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Abstract

Prenylation is a ubiquitous process in eukaryotes consisting of the post-translational
modification of an array of proteins through the attachment of a lipophilic isoprenoid
moiety. Prenyltransferase enzymes catalyze this process: farnesyltransferase appends
the C15 isoprenoid from farnesyl diphosphate (FPP), and geranylgeranyltransferase type
[, I and Il append one or two Cyg isoprenoids from geranylgeranyl diphosphate (GGPP).
This modification allows proteins to fulfill their essential roles in cellular processes such
as signal transduction or mediating protein-protein interactions. It has been reported that
prenylation affects approximately 2% of the mammalian proteome. Due to the impact
prenylation has on cellular biology, its presence and/or dysregulation has been linked to
numerous diseases, including Alzheimer’s disease and multiple types of cancer.

To study prenylated proteins as potential drug targets, several alkyne-modified
chemical probes have been synthesized: a shorter C15AIkOPP designed to label both
farnesylated and geranylgeranylated proteins, a longer C15PentOPP, designed to be
specific for geranylgeranylated proteins, and a BisC15AIkOPP probe that uses a prodrug
approach to increase the bioavailability of the C15AIkOPP probe when delivered in vivo.
Proteomic experiments in different cell lines revealed the selectivity of C15PentOPP
towards geranylgeranylated proteins (up to 93% of total prenylated proteins identified)
and confirmed the C15AIkOPP and BisC15AIkOPP as probes for both farnesylation and
geranylgeranylation. The latter 2 probes were used in in vivo and in vitro experiments
using models for Alzheimer’s disease and leukemia to identify proteins whose extent of

prenylation is altered, with the ultimate goal of discovering new potential drug targets.
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Chapter 1. Introduction

1. 1. Protein Prenylation

Protein prenylation is a post-translational irreversible modification of proteins,
taking place ubiquitously in eukaryotic cells and is named after the polyisoprenyl lipid
chains it attaches to proteins. Since its discovery in fungi in the late 1970s and then later
in mammalian cells in the 1980s,"2 this type of modification has gained attention due to
its instrumental role controlling subcellular localization of certain proteins. Prenylation
involves the enzyme-catalyzed attachment of an isoprenoid moiety, derived from farnesyl
diphosphate (FPP) or geranylgeranyl diphosphate (GGPP), to proteins via a thioether

bond, along with loss of diphosphate ion (Fig. 1).3

Where:
n = 2: Farnesylated protein
n = 3: Geranylgeranylated protein
Protein—CaaX

Protein—CaaX

SH / \ ks

FTase + FPP P,O* W
or

GGTase + GGPP

Q 9
N N X PP <
(0] 6 (0] 6 (0]
FPP - -
2 3
N N N N O/('):O/('):O_
GGPP

Figure 1. Prenylation mechanism and the 2 endogenous substrates.

In eukaryotic cells, isoprenoids are primarily biosynthesized through the
mevalonate-isoprenoid-cholesterol pathway, initially in the form of 5-carbon atom

diphosphate building blocks, that are later extended into higher carbon number
1



isoprenoids.* The discovery of the incorporation of these mevalonate-derived isoprenoids
into proteins in 1984 by Schmidt and co-workers® led to the quest of identifying the
enzymes responsible for this transformation, in order to better understand the implications
of prenylation in biological systems.

There are 4 enzymes that catalyze this modification reaction: farnesyltransferase
(FTase) attaches the 15-carbon isoprenoid from FPP, geranylgeranyltransferase type-I
(GGTase type-l) attaches a 20-carbon isoprenoid from GGPP, and
geranylgeranyltransferase type-ll and type-lll (GGTase type-ll/type-lll) append two
geranylgeranyl units from GGPP that are specific to Rab proteins and ubiquitin ligases.?”’
The prenyltransferase enzymes transfer the isoprenoid moiety from the diphosphate
forms to a sulfur atom of a cysteine residue located in the C-terminal region of a protein,
usually referred to as a CaaX box. In that motif, “C” represents cysteine, the “a” residues
are commonly aliphatic amino acids, and the “X” residue controls whether the protein is
farnesylated or geranylgeranylated.® The generally accepted prenylation mechanism
starts with the enzyme interacting with the isoprenoid diphosphate followed by binding of
the CaaX box-containing protein and subsequent thioether bond formation. At this point,
binding of another isoprenoid diphosphate molecule occurs, followed by association of
another protein substrate and release of the prenylated product.®'°

For many proteins, the identity of the prenyl group (farnesyl or geranylgeranyl) is
dictated by the “X” position (FTase if X = serine, glutamine, alanine, methionine; GGTase

| if X = phenylalanine, leucine, isoleucine). For other proteins, such as K-Ras4B,

alternative prenylation can occur, typically resulting in the transfer of a geranylgeranyl



group instead of a farnesyl isoprenoid."" This is particularly important as it leads to
resistance to prenyltransferase inhibitors.

Protein prenylation affects approximately 2% of the mammalian proteome,
allowing proteins to fulfill their essential roles in cellular processes such as membrane
localization, signal transduction or mediating protein-protein interactions.’? Owing to its
vital importance on cell physiology, protein prenylation has been linked to a variety of
diseases, including ALS, progeria, different types of cancers and Alzheimer’s disease
(AD). 3% In order to study protein prenylation in different diseases, several probes
modified with an alkyne moiety have been developed, having different lengths and
mechanisms of action, taking advantage of the promiscuity of the prenyltransferase

enzymes to incorporate them into the prenylation machinery.

1. 2. Prenylation’s Implication in Alzheimer’s disease and the APOE Alleles

AD is a debilitating neurodegenerative disease that affects the elderly, leading to
dementia and ultimately death. According to the Alzheimer’s Association, there is a new
AD patient diagnosed every 66 seconds in the United States, with 6.2 million people
currently living with this condition across the country, a figure expected to increase to
almost 14 million by 2050." Protein prenylation has been implicated in AD pathogenesis
and development, but it has not been sufficiently explored to date. It is known that there
is a direct link between apolipoprotein E (APOE) isoforms and their impact on AD onset."®
There are three APOE isoforms, with APOE2 (E2) having a functional effect that reduces
the risk of AD, APOES3 (E3) bearing a non-significant influence on AD pathogenesis and

APOE4 (E4) having a deleterious effect, increasing the risk of developing AD."” The
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presence of one APOE4 gene increases the risk of developing AD 4-fold, while the
presence of 2 APOE4 isoforms increases the risk up to 33-fold.'®'® With APOE being
synthesized in the brain and in higher quantities in the liver, the importance of studying
protein prenylation in animal models with varying APOE genotypes could reveal changes
in the levels of expression of different proteins, indicating their involvement or association
with AD pathogenesis.?>?! Studies addressing protein prenylation in transgenic mice

containing APOE3 and APOE4 alleles are reported in this thesis.
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Figure 2. Structures of the C15AIkOPP and C15PentOPP probes used in studying
prenylated proteins and the two endogenous prenylation substrates.

1. 3. Prenylation’s Implication in leukemia

Leukemia is another disease that has been linked to prenylation, but the
mechanism that is involved in this process is yet to be elucidated. Given that studies
involving inhibition of GGTase type-l led to cancer cell apoptosis,?? identifying which
geranylgeranylated proteins are involved in leukemia and targeting them in different

therapies may be the key to developing a successful anti-cancer therapy.



One of the drugs used in treating leukemia and lymphoma is the BCL2 inhibitor
venetoclax. Several studies that led to clinical trials included the successful use of this
drug in combination with other inhibitors to drive the apoptosis of some acute myeloid
leukemia-derived cell lines (AML).?32# Statins are cholesterol lowering drugs that act as
potent inhibitors early in the mevalonate pathway and have previously been linked to
lowering the risk of AD.?® When used in biological systems, statins lead to suppression of
the production of the endogenous substrates for prenylation, FPP and GGPP. Notably,
the Fruman group observed a synergistic effect when combining venetoclax and a statin.
They followed up those initial results with studies using different prenyltransferase
inhibitors in combination with venetoclax and they observed that only the inhibition of
geranylgeranylation type-l upregulated AML-cells apoptosis.?> When administering a
combination of venetoclax and geranylgeranyltransferase type-I inhibitors (GGTI 298 and
GGTI 2133), the Fruman group observed an enhanced cytotoxic effect with the GGTI 298
compared to GGTI 2133.22 |dentifying which geranylgeranylated type-l proteins are
involved in this process is a key requirement for defining the molecular mechanism of
how GGTls act synergistically with venetoclax and could contribute to the development

of new approaches for leukemia treatment.

1. 4. Using a Protide Approach to Deliver Alkyne-Modified Isoprenoids in vivo

In some in vivo experiments, it can be challenging to deliver isoprenoid analogues
due to the charged nature of the diphosphate group. While this makes these probes water
soluble, it also means they are unable to cross the blood-brain barrier. Hence AD studies

on the brain require new methods for delivering probes that go beyond systemic delivery.
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To overcome these challenges, a prodrug approach was employed here for
systemic administration in animal studies. Prodrugs are molecules that are
pharmacologically inactive but, upon cellular internalization, they are metabolized to
release the active form of the drug. Using an established chemical scaffold previously
developed for the delivery of nucleotide analogues known as protides,?® neutral
molecules were designed to deliver probes for prenylation in vivo.?”22 To this aim, a stable
phosphoramidate prodrug form was chosen?” and linked to the C15AIkOH scaffold to
develop 2 new compounds that would be activated in vivo by a kinase, HINT1, which is
overexpressed in the liver and hydrolyzes phosphoramidates.?® The ProAlaC15AlkOPP
contains one C15AlkOH moiety and the BisC15AIkOPP contains 2 such moieties (Fig. 3).
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Figure 3. Structures of the two protide probes synthesized to study prenylation in vivo.

The proposed activation mechanism for phosphoramidates begins with ester
cleavage by a serine protease such as Cathepsin A. The newly formed carboxylate
attacks the phosphorous atom and displaces the aryl ether in a cyclization reaction. Upon
hydrolysis, the dianion formed is processed by HINT1 which cleaves the phosphoramide
bond, revealing the monophosphate form of the probe (Fig. 4). Next, this is then

phosphorylated to the diphosphate analogue C15AIkOPP that is subsequéntly



incorporated by prenyltransferases. Using this approach could result in better labeling in
animal tissues, potentially increasing the number of targets for prenylation detected in

proteomic profiling and expanding the pool of possible drug targets in different disease
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Figure 4. Proposed mechanism for prodrug metabolic activation and prenylation probe
delivery in vivo.

1.5 Scope of Thesis

Chapter 2 of this dissertation describes the synthesis of the C15PentOPP probe
and its use, along with the C15AIkOPP probe, in in-gel fluorescence metabolic labeling
experiments and in vitro proteomic analyses. Moreover, in vivo labeling experiments in
Alzheimer’s disease model mice and proteomic analyses are described. In Chapter 3, the
use of the C15AIkOPP probe in in vitro proteomic experiments in combination with two
distinct geranylgeranyltransferase type-l inhibitors shows differential depletion some of
geranylgeranylation type-l targets, which can be used as drug targets in the context of
leukemia. Lastly, in Chapter 4, advances in bioavailability of the C15AIkOPP probe are

described via the use of a prodrug-like scaffold, creating the BisC15AIkOPP probe. The
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labeling of the BisC15AIkOPP probe is investigated in humanized Alzheimer’s disease
mice and the proteomic results are compared with those previously described in Chapter
2 with the C15AIkOPP probe. This dissertation highlights the use of proteomic analysis in

studying prenylated proteins in different disease models, both in vitro and in vivo.



Chapter 2. In Vivo Metabolic Labeling with an Isoprenoid
Probe Reveals APOE Allele-specific Differences in the
Prenylome with Applications for Alzheimer’s Disease

Research.

2. 1. Introduction

Prenylation is a ubiquitous process in eukaryotes consisting of the irreversible
post-translational modification of an array of proteins through the attachment of a
lipophilic isoprenoid moiety to the C-terminus of the proteins via a thioether bond.'? There
are four prenyltransferase enzymes that catalyze this process: farnesyl transferase
(FTase), appends the Cis isoprenoid from farnesyl diphosphate (FPP) (Fig. 1), and
geranylgeranyl transferase type |, Il and Ill (GGTase type-lI, GGTase type-ll and GGTase
type-Ill), that append one or two Cy isoprenoids from geranylgeranyl diphosphate
(GGPP) (Fig. 1).3%7 It is known that approximately 2 % of the mammalian proteome is
prenylated, with this modification allowing proteins to fulfill their essential roles in cellular
processes such as membrane localization, signal transduction or mediating protein-
protein interactions.'>® Due to the important functional role prenylation has on cellular
biology,®° its presence and/or dysregulation has been linked to numerous diseases,
including ALS, progeria, different types of cancer and, Alzehimer’s Disease (AD). 314

AD is a debilitating neurodegenerative disease that affects the elderly, leading to
dementia and ultimately death. Currently, there are over 6 million people living with this

condition in the United States, with that number expected to double in the next 30 years.'®
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Protein prenylation has been implicated in AD pathogenesis and development, but it has
not been sufficiently explored. It is known that there is a correlation between APOE
isoforms and their impact on AD onset.'® There are three APOE isoforms, with APOE2
(E2) having a functional effect that reduces the risk of AD, APOE3 (E3) bearing a non-
significant influence on AD pathogenesis and APOE4 (E4) having a deleterious effect,
increasing the risk of developing AD. The presence of one APOE4 gene increases the
risk of developing AD 4-fold, while the presence of 2 APOE4 isoforms increases the risk
up to 15-fold."® With APOE being synthesized in the brain and in higher quantities the
liver, the importance of studying protein prenylation in animal models with varying APOE
genotypes could reveal changes in the levels of expression of different proteins, indicating
their involvement or association with AD pathogenesis.?’2! Given most of the APOE
biosynthesis takes place in the liver and then enters the bloodstream, this tissue played

a central role in our studies in the context of AD.

Where:
n = 2: Farnesylated protein
n = 3: Geranylgeranylated protein

Protein—CaaX Protein—CaaX
kSH / \ ks
FTase + FPP P,0,+ W
or
GGTase + GGPP
2.3
N NS NS PLICRP) y N
O 0”10
FPP 0" o0
2.
X X N N 0,6\0,6\0
GGPP = -
N o A x N
R = P,0,%, C15AIkOPP (1)
R = OH, C15AIkOH (2)
N
SN 0N N R

R = P,0,%, C15PentOPP (3)
R = OH, C15PentOH (4)

Figure 1. Prenylation mechanism, its natural FPP and GGPP substrates and the alkyne-

containing analogs discussed here.
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In the work reported here, to identify how levels of prenylated proteins were altered
in APOE animal models, two chemical probes have been synthesized: a previously
reported C15AIkOPP designed to label both farnesylated (F) and geranylgeranylated
(GG) proteins,® and a new, longer C15PentOPP probe, designed to label
geranylgeranylated proteins selectively (Fig. 1). These probes incorporate an alkyne
handle, which can be used for bio-orthogonal copper-catalyzed click reaction with a
TAMRA fluorophore for in-gel fluorescence visualization or a biotin moiety for enrichment
in proteomic studies.3® A proteomic experiment confirmed the selectivity of the
C15PentOPP probe towards geranylgeranylated proteins. However, the proteins
identified there were a subset of the proteins identified using C15AIkOPP; no new
geranylgeranylated proteins were identified with the longer probe. Hence subsequent
experiments focused on the more general C15AIKOPP analogue. Next, we report a
methodology for labeling prenylated proteins in vivo via daily subcutaneous injections in
transgenic APOE3 and APOE4 mice. This approach is different from a previously reported
method from our lab, where the probe was delivered via intracerebroventricular infusion,
and allows facile labeling of certain peripheral tissues.®? The liver samples showed higher
labeling in E4 mice compared to E3 mice as determined via in-gel fluorescence analysis
and 23 significantly enriched prenylated proteins were detected via proteomic analysis.
The E4 samples showed proteins had higher fold changes overall than the E3 samples
and statistically significant differences in their fold change values based on proteomic

data. Importantly, some of these proteins have links to AD neuropathology.
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2. 2. Results and Discussion
2. 2. 1. Synthesis of a Probe Selective for Geranylgeranylated Proteins

To generate a probe selective for geranylgeranylated proteins, a synthesis was
designed based on the route previously employed for the preparation of the pan-reactive
compound, C15AIkOPP.2 The synthesis began with THP protection of farnesol that
yielded compound 5, which was then subjected to a catalytic allylic oxidation in the
presence of SeO; and t-Bu-OOH. Two isomeric products (previously characterized)33
were obtained due to the dual reactive sites identified in 5, which prompted a necessary
chromatographic separation on the way to obtaining compound 6 with high purity. In order
to circumnavigate the issue of overoxidation of 6 to the corresponding aldehyde, a NaBH4
reduction was performed after the oxidation reaction in order to increase the yield of
desired allylic alcohol. Next, 6 was converted to the corresponding allylic chloride 7 in the
presence of NCS and dimethyl sulfide. With 7 obtained, it was subjected to the alkoxide
nucleophile resulting from the addition of 4-pentyn-1-ol to a solution of --BuOK to yield the
protected ether 8. It is noteworthy that an approach to synthesize ether 8 in one less step,
where the allylic alcohol 6 was used as a nucleophile in the presence of the strong t-
BuOK base and 5-chloro-1-pentyne as the electrophile did not yield the desired product,
the starting materials being found at the end of the reaction, meaning the allylic alkoxide
formed was not a strong enough nucleophile. Ether 8 was then deprotected under acidic
conditions and the resulting alcohol 4 was converted to the bromide 9 via an Appel
reaction involving polymer-supported triphenylphosphine in the presence of CBrs. Finally,
to create a diphosphate probe suitable for metabolic labeling, bromide 9 was subjected

to a phosphorylation reaction with (n-BusN)sHP207. Purification via ion exchange and
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cellulose chromatography afforded the C15PentOPP probe (compound 3). The overall
yield for the entire 7-step linear synthetic sequence was 1.5% (Fig. 2). It should be noted
that Tate et al. previously reported the synthesis of a related geranylgeranyl diphosphate
analogue containing an alkyne group suitable for metabolic labeling. While that compound
has the advantage that it more closely reflects the all carbon composition of a natural

isoprenoid, it requires the formation of a C-C bond that makes the synthesis more

complex.34
e e e
X X \~"OH DHP, PPTS ~ XX X N\-"NOTHP 1) £BUOOH, 560, O~ \s NNoTHP
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Figure 2. Seven-step synthesis of the C15PentOPP probe starting from 5 g of farnesol.

2. 2. 2. In Vitro Analysis of C15PentOPP as a Prenyltransferase Substrate

In order to evaluate the C15PentOPP as a substrate for GGTase-| rather than
FTase, a continuous spectrofluorimetric assay monitoring the time-dependent increase in
fluorescence upon prenylation of a dansylated peptide substrate was employed. The well-
characterized peptide substrates Dns-GCVLS and Dns-GCVLL were used to evaluate
FTase® and GGTase-I%® activity, respectively. Incubation of FTase with C15PentOPP

revealed a lower use of the diphosphate to yield the prenylated product, with a relative
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catalytic efficiency (kcat/Km) of 30% of that for FPP (Fig. 5A). In contrast, substantially
higher utilization of C15PentOPP by GGTase-l was observed, with a relative catalytic
efficiency (kcat/Km) of 65% of that for GGPP for that enzyme (Fig. 5B). This is consistent
with the previously reported isoprenoid length limitations exhibited by FTase and GGTase-
1.3738 Qverall, these results indicate that C15PentOPP is an efficient substrate for
GGTase-l and is not an efficient substrate for FTase, suggesting that the longer probe
would indeed manifest selectivity in labeling geranylgeranylated proteins over

farnesylated proteins.
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Figure 3. Kinetic analysis of C15PentOPP as a substrate for prenylation reactions of Dns-
GCVLS and Dns-GCVLL with rFTase and rGGTase-| using C15PentOPP.

