog, the catalytic
DHHC cysteine was mutated to serine (referred to as DHHS) to generate the catalytically

inactive mutant, with the purpose to decrease protein heterogeneity due to palmitoylation of this

residue.
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1: D9_frog 100
2: D9_coral_snake 82.
3: D9_chameleon 83.
4: D9_chicken 84.
5: D9_human 82.
6: D9_opossum 81.
7: D9_sea_turtle 27
8: D9_alligator 81.
9: D9_arowana 73.
10: D9_spotted_gar 76.
11: D9_zebrafish 76.
12: D9_pufferfish 74.
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Table 3.1. DHHC9 Orthologs Percent Identity Matrix. DHHC9 ortholog sequence alignment

and percent identity matrix generated using Clustal 2.1. Codename and corresponding Uniprot

ID are listed in the experimental procedures.
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To screen for the protein behavior of the DHHC9 orthologs, | used fluorescence-
detection size-exclusion chromatography (FSEC) (96). Each ortholog was cloned into Kawate
Lab vector pCGFP-EU2 and expressed in human embryonic kidney (HEK) cells. Cells were
solubilized in dodecyl-maltoside (DDM)-containing buffer, and cleared lysates were applied to a
gel-filtration column coupled to a fluorometer to monitor fluorescence (Fig 3.1). The DHHC9
peak was determined based on comparison with frog DHHC20 (frDHHC20) as a positive
control, as my and the Linder Lab’s prior data with DHHC20 supports it is folded and possesses
enzymatic activity (data not shown). Additionally, a GFP only sample was used to assign any
signal due to free GFP. The FSEC profile for huDHHS9 showed an expected peak at ~24 min,
with an additional shoulder at ~21.5 min that may indicate another oligomeric state (Fig 3.1 A).
Notably, huDHHS9 showed a prominent void peak at ~17 min and lower molecular weight
species at ~29 min, characteristic of protein aggregation and degradation, respectively (Fig 3.1
A). Many of the orthologs exhibited an FSEC profile that indicated a heterogeneous DHHS9
protein with low abundance, protein aggregation, and degradation including opossum DHHS9,
chicken DHHS9, sea turtle DHHS?9, alligator DHHS9, spotted gar DHHS9, pufferfish DHHS9,
and arowana DHHS9 (Figl1.1 B, D, E, G, |, J, K, L). Fortunately, frog DHHS9 (frDHHS9), coral
shake DHHS9 (csDHHS9), chameleon DHHS9 (chDHHS9), and zebrafish DHHS9 (zfDHHS9)
(referred to collectively as first-pass orthologs) showed increased expression, less aggregation,
and increased monodispersity (Fig 3.1 C, F, H, J). Strikingly, compared to a measured intensity
of 800 arbitrary fluorescence units for huDHHS9, the first pass orthologs showed intensities of
between 2500 to 4500 (Fig 1.1). These first pass orthologs identified in the initial HEK cell

screens were prepared for expression and protein behavior tests in Sf9 insect cells.
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Figure 3.1. DHHC9 Ortholog Screen. (A-L) Representative FSEC profiles of DHHC9

orthologs. HEK cells were transfected with vector to express a C-terminal GFP fusion with

DHHC9 protein sequence derived from the indicated organisms. Cells were solubilized in DDM-

containing buffer, and the cleared lysate was analyzed via SEC coupled to a fluorometer to

monitor fluorescence at excitation and emission wavelengths 480 nm and 508 nm, respectively.

Arrows indicate the void retention time and the DHHC9 retention time.
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| assessed the expression and protein behavior of each first pass ortholog after

expression in insect cell culture. Protein was expressed in Sf9 cells infected with baculovirus
encoding C-terminal GFP-strep-tagged frDHHS9, csDHHS9, chDHHS9, or zZfDHHS9. The
protein was purified from membranes by triton X-100 solubilization and strep-affinity purification
as described in the experimental procedures. GFP was removed by incubation with thrombin
protease prior to size-exclusion chromatography (SEC) (Fig 3.2). Unexpectedly, the SEC
profiles of every ortholog purified showed extensive aggregation, degradation as indicated by
free GFP and lower molecular weight species, and the absence of the expected DHHC9 peak

(Fig 3.2 A-D).
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Figure 3.2. Purification of DHHS9 First Pass Orthologs. SEC profiles of the indicated first
pass DHHS9 orthologs (A-D). Protein was expressed in Sf9 cells infected with baculovirus
encoding C-terminal GFP-strep-tagged frDHHS9, csDHHS9, chDHHS9, or zfDHHS9. The
protein was purified by membrane preparation, triton X-100 solubilization, strep-affinity
purification, and size-exclusion chromatography (SEC) as in the experimental procedures.

Arrows indicate the void, expected DHHC9 peak, and GFP peak.
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To identify the source of DHHC9 instability, frDHHS9 was semi-arbitrarily chosen to test
for factors specific to the purification protocol that may contribute to protein aggregation. The
aggregation occurred regardless of whether the membrane preparation was freeze-thawed or
the protein was concentrated, treated with thrombin, or treated with EndoH (data not shown).
To determine if aggregation occurred at solubilization, a detergent screen was conducted (Fig
3.3). Different detergents can have varying degrees of ‘harshness’ based on the polarity of the
headgroup and acyl chain length (110). A set of detergents were selected based on those that
have been successful in our lab and for other membrane proteins (110). frDHHS9 was
expressed in HEK cells, and lysates were prepared by solubilization in either triton X-100, DDM,
decyl-maltoside (C10M), nonyl-glucoside (C9G), or lauryldimethylamine oxide (LDAO).
Solubilized samples were analyzed by FSEC in a DDM-containing running buffer. As observed
in prior screens, DDM solubilization resulted in a distinct DHHC9 peak at ~24 min (Fig 3.3 blue
trace). Furthermore, the FSEC profiles of frDHHS9 in HEK cells (Fig 3.1 C) compared to that in
Sf9 cells (Fig 3.3 blue trace) were almost identical, supporting that conclusions based on FSEC
in one expression system could be applicable to both. Solubilization with C10M resulted in a
comparable profile, though with about a 30% decrease in yield compared to solubilization with
DDM (Fig 3.3 gray trace). C9G, LDAO, and, most critically, triton X-100 resulted in
predominantly aggregated and high molecular weight species (Fig 3.3 yellow, light blue, and
orange traces). This result explained the predominant aggregation observed during purification
using triton X-100 for solubilization. Moving forward, | focused on frDHHS9 as the candidate

towards protein crystallization trials.
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Figure 3.3. frDHHS9 Detergent Screen. Overlay of FSEC profiles of frDHHS9 solubilized with
the indicated detergents including dodecyl maltoside (DDM), triton X-100, decyl-maltoside
(C10M), nonyl-glucoside (C9G), and lauryldimethyl amine oxide (LDAO). HEK cells were
transfected with vector to express frDHHS9 with a C-terminal GFP. Cells were solubilized in
detergent-containing buffer, and the cleared lysate was analyzed via SEC coupled to a
fluorometer to monitor fluorescence at excitation and emission wavelengths 480 nm and 508
nm, respectively. The running buffer contained DDM. Arrows indicate the void retention time

and the DHHC9 retention time.
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Protein Engineering frDHHS9 for Improved Expression and Stability

| aimed to improve the expression and monodispersity of frDHHS9 to improve the
likelihood of obtaining protein crystals. Using information from bioinformatic databases (115,
116) including sequence alignments, amino acid conservation, and secondary structure
prediction, | generated frDHHS9 deletion constructs to remove potential aggregation-prone
flexible regions (Fig 3.4). Truncations were made at regions of lower conservation and, when
possible, at glycine residues to minimize deleterious effects. The protein behavior of the
deletion constructs was assessed by expression in Sf9 cells and FSEC (Fig 3.5). From the
FSEC profiles, the effects of the deletions can be categorized into three groups: N-terminal, C-
terminal, and combinatorial deletions. Compared to full-length (FL) frDHHS9 (Fig 3.5 A), N-
terminal deletions N1 and N2 showed marked improvements in the intensity of the DHHC9 peak
and monodispersity; both N1 and N2 showed an increase in intensity by over 170% and 250%,
respectively (Fig 3.5 B and C). By comparison, C-terminal deletion constructs showed milder
effects (Fig 3.5 D-F). Construct C1, which removed a long amino acid stretch with no predicted
structure, showed a decrease in intensity by ~60% with an overall profile like that of FL (Fig 3.5
D). Construct C2 showed reduced aggregation and increased monodispersity with a
comparable level of intensity to FL (Fig 3.5 E). Construct C3 showed a 50% increase in
intensity and improved monodispersity (Fig 3.5 F). Interestingly, combinatorial deletions
suggest that there is an additive effect when truncating both termini, with an apparent greater
contribution from the N-terminal deletion (Fig 3.5 G-L). Overall, construct N2C2 showed the
highest increase in intensity at over 300% increase, compared to FL, and a high degree of
monodispersity (Fig 3.5 K). Compared to human DHHS9 in Sf9 cells, frDHHS9 N2C2 is over
40-fold higher in intensity (data not shown). frDHHS9 N2C2 was selected as the primary

structure candidate.
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Figure 3.4. Designing DHHC9 Deletion Constructs. (A) Amino acid sequence of human
DHHC9 compared to various orthologs. Amino acids highlighted in dark blue are completely
conserved, in light blue are somewhat conserved, and in white are not conserved. Arrows

indicate where the designated deletions were made. (B) Toplogy of DHHC9 based on the
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Protter database. Red lines denote where the indicated constructs start and end.
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Figure 3.5. Screening frDHHS9 Deletion Constructs. Representative FSEC profiles of

frDHHSY constructs (A-L). Sf9 cells were infected with recombinant baculovirus particles and

incubated for 48 hours at 27C. Cells were solubilized in DDM-containing buffer, and the cleared

lysate was analyzed via SEC coupled to a fluorometer to monitor fluorescence at excitation and

emission wavelengths 480 nm and 508 nm, respectively. Arrows indicate the void retention time

and the DHHCO9 retention time.
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frDHHS9 Protein Purification and Crystallization Challenges

