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ABSTRACT 

Mutated Ras proteins are implicated in ~20% of all human cancer cases.  Of these cancer-

causing Ras mutations, 80% of missense mutations are in the isoform KRas4B.  In the decades 

since the discovery of KRas4B, extensive research of its signaling pathways, from protein 

translation to cellular outputs, have helped characterize the routes of oncogenesis.  Until 2021, 

KRas4B had been thought to be “undruggable,” as no specific inhibitors had been approved by the 

Food and Drug Administration (FDA) as effective treatments.  This fueled researchers to design 

treatments that targeted the signaling pathways up- and downstream of KRas4B association to the 

plasma membrane; of which multiple downstream targeting drugs are currently in various stages 

of clinical trials.  However, these downstream effectors are implicated in multiple cellular 

pathways and, thus, are nonspecific.  Some researchers have since focused their studies on 

targeting the specific upstream modifications necessary for proper KRas4B cellular localization 

and function. 

KRas4B is classified as a CAAX protein, where its four C-terminal residues consist of a 

cysteine (“C”), two aliphatic residues (“AA”) and a residue of various identities (“X”).  CAAX 

proteins undergo three post-translational modification (PTMs).  First, dependent on the identity of 

the “X” residue, an isoprenoid group of either 15 or 20 carbons is added to the C-terminal cysteine 

by farnesyltransferase (FTase) or geranylgeranyltransferase (GGTase) respectively.  KRas4B is 

farnesylated since its sequence terminates with a leucine.  After prenylation, the three C-terminal 

residues (“AAX”) are removed by the protease Ras converting enzyme-1 (Rce1).  Finally, the free 

carboxylate of the terminal cysteine is methylated by isoprenylcysteine carboxyl methyltransferase 

(Icmt).  Following methylation, KRas4B is translocated to the plasma membrane where it 

associates in a functional protein complex.  Interestingly, of these three required PTMs, 

methylation is the only reversible step, suggesting a possible point of regulation of many CAAX 

proteins and their signaling pathways, including that of KRas4B.  The regulatory function of 

methylation has long been speculated, but never fully characterized.  The research described herein 

worked to characterize the mechanism of methylation by Icmt and to better understand KRas4B 

signaling as a function of methylation, with the ultimate goal of elucidating the large implications 

methylation may have on the regulation of KRas4B.   
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To understand the mechanism of methylation, we first sought to identify the substrate binding 

site of Icmt.  Icmt is an integral membrane protein localized within the outer membrane of the 

endoplasmic reticulum (ER) and is currently the sole methyltransferase known to act on CAAX 

proteins, thus providing a specific target for future chemotherapeutics.  Using biochemical tools, 

we interrogated the ability of a model Icmt from Saccharomyces cerevisiae, Ste14, to 

accommodate both a hydrophilic cofactor, S-adenosyl-L-methionine (SAM), and a lipophilic 

isoprenylated substrate, which can have one of two different isoprenoid groups.  Through alanine-

scanning mutagenesis in combination with enzymatic activity assays using substrate mimetics of 

farnesylated or geranylgeranylated peptides, we identified several residues in the N-terminal half 

of Ste14 that appear to decrease recognition of N-acetyl-S-farnesyl-L-cysteine (AFC) but not N-

acetyl-S-geranylgeranyl-L-cysteine (AGGC).  When mutated to alanine, residue Leu56, which sits 

in the middle of transmembrane helix 2 (TM2), preferentially methylated AGGC over AFC by a 

factor of over 100.  In agreement with a recently resolved eukaryotic crystal structure of Icmt, we 

hypothesized that this N-terminal region facilitates substrate binding to Icmt.  To further localize 

and confirm TM2 as an important region for substrate binding, we performed a multistep workflow 

combining photoreactive AFC-based substrate analogs, cysteine-specific cleavage reagent 2-nitro-

5-thiocyanobenzoic acid (NTCB), and a library of purified Ste14 cysteine mutants.  Our data 

confirmed that the photoreactive substrate labels Ste14 between residues 44 and 77, which spans 

TM2 and part of Loop 2.   