(A) Kinetic analysis of rFTase-catalyzed reaction between C15PentOPP and Dns-
GCVLS. (B) Kinetic analysis of rGGTase-catalyzed reaction between C15PentOPP and
Dns-GCVLL. This data was obtained by Andrea Sprague-Getsy in the laboratory of James
Hougland at Syracuse University.
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2. 2. 3. Initial Evaluation of Metabolic Labeling

2. 2. 3. 1. The Alcohol Form of the Probe is Less Efficient Compared to the

Diphosphate Equivalent

Synthetically, the alcohol form of the C15PentOPP probe is more readily available
compared to the diphosphate, which requires two additional synthetic steps and a more
complex purification, lowering the overall yield. However, it has previously been shown
that the alcohol form of the shorter C15AIkOPP probe (C15AIkOH) is less efficient in cell-
based metabolic labeling compared with the diphosphate.? To assess if this was the case
with the new C15PentOPP probe, metabolic labeling followed by in-gel fluorescence
analysis was performed. After cell-based labeling with the probe in different cell lines, the
cells were lysed and then subjected to a CuAAC (click) reaction with TAMRA-N3. The
cellular proteins were resolved via SDS-PAGE and the fluorescence of the prenylated
proteins was analyzed. Those experiments revealed that the diphosphate yielded
superior labeling compared to the alcohol form of the probe in all three cell lines tested
including COS-7, HeLa and AML-3 (Fig. 4A, lanes 4 and 5, Fig. 4B lanes 4 and 5). This
effect is presumably due to the necessity of having to metabolically activate the alcohol
probe to the corresponding diphosphate form, which is the actual substrate of the
prenyltransferase. Thus, it appears that the additional steps required for diphosphate
synthesis are advantageous since they result in improvement in metabolic labeling

efficiency.
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2. 2. 3. 2. Statin Pre-treatment Modestly Increases Probe Incorporation

Previous studies have shown that inclusion of a statin (mevalonate pathway
inhibitor) to suppress the endogenous production of FPP and GGPP3® can lead to
increased metabolic labeling of prenylated proteins with C15AIkOPP. Choosing an
appropriate statin concentration is important to minimize cellular toxicity and perturbation
of cellular biological functions. Previously, it has been shown that 10 uM lovastatin can
augment probe incorporation with no apparent toxicity.*? As a result, that concentration
was used throughout the experiments reported here with C15PentOPP, pre-incubating
the cells with statin for 6 h prior to addition of probe. Indeed, in COS-7 cells, labeling was
enhanced, with an apparent enhancement of band intensity in the 20-25 kDa and 37-75
kDa regions in the presence of statin (Fig. 4A, lane 10), compared to in its absence (Fig.
4A, lane 5). A similar effect, although much less pronounced, was observed in HelLa cells
in the presence (Fig. 4B, lane 5) versus the absence of statin (Fig. 4B, lane 10) and AML-
3 cells in the presence (Fig. 4C, lane 7) versus the absence of statin (Fig. 4C, lane 3).
Overall, the use of statin allowed modest increases in the level of metabolic labeling with

C15PentOPP.

2. 2. 3. 3. Metabolic Labeling is Cell Line Dependent

To investigate the versatility of the C15PentOPP probe, its use in metabolic
labeling was investigated in multiple cell lines. Given that different cell lines display
variations in protein levels that are, in part, related to differences in their biological

function,*° the labeling obtained with the C15PentOPP probe was examined in 3 different
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mammalian cell lines including 2 adherent cell types (COS-7 and HelLa) and one
suspension cell type (AML-3). As a further point of comparison, a parallel set of
experiments was performed with the C15AIkOPP analogue. Comparing the adherent cell
lines, HelLa cells (Fig. 4B lanes 8 and 10) showed overall lower labeling incorporation with
both the C15AIkOPP and C15PentOPP probes relative to that obtained with COS-7 cells
(Fig. 4A lanes 8 and 10). In contrast, labeling in the suspension cell line AML-3 (Fig. 4C
lanes 6 and 7) was comparable to COS-7 (Fig. 4A lanes 8 and 10). Since maximal
detection of the prenylome was one of the main initial goals here, COS-7 and AML-3 were
chosen for subsequent proteomic profiling, with COS-7 treatments performed in the
presence of statin, since the effect was more potent there, and AML-3 treatments in the

absence of statin, since its effects on probe incorporation in this cell line were lower.

2. 2. 3. 4. C15PentOPP Labeling is Localized in the 20-25 kDa Region

In previous studies, it was shown that the C15AIkOPP probe was capable of
labeling all classes of prenylated proteins, including farnesylated and geranylgeranylated
proteins.“® To label geranylgeranylated proteins in a selective manner, the C15PentOPP
probe was designed to be two carbon atoms longer than the C15AIkOPP (Fig. 1) in order
to more closely approximate the length of GGPP. When performing in-gel fluorescence
analysis, we noticed that the labeling obtained with the C15PentOPP probe was primarily
localized in the 20-25 kDa region (Fig. 4A, lane 10; 4B, lane 10; 4C, lane 7), whereas the
labeling observed with the C15AIkOPP probe included additional proteins in the 37-75

kDa region (Fig. 4A, lane 8; 4B, lane 8; 4C, lane 6).
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This behavior was consistent across the 3 cell lines tested, albeit at different
intensities, depending on the respective cell line. Since the major proteins in the 37-75
kDa region are thought to include nuclear lamin and DNAJ which are farnesylated
proteins, their absence in the samples labeled with the C15PentOPP probe provided a
preliminary indication that the probe was indeed a selective substrate for

geranylgeranylating enzymes.
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Figure 4. The C15AIkOPP and C15PentOPP probes are compared with their respective
alcohol forms via metabolic labeling.

(A) In-gel fluorescence analysis in COS-7 cells (B) In-gel fluorescence analysis in HelLa
cells. (C) In-gel fluorescence analysis in AML-3 cells. All treatments were performed at 10
MM probe final concentration. Labeling is more potent in COS-7 and AML-3 cells
compared to Hela cells. The C15PentOPP labeling appears more specific for
geranylgeranylated proteins. All lanes were subjected to click reaction with TAMRA-N3,
followed by electrophoretic separation on 12% SDS-PAGE gels.
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2. 2. 4. Cell Culture-based Proteomics for Protein Identification
2.2.4.1. Proteomic Analysis of in-cellulo Profiling
To evaluate the selective labeling of geranylgeranylated proteins by the
C15PentOPP probe, it was next analyzed in proteomic experiments. Parallel experiments

with C15AIkOPP were performed to serve as a point of comparison. For these
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experiments, COS-7 cells were pre-treated with lovastatin for 6 h, followed by 24 h of
incubation with C15AIkOPP, C15PentOPP or FPP (as a control). The FPP control served
to offset any possible deleterious effect that the statin treatment could cause on the cell
physiology. As AML-3 cells displayed little statin-dependent changes in labeling in
response to lovastatin, they were incubated directly with the corresponding diphosphates,
without exposure to statin and using a vehicle control in lieu of FPP. Triplicate samples
were lysed and subjected to a biotin-N3 click reaction for enrichment of prenylated
proteins via neutravidin pull-down. Subsequent washes were used to remove non-
specifically bound proteins followed by tryptic digestion and collection. After Tandem Mass
Tag (TMT) 6-plex labeling, the peptides from 3 replicate samples and 3 control samples
were combined and fractionated at high pH under reversed-phase conditions with
increasing acetonitrile concentrations. Each fraction was then subjected to UPLC-MS?
analysis, followed by identification of enriched prenylated proteins by comparison of

detected peptides with the human database and statistical analysis.

2. 2.4, 2. Results in COS-7 in the Presence of Statin and AML-3 in the Absence

of Statin
To detect which prenylated proteins could be labeled by the two probes, proteomic
profiling was first performed using COS-7 cells incubated with the probe in the presence
of 10 uM lovastatin, since those cells showed the best in-gel fluorescence labeling. Using
this approach, a total of 78 and 58 prenylated proteins were significantly enriched with
the C15AIkOPP probe and C15PentOPP probe, respectively (Fig. 5A and 5B). Out of

these, 53 were found in common between the 2 datasets (Fig. 6A).
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Figure 5. Prenylome profiling with the C15AIkOPP and C15PentOPP probes in 2 different
cell lines.

(A) Volcano plot showing prenylated proteins identified with C15AIkOPP in COS-7 cells
in the presence of statin. (B) Volcano plot showing prenylated proteins identified with
C15PentOPP in COS-7 cells in the presence of statin. (C) Volcano plot showing
prenylated proteins identified with C15AIkOPP in AML-3 cells in the absence of statin. (D)
Volcano plot showing prenylated proteins identified with C15PentOPP in AML-3 cells in
the absence of statin. All treatments were performed at n = 3 and 10 uM probe/statin final
concentration. FPP was used as the control comparison in all cases with stringent FDR
= 0.01, s0 = 0.5 parameters.

The C15AIkOPP dataset contained 65% GG proteins, whereas the C15PentOPP
dataset contained 74% GG proteins, showing more selectivity towards

geranylgeranylated proteins. There were 5 proteins found only with the longer proige,



namely HRAS, RAB13, RAB3B, RAB9B and RAB1C, that have been previously reported

in our group as prenylated proteins (Fig. 6A).4°
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Figure 6. Significantly enriched prenylated proteins found with C15AIkOPP and
C15PentOPP COS-7 and AML-3 cell lines.

(A) Venn diagram showing the overlap of proteins identified in COS-7. (B) Venn diagram
showing the overlap of proteins identified in AML-3. (C) Venn diagrams showing the
overlap of proteins identified in COS-7 and AML-3 with C15AIKOPP in total and in the 3
classes of prenylation. (D) Venn diagrams showing the overlap of proteins identified in
COS-7 and AML-3 with C15PentOPP in total and in the 3 classes of prenylation. Protein
groups were separated into individual proteins. The types of prenylation were color coded
as follows: farnesylation (red), geranylgeranylation type-l (blue), geranylgeranylation
type-Il (green).
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In AML-3, in the absence of statin (Fig. 5C and 5D), the total number of significantly
enriched prenylated proteins identified was lower, with 63 identified with the C15AIkOPP
probe and 43 with the C15PentOPP probe (Fig. 6B). Overall, the C15PentOPP protein
dataset is largely a subset of the C15AIkOPP dataset in both cell lines, with the proteins
uniquely identified by C15PentOPP (5 in COS-7 and 3 in AML-3) having been previously
identified as prenylated proteins.® The C15AIkOPP dataset contained 68% GG proteins,
whereas the C15PentOPP dataset comprised of 93% geranylgeranylated proteins,
showing almost total selectivity towards geranylgeranylation in the absence of statin.
Three proteins that we have previously reported as prenylated (RHOC, RAB8B, RAB2B),
were solely found in the C15PentOPP dataset (Fig. 6B).#° Overall, C15AIkOPP labeled
more proteins than C15PentOPP in both cell lines, with a greater number of proteins

uniquely found with C15AIKOPP (25 in COS-7 and 23 in AML-3).

2. 2. 4. 3. Comparing Proteins Found in COS-7 vs AML-3

When examining the total number of proteins identified by the C15AIkOPP probe,
there were 58 found in common between COS-7 and AML-3, with 5 others found only in
the latter cell line, namely ALDH9A1 (F), HRAS (GG-I), RAB27A, RAB7B, RAB1C (GG-
I), representing primarily geranylgeranylated proteins (Fig. 6C). With the C15PentOPP
probe, 34 proteins were identified in both cell lines, with 9 proteins unique in the AML-3
data set. Of those 9, geranylgeranylated proteins were again the major type, with 8
proteins (RALB, RHOC, RAB3A, RAB27A, RAB2B, RAB24, RAB7B, RAB34) belonging

to that class (Fig. 6D).
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2. 2. 4. 4. Comparing Proteins Based on Prenylation Type

For geranylgeranylated proteins, there was substantial overlap between the 2 cell
types with both probes (Fig. 6C and 6D, blue and green Venn diagrams). For farnesylated
proteins, the C15AIkOPP (Fig. 6C) showed good overlap again, but the C15PentOPP,
being very selective for geranylgeranylated proteins, especially in the absence of statin,
had a lower number of farnesylated proteins to compare in AML-3 versus COS-7 (Fig.
6D). The overall tendency was towards good overlap between the 2 different cell types,
with more proteins identified overall in COS-7 than in AML-3. One reason for this is

undoubtedly due to the presence of statin in the experiments in COS-7 but not AML-3

(Fig. 6).

2. 2. 4. 5. Comparing Prenylation Types with YnGG and YnF Probes Created by

Tate and Coworkers

While the experiments performed by Tate and coworkers had some
differences,®*4! it is still relevant to compare their results with ours. It is worth mentioning
that the length of their geranylgeranylation specific probe, YnGG, was one carbon atom
shorter than C15PentOPP and that their YnF probe is 2 carbon atoms shorter than
C15AIkOPP (Fig. 7C).3* Also, the Tate group performed metabolic labeling using label-
free quantitation and the alcohol form of their probes in their experiments, whereas
tandem-mass-tag quantitation and the diphosphate form of the probe were used in our

experiments. Finally, our experiments were performed using COS-7 cells pre-incubated
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with statin while theirs were carried out in EA.hy926 cells without any statin pre-treatment.

Despite those differences, comparison of the data obtained here in COS-7 cells with the

Tate data obtained in EA.hy926 cells, indicates that there is significant overlap between

the sets of proteins identified with each group of probes (Fig. 5A and 5B).
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Figure 7. Significantly enriched prenylated proteins found by the Tate group with YnF and
YnGG in EA.hy926 cells compared with the COS-7 analysis with C15AIkOPP and
C15PentOPP used in this chapter.
(A) YnF compared with C15AIKOPP data. (B) YnGG compared with C15PentOPP data.
(C) Structures of the probes used in our experiments and the 2 probes used by the Tate
group. Our C10AIkOPP showed poor labeling results but the structure is included for
length comparison with YnF. All prenylation categories contain some overlap. C15AIkOPP
and C15PentOPP detected overall more proteins than the YnF and YnGG probes. The
types of prenylation were color coded as follows: farnesylated (red), geranylgeranylated
type-I (blue), geranylgeranylated type-Il (green).
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The YnF probe identified more farnesylated proteins (29) than the C15AIkOPP
probe (26), but for geranylgeranylation targets, the latter probe identified more (52 total
for C15AIKOPP versus 24 for YnF) (Fig. 7A). The C15PentOPP probe labeled more FTase
and GGTase-ll targets and an equal number of GGTase-l substrates compared with
YnGG (Fig. 7B). Overall, the C15AIkOPP and C15PentOPP probes label more proteins
than YnF and YnGG (78 and 58 for C15AIkOPP and C15PentOPP respectively, versus
52 for YnF and 50 for YnGG), however our experiments were performed in the presence
of statin. Probably the most noteworthy difference between these isoprenoid analogues
is that the C15AIkOPP probe labels all classes of prenylated proteins whereas the YnF
probe labels predominantly farnesylated proteins. Similarly, the C15PentOPP probe
labels a wide variety of prenylated proteins including farnesylated proteins whereas the
YnGG probe is considerably more selective for geranylgeranylated proteins compared
with C15PentOPP. That latter observation is somewhat surprising since C15PentOPP is
one carbon longer than YnGG. However, again, the inclusion of statin in the C15PentOPP
experiment likely contributes to this. The aforementioned in-gel fluorescence experiments
shown in Figure 4 show enhanced incorporation in the 37-75 kDa region in the presence
of statin. Those proteins are likely farnesylated suggesting that the inclusion of statin
effectively suppresses endogenous FPP levels allowing the longer but poorer substrate
(the probe) to be incorporated.

When combining the 2 datasets of C15AIkOPP and C15PentOPP profiling, there
were 83 unique prenylated proteins identified (Table 1, left hand side), whereas combining
the Tate’s group YnF and YnGG profiling datasets yielded 80 proteins uniquely identified

(Table 1, right hand side). Interestingly, despite the differences in experimental conditions
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including cell type and methodology, 61 prenylated proteins were identified as common
between the 2 combined datasets (Table 1, green), highlighting the similarities obtained
with these probes.

Table 1. Protein datasets for the C15AIkOPP and C15PentOPP combined for a total of
83 distinct prenylated proteins are compared with the datasets of the YnF and YnGG

probes that have a combined total of 80 distinct prenylated proteins.
In green, 61 proteins are commonly found across the 2 combined datasets.

C15AIkOPP & C15PentOPP YnF & YnGG
No. C15AIKOPP | C15PentOPP | Combined | Combined YnF YnGG
1 BROX BROX BROX BROX BROX CDC42
2 CDC42 CDC42 CDC42 CDC42 CDC42 CNP
3 CENPF CNP CENPF CENPF CENPF FBXL2
4 CNP DNAJA1 CNP CNP CEP85 GNG10
5 DNAJA1 DNAJA2 DNAJA1 DNAJA1 CNP GNG12
6 DNAJA2 GNG12 DNAJA2 DNAJA2 DCAF8 GNG5
7 GBP1 GNG5 GBP1 GBP1 DCAF8 MIEN1
8 GBP2 HRAS GNG10 GNG10 DNAJA1 RAB10
9 GNG10 KRAS GNG12 GNG12 DNAJA2 RAB11B
10 GNG12 LMNB1 GNG5 GNG5 DPCD RAB12
11 GNG5 LMNB2 KRAS KRAS EHBP1 RAB13
12 GNG7 MRAS LMNB1 LMNB1 EHBP1LA1 RAB14
13 INPP5A NRAS LMNB2 LMNB2 GBP1 RAB18
14 KRAS PTP4A1 MIEN1 MIEN1 GNG12 RAB1A
15 LMNB1 PTP4A2 NAP1L1 NAP1L1 GNG5 RAB1B
16 LMNB2 RAB10 PEX19 PEX19 INF2 RAB21
17 MIEN1 RAB11A PHKB PHKB KRAS RAB22A
18 MRAS RAB11B PTP4A1 PTP4A1 LMNA RAB23
19 NAP1L1 RAB13 PTP4A2 PTP4A2 LMNB1 RAB27A
20 NRAS RAB14 RAB10 RAB10 LMNB2 RAB2A
21 PALM RAB18 RAB11A RAB11A LRRFIP1 RAB30
22 PEX19 RAB1A RAB11B RAB11B NAP1L1 RAB31
23 PHKA1 RAB1B RAB13 RAB13 NAP1L4 RAB32
24 PHKA2 RAB1C RAB14 RAB14 PEX19 RAB33B
25 PHKB RAB21 RAB18 RAB18 PHKB RAB34
26 PTP4A1 RAB22A RAB1A RAB1A PTP4A1 RAB35
27 PTP4A2 RAB23 RAB1B RAB1B PTP4A2 RAB3B
28 PTP4A3 RAB2A RAB21 RAB21 RAB10 RAB3D
29 RAB10 RAB31 RAB22A RAB22A RAB11A RAB4A
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30 RAB11A RAB32 RAB23 RAB23 RAB11B RABS5A
31 RAB11B RAB33B RAB2A RAB2A RAB14 RABSB
32 RAB14 RAB35 RAB31 RAB31 RAB1B RAB5C
33 RAB18 RAB3B RAB32 RAB32 RAB21 RABGA
34 RAB1A RAB3D RAB33B RAB33B RABS5C RAB7A
35 RAB1B RAB4B RAB34 RAB34 RABGA RAB8A
36 RAB21 RABS5A RAB35 RAB35 RAB7A RAB8B
37 RAB22A RABS5B RAB3B RAB3B RABS8A RACA1
38 RAB23 RAB5C RAB3D RAB3D RACA1 RAC2
39 RAB24 RABGA RAB4A RAB4A RALB RALA
40 RAB2A RAB6B RABSA RABS5A RAP1B RALB
41 RAB31 RAB7A RABSB RAB5B RAP2B RAP1B
42 RAB32 RABS8A RAB5C RAB5C RAP2C RAP2B
43 RAB33B RAB8B RABGA RABGA RHEB RHOA
44 RAB34 RABY9A RAB7A RAB7A RHOA RHOB
45 RAB35 RAB9B RABS8A RABS8A RHOBTB3 RHOF
46 RAB3A RAC1 RAB8B RAB8B RHOG RHOG
47 RAB3D RAC2 RAC1 RACA1 RND3 RHOJ
48 RAB4A RALA RAC2 RAC2 RRAS RRAS
49 RAB4B RAP1A RALA RALA RRAS2 RRAS2
50 RAB5A RAP1B RALB RALB SPDL1 YKT6
51 RABSB RAP2B RAP1B RAP1B ULK3

52 RABS5C RHEB RAP2B RAP2B YKT6

53 RABGA RHOA RAP2C RAP2C ZC3HAV1

54 RAB6GB RHOB RHEB RHEB

55 RAB7A RHOG RHOA RHOA

56 RABS8A RRAS RHOB RHOB

57 RAB8B RRAS2 RHOG RHOG

58 RABY9A YKT6 RND3 RND3

59 RAC1 RRAS RRAS

60 RAC2 RRAS2 RRAS2

61 RALA YKT6 YKT6

62 RALB GBP2 CEP85

63 RAP1A GNG7 DCAF8

64 RAP1B HRAS DPCD

65 RAP2A INPP5A EHBP1

66 RAP2B MRAS EHBP1L1

67 RAP2C NRAS FBXL2

68 RHEB PALM INF2

69 RHOA PHKA1 LMNA

70 RHOB PHKA2 LRRFIP1
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71 RHOC PTP4A3 NAP1L4
72 RHOG RAB1C RAB12
73 RND3 RAB24 RAB27A
74 RRAS RAB3A RAB30
75 RRAS2 RAB4B RHOBTB3
76 STK11 RAB6GB RHOF
77 UBL3 RABY9A RHOJ
78 YKT6 RAB9B SPDL1
79 RAP1A ULK3
80 RAP2A ZC3HAV1
81 RHOC

82 STK11

83 UBL3

2. 2. 5. Proteomic Analysis of GGTase-l Inhibition Data with C15PentOPP

Given the superior preference for geranylgeranylated proteins of the C15PentOPP
probe in the absence of statin (Fig. 5D), an inhibition experiment was carried out to further
examine the selectivity of this probe towards geranylgeranylated proteins and the
possibility of using this approach to to examine geranylgeranylation inhibition of many
proteins simultaneously in a single experiment. Out of the 16 geranylgeranylation type-I
proteins identified with C15PentOPP in AML-3, almost half (7) were inhibited by GGTI-
298, a GGTase-l inhibitor (RAP2A, RALA, RAP1B, RAP1A, RAP2B, RAP2C, GNG5).
That experiment was performed using 10 uM GGTI-298 which has a reported ICso of 5
UM in NIH 3T3 cells.*? It is worth noting that RAP2A is known to be one of the proteins
that is subjected to alternative prenylation allowing it to be prenylated by either FTase or
GGTase-1.3443 Using a different GGTase-I inhibitor, GGTI-2133, only detected 4 proteins

significantly depleted (RALA, RAP1B, RAP1A, MIEN). This experiment was also
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performed using 10 uM GGTI-2133 which has a reported ICso of 10 uM in NIH 3T3 cells.*?