After identifying frDHHS9 N2C2, | purified the protein in large scale with the goal of
advancing through protein crystallization trials. Once | determined the optimal expression
conditions using protein expression trials in Sf9 cells (data not shown), | expressed and purified
frDHHS9 N2C2-GFP via strep-affinity chromatography and SEC (Fig 3.6). Prior to SEC, GFP
was removed by incubation with thrombin protease. SEC analysis showed a clear peak
corresponding to frbDHHS9 N2C2 centered at ~12.5 mL (Fig 3.6 A). However, SDS-PAGE
Coomassie analysis of the DHHC9 peak fractions after SEC revealed additional cleavage
products with a significant product at 17 kDa (Fig 3.5 B). With help from Wendy Greentree of
the Linder Lab, | identified a non-canonical thrombin protease site centered around R96 that
was not detected using previous protease cut prediction software. To prevent non-specific
cleavage by thrombin protease, mutations were made to disrupt the thrombin recognition site.
frDHHS9 N2C2-GFP constructs were generated where the essential arginine in the thrombin
recognition site was mutated to either lysine or alanine. FSEC showed R96K exhibited higher
expression and monodispersity compared to R96A (Fig 3.6 C). Therefore, frDHHS9 N2C2
R96K-GFP was expressed in Sf9 cells, purified via strep-affinity purification, and analyzed by
SEC (Fig 3.6 D). After thrombin digestion, frDHHS9 N2C2 R96K exhibited a broader peak on
SEC compared to the parent construct (Fig 3.6A). More importantly, mutation of the thrombin
recognition site did not completely abolish the non-specific cleavage of frDHHS9 (Fig 3.6E).
Subsequent GFP fusion proteins were designed with TEV protease rather than thrombin

protease.
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Figure 3.6. frDHHS9 N2C2 is Non-Specifically Cleaved by Thrombin Protease. Sf9 cells
were infected with recombinant baculovirus encoding C-terminally strep-GFP-tagged frDHHS9
N2C2 with or without mutations R96K or R96A. Protein was purified via strep-affinity
purification and SEC as in the methods. (A) SEC profile for thrombin-digested frDHHS9 N2C2.
(B) SDS-PAGE Coomassie analysis of pooled frDHHS9 peak fractions from (a). Black arrows
indicate the expected DHHS9 size and cleavage products. (C) FSEC profiles for CGFP
frDHHS9 N2C2 R96 Mutants. (D) SEC profile for thrombin-digested frDHHS9 N2C2 R96K. (E)
SDS-PAGE Coomassie analysis of frDHHS9 peak fractions from (d). Black arrows indicate the

expected DHHS9 size and cleavage products.
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With the insights | have obtained up to this point, | sought to purify frDHHS9 N2C2 to
advance through protein crystallization trials. frDHHS9 was expressed and purified from Sf9
cells by strep-affinity chromatography and analyzed by SEC. The SEC profile showed frDHHS9
eluted at the expected elution volume for folded DHHC9, and SDS-PAGE Coomassie analysis
showed sufficient purity for crystallization (Fig 3.7 A-B). One challenge that remained was low
yield due to inefficient binding to the streptactin resin (Fig 3.7E). Nonetheless, for every 1-2L
culture of Sf9 cells, the amount of frDHHS9 N2C2 remaining after SEC was sufficient for 1-2 96-
well crystallization screens at a relatively low protein concentration between 1-2mg/mL. |
repeatedly purified frDHHS9 N2C2 and advanced it through the Kawate Lab FK and other
crystallization screens that included a range of polyethylene glycols (PEGSs) (10-40%), pH (4.5-
9.5), and distinct salts/additives known to facilitate membrane protein crystallization. Despite
extensive screening, | was only able to obtain amorphous quasi crystals of frDHHS9 N2C2 that
were not of sufficient quality for good X-ray diffraction (Fig 3.8).

Additionally, | tested whether human DHHS9 N2C2 would purify with sufficient quality for
crystallization, based on my observations with frDHHS9. In contrast to frDHHS9 N2C2,
purification and SEC analysis of huDHHS9 N2C2 prior to GFP cleavage showed primarily a
single aggregation peak corresponding to GFP-huDHHS9 N2C2 (Fig 3.7 C-D). This result

suggested that huDHHS9 N2C2 was not suitable for crystallization trials.
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Figure 3.7. Purification of frog and human DHHC9 N2C2 Constructs. Sf9 cells were
infected with recombinant baculovirus encoding the frDHHS9 or huDHHS9. Protein was purified
via strep-affinity chromatography and SEC as in the experimental procedures. (A) SEC profile
for GFP-frDHHS9 N2C2 post treatment with TEV protease. (B) SDS-PAGE Coomassie
analysis from the DHHCO fraction in (a). (C) SEC profile for GFP-huDHHS9 N2C2 and (D) the
corresponding SDS-PAGE Coomassie analysis of the main peak after SEC. (E) Overlay of
FSEC traces from frDHHS9 N2C2 purification in (a) with the indicated purification fractions after

normalization by volume.
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Figure 3.8. frDHHS9 N2C2 Forms Amorphous Quasi Crystals. Representative amorphous

crystals after ~14 days in 96-well screens set-up using 1-2 mg/mL.
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Around this time, my work with human DHHC9 and GCP16 prompted a reassessment of
the DHHCO structure candidate. My experiments investigating the effect of GCP16 co-
expression on DHHC9 stability showed that GCP16 co-expression had little to no effect on
DHHC9 N2C2 stability (discussed in Chapter 2). Therefore, | reasoned that an extended C-
terminus is required for GCP16 interaction. Since my goal is to better understand the structural
basis of DHHC9-GCP16 interaction and function, | re-examined my extended C-terminal
constructs frDHHS9 N2, N2C1, and | compared them to construct N2C2 using FSEC in Sf9 cells
(Fig 3.9). To further optimize expression and to try to alleviate my observed issues with resin
binding (Fig 3.7 E), | tested the protein behavior of N- and C-terminal GFP tags. The FSEC
profiles of frDHHS9 N2 and N2C1 (Fig 3.9 A-B) showed the protein was comparable in
magnitude to frDHHS9 N2C2 (Fig 3.9 C). Interestingly, C-terminal GFP fusion (Fig 3.9 A-C)
consistently showed high expression compared to N-terminal GFP fusion (Fig 3.9 A- C blue
traces). Between the two extended C-terminus constructs, frDHHS9 N2 was more
heterogenous compared to frDHHS9 N2C1, as indicated by an increased protein signal in the
void and higher molecular weight species at 22-23 min in the former (Fig 3.9 A-B). Though C-
terminal GFP fusion showed increased expression, it was previously noted that frDHHS9 N2C2-
GFP showed inefficient binding to affinity resin (Fig 3.7 E). Therefore, in parallel, both N- and
C-terminal frDHHS9 N2C1 were expressed in Sf9 cells and purified by affinity chromatography
and SEC (Fig 3.10). Sf9 cells expressing C-terminal GFP-tagged frDHHS9 N2C1 showed
higher protein expression compared to N-terminal GFP-tagged as indicated by the intensity of
GFP fluorescence 72 hours post infection with recombinant baculovirus (Fig 3.10 A). However,
even though the C-terminal construct expressed better, no protein visibly bound to affinity resin
compared to the N-terminally tagged construct (Fig 3.10 B). The poor binding efficiency
observed qualitatively with frDHHS9 N2C1-GFP was validated by FSEC (data not shown).
Therefore, N-terminally GFP-tagged frDHHS9 was applied to an SEC column prior to removal of
GFP. Injection of GFP-frDHHS9 N2C1 resulted in increased pressures in the instrument until
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the column pressure was maxed out and the run had to be aborted (Fig 3.10 C). | reasoned
that NGFP-frDHHS9 N2C1 contains an exposed aggregation-prone region in the C-terminus;
so, | tried to purify NGFP-frDHHS9 N2, with the idea that a full-length C-terminus may be more
amenable to purification. NGFP-frDHHS9 N2 was expressed in Sf9 cells and purified by affinity
chromatography and SEC without removal of GFP (Fig 3.10D). The SEC profile revealed
NGFP-frDHHS9 N2 elutes in a broad peak that overlaps with the void volume (Fig 3.10D).
Additionally, SDS-PAGE Coomassie analysis of NGFP-frDHHS9 elution and post SEC fractions
showed the protein to be completely aggregated during purification (Fig 3.10 E). To potentially
alleviate aggregation during detergent solubilization, styrene maleic acid copolymers (SMASs)
were extensively investigated for their potential to solubilize various frDHHS9 constructs with
the idea of retaining the protein in their native lipid environments. However, no combinations of
SMAs tested (2:1, 3:1, 1.4:1) were able to show sufficient yields of folded protein after SEC
(data not shown). In the end, no extended frDHHS9 construct was able to be purified or

advanced through protein crystallization trials with approaches at the time.
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Figure 3.9. CGFP-tagged DHHC9 Consistently Shows a Modest Improvement in
Expression. (A-C) FSEC profiles for the indicated frDHHC9 constructs with N- and C-terminal
GFP fusion shown in blue and orange, respectively. Sf9 cells were infected with recombinant
baculovirus particles and incubated for 48 hours at 27C. Cells were solubilized in DDM-
containing buffer, and the cleared lysate was analyzed via SEC coupled to a fluorometer to

monitor fluorescence at excitation and emission wavelengths 480 nm and 508 nm, respectively.
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Arrows indicate the void retention time and the DHHC9 retention time.