This new information regarding substrate binding allows for more rationale design of small 

molecule Icmt inhibitors as chemotherapeutics.  More so, it allows for enhanced targeting of Icmt 

to better understand its possible role in regulating CAAX proteins such as KRas4B.  To date, there 

are very few comprehensive studies that examine the effects of methylation on broader cellular 

output levels, spanning orders of magnitude in space and time, specifically at the single-cell level.  

Most research has focused on interrogating the connection of methylation and KRas4B localization 

and function through systems that overexpress KRas4B.  However, these results may not best 

represent the natural state of KRas4B and the signaling outputs being measured.  Herein, we 

propose to employ of more modern techniques including, single-cell studies, endogenous KRas4B 

monitoring within an isogenic background, and single-molecule tracking to better understand 

KRas4B mechanisms as a function of methylation.  With the knowledge that KRas4B mutants 

have different oncogenic mechanisms and the new FDA approval of sotorasib, which preferentially 
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inhibits G12C mutated KRas4B, we also seek to explore how methylation may have differing 

regulatory effects on the KRas4B oncogenic variants which contributes to their divergent 

oncogenic mechanisms.  Herein, we describe the methodology used to test our hypotheses such as 

quantifying the recruitment of a Ras-GTP fluorescent sensor templated on the Ras-binding domain 

(RBD) and measuring signal propagation based on ERK dynamics using a kinase translocation 

reporter (KTR) all at the single-cell level with endogenous expression of KRas4B.  We will also 

present preliminary data that suggests the KRas4B oncogenic mutants have differing cell crawling 

rates.  Together, the structural investigation of the substrate binding site and cell-to-cell signaling 

of endogenous, mutant specific KRas4B will provide a structural basis for designing Icmt 

inhibitors not only for chemotherapy treatment, but also to better interrogate the role of 

methylation in regulating KRas4B and other CAAX proteins involved in various disease states. 

 

Figure A.1 Chapter outline for dissertation.  

“Elucidation of the KRas4B Binding site in Icmt” is the third chapter while the “The Role of Methylation in the 
Regulation of KRas4B Distribution and Activity” is the fourth chapter.  The methodologies designed and optimized 
to serve both projects are described in chapter two. The PDB structures of which each protein is based are, Ras: 4OBE 
& 4DSO, FTase: 1S63, Rce1: 4CAD, Icmt: 5VG9, Grb2: 1JYU, SOS: 3KSY, Raf: 3C4C, MEK: 4MNE, ERK: 4GT3,  
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 INTRODUCTION 

1.1 Ras protein significance and function 

Nineteen percent of all human cancers contain mutations within Ras proteins, making them 

the most frequently mutated gene family contributing to oncogenesis.1, 2  Over 80% of the 

cancerous Ras missense mutations are in the KRas4B isoform.2  This percentage increases further 

for specific cancers such as pancreatic cancer, which has a 90% mutation rate in KRas.1  Therefore, 

these small GTPases, especially KRas4B, have been the topic of extensive research with the 

primary goal of designing potent, targeted small molecule inhibitors.   

There are three RAS genes, NRAS, HRAS and KRAS which contribute to four different Ras 

isoforms: NRas, HRas, KRas4A and KRas4B.  The two KRas isoforms are splice variants of the 

KRAS gene, with KRas4B being the predominant variant that is widely expressed across various 

tissue types.3  All isoforms share 100% sequence identity within the N-terminal, catalytic G 

domain, otherwise known as the effector lobe and 82% sequence similarity within the allosteric 

lobe.4  The lowest homology is in the C-terminal hypervariable region (HVR).  The effector lobe 

contains the sites of protein-protein interaction between the Ras protein and its effectors.  These 

sites include the active site components (switch I, switch II and the P-loop) and the majority of the 

nucleotide binding pocket (Figure 1.1).5  The second lobe, the allosteric lobe, contains the 

membrane-interacting domains as well as the allosteric switch (helix 3/loop 7).5  The Ras isoforms 

are thus distinguished by the variation in the 25 C-terminal residues that make up the HVR and as 

a result are also classified by their differing post-translational modification (PTMs) that occur 

within the HVR.6  These post translational modifications will be further discussed throughout this 

dissertation. 