When using a less stringent but still statistically significant false discovery rate of 5% (FDR

= 0.05), the number of significantly depleted geranylgeranylated type-| proteins grew to

14 for GGTI-298 (Fig. 8A) and 10 for GGTI-2133 (Fig. 8B), which indicates that almost all

of the geranylgeranylated type-l proteins discovered during profiling were selectively

inhibited by this class of enzyme inhibitors. The diminished inhibition obtained with GGTI-

2133 compared with GGTI-298 is consistent with the differences in their published ICso

values of 10 yM and 5 uM, respectively. These experiments establish that the

C15PentOPP probe can be used successfully in combination with GGTase-I inhibitors to

identify protein targets potentially involved in this specific type of prenylation.
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Figure 8. Volcano plots for inhibition of GG-I with the C15PentOPP probe.
(A) GGTI 298 inhibition showing 14 geranylgeranylated type-| proteins. (B) GGTI 2133
inhibition showing 10 geranylgeranylated type-| proteins. All treatments were performed
in AML-3 cells at n = 3 and 10 uM probe/GGT] final concentration. DMSO was used as
the control comparison in all cases with FDR = 0.05, sO = 0.1 parameters.
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2. 2. 6. In-vivo Labeling

2. 2. 6. 1. Experiment Design

Next, metabolic labeling was investigated in mice. If efficient labeling of prenylated
proteins could be accomplished in such experiments, it would greatly increase the types
of diseases and biological question that could be investigated. Earlier experiments had
been conducted using the alcohol form of the probe (C15AIkOH) prepared as an emulsion
in 5% Tween 80 since early metabolic labeling experiments had been carried out using
that form of the probe. Prior to injection, mice were dosed with simvastatin 24 h before
probe administration (either intraperitoneal or subcutaneous injection); after allowing 24
h for probe incorporation, the mice were sacrificed and brains, kidneys, liver and spleen
were harvested. Cell lysis followed by click reaction with TAMRA-N3, SDS-PAGE
fractionation and fluorescent scanning revealed the presence of some labeling in the
kidney and liver. Unfortunately, subsequent prenylomic analysis revealed only two
potentially prenylated proteins. More recent metabolic labeling results demonstrated that
the diphosphate form of the probe (C15AIkOPP) was more efficient than the alcohol form
for labeling prenylated proteins in cell culture. That was reproduced in the metabolic
labeling experiments described above. In addition, effective labeling of 37 different
prenylated proteins in the mouse brain had been accomplished via intracerebroventricular
infusion of C15AIkOPP directly into the brain (over a 2-week period).22 Encouraged by
those observations, experiments to label peripheral organs in mice were undertaken here.

Given the aforementioned results obtained via subcutaneous injection of C15AIkOH,
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efforts focused on that mode of administration. Accordingly, C15AIkOPP and
C15PentOPP were injected subcutaneously in APP/PS1 mice either once followed by
organ harvesting after 24 h or 3 times at 24 h intervals followed by harvesting after an

additional 24 h. Labeling was observed with the C15AIkOPP probe in the liver and kidney

(Fig. 9B).
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Figure 9. Animal experiment schematic and initial in-gel fluorescence results in the liver
and kidney after 1 day and after 3 days.

Probe 1 = C15AIKOPP, probe 3 = C15PentOPP, Veh = vehicle control. All lanes were
subjected to click reaction with TAMRA-N3, followed by electrophoretic separation on 12%
SDS-PAGE gels.

2. 2. 6. 2. In-gel Fluorescence Comparison Between E3/E4

To test the labeling potency of the C15AIkOPP probe in vivo, we wanted to answer
a biological question, relevant for Alzheimer’s Disease (AD). It is known that the E4 gene,
when present in patients, increases their risk of developing AD up to 15-fold, whereas the

E3 isoform does not have an impact on AD development.'6.18 31
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Figure 10. In gel fluorescence for different tissues and probes.

(A) C15AIkOPP in Heart after 3 days (B) C15AIkOPP in Brain after 3 days (C) C15AIkOPP
in Spleen after 3 days (D) C15PentOPP in Heart, Brain, Kidney, Liver, Spleen and skeletal
muscle after 2 days. All lanes were subjected to click reaction with TAMRA-N3, followed
by electrophoretic separation on 12% SDS-PAGE gels.

To determine whether prenylation levels vary in response to different APOE

isoforms, humanized mice expressing either APOE3 or APOE4 were chosen for study.

The mice were injected subcutaneously with 150 pL of C15AIkOPP or FPP control

solution at 24 h intervals. After 72 h, the mice were dissected and the heart, brain, kidg%y,



liver and spleen tissues were collected and homogenized. The tissues were lysed and
reacted with TAMRA-N3, followed by SDS-PAGE fractionation and in-gel fluorescence
scanning. The heart, brain and spleen tissues showed no probe incorporation above the
control (Fig. 10A, 10B and 10C). The kidney and the liver samples were the only tissues
to show labeling after subjecting the tissue lysates to the in-gel fluorescence workflow.
Labeling was observed across the 3 replicates between 20 and 75 kDa in the kidney in
both E3 and E4 samples, with a tendency of E3 labeling (1.8 relative intensity) to be
stronger that E4 labeling (1.3 relative intensity) when quantifying the band intensities via
densitometry (Fig. 11A). In contrast, in the liver, labeling was localized around the 20-25
kDa region in both E3 and E4 replicates, and labeling was more pronounced in E4 (2.2
relative intensity) than in E3 (1.9 relative intensity) when quantifying intensities of the

bands via densitometry (Fig. 11B).
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Figure 11. In-gel fluorescence data for APOE3 and APOE4 mice showing different
labeling patterns in kidney and liver with the C15AIkOPP probe.
(A) Kidney E3/E4 comparison. (B) Liver E3/E4 comparison. All lanes were subjected to
click reaction with TAMRA-N3, followed by electrophoretic separation on 12% SDS-PAGE
gels.
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2. 2. 6. 3. Mouse Liver Proteomics with C15AlkOPP

Having seen potential differences in the labeling patters in the liver and kidney, and
given that the liver is the only place in the periphery where APOE is synthesized,?*?! we
were excited to first examine the liver samples through proteomic profiling analysis. For
both E3 and E4, less background was observed than in the cell-based experiments, with
only prenylated proteins being found significantly enriched at an FDR of 1% (Fig. 12A and
12B, colored dots). There were 24 significantly enriched prenylated proteins in the E3
dataset and 23 in the E4 dataset. Of those, 20 proteins were found in common between
the 2 datasets, with 9 of them having various degrees of statistically significant differences
in their fold change values (Fig. 12C, right side of plot). The highest changes were
observed though in the proteins solely identified in one dataset or another, namely
RAB1C, RAB22A, RAB35 (geranylgeranylated type-lIl) and YKT6
(farnesylated/geranylgeranylated type-l) were only found significantly enriched in E3, and
RAB21, RAB2B (geranylgeranylated type-ll) and PEX19 (farnesylated) being found
significantly enriched only in the E4 dataset (Fig. 12C, left side of plot). It must also be
noted that, interestingly, 5 of these proteins found in higher levels in E4 mice with high
confidence (RAB1A, RAB1B, RAB2A, RAB2B and RABGA) were also found to be present
in higher levels in a previous study that examined protein prenylation in the brains of AD

mice.32
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Figure 12. Proteomic profiling data for APOE3 and APOE4 mouse liver with the
C15AIKOPP probe.

(A) Volcano plot for the E3 liver. (B) Volcano plot for the E4 liver. (C) Bar graph of protein
identity versus fold change of significantly enriched proteins in E3 and E4. (D) Bar graph
showing protein identities and difference in fold change between E3 and E4 in the
proteomic experiment (blue bars) and in transcriptomic data (red bars). All treatments
were performed subcutaneously at n = 3 and 1 daily 150 uL injection at 33 mM for 3 days.
25mM NH4HCO3 was used as the control and statistical data analysis was performed with
stringent FDR = 0.01, sO = 0.5 parameters. ADH (yellow dot) was the internal standard.
Significance in the bar graph was tested using a two-tailed, unpaired t-test and is indicated




as *P< 0.05, **P< 0.01, and ***P<0.001. Error bars show standard error. The first 7
proteins are unique in only one of the data sets, but the respective fold change is
represented as 0.1 just for illustration purposes only. RNAseq data was obtained from
Gene Expression Omnibus dataset GSE42930 by Graeser et al in the liver of targeted
gene replacement mice.

To validate the changes in prenylation observed for the 27 proteins plotted in Figure
12C do not originate in the differential expression levels of those genes in the E3 and E4
genotypes, a comparison with RNAseq data was performed. In Figure 12D, the difference
in the logz fold changes for the 27 genes are plotted for the proteomic data obtained above
(blue bars) and for the transcriptomic data (red bars) obtained from the Gene Expression
Omnibus dataset GSE42930 by Graeser et alin the livers of targeted replacement APOE3
and APOE4 mice. What is important to note is that the difference in fold change in the
proteomic data is much greater than that observed in the transcriptomic data, where the
respective proteins didn’t have significantly higher/lower levels of expression. Importantly,
this indicates that the changes in prenylation levels observed in the proteomic analysis
were not due to differential (higer/lower) gene expression in each APOE genotype, but
indeed a direct implication of upregulation/downregulation of prenylation itself. This
validates the results obtained in the proteomic analysis and opens the door for further

studies using the statistically significant proteins as drug targets in the context of

Alzheimer’s disease.
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2. 2. 6. 4. Mouse Kidney Proteomics with C15AIkOPP

For the kidney proteomic analysis, there were 16 significantly enriched prenylated

proteins in the E3 dataset and 11 in the E4 dataset, all of which were found in E3 (Fig.

13).
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Figure 13. Proteomic profiling data for APOE3 and APOE4 mouse kidney with the
C15AIKOPP probe.

(A) Volcano plot for the E3 kidney. (B) Volcano plot for the E4 kidney. (C) Bar graph of
protein identity versus fold change of significantly enriched proteins in E3 and E4. All
treatments performed at n = 3 and 1 daily 150 pL injection at 33 mM for 3 days. 25mM
NH4HCO3 was used as the control and statistical data analysis was performed with FDR
= 0.01, sO = 0.5 parameters. ADH (yellow dot) was the internal standard. Significance in
the bar graph was tested using a two-tailed, unpaired t-test and is indicated as *P< 0.05,
**P<0.01, and ***P<0.001. Error bars show standard error. The first 5 proteins are unique
in only one of the data sets, but the respective fold change is represented as 0.1 just for
illustration purposes only.
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The changes in prenylation between the 2 datasets of E3 and E4 were much more
modest, with just three proteins identified overall as having a statistically significant fold

change from one genotype to another (Fig. 13).

2. 2. 6. 5. Interpretation of E3/E4 Differences

Apolipoprotein E (APOE) is a protein with a major role in the metabolism and transport
of fats in mammals. In the brain, it is the main carrier of cholesterol.** In humans, there
are three main alleles: E2 (8% world frequency), E3 (78% world frequency) and E4 (14%
frequency).”” The presence of the E2 isoform is indicative of lower risk for AD
development and the E3 allele is considered to be neutral, whereas the presence of the
E4 allele is a predictor, suggesting increasing risk of late onset AD by up to 15-33 fold
when homozygous in different populations.*® In an AD brain, the naturally occurring
amyloid-B (AB) protein is found in abnormally high levels with the proteins associating,
resulting in the formation of plaques that impair neuronal function. Fibrillar AR increases
lipid droplets in the brain, a mechanism dependent on APOE4.46

Multiple RAB proteins have been linked with AD, some being upregulated in AD
patients (RAB4A, RAB5, RAB6A, RAB7, RAB10, RAB27) and others having direct
regulatory effects, interactions or increasing production of A (RAB1A/B, RAB3A/B,
RAB5, RAB6A, RAB11A/B, RAB39B).4” The prenylated forms of RAB proteins found
significantly enriched in E4 versus E3 in the liver proteomic analysis include: RAB1A,
RAB1B, RAB2A, RAB5B, RAB5C, RAB6A. RAB1A and RAB1B prenylation is essential

for their cellular functions that include protein transport, cell autophagy, cell signaling and,
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importantly, intracellular trafficking of the amyloid-R precursor protein.*® This means that
RAB1A/B proteins are directly involved in AR production, and their elevated detection in
the E4 liver suggests that prenylation of RAB1A/B may be linked to AD. The RAB5B/C
family serves a role in early endosome regulation. It is known that in AD, the RABS
proteins are upregulated, which leads to enlarged endosomes.*® Upregulation of RAB5
proteins has also been linked to increasing the production of AB protein, further
connecting it with AD.5° RABGA, another protein that is upregulated in AD,%" is known to
interact with presenilin 1 (PSEN1),%? one of the main proteins that regulates the
production of the amyloid- precursor protein and hence, the production of AB. Thus,
RABGA may be indirectly related to AD development. The Rho family signaling pathway
has been linked to promoting AD onset by increasing B-secretase activity and promoting
amyloid-beta (AB) production.?? Lastly, another protein found only in the E4 dataset is
PEX19 whose farnesylation is essential for its role in peroxisomal function.>* Peroxisomal
dysfunctions have been correlated with early AD onset and accelerated brain aging,®®

therefore linking PEX19 directly with AD.

2. 3. Conclusions

In this work, two different alkyne-containing isoprenoid probes of different lengths
(C15AIkOPP and C15PentOPP) were synthesized to study protein prenylation. The
C15AIkOPP probe was able to identify via metabolic labeling and subsequent prenylomic
analysis a plethora of prenylated proteins with high confidence in different cell lines,

including COS-7 and AML-3. The C15PentOPP probe is longer and was designed to
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selectively label geranylgeranylated proteins, which it does most successfully in the
absence of statin. The proteins identified by the C15PentOPP probe are a subset of those
labeled by the C15AIkOPP probe, further demonstrating the broader labeling ability of the
latter probe. Both probes have been able to identify some proteins that others in the field
were able to identify with different probes using comparable methods and experimental
conditions, further validating the applicability of our probes and method. The
C15PentOPP was responsive in labeling sets of geranylgeranylated type-| proteins in the
presence of potent GGTase type-l inhibitors (GGTI 298 and GGTI 2133), revealing with
high confidence prenylated targets of these inhibitory compounds.

When studying the two probes for prenylation in vivo, the C15AIkOPP probe
showed labeling after one injection and more intense labeling after 3 days of daily
injections in the liver and kidney, with the C15PentOPP probe showing weaker labeling
after 2 days compared to the C15AIkOPP labeling after one day. The APOE gene has
been associated with AD, so an experiment comparing protein prenylation in transgenic
mice with the E3 allele of the APOE gene versus mice with the E4 allele revealed
differences in prenylation in the liver, the main location for the endogenous synthesis of
peripheral APOE. Out of the 27 proteins identified as significantly enriched with high
confidence in the two datasets (E3 and E4), 4 were found only in E3, 3 were found only
in E4 and 20 were found in both E3 and E4. From the 20 proteins found in common, 9 of
them had fold changes that were statistically significant, with all these 9 proteins having
a higher fold change value in the E4 dataset, along with implications in either APOE

regulation/transport or AD pathology.
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2. 4. Experimental Procedures

2. 4. 1. Synthetic Procedure for the C15PentOPP Probe

2-(((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-2H-pyran (5)

This synthetic procedure follows a previously published protocol.! To a stirred
solution of farnesol (5 g, 22.5 mmol, 1 equiv) in dry CH2Cl> (60 mL), DHP (2,3-
dihydropyran) (2.9 g, 33.8 mmol, 1.5 equiv) was added at rt. After that PPTS (0.6 g, 2.25
mmol, 0.1 equiv) was added to the reaction mixture at rt. The resulting solution was stirred
at rt for 3 h. The reaction was quenched with saturated aqueous NaHCO3 and extracted
with CH2Cl2 (3 x 25 mL). The combined organic layer was dried over Na>SO4 and
concentrated, affording compound 7 as a clear oil (6.8 g, 99%). Spectral data obtained

were in good agreement with those reported in the literature.’

(2E,6E,10E)-2,6,10-trimethyl-12-((tetrahydro-2H-pyran-2-yl)oxy)dodeca-2,6,10-

trien-1-ol (6)

This synthetic procedure follows a previously published protocol." To a stirred
solution of THP-protected farnesol 7 (6.8 g, 22.2 mmol, 1 equiv) in dry CH2Cl> (50 mL),
SeO:2 (225 mg, 2.22 mmol, 0.1 equiv) and salicylic acid (307 mg, 2.22 mmol, 0.1 equiv)
were added at rt. After that, -BuOOH (6 g, 66.6 mmol, 3 equiv) was added dropwise to
the reaction mixture at rt. The resulting solution was stirred at rt overnight. The reaction

was quenched with saturated aqueous NaHCO3 and extracted with CH2Cl2 (3 x 25 mL).
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The combined organic layer was dried over Na:SO4 and concentrated. The resulting
crude product was dissolved in CH3OH and subjected to NaBH4 reduction: 1 equiv was
added portion wise over the course of 1 h, while the reaction mixture was being stirred
slowly on an ice bath. Then, the methanol was evaporated, and the reaction was extracted
with EtOAc (3 x 25 mL). The combined organic layer was dried over NaxSOs,
concentrated, and then purified by flash column chromatography on silica gel using 20%
EtOAc/hexanes (v/v) to afford the desired allylic alcohol 6 (2 g, 28%). Spectral data

obtained were in good agreement with those reported in the literature.’