-75 -




D NGFP frDC9 N2
1000
800
600
400
200

0
6 8 10

UV Absorbance (mAU)

12 14 16

elution volume (mL)
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constructs. Protein was purified via immobilized metal affinity chromatography (IMAC)
purification and SEC as in the experimental procedures. (A) Light microscopy image (GFP filter)
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Identification of a GCP16 Structure Candidate

GCP16 is a 16 kDa peripheral membrane protein that is membrane-bound via two
acylated cysteines at amino acids 69 and 72 (80). Initially, | asked whether GCP16 could be
expressed in a bacterial expression system, where the S-acylation machinery is absent, to
determine whether GCP16 would purify like a soluble protein; however, these experiments
yielded low amounts of impure GCP16 (data not shown). Thus, | applied an approach similar to
my approach with DHHCS9 to identify a GCP16 structure candidate. | used the human GCP16
amino acid sequence as a query for Uniprot Protein BLAST (115). Hits were identified based on
percent sequence identity, and candidates were refined based on species, alternative isoforms,
and pair-wise identity. GCP16 is highly conserved across a broad range of metazoans; after

refinement, the final set consisted of six distinct GCP16 orthologs (Table 3.2).
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1: pufferfish 100.00 86.01 79.26 83.21 81..75 81.02
2: zebrafish 86.01 100.00 82.22 80.88 80.15 80.88
3: african_frog 79.26 82.22 100.00 82.96 85.19 85.93
4: chameleon 83.21 80.88 82.96 100.00 89.78 88.32
5: human 81.75 80.15 85.19 89.78 100.00 94.89
6: zebra_finch 81.02 80.88 85.93 88.32 94.89 100.00

Table 3.2. GCP16 Orthologs Percent Identity Matrix. GCP16 ortholog sequence alignment
and percent identity matrix generated using Clustal 2.1. Codename and corresponding Uniprot

ID are listed in the experimental procedures.
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For each GCP16 ortholog, protein behavior was assessed by expression in Sf9 cells and
FSEC analysis (Fig 3.11). All GCP16-GFP constructs showed well-behaved protein
corresponding to a retention time of ~27 min (Fig 3.11). Zebra finch GCP16 (zfGCP16),
chameleon GCP16 (chGCP16), and human GCP16 (huGCP16) showed higher homogeneity
(Fig 3.11 A, B, F), while African frog GCP16 (afGCP16), pufferfish GCP16 (pfGCP16), and
zebrafish (zeGCP16) showed an additional shoulder species at 24 min (Fig 3.11 C, D, E). One
possibility is that FSEC may be skewed towards the behavior of GFP (27 kDa) due to the
relatively small size of GCP16 (16 kDa). Therefore, | reassessed the protein behavior of each
GCP16 after removal of GFP. From Sf9 cells, | expressed and purified each GCP16 ortholog by
strep-affinity purification and SEC (Fig 3.12). SDS-PAGE Coomassie analysis showed each
elution fraction contained a band corresponding to the size of GCP16-GCP16 (42 kDa), and,
upon treatment with thrombin protease, the expected bands for GFP (27 kDa) and GCP16 (16
kDa) were present (Fig 1.12 A-B). SEC analysis showed zfGCP16 and huGCP16 primarily
elutes at the expected retention volume at ~13.5 mL (Fig 3.12 C and H). Though the expected
GCP16 peak was identified in the profiles of all orthologs, chGCP16, afGCP16, pfGCP16, and
zeGCP16 showed multiple protein peaks and a high signal at the void volume, supporting that
these orthologs are heterogeneous and prone to aggregation (Fig 3.12 D-G). zfGCP16 showed
the highest degree of homogeneity and it exhibited sufficient levels of expression; therefore,

zfGCP16 was chosen as the GCP16 structure candidate.
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Figure 3.11. GCP16 Ortholog Screen. (A-F) Representative FSEC profiles of GCP16
orthologs. Protein was expressed in Sf9 cells infected with recombinant baculovirus encoding
C-terminal GFP-tagged GCP16. Cells were solubilized in DDM-containing buffer, and the
cleared lysate was analyzed via SEC coupled to a fluorometer to monitor fluorescence at

excitation and emission wavelengths 480 nm and 508 nm, respectively. Arrows indicate the void
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retention time and the GCP16 retention time.
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Figure 3.12. Purification of GCP16 Orthologs. Sf9 cell cultures were infected with
recombinant baculovirus particles for a given ortholog and incubated for 48 hours at 27C.
Protein was purified via membrane preparation, triton x-100 solubilization, and strep-affinity
chromatography before subjecting to SEC. Black arrows indicate the expected elution volume
for GCP16. (A-B) SDS-PAGE Coomassie analysis of elution fractions (lanes a) and elution

fractions after incubation with thrombin protease (lanes b) for each ortholog after purification.
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(C-H) SEC chromatograms for GCP16 orthologs.

-81-

elution volume (mL)



zfGCP16 Purification and Crystallization

zfGCP16 was the structure candidate to move forward with crystallization trials. |
expressed zZfGCP16 in Sf9 cells, and | purified the protein by strep-affinity chromatography and
SEC (Fig 3.13). While a significant portion of GCP16 was lost to aggregation during purification
and GFP cleavage (Fig 3.13 A), the SEC fractions corresponding to the GCP16 showed
sufficiently pure zZfGCP16 in adequate quantities for crystallization trials (Fig 3.13B). With
repeated purifications, | screened zfGCP16 using the Kawate Lab FK and other crystallization
screens that included a range of PEGs (10-40%), pH (4.5-9.5), and distinct salts/additives
known to facilitate membrane protein crystallization. Between 7-21 days, | observed amorphous
crystals in conditions that were generally low pH (4.6), contained PEG monomethyl ether, and
chloride-containing salts (Fig 3.13 C). However, these types of protein crystals do not diffract
sufficiently for structure determination. | performed additive screening, but | only ever obtained

similar crystals to those above.
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Figure 3.13. Purification and Crystallization of zfGCP16. Sf9 cell cultures were infected with

recombinant baculovirus for zfGCP16 and incubated for 48 hours at 27C. Protein was purified

via membrane preparation, triton x-100 solubilization, strep-affinity chromatography, and SEC

as in the methods. (A) SEC profile for zfGCP16. (B) SDS PAGE Coomassie analysis of GCP16

fractions after SEC. (C) Representative amorphous crystals from crystallization trials after 2-12

weeks of growth using zfGCP16 at 2-4mg/mL.
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Protein cysteine residues can affect protein crystallization due to potential non-specific
disulfide bond formation and/or contributing to protein heterogeneity through post-translational
modifications. GCP16 contains four cysteine residues at amino acid positions 24, 69, 72, and
81. Additionally, two of which, cysteine 69 and 72, have been showed to be acylated and affect
membrane localization (80). To try to find another zfGCP16 construct for crystallization, |
performed cysteine mutation analysis by generating C-terminal GFP-tagged zfGCP16 with
several cysteine to serine mutations: C24S, C69S, C72S, C81S, and the C69, 72S double
mutant (DM). Each construct was expressed in Sf9 cells and analyzed by FSEC (Fig 3.14).
Compared to wildtype (Fig 3.14 B), C24S showed an increase in monodispersity but with less
total expression (Fig 3.14C). Interestingly, C69S and C72S mutations resulted in multiple peaks
on FSEC (Fig 3.14 D-E); when both residues are mutated in the DM construct (Fig 3.14 G), a
single peak is observed again. C81S mutation showed a slightly more heterogeneous FSEC
profile to wildtype (Fig 3.14 F). Based on these results, zfFGCP16 C24S was selected as a

potential construct for crystallization.
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Figure 3.14. zfGCP16 Cysteine Mutation Analysis. Sf9 cells were infected with recombinant
baculovirus encoding the indicated zfGCP16 constructs. (A) Light microscopy images (GFP
filter) of Sf9 cells 48 hours after infection with baculovirus encoding C-GFP-tagged zfGCP16
constructs with either wildtype sequence (WT), or mutations C24S, C69S, C72S, C81S, or both
C69, 72S (DM). (B-G) FSEC profiles for the indicated zfGCP16 constructs. Cells were
solubilized in DDM-containing buffer, and the cleared lysate was analyzed via SEC coupled to a
fluorometer to monitor fluorescence at excitation and emission wavelengths 480 nm and 508

nm, respectively. Arrows indicate the void retention time and the primary GCP16 retention time.
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To determine the protein behavior of zZfGCP16 C24S after GFP cleavage, this construct
was expressed and purified from Sf9 cells as in the experimental procedures. The SEC profile
for zZfGCP16 C24S showed two peaks at the expected retention volume for GCP16 at ~13.5 mL
and multiple small degradation products between 18 to 24 mL (Fig 3.15A). SDS-PAGE
Coomassie analysis revealed that the additional GCP16 peak corresponded to incomplete
cleavage of GFP by thrombin protease (Fig 3.15 B). This suggests the C24S mutation may
either interfere with GFP cleavage or GFP cleavage may cause destabilization of the protein.

This construct was not pursued any further for crystallization.
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Figure 3.15. Purification of zfGCP16 C24S. Sf9 cell cultures were infected with recombinant
baculovirus for zZfGCP16 C24S and incubated for 48 hours at 27C. Protein was purified via
membrane preparation, triton x-100 solubilization, strep-affinity chromatography, and SEC as in
the methods. (A) SEC profile for zfGCP16 C24S. (B) SDS PAGE Coomassie analysis of elution

pre- and post- thrombin treatment and GCP16 and GFP fractions after SEC.
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Exploring DHHC9-GCP16 Fusion Proteins

Purified DHHC9 alone resulted in very prevalent aggregation, challenging my
approaches up to this point. At the time, my early work with DHHC9 and GCP16 co-expression
suggested GCP16 has a stabilizing effect on DHHC9, | explored whether a DHHC9-GCP16
fusion protein would be a way to purify the complex while avoiding any issues related to differing
protein molar ratios between preparations. | used FSEC to compare the protein behavior of
several human DHHS9-GCP16 constructs to the corresponding DHHS9 only constructs. HEK
cells were transfected with vector to express N-terminally GFP-tagged DHHS9 constructs with
or without C-terminal GCP16 fusion. Cells were solubilized in DDM-containing buffer, and
cleared lysates were analyzed by FSEC (Fig 3.16). Compared to huDHHS9 full-length (Fig 3.16
A blue trace), huDHHS9-GCP16 fusion showed 4-fold higher expression, increased
monodispersity, and decreased protein aggregation (Fig 3.16A orange trace). Similarly, fusion
proteins for DHHS9 N2 and N2C1 showed drastic improvement in protein expression and
homogeneity compared to the DHHS9 only counterpart (Fig 3.16 D-E). DHHS9 N2-GCP16
exhibited the highest expression overall (Fig 3.16 G), while DHHS9 N2C1-GCP16 showed the
most improvement compared to the corresponding DHHS9 N2C1 construct. The huDHHS9 C1-
GCP16 fusion protein showed a slight decrease in protein aggregation but the effect is not as
pronounced, possibly due to low signal from this construct in general (Fig 3.16B). Interestingly,
GCP16 fusion for DHHS9 constructs C2 and N2C2 resulted in drastically reduced DHHS9
signal (Fig 3.16 C, F). This may be due to GCP16 fusion to construct C2 interferes with DHHC9
protein folding and causing aggregation; this was reflected in the larger protein pellets observed
during ultracentrifugation (data not shown). Together, these results show that GCP16 fusion