Ras proteins are small GTPases whose nucleotide-bound states confer specific 

conformations that modulate activity.7  Active Ras proteins localized to the plasma membrane (PM) 

are characterized by their GTP-bound states (Ras-GTP), while the inactive state is bound to GDP 

(Ras-GDP).  Upon PM localization and stimulation by extracellular signal integration, inactive 

Ras-GDP will exchange its nucleotide for GTP, as GTP is at 10-fold higher cellular concentrations 

than its less active counterpart.8  Ras will then hydrolyze GTP to GDP to return Ras to its inactive 

state.  Ras proteins possess intrinsically low rates for both GTP hydrolysis and GDP dissociation 
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and therefore use two different proteins to help speed up these processes.  GTPase activating 

proteins (GAPs) help to accelerate the hydrolysis of GTP to GDP.9, 10  To aid in GDP dissociation, 

guanine exchange factors (GEFs) will associate with Ras in a way that alters is nucleotide 

preference for binding GDP, allowing it to bind the more bioavailable GTP form.   

Active, GTP-bound Ras localized to the PM will associate with and activate other proteins, 

called effectors, to regulate the relay of extracellular, mitogenic signals to downstream signal 

propagation, cell growth and differentiation (Figure 1.2).11-13  These pathways have been well 

studied and include the mitogen-activated protein kinase (MAPK) pathway and the 

phosphatidylinositol-3-kinase (PI3K) pathway.14-18   

1.2 Post-translational modifications of Ras and its association to the plasma membrane 

The four Ras isoforms are distinguishable by their HVR, as stated above.  These regions 

contain residues that are further modified post-translationally to ensure association with the PM.  

It is a well-established model that Ras must be localized to the PM for proper function, highlighting 

the importance of this C-terminal region.6, 19-22  Within this region, each Ras isoform terminates 

its sequence with a CAAX motif.  The four most C-terminal residues are composed of a cysteine 

(“C”), two aliphatic residues (“AA”) and a residue of varying identities (“X”).  Each isoform has 

their own specific CAAX sequence which signals PTMs within this area that are required for its 

proper localization to the PM.  It has previously been shown that mutations of the CAAX residues 

will render Ras inactive, emphasizing the role of CAAX processing in proper Ras function.19 

Many CAAX proteins, including Ras, undergo three required PTMs (Figure 1.3).23-25  First, 

the CAAX proteins are prenylated on their C-terminal cysteine residue by either 

farnesyltransferase (FTase) or geranylgeranyltransferase (GGTase).  The addition of either a 15-

carbon farnesyl or 20-carbon geranylgeranyl group is determined by the identity of the X residue.  

FTase will farnesylate proteins that terminate in Ser, Met, Ala, or Gln, while GGTase will 

geranylgeranylate proteins terminating in Leu.26  All Ras isoforms are farnesylated by FTase since 

all except HRas (Ser) terminate in Met.27  Following prenylation and translocation to the 

endoplasmic reticulum (ER), CAAX proteins will undergo proteolysis of the -AAX residues by 

Ras converting enzyme 1 (Rce1).  Lastly, the carboxylate of the C-terminal cysteine will be 

methylated by isoprenylcysteine carboxyl methyltransferase (Icmt), a membrane protein in ER.23  
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These modifications add hydrophobic groups to the otherwise soluble, hydrophilic Ras proteins 

that further allow the proteins to associate and anchor to membranes.28, 29 

After CAAX processing, some Ras proteins are further modified based on their isoform 

identity.  HRas and NRas will move from the ER directly to the Golgi, where they are 

palmitoylated and will eventually reach the PM by vesicular transport.6, 28  However, KRas4B 

takes a different path to reach the PM.  It contains a polybasic region (PBR) within its HVR.  This 