2-(((2E,6E,10E)-12-chloro-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-

2H-pyran (7)

NCS (2.5 g, 18.6 mmol, 3 equiv) was dissolved in dry CH2Cl> (40 mL) under Na.
The resulting solution was placed on an ice bath and was stirred about 15 min until it
reached 0 °C. Then, (CHz3)2S (1.2 g, 18.6 mmol, 3 equiv) was added and the resulting
mixture was stirred at 0 °C for 30 min. Then, the ice bath was removed, and the mixture
was allowed to reach rt (45 min). After that, the mixture was cooled back down to 0 °C.
The allylic alcohol 6, dissolved in 10 mL of dry CH2Cl2, was then added dropwise over a
period of 15 min (2 g, 6.2 mmol, 1 equiv). When the addition was complete, the ice bath
was removed, and the reaction was allowed to reach rt. After stirring at rt for 3 h, the
reaction was quenched with H2O (50 mL) and extracted with CH2Cl2 (3 x 50 mL). The

organic layer was dried over Na>SOg4, concentrated, and then purified by flash column
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chromatography on silica gel using 5% EtOAc/hexanes (v/v) to afford the desired allylic
chloride 5 (1.5 g, 71%).

"H NMR (500 MHz, CDCl3): & = 1.51-1.93 (m, 6H), 1.62 (s, 3H), 1.70 (s, 3H), 1.75 (s, 3H),
2.01-2.19 (m, 8H), 3.50-3.57 (m, 1H), 3.88-3.95 (m, 1H), 4.05-4.09 (m, 1H), 4.26 (dd, 1H,
J=8.0,8.7),4.65(t, 1H, J =4.5),5.14 (t, 1H, J = 8.0), 5.38 (t, 1H, J = 7.5), 5.52 (t, 1H, J
= 8.0).

13C NMR (125 MHz, CDCI3): 5 = 14.3, 16.0, 16.5, 19.7, 25.5, 26.3, 26.6, 30.7, 38.9, 39.6,
52.6, 62.3, 63.7, 97.9, 120.87, 124.5, 130.7, 131.6, 134.5, 140.1.

HRMS (ESI) m/z for C20H3302CINa*: calculated 363.2067, found 363.2077 [M+Na]".

2-(((2E,6E,10E)-3,7,11-trimethyl-12-(pent-4-yn-1-yloxy)dodeca-2,6,10-trien-1-

yl)oxy)tetrahydro-2H- pyran (8)

First, 4-pentyn-1-ol (1.5 g, 17.6 mmol, 4 equiv) was dissolved in dry THF (30 mL)
on an ice bath. Then, --BuOK (2 g, 17.6 mmol, 4 equiv) was added slowly and the resulting
mixture was placed under N2. Then, 18-crown-6 ether (120 mg, 0.44 mmol, 0.1 equiv)
was added and the reaction was stirred at 0 °C for 15 min. After that, the allylic chloride 5
was added dropwise (1.5 g, 4.4 mmol, 1 equiv, dissolved in 10 mL dry THF) and the
reaction was stirred for 1h at 0 °C. The ice bath was then removed and the reaction was
stirred at rt overnight. Then, the THF was removed in vacuo and the reaction was
extracted with CH2Cl.. The organic layer was dried over Na>SOa4, concentrated and then
purified by flash column chromatography on silica gel using 5% EtOAc/hexanes (v/v) to

afford the desired protected ether 4 (1.2 g, 70%).
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1H NMR (500 MHz, CDCls): & = 1.62 (s, 3H), 1.66 (s, 3H), 1.70 (s, 3H), 1.78-1.81 (m, 6H),
2.00-2.17 (m, 8H), 2.39-2.47 (m, 4H), 3.44 (t, 2H, J = 7.0), 3.50-3.56 (m, 1H), 3.66 (td,
2H, J=7.1, 6.5), 4.05-4.09 (m, 1H), 4.26 (dd, 1H, J= 8.0, 8.7), 4.64 (t, 1H, J = 3.0), 5.13
(t, 1H, J = 7.5), 5.38 (q, 2H, J= 6.5).

13C NMR (125MHz, CDCI3): & = 13.8, 16.0, 16.4, 19.6, 20.2, 25.5, 26.3, 28.6, 30.7, 39.3,
39.6, 62.3, 63.7, 66.5, 67.9, 76.0, 89.5, 96.2, 97.8, 120.6, 124.2, 128.2, 132.0, 134.9,
140.2.

HRMS (ESI) m/z for C2sH400O3Na™: calculated 411.2875, found 411.2895 [M+Na]*.

((2E,6E,10E)-3,7,11-trimethyl-12-(4-pent-1-yl)oxy)dodeca-2,6,10-trien-1-ol (4)

To a solution of THP protected alcohol 4 (1.2 g, 3.1 mmol, 1 equiv) in 50 mL of
ethanol, PPTS (0.8 g, 3.1 mmol, 1 equiv) was added at rt. Then the reaction mixture was
heated to 65 °C and stirred for 3 h. The solvent was evaporated and then purified by flash
column chromatography on silica gel using 20% EtOAc/hexanes (v/v) to afford the desired
deprotected ether 3 (450 mg, 47%).

'"H NMR (500 MHz, CDCI3): & = 1.62 (s, 3H), 1.66 (s, 3H), 1.70 (s, 3H), 2.02-2.17 (m,
10H), 2.39 - 2.46 (m, 3H), 3.88 (s, 2H), 4.14 (d, 2H, J = 7.5), 4.18 (d, 2H, J = 7.5), 5.14
(t, 1TH,J =7.5),5.39 (t, 1H, J = 6.5) 5.44 (t, 1H, J = 6.0).

13C NMR (125 MHz, CDCI3): 5 = 13.8, 16.0, 16.3, 20.1, 21.1, 23.1, 26.3, 39.3, 39.5, 59.4,
60.4, 61.4, 68.0, 76.0, 123.4, 124.1, 128.1, 132.0, 135.1, 139.7.

HRMS (ESI) m/z for C20H3202Na™: calculated 327.2300, found 327.2259 [M+Na]".
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1-(((2E,6E,10E)-12-bromo-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)pent-4-yne

(9)

PPhs (resin-bound, 1.2 g, 4.4 mmol, 3 equiv) was suspended in 10 mL CH2Cl; and
the mixture was stirred for 45 min at rt under N2 atmosphere. After that, the deprotected
alcohol 3 (450 mg, 1.46 mmol in 10 ml CH2Cl2) was added to the suspension and stirred
at rt for 15 min. Afterwards, CBrs (1.5 g, 4.4 mmol in 10 ml CH2Clz) was added to the
reaction, allowing for further stirring for 3 h under N2 at rt. After that, the resin was removed
by filtration (using filter paper) and the resulting mixture was concentrated to yield the
desired bromide 2 (crude, 600 mg, 1.64 mmol). This was directly used in the next step

without purification due to the bromide’s high instability.

((2E,6E,10E)-3,7,11-trimethyl-12-(4-pent-1-yl)oxy)dodeca-2,6,10-trien-1-yl

diphosphate (3)

The crude bromide 2 was dissolved in 15 mL of dry acetonitrile (assuming
quantitative conversion) and a solution of (n-BusN)sHP207 (1.8 g, 2 mmol, 1.2 equiv) in 5
mL of dry acetonitrile was added to the reaction mixture at rt under N2 atmosphere. After
4 h, the reaction mixture was concentrated and then passed directly through a Dowex
Resin (ion-exchange column, Amberchrome® 50WX8 100-200H, hydrogen form, 50-100

mesh).
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To prepare this, the resin was packed into a column, washed with 3 bed volumes of conc.
NH4OH, and equilibrated with 4 bed volumes of 25 mM NHsHCO3/i-PrOH (98/2, viv).
Then, the crude product was loaded on the ion-exchange column and eluted with 250 mL
of 256 mM NH4sHCOg3/i-PrOH (98/2, v/v). The compound containing fractions were
combined and lyophilized.

After that, the crude was resuspended in 3 mL of 0.1 M NH4HCO3 and 12 mL of
CH3CN:IPA (1/1, v/v). The mixture was vortexed and then centrifuged for 10 min. Then
the supernatant was collected and the solvent was evaporated.

The crude was further purified by cellulose column. The column (2.5 x 18 cm) was packed
with cellulose (Cellulose fibers, (medium), Sigma-Aldrich C6288) and equilibrated with
90:10 THF: 0.1 M NH4HCOs3 (v/v).

Next, the crude mixture was added to the column and 200 mL of 90:10 THF:0.1M
NH4HCOs3 (v/v) was eluted. Then 200 mL 80:20 THF:0.1 M NH4HCO3 (v/v) and 200 mL
70:30 THF:0.1 M NH4HCO3 (v/v) were eluted at a flow rate of 5.0-6.0 mL/min. The
fractions were collected in 13 x 100 mL test tubes and checked by ES| mass spectrometry.
The fractions containing the diphosphate were combined and the THF was evaporated,
followed finally by lyophilization of the remaining aqueous buffer. The yield of the reaction
was determined by the 3'P NMR spectroscopy using an internal standard (Na;HPO4) to
be 21% (154 mgq).

"H NMR (400 MHz, D20): & = 1.54 (s, 5H), 1.64 (s, 3H), 1.67 (s, 3H), 1.93-2.17 (m, 9H),
2.26 - 2.33 (m, 2H), 3.35 (t, 2H, J = 6.0), 3.81 (s, 2H), 4.39 (t, 2H, J = 5.2), 5.11 (t, 1H, J
= 3.6), 5.31-5.42 (m, 2H).

3P NMR (162 MHz, D20): & = -6.23 (d, J = 21.1 Hz), -10.17 (d, J = 21.1 Hz).
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13C NMR (100 MHz, D20): & = 13.3, 15.4, 15.8, 19.4, 25.7, 26.0, 38.7, 39.2, 62.6, 67.2,
76.4,76.7,77.7,119.8, 124.5, 124.6, 129.1, 131.6, 135.6, 142.5.

HRMS (ESI) m/z for C20Hs308P3: calculated 463.1656; found 463.1652 [M-H]-.

2. 4. 2. Metabolic Labeling in Cultured Cells
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Figure 14. Proteomics workflow from cultured cells.

AML-3 cells (generously provided by Dr. David Fruman at the University of
California, Irvine) were cultured in T25 vented-cap flasks (Thermo Fisher) at a density of
around 1.5 x 108 mL and allowed to grow for 24h in RPMI 1640 (Gibco) media
supplemented with 1% L-Glutamine (Gibco), 10% fetal bovine serum (GenClone) and 1%
penicillin—streptomycin (Gibco). COS-7 cells were cultured on 100 mm dishes at around
1 x 106 density and allowed to grow for 24h in 10 mL DMEM (Gibco) media supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin—streptomycin (Gibco).

After 24h, the media was removed and replaced with 5 mL of fresh media. In the
case of experiments including statin, lovastatin (Cayman Chemical) was added at this
point (10 uM) and the flasks/dishes were incubated for 6 h under 5% CO. at 37 °C. After

the statin pre-treatment, the media was retained and the C15PentOPP (10 uM) was
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added, alongside the respective GGTI (where indicated, at respective concentration).

After 24h of incubation, the cells were harvested and pelleted via centrifugation.

2. 4. 3. In-gel Fluorescence Labeling

The cell pellets were suspended in 300 pL of lysis buffer (2.4 yM PMSF, 200
units/nL benzonase nuclease (Sigma-Aldrich), protease inhibitor cocktail and 1% SDS in
1X PBS) and lysed by sonicating on ice 7 times with 3-s pulses at 3-s intervals. Then, the
protein concentration in each sample was quantified using a BCA assay (Thermo Fisher
Scientific). For each sample, a volume containing 100 ug of protein was then subjected
to a copper catalyzed alkyne-azide cycloaddition (CUAAC) reaction (click reaction) with
TAMRA-N3 (25 yM TAMRA-N3 (BroadPharm), 1 mM TCEP (Sigma-Aldrich), 0.1 mM TBTA
(Sigma-Aldrich), and 1 mM CuSOQOg4) for 2 h at rt in the dark. After that, proteins were
precipitated using a ProteoExtract precipitation kit (Millipore-Sigma) following the
manufacturer’s procedure. After removing all liquid, the protein pellet was resuspended
in 30 uL of 1X loading buffer (10% glycerol, 2% SDS, 0.02% bromophenol blue in 50 mM
Tris—HCI pH 6.8) and the pellet was dissolved by heating briefly to 80 °C and vortexing.
Afterwards, the protein samples were loaded and resolved on a 12% SDS-PAGE gel at
120 V until the dye ran off. The gels were placed in deionized H.O and immediately
scanned for TAMRA fluorescence using a Typhoon FLA 9500 (GE Healthcare) gel
scanner. The resulting gel images were processed in Imaged by adjusting the brightness

and contrast of lanes. The gels were stained with Coomassie blue for 12 h and then
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destained with destain solution for 24 h. The final gel images were then processed and

assembled in Microsoft PowerPoint.

2. 4. 4. Enrichment of Prenylated Proteins

For enrichment, a much larger protein sample was necessary than the one used
for in-gel fluorescence, namely 2000 pg. The cells were cultured and treated in the same
manner as described above, just on a larger scale for each replicate. The lysis and BCA
assay protein concentration determination were performed in the same manner as
described above as well. Then, a volume containing 2 mg of protein for each sample was
subjected to a Biotin-N3 click reaction by adding 100 uyM Biotin-N3 (BroadPharm), 1 mM
TCEP, 0.1 mM TBTA, and finally 1 mM CuSQOas. The mixtures were rotated for 2 h at rt and
then the tubes were centrifuged briefly. The proteins were precipitated on ice by adding 1
mL CH3ClI, 4 mL CH30OH and 3 mL 1X PBS buffer, mixing vigorously and then centrifuging
for 10 min. The aqueous layers were removed gently by decanting and the resulting
protein pellets were stored at -20 °C overnight. Next, the protein pellets were resuspended
in 500 pL of 1%SDS in 1X PBS buffer and dissolved by sonication, followed by a BCA
assay to normalize the concentration of recovered protein in each sample.

Then, 200 pL of 0.5 mg/mL Neutravidin agarose beads (Thermo Scientific) were
washed 3 times with 1%SDS in 1X PBS buffer. The volume containing 1 mg of protein
was added to each tube and normalized with 1%SDS in 1X PBS buffer to a total liquid
volume of 500 pL. The samples were incubated at rt for 2h, then they were spun down

and the supernatant was removed. 49



The beads were than washed 3 times with 1 mL of 1%SDS in 1X PBS buffer, then
once with 1 mL of 1X PBS buffer, removing the supernatant after each wash. Next, the
beads were washed 3 times with 1 mL of 8 M Urea in 50 mM TEAB buffer followed by 3
times with 1 mL of 50 mM TEAB buffer. It is crucial during this procedure to ensure a

thorough wash, as well as removing the supernatant without removing any beads.

2. 4. 5. On-Bead Digestion of Biotinylated Proteins

Digestion was immediately set up next by adding 100 puL of 50 mM TEAB buffer to
each sample containing proteins bound to the resin beads and 6 yL of sequencing grade
trypsin solution (ProMega Corp.). The samples were incubated at 37 °C for 18 hours,
then, the digestion was quenched by adding 2.5 pL of 20% formic acid to each sample
and incubated 15 min further. The supernatant was then passed through a Pierce Spin
column (ThermoFisher, not loaded with any stationary phase) and the beads were
washed with 100 pL of 0.5% formic acid. The supernatant was collected again for each

tube after passing through the Spin column.

Lastly, the resin was washed with 100 pL of 30% CH3CN solution in H20 and the
whole mixture was passed through the spin column. The liquid phase collected for each
fraction was then concentrated by freeze-drying and the peptides were resuspended in

40 pL 100 mM TEAB buffer.
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2. 4. 6. TMT Labeling Reaction for Peptides

TMT 6-plex reagents were prepared following the manufacturer’s specifications
(ThermoFisher). Another BCA assay was performed in order to quantify the peptide
samples’ concentrations. Then, the volume necessary for 10 yg of peptides was
supplemented with 3 uL of 150 fM yeast ADH1 internal standard (Waters). 10 uL of the
respective TMT reagent was added to each sample and the volume was normalized to
33 pL with 100 mM TEAB buffer. After incubating at rt for 2 h, 2.5 pL of 5% NH4OH was
added to each sample and then they were incubated for 15 more min at rt to quench the
reaction. Finally, samples were multiplexed by adding them all to the same tube, then
concentrating via freeze-drying. The combined samples were resuspended in 300 pL of

200 mM Ammonium formate pH 10.

2. 4. 7. Reverse-Phase Fractionation

In a 200 uL pipette tip, 3 layers of SDB-XC extraction disks (3 M, 1.07 mm x 0.50
mm) were placed and gently packed in. The micro-column formed was washed with 60
ML CH3CN and 60 pL of 200 mM Ammonium formate pH 10 by centrifugation and
collecting the flowthrough in a micro-centrifuge tube. 100 pL of the TMT-labeled peptides
were loaded into the micro-column and centrifuged. The flowthrough was reloaded and
the centrifugation repeated. Then, a final wash of the loaded micro-column was performed
with 60 pL 200 mM ammonium formate pH 10. All flowthroughs to this point were

discarded. Then, the high-pH reverse-phase fractionation began, collecting and saving
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each flowthrough, followed by freeze-drying of each fraction. There were 7 fractions
collected, 60 yL each: 5%, 10%, 15% 20%, 22.5%, 27.5%, 80% CH3CN in 200 mM
ammonium formate. The 5% and 10% fractions were combined, each subsequent fraction
was individually collected. After all fractions were lyophilized, the final total of 6 fractions
were each resuspended in 30 uL of 0.1% formic acid and transferred into 300 uL fused

glass insert mass spec vials for UPLC-MS? Fusion analysis.

2. 4. 8. UHPLC-MS?3 Fusion Data Acquisition

Data acquisition was performed by using a method that was previously reported.
The TMT-labeled peptides were resolved using a flow rate of 300 nL/min on an UltiMate ™
3000 RSLCnano UHPLC System (ThermoFisher), using a reversed-phase column
packed in-house (75 um i.d., 45 cm). Each of the 6 fractions obtained above was
subjected to varying gradients (from 7% to 34%) of CH3CN with 0.1 % formic acid and
0.1% formic acid in H.O for 80 min and sprayed directly into the Orbitrap Fusion
instrument (ThermoFisher). MS1 scans were collected at 120,000 resolution in a 320—
2,000 m/z range, with 100 ms maximum injection time and an automatic gain control
(AGC) target of 200,000. Next, the data-dependent MS/MS scans were collected with
collision-induced dissociation (CID) at a normalized collision energy (NCE) of 35% with a
1.3 m/z isolation window, with a maximum injection time of 100 ms and AGC target of
5000. Lastly, the acquisition of MS3 data was done by a synchronous selection of the top

10 precursors for fragmentation by high-collisional energy dissociation (HCD) in the
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orbitrap with 55% NCE, 2.5 m/z isolation window, 120 ms maximum injection time and

50,000 AGC target.

2. 4.9. Prenylomic Data Processing and Visual Interpretation

Using MaxQuant (version 2.0.3.1), the raw data files obtained from the UHPLC-
MS? acquisition were uploaded and searched against a non-redundant human database
(UP000005640) from Uniprot. Some parameters were modified from default as follows.
Trypsin/P (Porcine origin) was used for digestion, allowing for a maximum of 3 missed
cleavages with a minimum peptide length of 7 residues. Protein FDR was set to 0.5,
carbamidomethyl C modifications in search were removed, and unique + razor peptides
were used for quantification. Then, MaxQuant was run on 24 cores at the University of
Minnesota Supercomputing Institute. From the files generated, the proteingroup.txt file
was uploaded into Perseus (version 2.0.3.0) for filtering and statistical analysis. In the
Perseus analysis, proteins that were only identified by site, potential contaminants or
reversed were removed. The raw intensities were log. transformed, and proteins with less
than 3 out of 6 values for each TMT channel after transformation were removed. Missing
values were imputed from the normal distribution of the remaining valid values. Reporter
ion (TMT) values were normalized by subtracting rows by the mean value and columns
by the median value. Statistical analysis was performed using a two-sample t-test at FDR
= 1% and s0 = 0.5. Data was then exported to Microsoft Excel for generation of Volcano

plots and further figures.