improves DHHS9 protein levels and monodispersity for certain DHHC9 constructs.
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Figure 3.16. huDHHS9-GCP16 Fusion Protein Screen. (A-F) FSEC profiles for the indicated
huDHHS9 constructs (blue traces) and the fusion protein counterpart (orange traces). HEK cells
were transfected with vector to express the indicated N-terminal GFP-DHHC9 without or with C-
terminal GCP16 fusion proteins. Cells were solubilized in DDM-containing buffer, and the
cleared lysate was analyzed via SEC coupled to a fluorometer to monitor fluorescence at
excitation and emission wavelengths 480 nm and 508 nm, respectively. Arrows indicate the void
retention time and the DHHCS9 retention time. (G) Bar chart showing the max fluorescence

intensity at the DHHC9 peak for constructs a-f.
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Because frDHHC9 and zfGCP16 were more well-behaved compared to the human
proteins, | used the result from the human DHHC9-GCP16 fusion protein screen to generate a
frDHHS9 N2-zfGCP16 fusion protein with the goal of large-scale purification and protein
crystallization. | verified that co-expression of zZfGCP16 with frDHHS9 showed improved protein
behavior compared to frDHHS9 alone, though to a lesser degree than the human orthologs
(data not shown). Both N- and C-terminal GFP-tagged frDHHS9 N2-zfGCP16 were expressed
in Sf9 cells and protein behavior was analyzed by FSEC (Fig 3.17 A). Though C-terminal GFP-
tagged frDHHS9 N2-zfGCP16 showed higher GFP fluorescence in infect cells compared to the
N-terminal GFP-tagged construct (Fig 3.17 B), approximately equal amounts were extracted in
analyzed lysates (Fig 3.17 A). Thus, both N- and C-terminal GFP-tagged frDHHS9 N2-
zfGCP16 were expressed in mid-scale (200 mL cultures) and purified by his-IMAC purification.
To determine the efficiency of resin binding between the two constructs, purification fractions
were analyzed by FSEC (Fig 3.17 C-D). Analysis of the GFP-frDHHS9 N2-zfGCP16 purification
fractions showed less than 15% of available protein in the solubilized membrane fraction (Fig
3.17 C blue trace) is recovered in the final elution fraction (Fig 3.17 C yellow trace). Much of the
protein remains unbound or was lost in the wash fraction (Fig 3.17 C orange and gray traces).
Analysis of the C-terminal GFP-tagged construct showed over 90% of the available protein
remains unbound (Fig 3.17 D blue and orange traces), and essentially no protein is detected in
the final elution (Fig 3.17 D yellow trace). From purification fractions, the presence of N-terminal
GFP-tagged frDHHS9 N2-zfGCP16 was verified by SDS-PAGE Coomassie and western blot

(Fig 3.17 E-F), and this construct was the focus of the following large-scale purifications.
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Figure 3.17. Initial Screening of frDHHS9 N2-zfG16 Fusion Protein. Representative (A)
FSEC and (B) Sf9 cell expression profiles for N- and C-GFP tagged fusion protein. Sf9 cells
were infected with recombinant baculovirus particles for the indicated constructs and incubated
for 48 hours. Cells were solubilized in DDM-containing buffer, and the cleared lysate was
analyzed via SEC coupled to a fluorometer to monitor fluorescence at excitation and emission
wavelengths 480 nm and 508 nm, respectively. (C) FSEC profiles of purification fractions for
his-tagged NGFP- and (D) CGFP-tagged fusion proteins purified as describes in the
experimental procedures. Fractions injected were normalized by volume. (E) SDS-PAGE

Coomassie analysis of the elution fraction and (F) western blot of solubilized membrane,
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unbound, wash, and elution fractions for the NGFP fusion protein. Arrows indicate the expected

protein band.
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GFP-frDHHS9 N2-zfGCP16 was expressed in Sf9 cells and purified by his-IMAC affinity
chromatography for the purpose of using the protein in crystallization trials. However, SEC
analysis of DDM-solubilized GFP-frDHHS9 N2-zfGCP16 showed extensive protein aggregation
and insufficient protein detected in the expected DHHC9 elution volume (Fig 3.18 A). Since the
prior FSEC profiles showed GFP-frDHHS9 N2-zfGCP16 was relatively monodispersed, |
reasoned that aggregation was occurring at some point during the purification process. FSEC is
done using lysates, which may still contain components that stabilize DHHC9 such as lipids and
cholesterol; therefore, | hypothesized that the purification process may be removing such
components, causing DHHC9 protein aggregation. To artificially create a more native
environment, | purified GFP-frDHHS9 N2-zfGCP16 using buffers supplemented with brain lipids,
as DHHC9 is enriched in the brain (69). SEC analysis showed GFP-frDHHS9 N2-zfGCP16
purification with supplemented brain lipids still resulted in extensive protein aggregation, as
indicated by a majority of the protein eluting in the void peak and the increase in SEC column
pressure (Fig 3.18 B). A similar result seen upon repeating the purification with buffers
supplemented with cholesterol hemisuccinate (Fig 3.18 C). Lastly, | attempted to using SMA
solubilization to extract and preserve GFP-frDHHS9 N2-zfGCP16 in its native environment (Fig
3.18 D). SEC analysis showed SMA-purified GFP-frDHHS9 N2-zfGCP16 showed a minor peak
at the expected elution volume and extensive aggregation indicated by the prominent void peak
and increased column pressure (Fig 3.18 D). Though SDS-PAGE Coomassie analysis showed
relatively pure protein after SEC (Fig 3.18 E), difficulties with GFP removal and protein yields

convinced me not to pursue this construct further.
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Figure 3.18. Purification of frDHHS9 N2-zfG16 Fusion Protein. SEC profiles for uncleaved
his-NGFP frDHHS9 N2-zfGCP16 purified via IMAC and SEC as in the experimental procedures
in SEC buffer containing (A) DDM, (B) DDM + brain lipids, and (C) DDM + cholesterol
hemisuccinate (CHS). (D) SEC profile for his-NGFP frDHHS9 N2-zfGCP16 purified via IMAC
and SEC following solubilization with SMA 2:1 polyscope. (E) SDS-PAGE Coomassie analysis

of SMA-purified protein in (d).
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In my last study with DHHC9-GCP16 fusion proteins, | revisited the human orthologs.
frDHHC9 and zfGCP16 share 83% and 95% sequence identity, respectively, to their human
counterparts. Though | observed zZfGCP16-mediated stabilization of frDHHCY, the effect was
less pronounced than human DHHC9 and GCP16 (data not shown). Therefore, | tested the
potential for human DHHC9-GCP16 fusions for crystallization trials by rescreening the fusion
proteins in Sf9 cells using FSEC (Fig 3.19). Excitingly, GFP-huDHHS9 N2C1-GCP16 showed a
monodispersed peak that was approximately 4-fold higher than GFP-frDHHS9 N2-zfGCP16 (Fig
3.19 A gray and yellow traces). huDHHS9 N2C1-GCP16 was expressed in Sf9 cells and
purified by strep-affinity chromatography and SEC. Based on prior qualitative observations, the
purification went smoothly compared to frDHHS9 N2-zfGCP16: SDS-PAGE Coomassie showed
relatively pure protein at elution (Fig 3.19 B), no obvious precipitation was observed after
storage overnight at 4°C, and protein concentration prior to SEC took substantially less time (2
hours compared to 6+ hours). However, once the protein was concentrated above 3mg/mL,
very visible precipitation occurred within minutes of incubation on ice (Fig 3.19 C). Even after
ultracentrifugation, once applied to SEC, the protein sample continued to aggregate and maxed
the column pressure at the void volume (data not shown). Reconstitution of proteins into lipid
nanodiscs was previously shown to stabilize proteins in our laboratory such as P2x7, Pannexin,
and E-NTPDase 2. To stabilize DHHC9-GCP16 fusion protein prior to concentration and SEC, |
reconstituted the protein into saposin A/brain lipid nanodiscs (Fig 3.19 D). However, despite my
positive control working for E-NTPDase 2 (data not shown), no DHHC9 peak was observed in
any of the reconstituted samples, suggesting DHHC9-GCP16 fusion protein is unable to
reconstitute under these conditions. Based on these experimental results, a DHHC9-GCP16

fusion protein approach was no longer pursued.
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Figure 3.19. Purification of human DHHS9 N2C1-GCP16 Fusion Protein. (A) FSEC profiles
human DHHS9-GCP16 fusion proteins. Sf9 cells were infected with recombinant baculovirus
particles encoding the indicated his-N-GFP DHHC9 constructs fused to GCP16 and grown for
48 hours at 27C. Cells were solubilized in DDM-containing buffer, and the cleared lysate was
analyzed via SEC coupled to a fluorometer to monitor fluorescence at excitation and emission
wavelengths 480 nm and 508 nm, respectively. GFP-DHHS9 N2C1-GCP16 was purified via
his-IMAC purification as in the experimental procedures. (B) SDS-PAGE Coomassie analysis of
purified GFP-DHHS9 N2C1-GCP16. (C) Image of concentrated protein sample after leaving on
ice for ~20 minutes before SEC. The red arrow indicates visible precipitation. (D) FSEC
profiles for purified fusion protein reconstituted with saposin A into liposomes at the indicated

molar ratios.
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DHHC9-GCP16 Complex Protein Purification and Crystallization