PBR allows KRas4B to be trafficked from the ER directly to the PM.  The mechanisms by which 

KRas4B translocates to the PM were previously unknown but speculated to include unidentified 

chaperone proteins that shield the newly added hydrophobic groups from the cytosol.6, 28, 30, 31 One 

such chaperone is phosphodiesterase-d (PDEd), which aids in the correct localization of 

farnesylated KRas4B by facilitating its diffusion into the cytoplasm.32, 33  However, chaperones 

like PDEd may not be involved in trafficking KRas4B to the PM but more so in KRas4B recycling 

after membrane dissociation.22 

1.3 Ras mutations and oncogenesis 

The majority of oncogenic mutations are gain-of-function mutations within three codons or 

“hotspots,” Gly12, Gly13 or Gln61 (Figure 1.1).3  This increased function causes the hallmark 

oncogenic phenotypes of uncontrollable cell proliferation, differentiation and cell death.  However, 

point mutations vary among cancer type, tissue samples and even Ras isoforms.  For example, 

Gly12 is typically mutated in KRas whereas Gln61 mutations are more prevalent in HRas.1, 34  Of 

the Gly12 mutations in KRas, the majority were substituted with aspartic acid, followed by valine 

and cysteine respectively.34   

These mutations also have different mechanisms of action in oncogenesis.  In a study 

performed by Smith et al. (2013) mutants G12V and Q61L both show lower GTP hydrolysis rates 

whereas G13D has very rapid nucleotide exchange of GDP for GTP.  With the addition of GAPs, 

WT protein had the fastest rate of GTP hydrolysis compared to the three mutants.  In the presence 

of the GEF SOS, G13D had the fastest nucleotide exchange rate, however Q61L showed the largest 

increase in exchange rate compared to basal rates.35  This suggests that G13V and Q61L may be 

hypersensitive to GEF activation.  These mutations have also been shown to have differing GTP-

binding affinities, intrinsic and GAP-mediated GTP hydrolysis rates, and effector binding 

affinities.36 
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1.4 Ras, the “undruggable” oncogenic target 

Most initial small molecules were designed to be direct, competitive inhibitors that bind Ras 

within its active site and nucleotide binding domain.  Previously, adenosine triphosphate (ATP) 

mimetic compounds were found to be successful competitive inhibitors within protein kinases.37  

However, the affinity of Ras for its respective nucleotide, GTP, is about 1000-fold greater than 

that of a kinase with ATP.  The picomolar binding affinity of Ras for GTP requires a sub-picomolar 

inhibitor in order to outcompete its normal nucleotide substate, rendering most GTP-mimetic 

inhibitors insufficiently enough.37   

An extensive review of Ras-inhibitory molecules spanning three decades of work was 

published by Cox et al. (2014).  They summarized the molecules designed to inhibit Ras through 

means other than competitive inhibition within the nucleotide binding site.  Some molecules 

worked to disrupt the protein-protein interaction between Ras and its effector and/or regulator 

proteins through direct contacts with Ras.  For example, sulindac sulphide analogs bind Ras within 

its Raf-binding site and have shown decreased activation of proteins downstream of Ras signaling 

and also decreased cell proliferation.38  However, these analogs do not have a high enough potency 

for use as treatments and do not contain studies on their possible off-target effects.  Other 

molecules worked to disrupt interaction of Ras with its positive regulators, GEFs.  The compound 

DCAI, for example, was shown to bind KRas4B and block its interaction with the GEF, SOS, thus, 

decreasing Ras activation in cells.38  However, DCAI and its newer analogs have weak KRas 

affinity and low potency.  The review concluded, as many other have, that current compounds that 

bind Ras need significant improvements to be even modest therapeutics for the clinic.   