53



2. 4.10. Animal injections

Mice were injected subcutaneously (subQ) with either 150 L of sterile filtered
C15AIKOPP (stock solution: 3000 uL at 30mM C15AIkOPP with 4.8 mM NH4HCO3 in 1x
PBS) or sterile filtered vehicle (3000 pL at 4.8mM NHsHCO3 in 1x PBS) solution using a
1 mL syringe (Neta Scientific), and 25G needle (Fisher Scientific). Sterile filtration was

performed with 0.22 uM size syringe filters (Celltreat).

2 4. 11. Anesthesia

When the experimental timeframe was complete, mice were anesthetized using
Isoflurane (Isospire) in a drop bottle method for 2-4 minutes, or until they no longer

reacted to a foot pinch test.

2 4. 12. Dissection and Animal Tissue Collection

After anesthesia, mice (all had body weights between 40-50 g) were dissected
using a general dissection protocol. They were cardiac bled with a 1 mL syringe (Neta
Scientific) and 25G needle (Fisher Scientific) to remove excess blood before being
perfused with 20 mL of DPBS (Gibco). After perfusion, the brain was removed and placed
on a glass side on ice. The brain was then dissected into 5 different sections: left front
cortex (LFCrt, 50-70 mg), left back cortex (LBCrt, 50-70 mg), right cortex (RCrt, 100-120
mgq), cerebellum (CB, 60-100 mg) and all else labeled as rest brain (RB, 100-160 mg). All
tissues were placed in a 1.5 mL safe-lock tube (Eppendorf), weighed, and then flash-

frozen in liquid nitrogen. Heart (atrium, 70-100 mg, ventricle, 50-130 mg), spleen (30-80
54



mg), kidney (100-200 mg), and liver (60-900 mg) samples were also collected, weighed,

and then flash-frozen in the same manner as the brain.

2 4. 13. Tissue Homogenization

Each tube (with 50-100 mg tissue) had 300 pl of lysis buffer and 100 mg of 0.5 mm
diameter ZrOB05 beads (Next Advance) added. Tubes were homogenized in the Bullet
Blender (Next Advance) on speed 10 and time 3 min at 4°C. Tubes were checked for
unhomogenized tissue, and, if present, were homogenized for an additional 3 min. After
homogenization, samples were quickly centrifugated on a tabletop centrifuge (Labnet) for
5 seconds. Tissue homogenates were then transferred to a 1.5 mL microcentrifuge tube
(Eppendorf) and then sonicated using the Sonic Dismembrator (Fisher Scientific) 6 times
at 10 second intervals with the tube on ice. All samples were then centrifuged (Fisher
Scientific) at 10,000 x g for 15 minutes and the supernatants were collected for each

sample for subsequent analysis.
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Chapter 3. Proteomic Analysis with an Alkyne-modified Probe
Reveals Differential Effects of Two Different GGTase Type-l

Inhibitors with Implications for Anti-cancer Research.

3. 1. Introduction

Protein prenylation is an irreversible post-translational modification that involves
the attachment of an isoprenoid group to the C-terminus of approximately 2% of the
mammalian proteome. There is the possibility of attaching one farnesyl (C15-length)
chain (Farnesylation), one geranylgeranyl (C20-length) chain (Geranylgeranylation type-
) or 2 geranylgeranyl chains (Geranylgeranylation type-Il) (Fig. 1A). Given the
widespread nature of prenylation, it has been implicated or linked to a variety of diseases,
including blood cancer.

One of the drugs used in treating leukemia and lymphoma is the BCL2 inhibitor
venetoclax. Several studies that led to clinical trials included the successful use of this
drug in combination with other inhibitors to drive the apoptosis of some AML-derived cell
lines.?32* Notably, the Fruman group observed that a synergistic effect was seen when
combining venetoclax and statin. In their studies, they mention that the statin acts as an
inhibitor of geranylgeranylation type-l, which upregulates AML-cell apoptosis.?? When
administering a combination of venetoclax and geranylgeranyltransferase type-1 inhibitor
298 (GGTI 298), the Fruman group observed enhanced albeit cell-dependent apoptosis
that was not observed with a different inhibitor, GGTI 2133.22 Knowing which

geranylgeranylated type-l proteins are involved in this process is a key factor in
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understanding the synergistic effect of venetoclax and targeting those proteins for
therapeutic applications.

In order to do this, we have decided to employ our C15AIkOPP probe (Fig. 1A) for
initial proteomic profiling in different cell lines and then two different GGTls (Fig. 1B) in
combination with the probe to identify differential effects between the two inhibitors. Since
the C15AIkOPP probe labels all types of prenylated proteins,*® a farnesyl transferase
inhibitor (FTI) Tipifarnib was also used in the preliminary in-gel fluorescence experiments

to evaluate the validity of this method for targeted protein identification (Fig. 1B).
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Figure 1: Prenylation mechanism and structures of the FPP endogenous substrate,
C15AIkOPP probe, the two GGTase type-I inhibitors and the FTase inhibitor, along with
initial in-gel fluorescence evaluation.

(A) Prenylation mechanism and chemical structures of farnesylation’s endogenous
substrate and the C15AIkOPP probe. (B) Chemical structures of the inhibitors discussed
in this chapter.
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3. 2. Results and Discussion

3. 2. 1. In-gel Fluorescence-based Inhibition with GGTI 298, GGTI 2133 and
Tipifarnib

Initial evaluation of prenylation inhibition was done via in-gel fluorescence using
our previously published protocol.*® The C15AIkOPP probe (Fig. 1A) was synthesized
and the inhibitors were purchased from Sigma-Aldrich. Initial results in AML-3 showed
decreased labeling in the 20-25 kDa region, where most geranylgeranylated proteins are

found, with GGTI 298 compared to no inhibitor (Fig. 2A, lanes 1 and 2).
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Figure 2: Initial evaluation of inhibition via in-gel fluorescence in different cell lines.

(A) AML-3 in-gel fluorescence with inhibitors. (B) MOLM-13 in-gel fluorescence with
inhibitors. All lanes were subjected to click reaction with TAMRA-N3, followed by
electrophoretic separation on 12% SDS-PAGE gels. All inhibitors were present at 10 yM
final concentration.
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GGTI 2133 had a less potent inhibitory effect in the same region, showing more
labeling than GGTI 298 but less than no inhibitor (Fig. 2A, lanes 2 and 3). Lastly, Tipifarnib
showed a reduction in labeling in the higher molecular weight region, where most
farnesylated proteins are found, as well as a small reduction in the 20-25 kDa region that
typically includes both farnesylated and geranylgeranylated proteins.For MOLM-13, a
significant reduction in labeling was observed in the 20-25 kDa region with GGTI 298 (Fig.
1D, lanes 1 and 2), with GGTI 2133 having a less pronounced effect (Fig. 2C, lane 3) and
Tipifarnib showing substantial reduction of labeling across the entire molecular weight
range (Fig. 2C, lane 4). These results showcase the effect of inhibitors on prenylation via

in-gel fluorescence, with inhibition’s potency being a cell line dependent matter.

3. 2. 2. Cell Culture-based Proteomics for Protein Identification

3. 2. 2. 1. AML-3 Profiling and Inhibition with C15AIkOPP

Having seen the positive in-gel fluorescence results, the next step was to analyze
four different blood cancer cell lines. Using the previously published proteomic workflow,*°
three TMT 6-plex™ proteomic experiments were performed in AML-3, an acute myeloid
leukemia cell line. The first experiment involved profiling with the C15AIkOPP probe in
the absence of statin to avoid any perturbations to the cell physiology, where 67
prenylated proteins were identified as significantly enriched using an FDR of 5% (Fig. 3A),
20 (30%) out of which were geranylgeranylation type-l targets (blue dots). Next, using
C15AlkOPP in both the control and the inhibitor samples, we looked at the inhibition with

GGTI 298 and GGTI 2133 (Fig. 3C and 3D). At FDR = 1%, there were fewer
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geranylgeranylated type-| proteins found significantly enriched in profiling (18) and fewer
proteins significantly depleted with GGTIl 298 and GGTI 2133 (14 and 5, respectively)

(Table 1) than there were at FDR = 5%.
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Figure 3: Volcano plots for AML-3 inhibition with GGTls and Venn diagram for
geranylgeranylated type-1 proteins.

(A) Profiling experiment in the absence of statin with C15AIkOPP (B) Venn diagram for
geranylgeranylated type-1 proteins in profiling (red) GGTI 298 (green) and GGTI 2133
(blue), with 14 proteins being found across the 3 datasets (C) GGTI 298 inhibition showing
significantly depleted proteins are mostly geranylgeranylated type-1 (blue dots) (D) GGTI
2133 inhibition showing significantly depleted proteins are mostly geranylgeranylated
type-1 (blue dots). C15AIkOPP and inhibitor final concentrations were all 10 yM. All
experiments are shown at t-test FDR = 0.05, sO = 0.1.

60



There were 19 geranylgeranylated type-l proteins found significantly depleted
using an FDR = 5% with GGTI 298 (16 (80%) in common with the 20 proteins found in
profiling) and 16 with GGTI 2133 (14 in common with the 20 proteins found in profiling)
(Fig. 3B and Table 1). At this FDR level, all geranylgeranylated type-l proteins inhibited
by GGTI 2133 were also inhibited by GGTI 298, with GGTI 298 inhibiting 3 proteins that

GGTI 2133 did not, namely RAP2C, GNG4 and GBP2 (Table 1).

Table 1. Identities of type-| geranylgeranylated proteins in AML-3 with C15AIkOPP at FDR
= 1% and FDR = 5%.

FDR 1% FDR 5%

No. Profiling | GGTI298 | GGTI 2133 | Profiing | GGT1298 | GGTI 2133
1 GNG12 GNG12 GNG12 GNG10 GNG10 GNG10
2 MIEN1 MIEN1 GNG12 GNG12 GNG12
3 RALA RALA RALA GNG5 GNG5 GNG5
4 RAP1A RAP1A RAP1A MIEN1 MIEN1 MIEN1
5 RAP1B RAP1B RAP1B MRAS MRAS
6 RAC1 RAC1 RAC1 RAC1 RAC1
7 RAC2 RAC2 RAC2 RAC2 RAC2
8 RALB RALB RALA RALA RALA
9 RAP2B RAP2B RALB RALB RALB
10 RHOA RHOA RAP1A RAP1A RAP1A
11 RHOC RAP1B RAP1B RAP1B
12 RHOG RHOG RAP2B RAP2B RAP2B
13 GNG5 GNG5 RHOA RHOA RHOA
14 GBP2 RHOC RHOC
15 CDC42 RHOG RHOG RHOG
16 GNG10 RRAS RRAS RRAS
17 RAB18 GBP2

18 RABS8A GNG4 GNG4

19 RAP2C RAP2C RAP2C

20 RRAS UBL3

21 UBL3 CDC42

22 RAB18

23 RAB8A
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When looking at the fold changes of the proteins found in common, it became
apparent that there was higher enrichment with GGTI 298 (Fig. 4), the proteins having
higher fold changes in that dataset than in the one generated using GGTI 2133. This

suggests that AML-3 is more sensitive to GGTI 298 inhibition than to GGTI 2133 inhibition.
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Figure 4: Bar graph plotting fold change versus protein identity in the 2 GGTI experiments
for significantly depleted geranylgeranylated type-1 proteins in AML-3.

There are 16 proteins found in common between GGTI 298 and GGTI 2133, sorted by
increasing order of absolute fold change values in GGTI 298. The y axis represents
logz(fold change) values.

3. 2. 2. 2. MOLM-13 Profiling and Inhibition with C15AIkOPP

Next, MOLM-13, another acute myeloid leukemia cell line was analyzed. For this,
the profiling experiment with the C15AIkOPP probe was performed using a TMT 6-plex™
experiment and 52 prenylated proteins were identified, 18 of which (32%) being targets
for geranylgeranylation type-l (Fig. 5A, blue dots). For the inhibitors, only one TMT 10-
plex™ experiment was performed, with 4 control samples containing vehicle and then 3
samples each for the two GGTls. This approach halves the mass spectrometry
experimental time and costs, but it comes at the expense of number of proteins identified,

as the concentration of the samples analyzed (control/GGT]) is lower. 62
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Figure 5: Volcano plots for MOLM-13 inhibition with GGTIls and Venn diagram for
geranylgeranylated type-1 proteins.

(A) Profiling experiment in the absence of statin with C15AIkOPP (B) Venn diagram for
geranylgeranylated type-1 proteins in profiling (red) GGTI 298 (green) and GGTI 2133
(blue), with 4 proteins being found across the 3 datasets (C) GGTI 298 inhibition showing
significantly depleted proteins are mostly geranylgeranylated type-1 (blue dots) (D) GGTI
2133 inhibition showing significantly depleted proteins are mostly geranylgeranylated
type-1 (blue dots). C15AIkOPP and inhibitor final concentrations were all 10 yM. All
experiments are shown at t-test FDR = 0.05, sO = 0.1.

At FDR 1%, there were 15 geranylgeranylation type-| targets identified in the
profiling and no proteins depleted by either inhibitor (Table 2). However, at FDR = 5%,

there were 18 geranylgeranylation type-| targets identified in profiling and we were %gle



to identify 5 geranylgeranylated type-| proteins depleted with GGTI 298 (Fig. 5C, blue
dots) and 4 geranylgeranylated type-| proteins depleted with GGTI 2133 (Fig. 5D, blue
dots). Both inhibitor protein datasets were a subset of the 18 total geranylgeranylated

type-| proteins identified in profiling (Fig. 5A and Table 2).

Table 2. |dentities of type-I geranylgeranylated proteins in MOLM-13 with C15AIkOPP at
FDR = 1% and FDR = 5%.
At FDR 1%, there were no depleted proteins with either GGTI.

FDR 1% FDR 5%

No. Profiling | GGTI298 | GGTI 2133 | Profiing | GGTI298 | GGTI 2133
1 RAC2 N/A N/A RAC2 RAC2 RAC2
2 RALA RALA RALA RALA
3 RAP1A RAP1A RAP1A RAP1A
4 RAP1B RAP1B RAP1B RAP1B
5 RABS8A RAB8A RABSA
6 CDC42 CDCA42
7 GBP2 GBP2
8 MIEN1
9 RAB18 RAB18
10 RAB8B RAB8B
11 RACA1 RACA1
12 RAC3 RAC3
13 RAP2B
14 RAP2C
15 RHOA RHOA
16 RHOB RHOB
17 RHOC RHOC
18 RHOG RHOG

All 4 proteins found in common using the two GGTIs had higher fold changes in
the GGTI 2133 dataset, but GGTI 298 identified one extra protein that was not observed

enriched in the GGTI 2133 dataset, namely RAB8A (Fig. 6). This may mean that, while

64



this cell line is more sensitive to GGTI 298 inhibition, GGTI 2133 is more potent in

inhibiting geranylgeranylation type-l in MOLM-13.
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Figure 6: Bar graph plotting fold change versus protein identity in the 2 GGTI experiments
for significantly depleted geranylgeranylated type-1 proteins in MOLM-13.

There are 4 proteins found in common between GGTI 298 and GGTI 2133. RAB8A was
only detected by GGTI 298, the small bar is represented in GGTI 2133 just for illustration
purposes. The y axis represents logx(fold change) values.

3. 2. 2. 3. L363 Profiling and Inhibition with C15AlkOPP

The next cell line analyzed was L363, a plasma cell leukemia, with all experiments
performed via TMT 6-plex™. When profiling with C15AIkOPP, 63 prenylated proteins
were found significantly enriched (Fig. 7A) and 23 of them (37 %) were proteins prenylated
by GGTase I. In the presence of GGTI 298 or GGTI 2133, there were 20 and 8,
respectively, geranylgeranylated type-l proteins affected (Fig. 7C and 7D). One
abnormality that must be noted, appearing for unknown reasons, is that the GGTI 298
dataset showed that labeling of the majority of all prenylated proteins was decreased,
(see the left-hand side of the volcano plot) deviating from the typical behavior of observing
only geranylgeranylated type-| proteins (blue dots) in that area (Fig. 7C). Overall, at FDR

= 5% we identified more proteins in all three experiments, profiling, GGTI 298 and G&5T|



2133 (21, 20 and 8, respectively) than at FDR = 1% (20, 17 and 8, respectively) (Table
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Figure 7: Volcano plots for L363 inhibition with GGTIls and Venn diagram for
geranylgeranylated type-1 proteins.
(A) Profiling experiment in the absence of statin with C15AIkOPP (B) Venn diagram for
geranylgeranylated type-1 proteins in profiling (red) GGTI 298 (green) and GGTI 2133
(blue), with 8 proteins being found across the 3 datasets (C) GGTI 298 inhibition showing
significantly depleted proteins are mostly geranylgeranylated type-1 (blue dots) (D) GGTI
2133 inhibition showing significantly depleted proteins are mostly geranylgeranylated
type-1 (blue dots). C15AIkOPP and inhibitor final concentrations were all 10 yM. All
experiments are shown at t-test FDR = 0.05, sO = 0.1.
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At FDR = 5%, the 20 proteins in the GGTI 298 dataset included the 8 proteins that
GGTI 2133 identified and there was substantial overlap between the geranylgeranylated
type-I proteins depleted by the GGTls and those observed in profiling, with all but one of
the 20 proteins identified in the inhibition experiments missing from the profiling dataset
(Fig. 7B and Table 3).

Table 3. Identities of type-| geranylgeranylated proteins in L363 with C15AIkOPP
at FDR = 1% and FDR = 5%.
Except for GGTI 2133, where the same proteins are identified at both confidence

intervals, more proteins are identified at the less stringent parameter while still at a high
confidence level.

FDR 1% FDR 5%

No. Profiling | GGTI298 | GGTI12133 | Profiling | GGTI 298 | GGTI 2133
1 RAC1 RAC1 RAC1 RAC1 RAC1 RAC1

2 RAC2 RAC2 RAC2 RAC2 RAC2 RAC2
3 RALA RALA RALA RALA RALA RALA
4 RALB RALB RALB RALB RALB RALB
5 RAP1A RAP1A RAP1A RAP1A RAP1A RAP1A
6 RAP1B RAP1B RAP1B RAP1B RAP1B RAP1B
7 RAP2B RAP2B RAP2B RAP2B RAP2B RAP2B
8 RRAS RRAS RRAS RRAS RRAS RRAS
9 CDC42 CDC42 CDC42 CDC42

10 GNG5 GNG5 GNG5 GNG5

11 GNG7 GNG7 GNG7 GNG7

12 RAB18 RAB18 MIEN1 MIEN1

13 RAB8A RAB8A RAB18 RAB18

14 RAC3 RAB23 RAB23

15 RHOA RHOA RAB8A RAB8A

16 RHOC RHOC RAB8B RAB8B

17 RHOG RHOG RAC3

18 CRACR2A RHOA RHOA

19 MIEN1 RHOC RHOC

20 RAB23 RHOG RHOG

21 RAB41 CRACR2A

22 RAB8B RAB41

23 RHOB

24 UBL3

o
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When comparing the fold changes of the 20 proteins identified by the GGTIs, we
observed higher enrichment with GGTI 298 in all 8 cases of commonly found proteins in
GGTI 2133 as well (Fig. 8). This indicates that GGTI 298 has a higher inhibitory effect on

this cell line’s geranylgeranylation type-I than GGTI 2133.
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Figure 8: Bar graph plotting fold change versus protein identity in the 2 GGTI
experiments for significantly depleted geranylgeranylated type-1 proteins in L363.
There are 8 proteins found in common between GGTI 298 and GGTI 2133. Those
detected only by GGTI 298 have a small bar represented in GGTI 2133 just for illustration
purposes. The y axis represents logx(fold change) values.