After years of working on DHHC9 and over eighty purifications of various DHHC9,
GCP16, and fusion constructs, the first positive SEC profile of DHHC9-GCP16 complex was
obtained. Protein was expressed from Sf9 cells co-infected with baculovirus encoding his-
DHHC9 and GCP16-strep and protein was purified by dual-affinity chromatography and SEC as
in the experimental procedures (Fig 3.20). SDS-PAGE Coomassie analysis of purification
fractions showed his-DHHC9 and GCP16-strep co-eluted after elution from Ni-NTA (Fig 3.20 B
lane “E1”) and after elution from streptactin resin (Fig 3.20 B lane “E2”). The SEC profile
showed a clear signal at the expected DHHC9-GCP16 peak at ~12 mL and a GCP16 peak at
~14 mL (Fig 3.20 and after SEC (Fig 3.20 B lane “SEC). Additionally, both proteins were
visualized in the DHHC9-GCP16 peak after SEC (Fig 3.20 B lane “SEC”). With this initial
positive result, there were two major obstacles to overcome. The first obstacle was that protein
yield using dual-affinity purification was too low at ~30ug of protein per 400 mL culture of Sf9
cells, and the maximum concentration was 0.6mg/mL. This may be due to loss of protein during
additional resin binding steps, as indicated by unbound protein fractions (Fig 3.20 B lanes “U1”
and “U2”). To add to the yield issue, DHHC9-GCP16 must be solubilized in DDM as
solubilization with triton X-100 was shown to aggregate DHHC9 earlier; this made obtaining
more protein through scaling up culture volume not economically viable for our lab. The second
obstacle was that protein concentration needed to be higher. A concentration of 10mg/mL is an

empirical standard for crystallization, though 1mg/mL is the minimum.
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Figure 3.20. Dual-Affinity Purification of the DHHC9-GCP16 complex. (A) SEC profile for
his-DHHC9 GCP16-strep complex purified using tandem his-IMAC affinity purification followed
by strep-affinity purification as in the experimental procedures. Arrows indicate the void,
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fraction after SEC (SEC).
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| first aimed to improve the yield of DHHC9-GCP16. Poor resin-binding efficiency had
been a challenge for previous DHHC9 purifications. The affinity-tag location had been tested for
every new major construct, and different constructs have a preferred tag location for better yield,
e.g., full-length DHHC9 is better with a C-terminal tag while construct N2C2 is better with N-
terminal tag or a C-terminal GFP-tag. To determine the optimal tagging position for DHHC9,
his-DHHC9 and DHHC9-his were co-expressed with GCP16-strep, purified by dual-affinity
chromatography, and visualized by SDS-PAGE Coomassie (Fig 3.21 A). Both N- and C-
terminal his-tagged DHHC9 had comparable yields, though it was still too low for crystallization
trials. One explanation is that the dual-affinity purification approach, the low resin-binding
efficiency for each protein is compounded, resulting in a significant proportion of the protein
remaining in the unbound fraction (Fig 3.21 A lanes 3 and 6). Therefore, | tested whether
single-step his-IMAC affinity-purification from cells expressing his-DHHC9 and GCP16-strep
would preserve yield with sufficient purity (Fig 3.21 B-C). This approach resulted in sufficiently
higher yields at 2mg of protein at elution per liter of Sf9 culture. However, the protein showed a
higher extent of heterogeneity and impurity, and DHHC9 was enriched over GCP16 (Fig 3.21 B-
C) resulting in inconsistent protein preparations. Thus, | switched DHHC9 from a his-tag to a
strep-tag and repeated the purification by single-step strep-affinity purification (Fig 3.21 D-E).
SEC analysis of strep-DHHC9 and GCP16-strep showed a monodispersed peak for the
DHHC9-GCP16 complex around 11.5 mL and a GCP16 peak around 14 mL (Fig 3.21 D). SDS-
PAGE Coomassie analysis showed both proteins co-eluted and were pure. Subsequent
experiments showed N- and C-terminal strep-tag DHHCO resulted in (1.7mg protein)/(L of Sf9
cells) and (2.8mg protein)/(L of Sf9 cells), respectively. This yield and purity were sufficient for

crystallization trials.
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Figure 3.21. Single-Strep Strep-Affinity Purification Yields the most DHHC9-GCP16
complex. Sf9 cells were infected with recombinant baculovirus encoding his-DHHC9 and
GCP16-strep, DHHC9-his and GCP16-strep, or strep-DHHC9 and GCP16-strep. Purification
was performed as described in the experimental procedures. (A) SDS-PAGE Coomassie
analysis of purification fractions from purifications done in parallel with N- vs C-terminally his-
tagged DHHC9 showing elution from Ni-NTA (E1), unbound (U), and elution from streptactin
resin (E2) fractions. (B) SEC profile and (C) SDS-PAGE Coomassie analysis of peak fractions
for his-DHHC9 and GCP16-strep purified via single-step nickel-affinity purification. (D) SEC
profile and (E) SDS-PAGE Coomassie of analysis of the complex peak for strep-DHHC9 and

GCP16-strep purified via single-step strep-affinity purification.
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Next, | determined the protein concentration tolerance for DHHC9-GCP16. Across
multiple independent purification, | observed varying degrees of visible protein precipitates
during protein concentration prior to SEC (data not shown). Based on these observations and
the stochastic nature of the co-infection approach | used, | postulated there exists a population
of free DHHC9, free GCP16, and DHHC9-GCP16 complex present in expressing Sf9 cells. One
or more of these populations may be sensitive to protein concentration, resulting in aggregation
of itself and aggregation of the ‘good’ protein as well. To test this idea, DHHC9-strep and
GCP16-strep was purified, and the cleared elution fraction was applied to SEC without
concentrating (Fig 3.22 A). From the unconcentrated fraction at 0.5mg/mL, SEC showed
DHHC9-GCP16 eluted at ~11 mL, in agreement with the expected DHHC9-GCP16 complex
peak seen previously (Fig 3.22 A). However, the same elution fraction concentrated to 5mg/mL
showed a shifted, broad peak at ~9 mL (Fig 3.22 B), suggesting protein concentration was
shifting the protein to a higher molecular weight species or aggregate. To examine this
phenomenon more carefully, DHHC9-strep and GCP16-strep were purified again, and samples
of unconcentrated (0.5mg/mL), 2mg/mL, and 4mg/mL were applied to SEC (Fig 3.22 C).
Concentrating the protein showed a consistent shift towards a higher molecular weight species
(Fig 3.22 C). Interestingly, the SEC profiles of DHHC9-GCP16 applied to SEC at 0.5mg/mL (Fig
3.22 C blue trace) and at 4mg/mL (Fig 3.22 C gray trace) had a shoulder but the 2mg/mL (Fig
3.22 C orange trace) was more monodispersed. Additionally, SDS-PAGE Coomassie analysis
of the elution and fractions after peak fractions after SEC showed that the molar ratio of GCP16
to DHHC9 increased as the protein concentration increased. From these experiments, DHHC9-

GCP16 at a concentration of 2mg/mL was used for protein crystallization trials.
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from (c).
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With the yield and protein concentration addressed, | purified DHHC9-GCP16 and
proceeded with crystallization trials using the Kawate Lab FK and other crystallization screens
that included a range of PEGs (10-40%), pH (4.5-9.5), and distinct salts/additives known to
facilitate membrane protein crystallization. Despite extensive screening, | was only able to
obtain amorphous quasi crystals of DHHC9-GCP16 that were not of sufficient quality for good
X-ray diffraction (Fig 3.23). This was the last attempt to date at crystallization of DHHC9-

GCP16.
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Figure 3.23. DHHC9-GCP16 Complex Forms Amorphous Crystals. Representative
amorphous crystals after ~21 days in 96-well screens set-up using 1.3 to 2mg/mL DHHC9-

GCP16.
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Towards the Structure DHHC9-GCP16 Using Cryogenic Electron Microscopy

In recent years, advances in single-particle cryogenic electron microscopy (cryo-EM) has
led to a revolution in structural biology (117-119). The basic principle of cryo-EM is to image
biological molecules frozen in a thin layer of vitreous ice, thereby obtaining projections of the
protein that can be used to process and reconstruct the protein in two- and three dimensions
(117). This approach can be advantageous over traditional X-ray crystallography and nuclear
magnetic resonance (NMR) for several reasons: 1. (a) it does not require protein crystals; (b) it
is suitable for proteins and complexes of large molecular weight; (c) it reduces radiation damage
and better maintains native activity and functional states including posttranslational
modifications; and (d) it can capture different conformational states in one experiment (117).
However, cryo-EM does have its own challenges in that data processing and 3D reconstruction
remains challenging with protein of smaller size (generally less than 150 kDa) and/or protein
with numerous flexible domains (117). Since | was unsuccessful in obtain well-diffracting
crystals of DHHC9-GCPL16, | aimed to use cryo-EM to solve the structure. Based on
procedures | adapted from my cryo-EM studies with E-NTPDase 2, Prominin-1, and P2x7, |
prepared DHHC9-GCP16 samples. From Sf9 cells, | purified DHHC9-GCP16 in detergent and
reconstituted the complex into MSP1D1 lipid nanodiscs containing a 3:1 molar ratio of 1-
Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphoethanolamine (POPE) and 1-Palmitoyl-2-Oleoyl-sn-
Glycero-3-Phosphoglycerol (POPG) (Fig 3.24 A-C). Cryo-EM grids were prepared, and images
were acquired using a Talos Arctica. Figure 3.24 D shows a representative micrograph at
63,000x magnification showing the first DHHC9-GCP16 particles observed. Image motion
correction was performed using RELION (120), contrast transfer function (CTF) was determined
and corrected by Gctf (121), and 2D- and 3D-classification was performed using a combination
of RELION and CryoSPARC Software (122). While individual particles could be distinguished
and extracted (Fig 3.24 D), 2D classification showed oval shaped classes that did not converge
(Fig 3.24 E). This suggested the algorithm could not confidently align features in the 2D
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projects. Furthermore, 3D classification showed an egg-shaped blob at below 15-20 angstrom
resolution (Fig 3.24 F). Together, this suggested that the DHHC9-GCP16 sample was still too
heterogenous at a single-particle level. Moving forward, | aimed to improve the homogeneity of
DHHC9-GCPL16 particles by testing another expression system and by optimizing nanodisc

reconstitution.
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Figure 3.24. Cryo-EM of DHHC9-GCP16 in Nanodiscs Reconstruction #1. Flowchart of