It is important to note, that under the current understanding, mutant Ras is what drives 

oncogenic signaling.  Therefore, pan-Ras inhibitors, which target the common features of all 

isoforms of Ras proteins as well as characteristics maintained between the oncogenic mutants of 

Ras, are likely to have cellular toxicity, as Ras is essential for normal cell signaling and survival.39  

This has made classes of direct, allosteric inhibitors of Ras unsuccessful, as they are unable to 

differentiate and treat the oncogenic mutants of the specific Ras isoforms selectively. 40 

The lack of suitable binding pockets, as well as lack of specificity for Ras isoforms, caused 

research to turn to more indirect approaches by targeting the signaling cascade, up and downstream 

of Ras localization to the plasma membrane. 
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1.5 Indirect targeting of Ras 

The signaling pathways of Ras are very well characterized and thus have allowed for 

targeting the processes up and downstream of Ras localization to the plasma membrane.  These 

include its post-translational modifications, localization to the plasma membrane, nucleotide 

exchange process, and effector binding.   

Most indirect inhibitors of the oncogenic pathway of Ras to be approved for treatment, target 

proteins downstream of Ras localization to the plasma membrane.  Some inhibitors, such as 

sorafenib, have targeted the Ras effector Raf within the MAPK however within specific KRas 

mutated cell lines these inhibitors have caused an upregulation of ERK signaling through Raf’s 

other isoform, C-Raf.41, 42   

One-step downstream of Raf is MEK within the MAPK pathway.  Unfortunately, MEK 

specific inhibitors alone have not shown much success within tumors across various phases of 

clinical trials.  There are a few MEK inhibitors approved for treatment, but only in combination 

with inhibitors of other downstream proteins like B-Raf and EGFR.43  The final protein of the 

MAPK pathway, ERK, does show some promise as an indirect inhibitor of Ras signaling, as there 

are a few different small molecule inhibitors in early stages of clinical trials.43 

Other downstream targets include SHP2, which promotes MAPK signaling and has shown 

some progress as a chemotherapeutic target in decreasing the size of KRas mutant tumors.44, 45  

SOS, a Ras stimulating GEF, has also been a point of interest.  Some small molecules have been 

designed to disrupt the SOS-Ras interactions (as described in Section 1.4) while others have 

attempted to disrupt the intrinsic GEF activity within SOS itself.46  In addition to targeting proteins 

of the MAPK pathway, combination treatments with targets of the PI3K pathway have proven to 

be effective in multiple Ras mutant cancers.47  Unfortunately, the MAPK pathway and  the PI3K 

pathway are implicated in multiple cellular functions and are activated through various protein 

cascades.  Thus, treatments that are not localized to the cancerous area will have toxic side-effects 

on many healthy cells.  

Some researchers have targeted the proteins that process Ras before it reaches the plasma 

membrane.  FTase has two notable inhibitors (FTIs), tipifarnib and lonafarnib.  Although both 

were promising in treating mice and had advanced to Phase III clinical trials, human clinical trials 

did not show the same success.  They were reported to not improve the outcome for advanced 

pancreatic cancer, advanced non-small cell lung cancer (NSCLC) or acute myeloid leukemia 
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(AML), even in combination with other chemotherapeutics.48  Interestingly, upon FTase inhibition, 

Ras can be alternatively prenylated by GGTase-I and continue on with proper processing and 

signaling function (Figure 1.3).49-51  To create better inhibitors of CAAX protein prenylation, dual 

FTI and geranylgeranyltransferase inhibitors (FGTIs) have been employed.  Recently, FGTI-2734 

based on the C-terminus of Ras, was able to prohibit KRas4B from localizing to the PM in 

pancreatic, lung and colon human cancer cells.52  In vivo this inhibitor was also able to suppress 

Akt and mTOR mediated pathways and induced apoptosis in patient-derived xenografts.52  