3. 2. 2. 4 OPM-2 Profiling and Inhibition with C15AIkOPP

The last cell line analyzed was OPM-2, a multiple myeloma cell line, with all
experiments performed via TMT 6-plex™ proteomic analysis. The initial profiling with
C15AIkOPP revealed 62 prenylated proteins significantly enriched at FDR = 1% and 5%
(Fig. 9A and Table 4), out of which 19 were targets for geranylgeranylation type-1 (31%).
However, at FDR = 1% there were 10 and 12 geranylgeranylation type-l targets
significantly depleted by GGTI 298 and GGTI 2133, respectively, with those numbers

increasing to 14 and 15, respectively at FDR = 5%. When looking at the inhibition data at
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FDR =5 %, GGTI 298 identified 14 geranylgeranylated type-l proteins significantly

depleted (Fig. 9C), whereas GGTI 2133 identified 15 (Fig. 9D and Table 4).
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Figure 9: Volcano plots for OPM-2 inhibition with GGTls and Venn diagram for
geranylgeranylated type-1 proteins.
(A) Profiling experiment in the absence of statin with C15AIkOPP (B) Venn diagram for
geranylgeranylated type-1 proteins in profiling (red) GGTI 298 (green) and GGTI 2133
(blue), with 11 proteins being found across the 3 datasets (C) GGTI 298 inhibition showing
significantly depleted proteins are mostly geranylgeranylated type-1 (blue dots) (D) GGTI
2133 inhibition showing significantly depleted proteins are mostly geranylgeranylated
type-1 (blue dots). C15AIkOPP and inhibitor final concentrations were all 10 yM. All
experiments are shown at t-test FDR = 0.05, sO = 0.1.
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There was good overlap between the GGTI depleted proteins and those found in
the profiling experiment with 11 and 12 found in common with the profiling for GGTI 298
and GGTI 2133 respectively at FDR 5% (Fig. 9B).

Table 4. Identities of type-| geranylgeranylated proteins in OPM-2 with C15AIkOPP at
FDR = 1% and FDR = 5%.

FDR 1% FDR 5%
No. Profiling | GGTI298 | GGTI12133 | Profiling | GGTI 298 | GGTI 2133
1 GNG7 GNG7 GBP2
2 MIEN1 MIEN1 MIEN1 GNG12 GNG12
3 RAC1 RAC1 RAC1 GNG7 GNG7 GNG7
4 RALA RALA RALA MIEN1 MIEN1 MIEN1
5 RALB RALB RALB RAC1 RAC1 RAC1
6 RAP1A RAP1A RAP1A RALA RALA RALA
7 RAP1B RAP1B RAP1B RALB RALB RALB
8 RAP2B RAP2B RAP2B RAP1A RAP1A RAP1A
9 RHOA RHOA RHOA RAP1B RAP1B RAP1B
10 RHOC RHOC RAP2B RAP2B RAP2B
11 RRAS RHOA RHOA RHOA
12 DNAJB2 RHOC RHOC
13 GNG5 RHOG RHOG RHOG
14 RHOB RRAS RRAS RRAS
15 RHOG DNAJB2
16 RRAS GNG5
17 CDC42 RHOB
18 CRACR2A CDC42
19 GNG5 CRACR2A
20 RAB18 GNG5
21 RAB23 RAB18
22 RAB8A RAB23
23 RAB8B RAB8A
24 RAB8B

The intersection of all depleted proteins by the two GGTls is shown in Figure 10 in

increasing order of fold change for proteins in the GGTI 298 dataset. Unlike in the
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previous cell lines, there does not seem to be an overall greater inhibitory effect with one
particular GGTI, nor does it seem there is higher sensitivity towards one inhibitor in this
cell line. Interestingly, GGTI 2133 identified more geranylgeranylation type-| targets than

GGTI 298 at both FDR =1% and FDR = 5% (Table 4).
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Figure 10: Bar graph plotting fold change versus protein identity in the 2 GGTI
experiments for significantly depleted geranylgeranylated type-1 proteins in OPM-2.
There are 13 proteins found in common between GGTI 298 and GGTI 2133. Those
detected only by one GGTI have a small bar represented for the other GGTI just for
illustration purposes. The y axis represents logz>(fold change) values.

3. 2. 2. 5. Comparison of all Four Datasets for Geranylgeranylated Type-I
Significantly Depleted Proteins with GGTI 298

When comparing the datasets of significantly depleted proteins by GGTI 298 in each
of the 4 cell lines, it is interesting to note that in the case of AML-3, L363 and OPM-2 there
is good overlap, with 13 proteins found in common between AML-3/L363 and AML-
3/OPM-2, and 12 proteins found in common between L363/OPM-2. The identities of these
proteins are listed in Table 5. There were also 11 proteins commonly found across the
AML-3/L363/OPM-2 datasets, shown in Table 5 in blue, which may be of interest in further

studies in the context of blood cancer. 1
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Figure 11: Venn diagram showing the intersection of all 4 datasets of significantly

depleted geranylgeranylated type-| proteins with GGTI 298.
There are 3 proteins commonly found across the 4 datasets: RALA, RAP1B and RAP1A.

The MOLM-13 dataset is smaller than all the other 3 datasets. It is comprised of
only 5 proteins (RAP1A, RAP1B, RALA, RAC2, RAB8A) and 3 of those are commonly

found across all 4 datasets, namely RALA, RAP1B and RAP1A.

Table 5. Identities of type-lI geranylgeranylated proteins across the 4 cell lines studied

herein with GGTI 298 and C15AIkOPP at FDR = 5%.
There are 11 proteins commonly found in AML-3 and OPM-2 and L363 (last column).

GGTI 298
AML-3
MOLM- AML-3 | AML-3 | L363
No. | AML-3 | "5 2% | 1363 | OPM-2 | “Foe® | o | opmie oLIZI\éléz
1| MIEN1 MIEN1 | MIEN1 [ MIEN1 | MIEN1 | MIEN1 | MIEN1
2 | RACH RAC1 | RAC1 | RAC1 | RAC1 | RAC1 | RACT
3 | RALA | RALA | RALA | RALA | RALA | RALA | RALA | RALA
4 | RALB RALB | RALB | RALB | RALB | RALB | RALB
5 | RAP1A | RAP1A [ RAP1A | RAP1A | RAP1A [ RAP1A | RAP1A [RAPIA |,




6 | RAP1B | RAP1B | RAP1B | RAP1B | RAP1B | RAP1B | RAP1B | RAP1B
7 | RAP2B RAP2B | RAP2B | RAP2B | RAP2B | RAP2B | RAP2B
8 | RHOA RHOA | RHOA | RHOA | RHOA | RHOA | RHOA
9 | RHOC RHOC | RHOC | RHOC | RHOC | RHOC | RHOC
10 | RHOG RHOG | RHOG | RHOG | RHOG | RHOG | RHOG
11 | RRAS RRAS | RRAS | RRAS | RRAS | RRAS | RRAS
12 | GBP2 GBP2 GBP2

13 | GNG12 GNG12 GNG12

14 GNG7 | GNG7 GNG7

15 | GNG5 GNG5 GNG5

16 | RAC2 | RAC2 | RAC2 RAC2

17 RABS8A | RAB8A

18 CDC42

19 RAB18

20 RAB23

21 RAB8B

22 RAC3

23 | GNG4

24 | GNG10

25 | MRAS

26 | RAP2C

3. 3. Conclusions

After our collaborators in the Fruman lab observed the synergistic effect of GGTIs
with the anti-cancer drug venetoclax, we set out to explore the prenylated proteins
affected by these inhibitors, with a goal of identifying which ones are common across
different cell lines. Using the C15AIkOPP probe, we metabolically labeled prenylated
proteins in the absence of statin in profiling experiments across 4 different blood cancer
cell types: AML-3, MOLM-13, L363 and OPM-2, with 67, 52, 63 and 62 proteins found
significantly enriched with high confidence, respectively. For each dataset, 20, 18, 23 and
19 respectively were geranylgeranylation type-| substrates. Proteomic experiments in the

presence of C15AIkKOPP probe and GGTI 298 or GGTI 2133 showed good overlap
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between the significantly depleted proteins identified and geranylgeranylation type-I
substrates found when profiling, with GGTI 298 having overall more potent inhibition.
Importantly, there were 3 proteins found with high confidence across all 4 cell types as
depleted by GGTI 298 (RALA, RAP1B and RAP1A), which will be used as knock-out
targets by our collaborators in order to determine whether they are in fact related to the

synergistic effects of GGTls and venetoclax.

3. 4. Experimental Procedures

3. 4. 1. Metabolic Labeling in Cultured Cells
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Figure 12. Proteomics workflow starting from cultured cells.

AML-3, MOLM-13, OPM2 cells (generously provided by Dr. David Fruman at the
University of California, Irvine) were cultured in T25 vented-cap flasks (Thermo Fisher) at
a density of around 1.5 x 10%/mL and allowed to grow for 24h in RPMI 1640 (Gibco) media
supplemented with 1% L-Glutamine (Gibco), 10% fetal bovine serum (GenClone) and 1%

penicillin—streptomycin (Gibco). COS-7 cells were cultured on 100 mm dishes at around
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1 x 106 density and allowed to grow for 24h in 10 mL DMEM (Gibco) media supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin—streptomycin (Gibco).

After 24h, the media was removed and replaced with 5 mL of fresh media. In the
case of experiments including statin, lovastatin (Cayman Chemical) was added at this
point (10 uM) and the flasks/dishes were incubated for 6 h under 5% CO- at 37 °C. After
the statin pre-treatment, the media was retained and the C15PentOPP (10 pM) was
added, alongside the respective GGTI (where indicated, at respective concentration).

After 24h of incubation, the cells were harvested and pelleted via centrifugation.

3. 4. 2. In-gel Fluorescence Labeling

The cell pellets were suspended in 300 pL of lysis buffer (2.4 yM PMSF, 200
units/nL benzonase nuclease (Sigma-Aldrich), protease inhibitor cocktail and 1% SDS in
1X PBS) and lysed by sonicating on ice 7 times with 3-s pulses at 3-s intervals. Then, the
protein concentration in each sample was quantified using a BCA assay (Thermo Fisher
Scientific). For each sample, a volume containing 100 ug of protein was then subjected
to a copper catalyzed alkyne-azide cycloaddition (CUAAC) reaction (click reaction) with
TAMRA-N3 (25 yM TAMRA-N3 (BroadPharm), 1 mM TCEP (Sigma-Aldrich), 0.1 mM TBTA
(Sigma-Aldrich), and 1 mM CuSOQOg) for 2 h at rt in the dark. After that, proteins were
precipitated using a ProteoExtract precipitation kit (Millipore-Sigma) following the
manufacturer’s procedure. After removing all liquid, the protein pellet was resuspended
in 30 uL of 1X loading buffer (10% glycerol, 2% SDS, 0.02% bromophenol blue in 50 mM

Tris—HCI pH 6.8) and the pellet was dissolved by heating briefly to 80 °C and vortexing.
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Afterwards, the protein samples were loaded and resolved on a 12% SDS-PAGE gel at
120 V until the dye ran off. The gels were placed in DI H.O and immediately scanned for
TAMRA fluorescence using a Typhoon FLA 9500 (GE Healthcare) gel scanner. The
resulting gel images were processed in ImagedJ by adjusting the brightness and contrast
of lanes. The gels were stained with Coomassie blue for 12 h and then destained with
destain solution for 24 h. The final gel images were then processed and assembled in

Microsoft PowerPoint.

3. 4. 3. Enrichment of Prenylated Proteins

For enrichment, a much larger protein sample was necessary than the one used
for in-gel fluorescence, namely 2000 pg. The cells were cultured and treated in the same
manner as described above, just on a larger scale for each replicate. The lysis and BCA
assay protein concentration determination were performed in the same manner as
described above as well. Then, a volume containing 2 mg of protein for each sample was
subjected to a Biotin-N3 click reaction by adding 100 uyM Biotin-N3 (BroadPharm), 1 mM
TCEP, 0.1 mM TBTA, and finally 1 mM CuSQOas. The mixtures were rotated for 2 h at rt and
then the tubes were centrifuged briefly. The proteins were precipitated on ice by adding 1
mL CH3ClI, 4 mL CH30OH and 3 mL 1X PBS buffer, mixing vigorously and then centrifuging
for 10 min. The aqueous layers were removed gently by decanting and the resulting
protein pellets were stored at -20 °C overnight. Next, the protein pellets were resuspended
in 500 pL of 1%SDS in 1X PBS buffer and dissolved by sonication, followed by a BCA

assay to normalize the concentration of recovered protein in each sample. Then, 20(% éJL



of 0.5 mg/mL Neutravidin agarose beads (Thermo Scientific) were washed 3 times with
1%SDS in 1X PBS buffer. The volume containing 1 mg of protein was added to each tube
and normalized with 1%SDS in 1X PBS buffer to a total liquid volume of 500 pL. The
samples were incubated at rt for 2h, then they were spun down and the supernatant
removed.

The beads were than washed 3 times with 1 mL of 1%SDS in 1X PBS buffer, then
once with 1 mL of 1X PBS buffer, removing the supernatant after each wash. Next, the
beads were washed 3 times with 1 mL of 8 M Urea in 50 mM TEAB buffer followed by 3
times with 1 mL of 50 mM TEAB buffer. It is crucial during this procedure to ensure a

thorough wash, as well as removing the supernatant without removing any beads.

3. 4. 4. On-Bead Digestion of Biotinylated Proteins

Digestion was immediately set up next by adding 100 puL of 50 mM TEAB buffer to
each sample containing proteins bound to the resin beads and 6 yL of sequencing grade
trypsin solution (ProMega Corp.). The samples were incubated at 37 °C for 18 hours,
then, the digestion was quenched by adding 2.5 pL of 20% formic acid to each sample
and incubated 15 min further. The supernatant was then passed through a Pierce Spin
column (ThermoFisher, not loaded with any stationary phase) and the beads were
washed with 100 pL of 0.5% formic acid. The supernatant was collected again for each
tube after passing through the Spin column. Lastly, the resin was washed with 100 pL of

30% CH3CN solution in H2O and the whole mixture was passed through the spin column.
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The liquid phase collected for each fraction was then concentrated by freeze-drying and

the peptides were resuspended in 40 uyL 100 mM TEAB buffer.

3. 4. 5. TMT Labeling Reaction for Peptides

TMT 6-plex reagents were prepared following the manufacturer’s specifications
(ThermoFisher). Another BCA assay was performed in order to quantify the peptide
samples’ concentrations. Then, the volume necessary for 10 yg of peptides was
supplemented with 3 uL of 150 fM yeast ADH1 internal standard (Waters). 10 uL of the
respective TMT reagent was added to each sample and the volume was normalized to
33 pL with 100 mM TEAB buffer. After incubating at rt for 2 h, 2.5 pL of 5% NH4OH was
added to each sample and then they were incubated for 15 more min at rt to quench the
reaction. Finally, samples were multiplexed by adding them all to the same tube, then
concentrating via freeze-drying. The combined samples were resuspended in 300 pL of

200 mM Ammonium formate pH 10.

3. 4. 6. Reverse-Phase Fractionation

In a 200 uL pipette tip, 3 layers of SDB-XC extraction disks (3 M, 1.07 mm x 0.50
mm) were placed and gently packed in. The micro-column formed was washed with 60
ML CH3CN and 60 pL of 200 mM Ammonium formate pH 10 by centrifugation and
collecting the flowthrough in a micro-centrifuge tube. 100 pL of the TMT-labeled peptides

were loaded into the micro-column and centrifuged. The flowthrough was reloaded 7a§1d



the centrifugation repeated. Then, a final wash of the loaded micro-column was performed
with 60 pL 200 mM ammonium formate pH 10. All flowthroughs to this point were
discarded. Then, the high-pH reverse-phase fractionation began, collecting and saving
each flowthrough, followed by freeze-drying of each fraction. There were 7 fractions
collected, 60 yL each: 5%, 10%, 15% 20%, 22.5%, 27.5%, 80% CH3CN in 200 mM
ammonium formate. The 5% and 10% fractions were combined, each subsequent fraction
was individually collected. After all fractions were lyophilized, the final total of 6 fractions
were each resuspended in 30 uL of 0.1% formic acid and transferred into 300 uL fused

glass insert mass spec vials for UPLC-MS?3 Fusion analysis.

3. 4. 7. UHPLC-MS? Fusion Data Acquisition

Data acquisition was performed by using a method that was previously reported.
The TMT-labeled peptides were resolved using a flow rate of 300 nL/min on an UltiMate ™
3000 RSLCnano UHPLC System (ThermoFisher), using a reversed-phase column
packed in-house (75 um i.d., 45 cm). Each of the 6 fractions obtained above was
subjected to varying gradients (from 7% to 34%) of CH3CN with 0.1 % formic acid and
0.1% formic acid in H.O for 80 min and sprayed directly into the Orbitrap Fusion
instrument (ThermoFisher). MS1 scans were collected at 120,000 resolution in a 320—
2,000 m/z range, with 100 ms maximum injection time and an automatic gain control
(AGC) target of 200,000. Next, the data-dependent MS/MS scans were collected with
collision-induced dissociation (CID) at a normalized collision energy (NCE) of 35% with a

1.3 m/z isolation window, with a maximum injection time of 100 ms and AGC targe7t90f



5000. Lastly, the acquisition of MS3 data was done by a synchronous selection of the top
10 precursors for fragmentation by high-collisional energy dissociation (HCD) in the
orbitrap with 55% NCE, 2.5 m/z isolation window, 120 ms maximum injection time and

50,000 AGC target.

3. 4. 8. Prenylomic Data Processing and Visual Interpretation

Using MaxQuant (version 2.0.3.1), the raw data files obtained from the UHPLC-
MS? acquisition were uploaded and searched against a non-redundant human database
(UP000005640) from Uniprot. Some parameters were modified from default as follows.
Trypsin/P (Porcine origin) was used for digestion, allowing for a maximum of 3 missed
cleavages with a minimum peptide length of 7 residues. Protein FDR was set to 0.5,
carbamidomethyl C modifications in search were removed, and unique + razor peptides
were used for quantification. Then, MaxQuant was run on 24 cores at the University of
Minnesota Supercomputing Institute. From the files generated, the proteingroup.txt file
was uploaded into Perseus (version 2.0.3.0) for filtering and statistical analysis. In the
Perseus analysis, proteins that were only identified by site, potential contaminants or
reversed were removed. The raw intensities were log. transformed, and proteins with less
than 3 out of 6 values for each TMT channel after transformation were removed. Missing
values were imputed from the normal distribution of the remaining valid values. Reporter
ion (TMT) values were normalized by subtracting rows by the mean value and columns
by the median value. Statistical analysis was performed using a two-sample t-test at FDR
= 1% and s0 = 0.5. Data was then exported to Microsoft Excel for generation of Volcano

plots and further figures.
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Chapter 4. A Bis Alkyne-modified Protide-like Probe Reveals

Prenylation in cellulo and in vivo.