DHHC9-GCP16 cryo-EM studies showing (A) SEC profile of detergent-purified DHHC9-GCP16

from Sf9 cells, (B) SEC profile and (C) SDS-PAGE Coomassie analysis of DHHC9-GCP16
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| tested whether expression and purification from mammalian cells could improve
DHHC9-GCP16 protein quality. HEK293 cells with N-acetylglucosaminyltransferase knock out
(HEK GnTI-) lack the ability to form complex N-glycans, and, thus, have become a powerful tool
for high-yield expression of homogeneously glycosylated proteins (123). For example, HEK
GnTI- cells have been used in functional and structural studies of membrane proteins including
GCPRs, nuclear receptors, ion channels, ATP-binding cassette drug transporters, glutamate
receptors (124-130). Additionally, from my work with E-NTPDase 2, CD133, and pannexins, |
observed improved protein yields and homogeneity when purifying from HEK GnTI- cells
compared to Sf9 cells (data not shown). To determine whether there is a difference in protein
quality from HEK GnTI- cells, DHHC9-strep was expressed without and with GCP16-strep and
purified by strep-affinity chromatography and SEC (Fig 3.25). Like in Sf9 cells, SEC analysis
showed DHHC9 alone was aggregated (Fig 3.25 A-B). By contrast, SEC analysis of DHHC9
co-expressed and purified with GCP16 showed a primary peak at the expected DHHC9-GCP16
peak at ~11.5 mL (Fig 3.25 C) with both proteins co-eluted (Fig 3.25D lane “3”). Interestingly, a
larger species that eluted at ~10.5 mL showed enrichment of DHHC9 (Fig 3.25 C, D lane “27).
DHHC9-GCP16 purified from HEK GnTlI- cells showed comparable levels of activity for H-Ras in
vitro compared to DHHC9-GCP16 purified from Sf9 cells (data not shown). Previously, DHHC9-
GCP16 purified from Sf9 cells showed a shift towards a higher molecular weight species
depending on protein concentration prior to SEC (Fig 3.22 C). This phenomenon may be a
cause of protein heterogeneity. To test whether DHHC9-GCP16 purified from HEK GnTI- cells
showed sensitivity to protein concentration, FSEC was used to determine whether there was a
shift between purified DHHC9-GCP16 unconcentrated (0.7mg/mL) compared to the same
DHHC9-GCP16 concentrated to ~3mg/mL (Fig 3.25 E). Both the unconcentrated and
concentrated samples showed a primary peak at ~25 (Fig 3.25 blue vs. orange traces),

suggesting that DHHC9-GCP16 purified from HEK cells is not affected by protein concentration.
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Figure 3.25. Purification of DHHC9 and DHHC9-GCP16 Complex from HEK GnTI- Cells.
DHHC9-strep or DHHC9-strep with GCP16-strep was expressed and purified from HEK GnTI-
cells infected with recombinant BacMam cells as in the experimental procedures. SEC profiles
and SDS-PAGE Coomassie analysis for (A-B) DHHC9 and (C-D) DHHC9 and GCP16. Gel lane
“e’ corresponds to the affinity-purified elution fraction prior to SEC and the numbered lanes
correspond to the indicated peaks in the SEC profiles. (E) FSEC Trp fluorescence profile for
purified DHHC9-GCP16 complex unconcentrated (blue trace) and concentrated to 2.8mg/mL

(orange trace).
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Next, | optimized the reconstitution of DHHC9-GCP16 into lipid nanodiscs. My previous
DHHC9-GCP16 reconstitution with MSP1D1 and POPE:POPG (Fig 3.24 B-C) was based on
conditions for E-NTPDase 2, a ~60 kDa membrane protein ATPase. To finetune the
reconstitution parameters, | screened a matrix of protein-to-scaffold-to-lipid molar ratios that
included MSP1D1 scaffolding protein with lipids POPE, POPG, and1l,2-Distearoyl-sn-glycero-3-
phosphoglycerol (DSPG), as well as cholesterol. POPE:POPG lipids were chosen as a
reference point based on prior reconstitution studies in our lab (131), with the goal of modulating
membrane fluidity with cholesterol or DSPG due to its saturated lipid chain. To determine the
amount of scaffolding protein and lipid to center around, linear extrapolation was performed to
obtain the moles of MSP and lipid per empty nanodisc at a given diameter and temperature
(132). Purified DHHC9-GCP16 was reconstituted and screened based on the above conditions
and analyzed by FSEC (Fig 3.26). DHHC9-GCP16 reconstituted into POPE:POPG nanodiscs
with the highest yield with a ratio of 1-to-5-t0-244 (Fig 3.26 A gray trace). The presence of
incomplete nanodisc (including improperly assembled nanodiscs, empty nanodiscs, and free
MSP) peaks at ~28 min and ~32 min supports that MSP and lipids were not limiting factors (Fig
3.26 A). For DSPG nanodiscs, all conditions showed DHHC9-GCP16 reconstitution, though
there was a higher excess of incomplete nanodiscs (Fig 3.26 B). DHHC9-GCP16 reconstitution
into POPE:POPG:Cholesterol nanodiscs showed the highest yield across all conditions with a
ratio of 1-to-5-t0-163 (Fig 3.26 C). Since the FSEC screen showed that all three conditions
were comparable, multiple DHHC9-GCP16 purifications were performed to reconstitute in
amounts sufficient for cryo-EM (Fig 3.26 D-F). Upon scaling up, POPE:POPG and DSPG
nanodiscs showed an additional shoulder peak that overlapped with the main DHHC9-GCP16
peak (Fig 3.26 D-E). Fortunately, DHHC9-GCP16 reconstituted into POPE:POPG:Cholesterol
nanodiscs showed one primary peak containing DHHC9, GCP16, and MSP1D1 (Fig 3.26 F-G).
Therefore, DHHC9-GCP16 reconstituted into POPE:POPG:Cholesterol nanodiscs was used for
cryo-EM studies.
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Figure 3.26. Reconstitution of DHHC9-GCP16 into Lipid Nanodiscs. Overlay of FSEC Trp
fluorescence profiles for DHHC9-GCP16 reconstitution screen using MSP1D1 scaffolding
protein at the indicated protein-to-scaffold-to-lipid molar ratios for (A) 3:1 molar ratio of
POPE:POPG, (B) DSPG, and (C) 3:1:1 molar ratio of POPE:POPG:Cholesterol. (D-F) SEC

profiles of DHHC9-GCP16 reconstituted into the indicated lipid nanodiscs. (G) Representative
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SDS-PAGE Coomassie analysis of the reconstituted DHHC9-GCP16 fraction shown in (f).
Abbreviations used include the following: POPE (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-
Phosphoethanolamine), POPG (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphoglycerol), and

DSPG (1,2-Distearoyl-sn-glycero-3-phosphoglycerol).

-112 -



DHHC9-GCP16 reconstituted into POPE:POPG:Cholesterol nanodiscs was used for
cryo-EM studies. Grids were prepared and data was collected using a Talos Arctica
Transmission Electron Microscope. Motion correction, CTF estimation, and classification were
performed as in the experimental procedures. Particles showed good distribution and sufficient
contrast (Fig 3.27 A). Compared to the previous cryo-EM run, 2D classification and iterative
refinement showed clearer views at different orientations (Fig 3.27 B-C). Some views showed
the top/bottom (Fig 3.27 C top row 4" from the left and bottom row 3' from the left), while others
showed tilted side views. With the refined particle stack, | was able to generate a 3D map (Fig
3.27 D). While the resolution is currently estimated at ~12-15 angstroms, the 3D map
resembles the shape of DHHC20 (44), where the nanodisc density is shown at the top, with the
catalytic domain protruding towards the bottom (Fig 3.27 D). Additionally, there is an
unresolved density located near where the C-terminus should be (Fig 3.27 D green circle).
While the current resolution needs to be improved for accurate modeling, this is the first cryo-

EM map of a DHHC protein complex.
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Figure 3.27. Cryo-EM of DHHC9-GCP16 in Nanodiscs Reconstruction #2. DHHC9-GCP16

3D model

was purified from HEK GnTI and reconstituted into MSP1D1 POPE:POPG:Cholesterol
nanodsics as in the experimental procedures. (A) Representative micrograph at 63,000x
magnification with ~100 angstrom diameter yellow circles highlighting particles. (B) 2D
classification from an early particle stack compared to (C) after iterative cleanup and refinement
in 2D. (D) final 3D map at ~12-15 angstroms with an unresolved density highlighted with a

green circle.
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Discussion

DHHC9 and GCP16 Structure Constructs and Purification

| started my structural studies by screening DHHC9 and GCP16 orthologs to identify the
most well-behaved constructs for purification and crystallization. Compared to other proteins |
have worked with, DHHC9 and GCP16 orthologs showed very high evolutionary conservation
among their respective orthologs. For example, human DHHC9 and GCP16 showed over
~80% amino acid sequence identity to orthologs in amphibians and birds, despite being
relatively distant evolutionarily. One challenge this created is that many orthologs | initially
came up with differed from the human sequence by about the same percent sequence identity.
Therefore, | used an unbiased, bioinformatic-based approach where | used the human
sequences as a query for BLAST. For example, this allowed an initial set of ~100 orthologs for
DHHC9, and | was able to filter by pair-wise differences to increase the coverage within the
same identity range. Ultimately, this approach resulted in an above average number of positive
hits at ~30% (4/12) in the initial DHHC9 screen, compared to an average of 1 out of 15 for
previous ortholog screens in the Kawate Lab.

frDHHS9 emerged as the focus of my optimization due to its consistently high
expression and above average monodispersity compared to other orthologs. Yeast Erf2 shares
31% sequence identity to frDHHC9. Erf2 contains a C-terminus that targets it for ubiquitin-
mediated degradation; removal of the C-terminal 58 amino acids increased the half-life of Erf2 in
cells by ~ two-fold, but removal of the N-terminal 119 amino acids had almost no effect (68).
Based on the conservation of DHHC9 in general, | initially hypothesized that frDHHS9 would
behave similarly to Erf2 in the context of termini deletion. However, the opposite was observed
in my deletion construct screen. Deletions of frDHHS9 C-terminus up to ~120 amino acids had
very mild effects compared to deletions of 12 or 20 amino acids in the N-terminus (Fig 3.5).
Furthermore, N-terminal deletions were the dominant effect, as the combinatorial deletions
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showed high similarities to their respective N-terminal deletion. This difference in stabilizing
truncations between Erf2 and frDHHC9 may suggest that the DHHC9 termini in metazoans
have diverged and that protein degradation may be regulated in a manner distinct from that
seen in Erf2. For now, it is unclear whether this involves ubiquitination or the endoplasmic
reticulum-associated degradation system. Additionally, for huDHHC9, deletion N2C2 showed
improved protein behavior on FSEC, in a manner like the frog construct (data not shown).
However, purified huDHHS9 N2C2 was almost entirely aggregated on SEC, while frDHHS9
N2C2 could remain folded (Fig 3.7). The exact amino acid differences between frog and human
constructs could be explored to obtain purified huDHHC9 that is folded.