Interestingly, along the lines of prenylation, statins have been considered to have suppressive 

effects on tumorigenesis.  Recently, it has been thought that this is true based on statins’ role in 

inhibiting the production of mevalonate, the precursor for farnesyl and geranylgeranyl 

pyrophosphates.53, 54 

Small molecule inhibitors of Rce1 have been shown to induce mislocalization of Ras from 

the PM in human colon cancer cells, and mouse models.  Rce1 NSC1011 is widely considered the 

best inhibitor of the protease.55-57  However, genetic deletion of Rce1 in mice led to the 

development of lethal cardiomyopathy and exacerbated the development of KRas-induced 

myeloproliferative disease.58 It is also important to note that another protease, zinc metalloprotease 

STE24 (ZMPSTE24) has functional redundance with Rce1, as it can also cleave the C-terminal -

AAX residues of certain CAAX proteins.59, 60  However, ZMPSTE24 has two roles within the 

processing of specific CAAX proteins, such as nuclear scaffold protein lamin A or the mating 

pheromone a-factor in yeast.61-63  Its primary role is to cleave upstream of the CAAX motif to 

produce mature lamin A. Upon further study, it was determined that Rce1 is the primary protease 

that performs the -AAX cleavage, as the Ras proteins within RCE1 deficient cells were not 

methylated and also severely mislocalized from the PM without rescue by endogenous ZMPSTE24, 

suggesting that the uncleaved C-terminal residues restricted the protein form being methylated.64  

It is suggested that ZMPSTE24 may be able to perform the C-terminal -AAX cleavage only on 

certain CAAX proteins, as it has subtle substrate specific differences to substrates of Rce1.  

Therefore, all isoforms of Ras may not be substrates of ZMPSTE24.60, 65, 66 

The final step of CAAX processing, methylation by Icmt, has also been targeted for 

inhibition of the oncogenic Ras pathway.  As it is the sole methyltransferase known to act on 

CAAX proteins, it provides a very selective inhibitor target.67, 68  Because it must accommodate 

both the prenylated-protein substrate and the methyl-donor cofactor, inhibitors could take on 
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features of both structures.  Since the S-adenosyl-L-methionine (SAM) cofactor binding site is 

more well characterized amongst different Icmt species, SAM or S-adenosyl-L-homocysteine 

(SAH) mimetic inhibitors were designed.23  However, SAM is the second most utilized cofactor 

within a cell, behind ATP, and therefore SAM or SAH mimetic inhibitors also non-selectively 

target other SAM-dependent methyltransferases.69-71  For this reason, methotrexate, a very 

successful cancer drug that is known to decrease nucleotide biosynthesis and increase 

concentrations of homocysteine, was found to decrease Ras methylation, mislocalize Ras into the 

cytosol, and decrease the activation of downstream Ras effector, Akt.72  Most Icmt inhibitors are 

now being designed with dual, substrate and cofactor properties in the hopes of creating a 

competitive inhibitor that strongly binds the active site of Icmt.  To date, cysmethynil is the most 

potent and well-studied Icmt inhibitor.54, 73  As with many integral-membrane protein targets, 

inhibitors struggle to maintain solubility, bioavailability, and other pharmacokinetic properties, 

making them unsuitable for clinical use.  Newer classes of Icmt inhibitors have been developed, 

since the inception of cysmethynil, including by the Hrycyna Lab,74-80 however they still have been 

unable to overcome poor solubility properties. 

Other promising strategies that target pre-membrane associated of Ras include disrupting the 

binding of PDEd with KRas4B.  One such molecule, termed deltarasin, showed nanomolar affinity 

towards the prenyl-binding pocket of PDEd.32  It was able to decrease KRas4B signaling as well 

as suppress cell proliferation of pancreatic ductal adenocarcinoma cells that retain oncogenic 

KRas4B mutations in vitro and in vivo.32  Utilizing the crystal structures from this study as well as 

from another (Dharmaiah et al., 2016), structure-based drug design can be performed for newer, 

more specific inhibitors. 