4. 1. Introduction

Protein prenylation is the irreversible attachment of farnesyl (C15-length) or
geranylgeranyl (C20-length) isoprenoids to the C-terminus of approximately 2% of the
mammalian proteome (Fig. 1A). This post-translational modification enables proteins to
perform essential cellular functions and, has been linked to several diseases. For
example, an increase in protein prenylation is associated with the formation of amyloid
precursor and tau proteins, process that precedes Alzheimer's Disease.?®® The cause of
this debilitating disease is not fully understood, but prenylated proteins can help decipher
early steps in AD pathogenesis. Identifying prenylated proteins in vivo as targets for AD
onset or early diagnosis can be challenging due to the nature of the probes used so far
to modify prenylated proteins. In our group, we have shown that the non-charged
hydrophobic alcohol form of the endogenous isoprenoid C15AIkOH (Fig. 1B) does not
efficiently label mouse tissues and has a level of toxicity due to the high content of DMSO
used in its formulation for administration (unpublished work). The diphosphate analogue
C15AIkOPP (Fig. 1B) is soluble in water, removing any need for formulation in a nonpolar
vehicle, but being a charged molecule, it does not readily cross the blood-brain barrier.
When we used it to study AD in the brains of transgenic mice, an ICV bolus injection at
high concentration in the left ventricle proved inefficient, leading to the need to surgically
attach a pump that would inject the probe into the brain of the mice over 13 days to obtain

sufficient levels of labeling.%®
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To overcome these, a prodrug approach was considered, using an established
chemical scaffold used in organophosphorus protides,?® to deliver probes of prenylation
in vivo.?”-?8 To this aim, a stable phosphoramidate prodrug form was chosen?” and linked
to the C15AIkOH scaffold to develop 2 new probes that would be activated in vivo by a
kinase, HINT1, which is overexpressed in the liver and hydrolyzes phosphoramidates.?®

Herein, the evaluation in different cell lines and at different concentrations of the
ProAlaC15AIkOPP and BisC15AIkOPP (Fig. 1B) protides is described along with a
comparison of their how labeling compares to that of C15AIkOPP and the profiling of liver

tissue in transgenic APOE3 and APOE4 mice.

Where:
n = 2: Farnesylated protein
n = 3: Geranylgeranylated protein
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Figure 1: (A) General prenylation mechanism (B) Structures of the FPP endogenous
substrate, C15AIkOPP, C15AIkOH, ProAlaC15AlkOPP and BisC15AIkOPP probes.

82



4. 2. Results and discussion

4. 2. 1. Comparison of Metabolic Labeling with ProAlaC15AlkOPP and
BisC15AIkOPP Probes Versus C15AlIkOPP in OPM-2 Cells via In-gel Fluorescence
Analysis

After synthesis of ProAlaC15AIkOPP (prepared by Dr. Nyema Harmon), its
metabolic labeling efficiency was tested in cellulo at different concentrations versus the
C15AIkOPP probe and its alcohol version, C15AIkOH, with FPP serving as the control in
this experiment. After treating the OPM-2 cell lysates with TAMRA-N3 under click reaction
conditions and resolving the proteins on SDS-PAGE gels, the TAMRA fluorescence was
visualized. Like in previous studies, at 10 uM, the C15AIkOPP showed much superior
labeling than the C15AIkOH (Fig. 2A, lanes 2 and 3).3 Unfortunately, the
ProAlaC15AlkOPP showed comparable labeling to the C15AIkOH, even at higher
concentrations of 50 pM (Fig. 2A, lane 6). Increasing the concentration of
ProAlaC15AlkOPP to 100 uM mostly lead to a large increase in background labeling (Fig.
2A, lane 7). Increasing the treatment time to 48 h recapitulated the observations
previously made at 24 h of treatment (Fig. 2A). These observations lead to the conclusion
that the ProAlaC15AIkOPP protide probe is not suitable for studying protein prenylation
efficiently. It was speculated that, since the labeling obtained with ProAlaC15AIkOPP was
similar to that observed with C15AlkOH, the allylic alcohol group appeared to be released
during compound metabolism instead of the phenyl group, eliminating the possibility of
forming the desired allylic monophosphate during the activation process. To this end,
another protide probe, BisC15AIkOPP (Fig. 1B) was designed, that would force one of

the allylic groups to remain linked to the phosphate group and facilitate its subsequent
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activation to the required diphosphate. After synthesizing this molecule, it was compared
with C15AIkOPP and ProAlaC15AlkOPP via metabolic labeling and in-gel fluorescence
experiments (Fig. 2B). The new probe was able to label prenylated proteins with an
efficiency comparable to C15AIKOPP (Fig. 2B, lanes 2 and 4) and significantly better than
the ProAlaC15AIkOPP probe (Fig. 2B, lane 3). Statins are known to inhibit the mevalonate
pathway which leads to the suppression of endogenous prenylation substrates

biosynthesis, hence potentially increasing the incorporation of the artificial prenylation

probes.
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Figure 2: Initial evaluation and comparlson of metabolic labeling with ProAlaC15AIkOPP
(3) and BisC15AIkOPP (4) versus C15AIkOPP (1) via in-gel fluorescence in OPM-2 cells.
(A) Time dependent metabolic labeling with the ProAlaC15AIkOPP (3) probe at varying
concentrations compared with C15AIkOPP (1) and C15AIkOH (2). The
ProAlaC15AlkOPP (3) probe does not label as well as the C15AIkOPP (1), even at higher
concentrations. (B) C15AIkOPP (1), ProAlaC15AIkOPP (3) and BisC15AIkOPP (4)
labeling for 24 h at 10 uM final concentration in the presence and absence of statin pre-
treatment for 6 h (10 uM final concentration). The BisC15AIkOPP probe labeling is
comparable to the C15AIkOPP probe. All lanes were subjected to click reaction with
TAMRA-N3, followed by electrophoretic separation on 12% SDS-PAGE gels. Upper
panels show TAMRA fluorescence, bottom panels show Coomassie total protein stain.
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A 6 h pre-treatment with statin prior to the addition of the prenylation probes had a
modest increase effect on the labeling with the BisC15AIkOPP probe (Fig. 2B, lanes 6-
8). To avoid any potential physiological perturbations, the use of statins was not employed
in any further experiments.3® These initial evaluation experiments showed that, while the
ProAlaC15AIkOPP probe does not appear to be useful for future prenylation studies, the
second-generation BisC15AIkOPP protide probe was greatly improved and merited

further studies.

4. 2. 2. Comparison of Metabolic Labeling with C15AIkOPP and BisC15AIkOPP in

Various Cell Lines via In-gel Fluorescence Analysis

Knowing that the BisC15AIkOPP probe showed good labeling, it was tested in
several different cell lines versus C15AIKOPP at 10 uM, as is typically performed. In this
experiment, 7 cell lines were analyzed: MCF-7 (adenocarcinoma), COS-7 (kidney),
HepG2 (young male hepatocarcinoma), Huh-7 (older male hepatocarcinoma), AML-3
(myeloid leukemia), L363 (plasma cell leukemia) and OPM-2 (multiple myeloma). In order
for the BisC15AlkOPP protide probe to be incorporated into the prenylation mechanism,
it must first be processed by the HINT1 enzyme, releasing the isoprenoid monophosphate
for subsequent phosphorylation prior to prenyltransferase-catalyzed incorporation. Given
that HINT1 is overexpressed in liver cells, attention was focused on the liver-derived
HepG2 and Huh-7 cell lines (Fig. 3A and 3B, lanes 4 and 5). The labeling pattern using
BisC15AIKOPP appears similar to that of C15AIKOPP in all 7 cell lines, and hence, one of

them, AML-3, was chosen for subsequent experiments.
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Figure 3: Comparison of metabolic labeling with C15AIkOPP and BisC15AIkOPP versus
FPP via in-gel fluorescence in 7 distinct cell lines.

(A) Metabolic labeling with C15AIKOPP for 24 h at 10 uM final concentration. (B)
Metabolic labeling with BisC15AIkOPP for 24 h at 10 yM final concentration. All lanes
were subjected to click reaction with TAMRA-N3, followed by electrophoretic separation
on 12% SDS-PAGE gels. Upper panels show TAMRA fluorescence, bottom panels show
Coomassie total protein stain.
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4. 2. 3. Metabolic Labeling with BisC15AIkOPP at Sub-10 pM concentrations in AML-

3 Cells Analyzed via In-gel Fluorescence Analysis

Next, to better understand the labeling of BisC15AIkOPP compared to the
C15AlkOPP parent compound, a concentration study was performed in AML-3 cells. First,
metabolic labeling with BisC15AIkOPP over a range of concentrations was compared to
the labeling obtained with 10 uM C15AIKOPP. Those experiments indicated that
BisC15AIkOPP exhibited better labeling at 5 uM than C15AIkOPP did at 10 uM (Fig. 4A,
lanes 3 and 2). A decrease in BisC15AIkOPP labeling was observed as the concentration
was lowered, with its labeling at 2.5 yM being comparable to the labeling obtained with

C15AIkOPP 10 uM (Fig. 4A, lanes 4 and 2). 86
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Figure 4: Comparison of metabolic labeling with C15AIkOPP and BisC15AIkOPP versus
FPP via in-gel fluorescence at sub-10 yM final concentrations in AML-3 cells.
(A) Metabolic labeling with BisC15AIkOPP for 24 h at 6 different concentrations. (B)
Metabolic labeling with C15AIkOPP and BisC15AIKOPP for 24 h at 5, 2.5 and 1 uM final
concentration. Each concentration point was performed at n = 2. All lanes were subjected
to click reaction with TAMRA-N3, followed by electrophoretic separation on 12% SDS-
PAGE gels. Upper panels show TAMRA fluorescence, bottom panels show Coomassie
total protein stain.
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To confirm those results, a dose response experiment was performed in AML-3
cells comparing BisC15AlIkOPP and C15AIKOPP at 5 pM, 2.5 yM and 1 uM, each of them
being performed in duplicate (Fig. 4B). The vast majority of the labeling observed was
localized in the 20-25 kDa region and only bands in that region were quantified. For each
concentration, the 2 duplicate values were averaged and compared (Fig. 5). That analysis
showed that labeling using BisC15AIkOPP was higher than with C15AIKOPP at all 3
concentrations, with higher relative differences as the concentration was lowered. Overall,
these results suggest that in these in vitro experiments, the BisC15AIkOPP probe labels

approximately 2-fold better than C15AIKOPP.
87



14000

12000

10000

8000

6000

Local Intensity

4000

2000

0 L L1 L1

5 M 2.5pM 1pM
OC15AIkOPP @BisC15AIkOPP

Figure 5: Quantification of labeling in Figure 4B in the 20-25 kDa region bands.
All bands in the region were included in the total area quantified for each lane. The
intensity shown is the average of the n = 2 replicates for each concentration point.

4. 2. 4. In Vivo Labeling

Given that the BisC15AIkOPP protide showed modestly improved potency in in
vitro labeling compared with C15AIkOPP, the next step was to evaluate it in mice. The
BisC15AIKOPP is a hydrophobic uncharged compound, designed to easily penetrate into
cells. As a result, it is insoluble in pure aqueous solutions typically used for injection.
Based on previous work in our group, we elected to used an emulsion composed of PBS
supplemented with a neutral polysorbate detergent, Tween® 80. After a few solubility
tests, a 5.5% (w/v) Tween® 80 solution in 1 x PBS containing BisC15AIkOPP proved to
be a stable emulsion and was chosen as the formulation to be administered. Before the
pilot experiment with the probe, the vehicle solution was tested by daily subcutaneous
(SubQ) injections (150 pL total volume/injection) in a mouse for 3 days, where the animal

survived without displaying any abnormal behavior.
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4. 2. 4. 1. In-gel Fluorescence Analysis in Six Different Tissue Types

Next, a pilot experiment was designed to test the incorporation of the
BisC15AIKOPP probe in different mouse tissues. Thus, 2 mice (one for the vehicle and
one for the sample) were administered the probe subcutaneously and sacrificed after 24
h, and 2 other mice received daily subcutaneous injections for 3 days, being sacrificed 24
h after the last injection. For all mice, the heart, brain, kidney, liver, spleen and skeletal
muscle samples were harvested and samples of ~150 mg of tissue was homogenized in

each case (Fig. 6).

1 DAY 3 DAYS

Vehicle BisC15AIKOPP Vehicle BisC15AIkOPP

¢ total anesthesia
¢ dissection
e 6 tissues harvested

30mM OPP,
150pL total
volume/
injection

Figure 6: Schematic of the pilot animal experiments performed.

Two mice were injected once with vehicle and BisC15AIkOPP respectively and sacrificed
1 day after the injection. Two other mice were injected 3 times at 24 h intervals with vehicle
and BisC15AIKOPP respectively before being sacrificed on the fourth day. The tissues
harvested included heart, brain, kidney, liver, spleen and skeletal muscle. The formulation
of the probe injected was a stable emulsion, 30 mM BisC15AIKOPP in 5.5 % Tween 80
(w/v) in 1 x PBS buffer. Graphic generated in BioRender.
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After subjecting the homogenates to the in-gel fluorescence procedure described
above that includes TAMRA-N3 click reaction, electrophoretic resolution on SDS-PAGE
gels and fluorescence imaging, labeling was observed in the liver and weaker labeling in
the kidney with the BisC15AIKOPP probe after one injection (Fig. 7A, lanes 9 and 10).
Encouragingly, in the mouse that received a daily injection for 3 days in a row, the liver
was the most intensely labeled tissue followed by some labeling in the kidney. Low levels
of labeling were also observed in the heart and spleen while there was essentially no

labeling in the brain or in skeletal muscle.
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Figure 7: Pilot in vivo incorporation experiment with the BisC15AIkOPP probe shows
labeling in the kidney and liver via in-gel fluorescence.

(A) Mice were sacrificed and tissues were harvested 24 h after one injection. (B) Mice
were sacrificed and tissues were collected 24 h after the third daily injection. The
concentration of each tissue sample homogenate was normalized via BCA assay. All
lanes were subjected to click reaction with TAMRA-N3, followed by electrophoretic
separation on 12% SDS-PAGE gels. Upper panels show TAMRA fluorescence, bottom
panels show Coomassie total protein stain.
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Beyond labeling in the 20-25 kDa region, there was also an intensely labeled band
near 75 kDa in the labeled tissue samples (Fig. 7A, lanes 9 and 10 and 7B, lanes 7, 9, 10
and 11). That latter band was even faintly present in the brain and skeletal muscle

samples.

4. 2. 4. 2. Proteomic Analysis in the Liver of APOE3/APOE4 Mice

Having seen the best incorporation in the liver, we next wanted to investigate the utility
of this labeling to monitor levels of protein prenylation in mice of different genotypes. In
humans, the APOE4 allele has been linked to an increase of up to 33-fold of the risk of
developing Alzheimer’s disease compared with people that have the closely related
APOES allele.™ Given that in Chapter 2, the C15AIkOPP probe was used to investigate
differences in prenylation levels between mice harboring the E3 or E4 alleles, it would
serve as a valuable point of comparison here. Thus, quantitative prenylomic analysis was
performed in mice containing either the APOE3 or APOE4 alleles. Given that the
BisC15AIKOPP probe requires additional metabolic activation compared with
C15AIkOPRP, it is conceivable that these two probes would not necessarily yield equivalent
results.

Since, as noted above, the best labeling was obtained after 3 days, those conditions
were used here with labeling in the liver being the focus of the study. For this experiment,
vehicle and probe (3 mice for each) were administered to mice bearing the APOE3
genotype. This was repeated with mice bearing the APOE4 genotype. An initial in-gel

fluorescence analysis of the homogenates harvested from the 12 mice replicated the
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labeling observed after 3 days in the pilot experiment, where labeling localized mostly in
the 20-25 kDa and 50-75 kDa regions (Fig. 8), with the pattern being similar in APOE3

and APOE4 mice.
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mice via in-gel fluorescence.

Labeling is localized mostly around the 20-25 kDa and 50-75 kDa regions. All samples
were ran at n = 3. The concentration of each tissue sample homogenate was normalized
via BCA assay. All lanes were subjected to click reaction with TAMRA-N3, followed by
electrophoretic separation on 12% SDS-PAGE gels. Upper panel shows TAMRA
fluorescence, bottom panel shows Coomassie total protein stain. Veh = vehicle, Bis =
BisC15AlkOPP.

4. 2. 4. 3. Comparison of BisC15AIkOPP/C15AIkOPP Proteomic Profiling in the
Liver of APOE3/APOE4 Mice

The mouse liver homogenates were next subjected to a biotin-N3 click reaction,
followed by neutravidin pull down, trypsin digestion, TMT labeling, basic fractionation and

UPLC-MS? analysis. Subsequent bioinformatic analysis revealed 12 and 17 significantly
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enriched prenylated proteins in the APOE3 and APOE4 liver, respectively, at a stringent

FDR of 1% with the BisC15AIkOPP protide (Fig. 9C and 9D, colored dots outside the FDR

threshold).
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Figure 9: Volcano plots of profiling in mouse liver for E3 and E4 genotypes with

C15AIkOPP and BisC15AIkOPP.

(A) APOES liver profiling in mice treated with C15AIKOPP reveals 24 prenylated proteins
significantly enriched. (B) APOEA4 liver profiling in mice treated with C15AIkOPP reveals
23 prenylated proteins significantly enriched. (C) APOES liver profiling in mice treated
with BisC15AIkOPP reveals 12 prenylated proteins significantly enriched. (D) APOEA4 liver
profiling in mice treated with BisC15AIkOPP reveals 17 prenylated proteins significantly
enriched. All experiments were done at n =3 and proteins are plotted at t-test FDR = 0.01,
s0 = 0.5. ADH (yellow dot) served as an internal standard.
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In the C15AIkOPP samples, at the same FDR of 1%, there were 24 and 23,
respectively, significantly enriched prenylated proteins in the E3 and E4 datasets (Fig. 9A
and 9B, colored dots outside the FDR threshold). The BisC15AIkOPP probe significantly
identified only targets of geranylgeranylation, whereas the C15AIkOPP analogue
identified some farnesylation targets as well. Unfortunately, in contrast to the in vitro
observations, the protide probe did not appear to label more proteins in vivo than the
C15AIkOPP parent compound.

Nevertheless, there were 31 unique prenylation targets found across the 4
datasets, and the identities of these proteins are shown in Figure 10A, with the proteins
having the overall highest fold changes in the E4 C15AIkOPP dataset. There were 10
proteins found in all 4 datasets at different fold change values and 21 proteins found in at
least one dataset but not in all 4.

There were 4 proteins found only in the E4 BisC15AIkOPP dataset: RABS8A,
RAB8B, RAB13 and RAB15 (Fig. 10B, orange bars), indicating that their prenylation may
be somehow linked to APOE4 and HINT1 expression.

For the 10 proteins found in common in all 4 datasets, the fold changes in the
BisC15AIKOPP experiments were overall lower than the fold changes in the C15AIkOPP
datasets (Fig. 10C). This may be indicative of the C15AIkOPP being a better prenylation
substrate than the BisC15AIkOPP in vivo, an opposite effect than the one observed a
priori in vitro, which might be due to different processing of the larger protide probe in an

actual tissue as compared to metabolic labeling in only one type of cultured cells.
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Figure 10. Bar graphs showing protein identity versus fold change for the 4 datasets.
(A) All 31 unique proteins found across the 4 datasets with C15AIkOPP and

BisC15AIkOPP. (B) The 21 proteins that were found in 1, 2 or 3 datasets. (C) The 10
proteins found in common across the 4 datasets. Protein identities were arranged in

increasing order of fold changes in the C15AIkOPP E4 dataset.

The intersection of the 2 larger datasets from C15AIkOPP and the 2 smaller

BisC15AIkOPP datasets is shown in the Venn diagram in Figure 11A, with 4, 2 and 4
proteins being solely found in the E3 C15AIkOPP, E4 C15AIkOPP and E4 BisC15AIk%I;P



respectively. When comparing the 2 probes for each genotype, there were 13 proteins

found in common in E4 and 11 found in common in E3 (Fig. 11B).

E4
A  Escis E3 Bis B

C15AlkOPP 13 Bis
23 total 17 total

E3

C15AIkOPP 1 Bis
24 total 12 total

Figure 11. Venn diagrams for the 4 datasets discussed.

(A) Venn diagram showing the intersection of all 4 datasets and revealing 10 significantly
enriched prenylated proteins in common across all 4 datasets. (B) Venn diagrams for the
intersection of the C15AIkOPP and BisC15AIkOPP datasets for the E4 genotype (top,
blue and orange) and the E3 genotype (bottom, red and green) showing 13 and
respectively 11 proteins in common.

The identities of these proteins are shown in Table 1, with the 10 common proteins

being listed first, and all fold changes for the 31 proteins discussed herein being shown

in Table 2.
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Table 1. Protein datasets for the C15AIkOPP and BisC15AIkOPP E3 and E4 genotypes.
The first 10 proteins are the ones found across all 4 datasets. The next 21 are found in
one or more sets, but not all 4. Each row is unique to only one protein. Red = farnesylation,
blue = geranylgeranylation type-I, green = geranylgeranylation type-Il.
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Table 2. Protein datasets for the C15AIkOPP and BisC15AIkOPP E3 and E4 genotypes
including the fold changes for the respective protein in that dataset.