Perhaps my progress in optimizing DHHC9 constructs for crystallization can be more
appropriately called “all the ways in which DHHC9 will aggregate.” Though frDHHS9 N2C2
showed very promising behavior in FSEC screens, this construct exhibited low yields likely due
to poor binding efficiency to resin. At the time, | evaluated what could be learned from a
structure of frDHHS9 N2C2. DHHC9 shares 28% amino acid sequence identity with DHHC20,
with most existing between the start of the DHHC domain and ending at the region around
deletion C2. The N- and C-termini of DHCH9 are where the proteins diverge, and the C-
terminus is where my concurrent experiments with GCP16 were suggesting where GCP16 may
be interacting (Chapter 2). A structure of DHHC9 N2C2 may not provide many new insights into
DHHC proteins in general, and it may not reveal any information on how DHHC9 interacts with
GCP16 if the C-terminus beyond region C2 is required for interaction. Therefore, | focused on
stabilizing a construct that contained an extended C-terminus such as construct N2 or N2C1.

Unfortunately, whether DHHC9 was expressed alone (Fig 3.10) or as a fusion protein
with GCP16 (Fig 3.17-1.19), all my purification showed extremely prevalent protein aggregation
by or at SEC. The most promising was human DHHS9 N2C1-GCP16 fusion, which purified well
but aggregated at higher concentrations (Fig 3.19). My efforts at stabilizing the solubilization
step with lipid supplements, cholesterol, or SMA nanodiscs did not yield enough protein for
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crystallization trials. In the end, | focused on DHHC9-GCP16 complex purification co-expressed
and co-purified for crystallization.

Additionally, purification of DHHC9 is further complicated by inefficient resin binding with
construct-specific differences. While C-terminal GFP-tagged DHHC9 expressed better in most
cases compared to N-terminally GFP-tagged constructs, they showed less than 5% binding of
the total protein (Fig 3.17). In a few cases where N-tagged DHHC9 constructs without GFP
were purified, almost no protein was obtained at elution; however, western blot confirmed that
the protein remained in the unbound fraction (data not shown).

Secondary structure prediction of DHHC9 using JPred 4 software (133) predicts three
beta strands with hydrophobic characteristic between residues 11 — 31. This region contains
two cysteine residues, Cys24 and Cys25. The SwissPalm database predicts these to be S-
acylated. Prior, | sent DHHC9-GCP16 to Cornell Proteomics and Metabolomics Facility for
palmitoylation analysis by iodoacetamide replacement and liquid chromatography-mass
spectrometry/mass spectrometry (LC-MS/MS) in Orbitrap fusion. The report stated that both
Cys24 and Cys25 were found to be modified by iodoacetamide, supporting that that these
residues are S-acylated. Based on this information and my observations from purification of
construct N2 (A1-19), | speculate that the DHHC9 N-terminus contains an ordered structure
that—unless GFP is fused to it—is tightly associated to the main body of the protein or to the
membrane. Without GFP or a full-length N-terminus, a purification tag is localized in a way to
occlude exposure to the aqueous environment. Similarly, the C-terminus likely contains ordered
domains that were discussed in Chapter 2.

zfGCP16 was identified as a crystallization candidate for GCP16. One consideration
that arose from these experiments is the limitation of FSEC. FSEC was unable to reveal
differences between the behavior of GCP16 orthologs (Fig 3.11). This could be because
GCP16 is relatively small at 16 kDa, compared to GFP at 27 kDa, which may have skewed the
FSEC profile. Another interesting observation came from the zfGCP16 cysteine mutation
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analysis (Fig 3.14). Interestingly, light microscopy images using GFP filters of cells
overexpressing these constructs showed different localization patterns (Fig 3.14 A). Wildtype
and C24S mutation showed diminished GFP signal, with more fluorescence around the edges
of cells or in internal compartments (Fig 3.14 A top left and middle panels). Mutation of
cysteines 69, 72, or both to serine resulted in more intense and diffuse GFP fluorescence (Fig
3.14 top right, bottom left, and bottom right panels). This may suggest these mutations disrupt
GCP16 localization, which agrees with what Ohta et al. observed (80). Intriguingly, C81S
mutation also displayed more diffuse GFP fluorescence, which may suggest C81 in zZfGCP16 is
acylated or contributing to localization in some way. Perhaps the additional peaks observed for
C69S or C72S mutations (Fig 3.14 D-E) could reflect oligomerization or different membrane-
bound states. However, a thorough analysis of these cysteines and their effects on GCP16

localization is outside the scope of this work.

Crystallization Trials

Often, protein crystallization requires testing many possible crystallization conditions.
For a given construct, conditions to vary include protein concentration, temperature, ionic
strength, pH, chemical additives, and the method of crystallization, e.g., vapor diffusion,
microbatch, etc. For DHHC9, GCP16, and DHHC9-GCP16 complex, | set up hanging drop 96-
well crystallization trays using the Kawate Lab FK and other (MemGold | and II, JBScreen)
crystallization screens that included a range of polyethylene glycols (PEGSs) (10-40%), pH (4.5-
9.5), and distinct salts/additives known to facilitate membrane protein crystallization. In the end,
| was only able to obtain small, amorphous quasi crystals that are not well-ordered with
representative images shown in Figures. 1.8, 1.13, and 1.23. The published structures of
DHHC20 and DHHC15 were obtained from protein crystals that formed from protein at ~15-
20mg/mL by lipidic cubic phase (LCP) and hanging drop conditions that were optimized by
reductive methylation for the highest diffraction data (44). Given DHHC9’s sensitivity to
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concentration (Fig 3.22), protein concentration was limited to under 2mg/mL, which prevented
screening with higher concentrations. Given the near limitless combinations of crystallization
conditions to test, my screens were not exhaustive. Future trials could include different

detergents, batch seeding, bicelles, amphipols, nanodiscs, LCP, and many more. However, |

focused the remainder of my efforts into DHHC9-GCP16 structure determination using cryo-EM.

DHHC9-GCP16 Cryo-EM

During the last year of the project, | sought to obtain the structure of DHHC9-GCP16 by
cryo-EM. After several collections and extensive data processing, | generated a 12-15
angstrom 3D density of DHHC9-GCP16 reconstituted into lipid nanodiscs (Fig 3.27). They blob
showed the lipid nanodisc ring, with a protrusion that resembles the catalytic domain in
DHHC20. Furthermore, an unresolved density is present where the C-terminal a’2-helix is
expected. The density is consistent with a monomeric DHHC9, though determining the number
of GCP16 subunits requires higher resolution.

Cryo-EM can be limited by protein size. The smaller the object, the lower the signal to
noise ratio is from extracted micrographs with the current technology. Only a few proteins less
than 100 kDa in size have been solved, and they are known to be well-behaved proteins (134,
135). DHHC9-GCP16 is ~57 kDa. lIts size is very likely a limiting factor in achieving higher
resolutions. Recently, the structure another 57 kDa acyltransferase, hedgehog acyltransfer,
was solved with substrate and product complex at 2.7 and 3.2 angstroms, respectively (136).
The authors generated two IgG fab fragments (~50 kDa each) that, when bound to the target
protein, increased the effective size to ~150 kDa and enabled the generation of a high-
resolution 3D map. Moving forward, a similar approach to increase the size of DHHC9-GCP16

complex may be worth exploring.
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Experimental Procedures

Construction of Expression Plasmids

Amino acid sequences were obtained from the UniProt database for the proteins listed in
Table 3.3. Genes were synthesized based on protein sequences (GenScript, Piscataway, NJ).
The plasmid encoding GOLGA7B was obtained from the Harvard Medical School Plasmid
repository. Unless stated otherwise, all genes used were PCR amplified to exclude the start
methionine and to incorporate flanking BamHI/Xhol sites. For DHHC9-GCP16 fusion proteins,
GCP16 was fused to DHHC9 with a Gly-Ser-Gly linker in between. Standard molecular biology
techniques were used to subclone genes into their respective expression vectors. Any mutations

were generated via quick change PCR.
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Uniprot ID Scientific Name Codename

A4lIG3 Xenopus tropicalis frog DHHC9
U3FYR5 Micrurus fulvius coral snake DHHC9
HI9GEW2 Anolis carolinensis chameleon DHHC9
AOA1D5PK56 Gallus gallus chicken DHHC9
Q9Y397 Homo sapiens human DHHC9
F7EDC7 Monodelphis domestica opossum DHHC9
M7BVD7 Chelonia mydas sea turtle DHHC9
AOA1U7RXI8 Alligator sinensis alligator DHHC9
AOAOP7WKI1 Scleropages formosus arowana DHHC9
W5NDVO Lepisosteus oculatus spotted gar DHHC9
F1R013 Danio rerio zebrafish DHHC9
H2TW56 Takifugu rubripes pufferfish DHHC9
Q4sBV8 Tetraodon nigroviridis pufferfish GCP16
Q6IQI1 Danio rerio zebrafish GCP16
Q5XK89 Xenopus laevis african frog GCP16
H9G3X9 Anolis carolinensis chameleon GCP16
Q725G4 Homo sapiens human GCP16
H0z441 Taeniopygia guttata zebra finch GCP16

Table 3.3. Table of DHHC9 and GCP16 Genes and Codenames.
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For FSEC in HEK293 cells, | used Kawate Lab vectors pNGFP-EU2 or pCGFP-EU2 for
either N- or C-terminal fusion with eGFP, respectively. The vectors encoded a start methionine.
Genes were incorporated using BamHI/Xhol sites.

For protein expression in Sf9 cells, genes were subcloned into a modified pFastBac
baculovirus expression vector (Thermo Fisher Scientific, Waltham, MA). Protein was expressed
from Kawate Lab vectors with one of the following tags as indicated: N-terminal strep-tag (pNNG
FB7), N-terminal his-tag (PNNG FB6b), N-terminal strep-GFP (pNGFP-FB7), N-terminal his-GFP
(PNGFP-FB6b), C-terminal strep-tag (pCNG FB7), C-terminal his-tag (pCNG FB6b), C-terminal

GFP-strep (pCGFP FB7), or C-terminal GFP-his (pCGFP FB6b).