Many of these inhibitors, whether up or downstream of Ras signaling, have been approved 

for the treatment of cancers, however they largely lack potency and specificity, reinforcing the 

need for better Ras oncogenic pathway inhibitors.43  Inhibitors of the enzymes responsible for the 

PTMs of Ras battle low cellular permeability and solubility.81  This is due to the hydrophobic 

nature of the modifications that they are targeting.  The strongest inhibitors of these enzymes 

generally contain characteristics of the isoprenoid chain, as this moiety sits near the reactive C-

terminal cysteine and thus must be accommodated within portions of the modifying enzyme’s 

active sites.  The addition of these hydrophobic groups causes the solubility of these compounds 

to decrease as well as the permeability, since the endogenous role of the isoprenoid group is to 
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anchor the protein to its target membrane.  Solubility and permeability decrease further for small 

molecule inhibitors of both Rce1 and Icmt.  Since they are both integral membrane proteins, the 

majority of their amino acid sequence is hydrophobic in nature, thus requiring more hydrophobic 

binding partners.   

1.6 Sotorasib, the first FDA approved KRas4B direct inhibitor 

In May of 2021, the Food and Drug Administration (FDA) accelerated the approval of the 

first direct KRas4B inhibitor, sotorasib.  This small molecule agent exploits the proximity of the 

cysteine residue of G12C mutated KRas4B to an adjacent pocket (termed P2) within the switch II 

region of the protein.  Due to the previous identification of a class of inhibitors that can target P2 

of KRas4B, future iterations of inhibitors were developed that not only utilize P2, but also target 

an unexploited surface groove of mutant KRas4BG12C to enhance potency and selectivity.82  The 

resulting compound, AMG 510 (now known as sotorasib), showed great promise as not only a 

combinatory therapy but alone as a monotherapy.  In initial clinical trials of patients with non-

small cell lung cancer (NSCLC), treatment with sotorasib resulted in a either a halt or regression 

of their cancer in about 30% of the 73 patients, and an 88.1% showed a halt in progression of their 

cancer 83   

The structure of KRasG12C co-crystalized with sotorasib showed the inhibitor within the P2 

pocket of KRas4B and also the His95 groove.82  The increased potency of sotorasib is due to the 

extensive contacts of the drug within the His95 groove (25 van der Waals contacts).  Sotorasib 

does not inhibit nonmutated, wild-type (WT) KRas4B. Therefore, this drug is a treatment for 

people with solid tumors that have KRas4BG12C mutations in NSCLC.  Treatment results revealed 

that the disease state of patients did not worsen for a period of  7 months, after which the cancer 

began to intensify.84  This is not a staggering number compared to other cancer therapies, and 

therefore, while still continuing its use as a treatment, more research is needed to understand the 

best use of sotorasib at different stages of treatment and disease progression itself.   

Nonetheless, the discovery and approval of sotorasib are important to consider as new 

therapeutics move towards directly targeting specific mutations of the Ras isoforms.  This will 

afford fewer off-target effects of the drugs, especially to other isoforms of Ras that are not 

implicated in oncogenic pathways for those patients.  It is also possible that sotorasib has 
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contributed to the increase in survival rate for lung cancer patients, which still continues to be the 

leading cause of cancer death.85 

1.7 Reversible methylation as a point of regulation for CAAX protein signaling 

In understanding how to create better inhibitors for mutated Ras and its oncogenic signaling 

pathway, it is also important to look at endogenous points of regulation within that pathway.  Most 

common cellular regulation comes from feedback loops.  Within Ras signaling pathways it has 

been found that, possibly as a result of evolved tumor suppression, oncogenic and activated Ras is 

regulated by negative feedback.  This diminishes Ras signaling and thus decreases ERK and PI3K 

signaling, ultimately causing cellular growth arrest.86  Other regulators of wild-type Ras pathways 

include GAPs which accelerate the hydrolysis of GTP to GDP and produce inactive, GDP-bound 

Ras.  Other proteins translated in response to ERK activation also serve as feedback inhibitors of 

molecules along the MAPK pathway.87   

Interestingly, along the CAAX PTM processing pathway, methylation is the only reversible 

step.88, 89  Reversibility may allude a point of protein and signaling regulation.  The subsequent 

parts of this section will provide information on the importance of methylation and taken together, 

emphasizes the possible role of methylation as a point of regulation for CAAX proteins, including 

KRas4B.  Thus, further study on the role of methylation is an imminent need.  