The first 21 proteins are found in one or more sets, but not all 4. Red = farnesylation, blue
= geranylgeranylation type-l, green = geranylgeranylation type-llI.

BisC15AIkOPP fold
change C15AIkOPP fold change
Protein ID E3 E4
3.2
2.0
2.8
YKT6 2.6
1.5
1.5
1.5
1.5
1.9 2.3 2.3
2.3 25
PEX19 2.7
25 3.3
25 3.3
25 3.3
1.5 2.2 3.6
2.2 2.1 4.2
4.3
2.0 2.3 4.3
2.2 4.4
2.2 4.4
2.2 4.4
1.8 1.5 4.1 3.1 R
2.9 2.7 3.2 3.4 S
2.6 2.3 3.1 3.6 3
47 238 43 3.8 >
4.7 2.8 4.3 3.8 S
2.7 1.9 3.1 3.8 5
2.2 2.1 2.8 4.2 >
3.2 3.0 2.3 4.3 §
1.8 1.6 3.2 5.1 o
1.8 1.6 2.9 5.6 ?
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4. 3. Conclusions

To summarize the work described here, two new uncharged, neutral probes were
developed to study prenylation employing a protide delivery mechanism. The
ProAlaC15AIkOPP proved to be inefficient in metabolic labeling compared to the
C15AIkOPP probe previously described in earlier work. In contrast, the BisC15AIkOPP
probe showed efficient labeling in vitro, yielding better incorporation in metabolic labeling
experiments than the C15AIkOPP probe at the same concentration of 10 uM. That was
also true at lower concentrations including 2.5 pM and 5 uM. These promising results
encouraged subsequent animal experiments, where the liver was the tissue was found to
give the best probe incorporation.

After profiling the liver tissue in 2 different APOE genotype mice with both probes,
the BisC15AIkOPP protide had fewer significantly enriched prenylated proteins than the
C15AIkOPP, but the E4 genotype contained 4 geranylgeranylation targets that were not
found enriched in the other 3 datasets (RAB8A, RAB8B, RAB13 and RAB15). It is
possible that the prenylation of these 4 proteins may play a role in Alzheimer’s disease
pathogenesis, since they were only found in the mice with the deleterious isoform of the

APOE gene (E4).
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4. 4. Experimental Procedures

4. 4. 1. Metabolic Labeling in Cultured Cells
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Figure 12. Proteomics workflow from cultured cells.

OPM-2, L363 and AML-3 cells (generously provided by Dr. David Fruman at the
University of California, Irvine) were cultured in T25 vented-cap flasks (Thermo Fisher) at
a density of around 1.5 x 10/ mL and allowed to grow for 24h in RPMI 1640 (Gibco)
media supplemented with 1% L-Glutamine (Gibco), 10% fetal bovine serum (GenClone)
and 1% penicillin—streptomycin (Gibco). COS-7 cells were cultured on 100 mm dishes at
around 1 x 108 density and allowed to grow for 24h in 10 mL DMEM (Gibco) media
supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin—streptomycin
(Gibco).

After 24h, the media was removed and replaced with 5 mL of fresh media. In the
case of experiments including statin, lovastatin (Cayman Chemical) was added at this
point (10 uM) and the flasks/dishes were incubated for 6 h under 5% CO. at 37 °C. After
the statin pre-treatment, the media was retained and the C15PentOPP (10 uM) was
added, alongside the respective GGTI (where indicated, at respective concentration).

After 24h of incubation, the cells were harvested and pelleted via centrifugation.
100



4. 4. 2. In-gel Fluorescence Labeling

The cell pellets were suspended in 300 pL of lysis buffer (2.4 yM PMSF, 200
units/nL benzonase nuclease (Sigma-Aldrich), protease inhibitor cocktail and 1% SDS in
1X PBS) and lysed by sonicating on ice 7 times with 3-s pulses at 3-s intervals. Then, the
protein concentration in each sample was quantified using a BCA assay (Thermo Fisher
Scientific). For each sample, a volume containing 100 ug of protein was then subjected
to a copper catalyzed alkyne-azide cycloaddition (CUAAC) reaction (click reaction) with
TAMRA-N3 (25 uyM TAMRA-N3 (BroadPharm), 1 mM TCEP (Sigma-Aldrich), 0.1 mM TBTA
(Sigma-Aldrich), and 1 mM CuSOQOq) for 2 h at rt in the dark. After that, proteins were
precipitated using a ProteoExtract precipitation kit (Millipore-Sigma) following the
manufacturer’s procedure. After removing all liquid, the protein pellet was resuspended
in 30 uL of 1X loading buffer (10% glycerol, 2% SDS, 0.02% bromophenol blue in 50 mM
Tris—HCI pH 6.8) and the pellet was dissolved by heating briefly to 80 °C and vortexing.
Afterwards, the protein samples were loaded and resolved on a 12% SDS-PAGE gel at
120 V until the dye ran off. The gels were placed in DI H.O and immediately scanned for
TAMRA fluorescence using a Typhoon FLA 9500 (GE Healthcare) gel scanner. The
resulting gel images were processed in ImagedJ by adjusting the brightness and contrast
of lanes. The gels were stained with Coomassie blue for 12 h and then destained with
destain solution for 24 h. The final gel images were then processed and assembled in

Microsoft PowerPoint.
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4. 4. 3. Enrichment of Prenylated Proteins

For enrichment, a much larger protein sample was necessary than the one used

for in-gel fluorescence, namely 2000 pg. The cells were cultured and treated in the same
manner as described above, just on a larger scale for each replicate. The lysis and BCA
assay protein concentration determination were performed in the same manner as
described above as well. Then, a volume containing 2 mg of protein for each sample was
subjected to a Biotin-N3 click reaction by adding 100 uyM Biotin-N3 (BroadPharm), 1 mM
TCEP, 0.1 mM TBTA, and finally 1 mM CuSQOas. The mixtures were rotated for 2 h at rt and
then the tubes were centrifuged briefly. The proteins were precipitated on ice by adding 1
mL CH3ClI, 4 mL CH30OH and 3 mL 1X PBS buffer, mixing vigorously and then centrifuging
for 10 min. The aqueous layers were removed gently by decanting and the resulting
protein pellets were stored at -20 °C overnight. Next, the protein pellets were resuspended
in 500 pL of 1%SDS in 1X PBS buffer and dissolved by sonication, followed by a BCA
assay to normalize the concentration of recovered protein in each sample.
Then, 200 pL of 0.5 mg/mL Neutravidin agarose beads (Thermo Scientific) were washed
3 times with 1%SDS in 1X PBS buffer. The volume containing 1 mg of protein was added
to each tube and normalized with 1%SDS in 1X PBS buffer to a total liquid volume of 500
bML. The samples were incubated at rt for 2h, then they were spun down and the
supernatant removed.

The beads were than washed 3 times with 1 mL of 1%SDS in 1X PBS buffer, then
once with 1 mL of 1X PBS buffer, removing the supernatant after each wash. Next, the

beads were washed 3 times with 1 mL of 8 M Urea in 50 mM TEAB buffer followed by 3
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times with 1 mL of 50 mM TEAB buffer. It is crucial during this procedure to ensure a

thorough wash, as well as removing the supernatant without removing any beads.

4. 4. 4. On-Bead Digestion of Biotinylated Proteins

Digestion was immediately set up next by adding 100 puL of 50 mM TEAB buffer to
each sample containing proteins bound to the resin beads and 6 uL of sequencing grade
trypsin solution (ProMega Corp.). The samples were incubated at 37 °C for 18 hours,
then, the digestion was quenched by adding 2.5 pL of 20% formic acid to each sample
and incubated 15 min further. The supernatant was then passed through a Pierce Spin
column (ThermoFisher, not loaded with any stationary phase) and the beads were
washed with 100 pL of 0.5% formic acid. The supernatant was collected again for each
tube after passing through the Spin column. Lastly, the resin was washed with 100 pL of
30% CH3CN solution in H2O and the whole mixture was passed through the spin column.
The liquid phase collected for each fraction was then concentrated by freeze-drying and

the peptides were resuspended in 40 uyL 100 mM TEAB buffer.

4.4.5. TMT Labeling Reaction for Peptides

TMT 6-plex reagents were prepared following the manufacturer’s specifications
(ThermoFisher). Another BCA assay was performed in order to quantify the peptide
samples’ concentrations. Then, the volume necessary for 10 yg of peptides was

supplemented with 3 uL of 150 fM yeast ADH1 internal standard (Waters). 10 uL of1t61éa



respective TMT reagent was added to each sample and the volume was normalized to
33 pL with 100 mM TEAB buffer. After incubating at rt for 2 h, 2.5 pL of 5% NH4OH was
added to each sample and then they were incubated for 15 more min at rt to quench the
reaction. Finally, samples were multiplexed by adding them all to the same tube, then
concentrating via freeze-drying. The combined samples were resuspended in 300 uL of

200 mM Ammonium formate pH 10.

4. 4. 6. Reverse-Phase Fractionation

In a 200 uL pipette tip, 3 layers of SDB-XC extraction disks (3 M, 1.07 mm x 0.50
mm) were placed and gently packed in. The micro-column formed was washed with 60
ML CH3CN and 60 pL of 200 mM Ammonium formate pH 10 by centrifugation and
collecting the flowthrough in a micro-centrifuge tube. 100 pL of the TMT-labeled peptides
were loaded into the micro-column and centrifuged. The flowthrough was reloaded and
the centrifugation repeated. Then, a final wash of the loaded micro-column was performed
with 60 pL 200 mM ammonium formate pH 10. All flowthroughs to this point were
discarded. Then, the high-pH reverse-phase fractionation began, collecting and saving
each flowthrough, followed by freeze-drying of each fraction. There were 7 fractions
collected, 60 pL each: 5%, 10%, 15% 20%, 22.5%, 27.5%, 80% CH3CN in 200 mM
ammonium formate. The 5% and 10% fractions were combined, each subsequent fraction
was individually collected. After all fractions were lyophilized, the final total of 6 fractions
were each resuspended in 30 uL of 0.1% formic acid and transferred into 300 uL fused

glass insert mass spec vials for UPLC-MS?3 Fusion analysis.
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4. 4. 7. UHPLC-MS?3 Fusion Data Acquisition

Data acquisition was performed by using a method that was previously reported.
The TMT-labeled peptides were resolved using a flow rate of 300 nL/min on an UltiMate ™
3000 RSLCnano UHPLC System (ThermoFisher), using a reversed-phase column
packed in-house (75 um i.d., 45 cm). Each of the 6 fractions obtained above was
subjected to varying gradients (from 7% to 34%) of CH3CN with 0.1 % formic acid and
0.1% formic acid in H.O for 80 min and sprayed directly into the Orbitrap Fusion
instrument (ThermoFisher). MS1 scans were collected at 120,000 resolution in a 320—
2,000 m/z range, with 100 ms maximum injection time and an automatic gain control
(AGC) target of 200,000. Next, the data-dependent MS/MS scans were collected with
collision-induced dissociation (CID) at a normalized collision energy (NCE) of 35% with a
1.3 m/z isolation window, with a maximum injection time of 100 ms and AGC target of
5000. Lastly, the acquisition of MS3 data was done by a synchronous selection of the top
10 precursors for fragmentation by high-collisional energy dissociation (HCD) in the
orbitrap with 55% NCE, 2.5 m/z isolation window, 120 ms maximum injection time and

50,000 AGC target.

4. 4. 8. Prenylomic Data Processing and Visual Interpretation

Using MaxQuant (version 2.0.3.1), the raw data files obtained from the UHPLC-
MS? acquisition were uploaded and searched against a non-redundant human database

(UP000005640) from Uniprot. Some parameters were modified from default as follows.
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Trypsin/P (Porcine origin) was used for digestion, allowing for a maximum of 3 missed
cleavages with a minimum peptide length of 7 residues. Protein FDR was set to 0.5,
carbamidomethyl C modifications in search were removed, and unique + razor peptides
were used for quantification. Then, MaxQuant was run on 24 cores at the University of
Minnesota Supercomputing Institute. From the files generated, the proteingroup.txt file
was uploaded into Perseus (version 2.0.3.0) for filtering and statistical analysis. In the
Perseus analysis, proteins that were only identified by site, potential contaminants or
reversed were removed. The raw intensities were log. transformed, and proteins with less
than 3 out of 6 values for each TMT channel after transformation were removed. Missing
values were imputed from the normal distribution of the remaining valid values. Reporter
ion (TMT) values were normalized by subtracting rows by the mean value and columns
by the median value. Statistical analysis was performed using a two-sample t-test at FDR
= 1% and sO = 0.5. Data was then exported to Microsoft Excel for generation of Volcano

plots and further figures.

4. 4. 9. Animal injections

Mice were injected subcutaneously (subQ) with either 150 L of sterile filtered
C15AIKOPP (stock solution: 3000 uL at 30mM C15AIkOPP with 4.8 mM NH4HCO3 in 1x
PBS) or sterile filtered vehicle (3000 pL at 4.8mM NHsHCO3 in 1x PBS) solution using a
1 mL syringe (Neta Scientific), and 25G needle (Fisher Scientific). Sterile filtration was

performed with 0.22 uM size syringe filters (Celltreat).
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4.4.10. Anesthesia

When the experimental timeframe was complete, mice were anesthetized using
Isoflurane (Isospire) in a drop bottle method for 2-4 minutes, or until they no longer

reacted to a foot pinch test.

4. 4. 11. Dissection and Animal Tissue Collection

After anesthesia, mice (all had body weights between 40-50 g) were dissected
using a general dissection protocol. They were cardiac bled with a 1 mL syringe (Neta
Scientific) and 25G needle (Fisher Scientific) to remove excess blood before being
perfused with 20 mL of DPBS (Gibco). After perfusion, the brain was removed and placed
on a glass side on ice. The brain was then dissected into 5 different sections: left front
cortex (LFCrt, 50-70 mg), left back cortex (LBCrt, 50-70 mg), right cortex (RCrt, 100-120
mgq), cerebellum (CB, 60-100 mg) and all else labeled as rest brain (RB, 100-160 mg). All
tissues were placed in a 1.5 mL safe-lock tube (Eppendorf), weighed, and then flash-
frozen in liquid nitrogen. Heart (atrium, 70-100 mg, ventricle, 50-130 mg), spleen (30-80
mgq), kidney (100-200 mg), and liver (60-900 mg) samples were also collected, weighed,

and then flash-frozen in the same manner as the brain.

4. 4. 12. Tissue Homogenization

Each tube (with 50-100 mg tissue) had 300 pl of lysis buffer and 100 mg of 0.5
mm diameter ZrOB0S5 beads (Next Advance) added. Tubes were homogenized in the

Bullet Blender (Next Advance) on speed 10 and time 3 min at 4°C. Tubes were checked
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for unhomogenized tissue, and, if present, were homogenized for an additional 3 min.
After homogenization, samples were quickly centrifugated on a tabletop centrifuge
(Labnet) for 5 seconds. Tissue homogenates were then transferred to a 1.5 mL
microcentrifuge tube (Eppendorf) and then sonicated using the Sonic Dismembrator
(Fisher Scientific) 6 times at 10 second intervals with the tube on ice. All samples were
then centrifuged (Fisher Scientific) at 10,000 x g for 15 minutes and the supernatants

were collected for each sample for subsequent analysis.
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5. Conclusions and Future Directions

In the second chapter, two different alkyne-containing isoprenoid probes of
different lengths (C15AIKOPP and C15PentOPP) were synthesized to study protein
prenylation. The C15AIkOPP probe was able to identify via metabolic labeling and
subsequent prenylomic analysis a plethora of prenylated proteins with high confidence in
different cell lines, including COS-7 and AML-3. The C15PentOPP was responsive in
labeling sets of geranylgeranylated type-| proteins in the presence of potent GGTase type-
| inhibitors (GGTI 298 and GGTI 2133), revealing with high confidence prenylated targets
of these inhibitory compounds.

When studying the two probes for prenylation in vivo, the C15AIkOPP probe
showed the best labeling and was used in a subsequent proteomic experiment. The
APOE gene has been highly implicated with AD, so an experiment comparing protein
prenylation in transgenic mice with the E3 allele of the APOE gene versus mice with the
E4 allele revealed differences in prenylation in the liver, the main location for the
endogenous synthesis of peripheral APOE. Out of the 27 proteins identified as
significantly enriched with high confidence in the two datasets (E3 and E4), 4 were found
only in E3, 3 were found only in E4 and 20 were found in both E3 and E4. From the 20
proteins found in common, 9 of them had fold changes that were statistically significant,
with all these 9 proteins having a higher fold change value in the E4 dataset, along with
implications in either APOE regulation/transport or AD pathology. Future work will focus
on validating these protein targets via comparison with RNAseq levels of expression and

western blot analysis to confirm their levels of prenylation.
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In the third chapter, work was focused on exploring the prenylated proteins affected
by GGTls in blood cancers, with a goal of identifying which ones are common across
different cell lines and potentially responsible for the synergistic effect our collaborators
noted in cytotoxicity assays. Using the C15AIkOPP probe, we metabolically labeled
prenylated proteins in the absence of statin in proteomic profiling experiments across 4
different blood cancer cell types: AML-3, MOLM-13, L363 and OPM-2, with 67, 52, 63 and
62 proteins respectively found significantly enriched with high confidence. For each
dataset, 20, 18, 23 and 19 respectively were geranylgeranylation type-l targets.
Proteomic experiments in the presence of C15AIkOPP probe and GGTI 298 or GGTI
2133 have shown good overlap between the significantly depleted proteins identified and
the geranylgeranylation type-| targets found when profiling, with GGTI 298 having overall
more potent inhibition. Importantly, there were 3 proteins found with high confidence
across all 4 cell types as depleted by GGTI 298 (RALA, RAP1B and RAP1A). Future work
will focus on validating these results in knock-out genetic cells followed by a cytotoxicity
assay where loss of synergy will serve as confirmation that the respective protein was
indeed a correct target.

In the last chapter, two new uncharged, neutral probes were developed to study
prenylation employing a protide delivery mechanism in order to overcome previous
challenges of monitoring prenylation in vivo. The ProAlaC15AIkOPP probe inefficient in
metabolic labeling, but the BisC15AIkOPP probe showed efficient labeling in vitro,
yielding better incorporation in than the C15AIkOPP probe at the same concentration.
These promising results encouraged subsequent animal experiments, where the best

probe incorporation was in the. After profiling the liver tissue in APOE3 and APOE4
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genotype mice, the BisC15AIkOPP protide had fewer significantly enriched prenylated
proteins than the C15AIKOPP, but the E4 genotype contained 4 geranylgeranylation
targets that were not found enriched in the other 3 datasets (RAB8A, RAB8B, RAB13 and
RAB15). It is possible that the prenylation of these 4 proteins may play a role in
Alzheimer’s disease pathogenesis, since they were only found in the mice with the
deleterious isoform of the APOE gene (E4). Future work will focus on validating these
proteins as targets, as well as longer periods of daily injections in order to increase
incorporation in the other tissues and potentially observing labeling in the brain, assuming

that the neutral probe crosses the blood-brain barrier.
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7. Appendix

C15PentOPP NMR + HRMS spectra
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"H NMR (500 MHz, CDsCl) for compound
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'"H NMR (500 MHz, CDsCl) for compound
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13C NMR (500 MHz, CDsCl) for compound
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HRMS for compound

Cl
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'"H NMR (500 MHz, CDsCl) for compound
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13C NMR (500 MHz, CDsCl) for compound
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HRMS for compound
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"H NMR (500 MHz, CDsCl) for compound
\\\/\/O X X X-"0H
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13C NMR (500 MHz, CDsCl) for compound
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HRMS for compound
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'"H NMR (400 MHz, D-0) for compound 1
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13C NMR (400 MHz, D20) for compound 1
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3P NMR (400 MHz, D20) for compound 1
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HRMS for compound 1
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MS for compound 1
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