Fluorescence-Detection Size-Exclusion Chromatography

For FSEC in HEK 293 cells, cells at 80-95% confluency were transfected with 2.5 g of expression
plasmid using jetPRIME transfection reagent per the manufacturer’s instructions. Cells were
grown at 37°C for 48 hours. For FSEC in Sf9 cells, 2.0-2.5 x 108 cells were infected with 50 pL
of P2 virus for 48 hours. The media was aspirated, cells were suspended and washed in 2 mL of
cold PBS, and samples were lysed in 150 pyL of lysis buffer (1x PBS, 1% n-Dodecyl-B-D-
Maltopyranoside (DDM), 1x Roche protease inhibitor) for 30 minutes at 4°C with rotation. When
solubilization was done with other detergents, 1% w/v was used. Whole-cell lysates were cleared
by centrifugation in a table-top centrifuge at 15k rpm for 10 minutes at 4°C. The supernatant was
further cleared by ultracentrifugation in a TLA 100.3 rotor at 70K rpm for 20 minutes. An aliquot
(50uL) was applied onto a Superdex 200 Increase 10/300 GL column pre-equilibrated with
running buffer (1x PBS, 0.5mM DDM). The eluent from the SEC column was passed through a
fluorometer set to excitation, 480 nm, and emission, 508 nm. For Trp fluorescence detection, the

fluorometer was set to excitation, 280nm, and emission, 350nm).

Expression and Purification of DHHC Proteins and DHHC-GCP16 Complexes.
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All constructs were expressed using the Invitrogen Bac-to-Bac® baculovirus-insect cell
expression system. Sf9 cells (1-2L) were infected at 2.5 — 4.0 x 10° cells/mL with P2 virus (10’-
108 PFU/mL, 30mL/L). For DHHC9 and DHHC9-GCP16 fusion proteins, cells were incubated at
27°C for 24 hours and moved to 18°C for an additional 48 hours. For GCP16, cells were
incubated at 27°C for 48 hours. All purification steps were done on ice or with 4°C buffer unless
stated otherwise. Cells were harvested by centrifugation at 2,040 x g and washed with 200 mL
of PBS. Where membrane preparation was performed, cells were lysed by nitrogen cavitation at
750 psi for 20 minutes in a 4635 cell disruption vessel (Parr Instrument). The sample was
centrifuged at 10,000 x g for 10 minutes to separate unbroken cells and debris. Membrane
fraction was collected by centrifugation at 185,000 x g for 45 minutes. Either homogenized
membranes or whole cells were solubilized in buffer A (PBS, 15% glycerol, 0.5mM TCEP,
0.5ug/mL leupeptin, 2ug/mL aprotinin, 0.5ug/mL pepstatin A, and 0.5mM phenylmethylsulfonyl
fluoride) containing 1% DDM wi/v at a ratio of 250 mg DDM/g of cells (1% triton X-100 was used
for GCP16). Solubilization was performed at 4°C with stirring for one hour. Large debris were
removed by centrifugation at 12,000 x g. The supernatant was further clarified by
ultracentrifugation at 185,000 x g for 45 minutes to remove remaining insolubilized material. To
the supernatant, 2 mL of equilibrated StrepTactin Sepharose High Performance resin (GE
Healthcare, Marlborough, MA) was incubated with stirring for one-hour. The resin was collected
by centrifugation and transferred to a gravity column (Bio-Rad). The resin was washed with 10
resin bed volumes of wash buffer (buffer A with 0.5 mM DDM) and eluted with elution buffer
(buffer A with 2.5 mM desthiobiotin, 0.5 mM DDM). Protein was concentrated using Amicon
ultra concentrators. Size exclusion chromatography was done using a Superdex 200 (GE
Healthcare) in SEC buffer (150 mM NaCl, 20 mM HEPES pH 7.4, 0.5 mM TCEP, 15% glycerol,
0.5 mM DDM). Other purifications were performed as above with minor adjustments mentioned
below.

Where indicated, GFP-tags were removed prior to SEC by incubation with either 1:50-
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1:100 thrombin protease or TEV protease overnight at 4°C.

For purification with his-tagged protein, purification was performed up to resin binging as
above. The cleared lysate was incubated with 2 mL of equilibrated Ni-NTA per liter of initial cell
culture. The resin was collected by centrifugation and transferred to a gravity column (Bio-rad).
The resin was washed with 10 resin bed volumes of wash buffer (buffer A with 20mM imidazole,
0.5mM DDM) and eluted with elution buffer (buffer A with 250mM imidazole, 0.5mM DDM).
Protein was concentrated using amicon ultra concentrators. Size exclusion chromatography
was done using a Superdex 200 (GE Healthcare) in SEC buffer (150mM NaCl, 20mM HEPES
pH 7.4, 0.5mM TCEP, 15% glycerol, 0.5mM DDM).

For purification using brain lipids, brain lipids stocks were prepared by aliquoting 5 mL of
10mg/mL brain lipid into a glass vial. The solution was dried using nitrogen gas, suspended and
washed in pentane and dried again. 2.5 mL of 50mM Tris pH8, 500mM NaCl, and 15% glycerol
was added to the dried lipids. Lipids were dissolved patrtially via sonication for 10 minutes.

Prior to adding to buffer, this stock was vortexed vigorously. DHHC9 was purified as above,
except wash, elution, and SEC buffers contained 0.01mg/mL brain lipids.

For purification with cholesterol hemisuccinate (CHS), A solution of 10% DDM and 2%
CHS w/v was mixed in mqg water and allowed to mix at room temperature overnight. This
solution was syringe filtered before using. Purification of DHHC9 was done as above except for
solubilization buffer containing 0.2% CHS, and wash, elution, and SEC buffers containing
0.05mg/mL CHS.

For styrene maleic acid (SMA) purification, whole cells were dissolved in 50mM Tris
pH8, 500mM NacCl, 15% glycerol, 0.5mM TCEP, protease inhibitors, and 2.5% SMA at a ratio of
40mg cells per mL buffer for 2 hours at RT with stirring. The remainder of the purification was
done as above except with overnight binding to Ni-NTA and no detergents in the buffers.

For nanodisc reconstitution, 10-20 pg of detergent-purified protein was used per
condition during screening, and 200-400 pgwas used for structural studies. Lipids
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cryo-EM prep and data.

Nanodisc Reconstitution

Lipids were prepared by transferring stock lipids in chloroform (Avanti Polar Lipids) at
desired w/w ratios into glass vials. A gentle stream of nitrogen was used to evaporate the
solvent. Lipids were dissolved in chloroform and dried again. The procedure was repeated an
additional time with pentane. To the dried lipids, reconstitution buffer (50mM HEPES pH 7.4,
150mM NacCl) was added to a concentration of 20 mg/mL. The solution was sonicated until it
became clear. The lipid stock was freeze-thawed 3x and diluted to 5mg/mL for a working stock.

For the generation of protein into MSP nanodiscs, purified MSP1D1 at 8mg/mL was
incubated with lipids at molar ratios of 2 MSP to 120-200 lipids for 30 minutes at room
temperature (at 37°C for DSPG). Purified protein at >2 mg/mL was added at a molar ratio of 1
to 2 MSP and incubated for 45 minutes at room temperature. The solution volume was adjusted
to 100 pL per 20 pgprotein. Detergent was removed by incubation with biobeads overnight at
4°C. Biobeads were removed by pipetting and syringe filter. For the generation of protein into
saposin nanodiscs, the above procedure was performed with adaptations. Protein was

incubated with lipids for 45 minutes before the addition of saposin for 30 minutes.

Protein Crystallization
DHHC9, GCP16, and DHHC9-GCP16 were crystallized by hanging drop vapor diffusion method

by mixing 1:1 or 1:1.5 (v/v) ratio of protein and reservoir solutions at 4°C or room temperature.

Cryo-EM

DHHC9-GCP16 in nanodiscs (3 uL) at a concentration of 1 mg/mL was applied to glow-
discharged C-flat holey carbon grids 1.2/1.3 (Electron Microscopy Services), blotted for 4
seconds at 7 force and 100% humidity and immediately plunge frozen in liquid ethane using an
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FEI Mark IV Vitrobot.

Data collection was performed using a Thermo Fisher Talos Arctica operating at 200
keV with a Gatan K3 detector in counting mode with 0.5x binning (super-resolution mode) and a
Gatan BioQuantum energy filter with a slit width of 20 eV. EPU software was used for
automated data collection with a dose of 1 e/angstrom? per frame for 50 frames. Data was
collected at 63,000x magnification for a physical pixel size of 1.26 angstroms per pixel.

Cryo-EM data image motion correction was performed using RELION (120), contrast
transfer function (CTF) was determined and corrected by Gctf (121), and 2D- and 3D-

classification was performed using a combination of RELION and CryoSPARC Software (122).
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Concluding Remarks

In my thesis work, | sought a better understanding of the DHHC9-GCP16 protein
complex. | started by studying the role of GCP16 in the DHHC9-GCP16 complex. One role of
GCP16 is to stabilize DHHC9 by preventing its aggregation through formation of a protein
complex. | demonstrated that only properly folded DHHC9-GCP16 is enzymatically active in
vitro. Additionally, mutations in ZDHHCS9 linked to X-linked intellectual disability result in
reduced protein stability and DHHC9-GCP16 complex formation. This provides molecular
insight at the protein level as to how ZDHHC9 mutations can contribute the disease phenotype.
Through my investigations with DHHC9-GCP16, | identified a C-terminal cysteine motif (CCM)
that is conserved among the DHHC9 subfamily (DHHC14, 18, 5, and 8). Co-expression of
GCP16 with DHHCs containing the CCM improves DHHC protein stability. Like DHHC9,
DHHC14 and DHHC18 require GCP16 for their enzymatic activity in vitro. Furthermore,
GOLGA7B, an accessory protein with 75% sequence identity to GCP16, improves protein
stability of DHHC5 and DHHCS, but not the other members of the DHHC9 subfamily, suggesting
selectivity in accessory protein interactions. My study supports a broader role for GCP16 and
GOLGA7B in the function of human DHHC proteins. Additionally, though my structural studies,
| determined the protein constructs and purification conditions to obtain purified DHHC9-GCP16
in sufficient quantities for protein crystallization and cryo-EM analysis. Currently, the cryo-EM
map at ~12-15 angstroms is too low for structure modeling. Future directions could include
increasing the size of the DHHC9-GCP16 complex through a combination of fabs, fusion
proteins, or substrates. A high-resolution structure will be invaluable in improving our

understanding of a unique class of proteins with strong biomedical relevance.
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