1.7.1 Methylesterase 

There is a lack of evidence confirming a role for a methylesterase that specifically acts on 

this pathway, recent research continues to speculate about its existence.  Methylesterases (also 

known as carboxylesterases) that are capable of acting on prenylated proteins have been identified 

in plants as well as in the liver tissue of rat, rabbit, bovine and porcine samples.90-96  In parallel, 

human carboxylesterase 1 (hCES1) has been identified and crystallized.97, 98  This esterase has 79% 

identity and 88% similarity with porcine liver methylesterase also known as polyisoprenylated 

methylated protein methyl esterase (PMPMEase).99  Although it is known to have many different 

substrates, hCES1 has a large, hydrophobic and flexible active site that can accommodate 

polyisoprenylated groups, leading researchers to believe that hCES1 acts on isoprenylated proteins 

in addition to its other substrates.97, 100   
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As CAAX proteins are highly implicated in oncogenesis, hCES1 has also been studied for 

its possible role within cancer.  It has been found to have heightened levels of expression in 

breast,100 lung adenocarcinoma and NSCLC cell lines,101 as well as in patient tissue samples of 

colorectal,102 prostate,103 and pancreatic104 cancers.  In 2013, Cushman et al. reported one of the 

first and only comprehensive studies of methylesterase activity on a CAAX protein, RhoA.  They 

revealed that in thrombin stimulated breast cancer cells, which causes RhoA activation, 

unmethylated RhoA levels decreased by about 30%.  When cells were treated with a CES1 specific 

siRNA, it enhanced methylated and reduced unmethylated levels of RhoA.  This suggests a direct 

role of CES1 in the demethylation of RhoA.  In the absence of CES1, but also under starvation 

conditions, cells displayed an increase in RhoA activity, which suggests that methylation does not 

indicate activation state of RhoA.  These findings will need to be corroborated, as many previous 

studies, including those performed by Cushman and Casey, demonstrated that methylation has a 

direct impact on Rho activity.105-107 

1.7.2 KRas methylation levels differ in colorectal cancer cells and tumor samples 

In a recent study performed by Ntai et al in 2018, a proteomics approach was taken to better 

understand the different proteoforms of KRas4B within different colorectal tumor samples with 

known KRas4B mutations.  Interestingly they found that some tumor samples, characterized for 

their known KRas4B mutation, only expressed a small fraction of mutated KRas4B compared to 

the total KRas4B expressed overall.  When analyzing the structure of KRas4B within these 

samples, the methylation state varied between sample and cancer stage severity.  Furthermore, 

within individual samples that contained both WT and mutated KRas4B, the mutant and WT 

protein contained differing methylation states.108  Not only does methylation state of KRas4B vary 

between tumor sample, it also varies between mutated and nonmutated proteins within the same 

sample.  This suggests that methylation may help to regulate tumorigenic Ras activity especially 

at different levels between the different oncogenic mutants of Ras.   

1.7.3 SAM-dependent methylation is energetically costly to the cell  

Methylation requires SAM as the methyl-donating cofactor.  As the synthesis of a molecule 

of SAM requires a molecule of ATP, methylation of prenylated proteins is an energetically costly 
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for a cell.109  Because SAM-dependent methylation is expensive to a cell, its product, SAH, 

constitutes a feedback loop that can negatively regulate the activity of Icmt.54, 110 This further 

supports the need to uncover if methylation servs as a point of regulation for CAAX proteins, as 

this step is so energetically costly.   

1.8 Isoprenylcysteine carboxyl methyltransferase (Icmt) 

Methylated, isoprenylated proteins were first identified within the mating factors from jelly 

fungi Tremella mesenterica and Tremella brasiliensis.111, 112  Shortly after, the yeast 

Saccharomyces cerevisiae mating hormone, a-factor was shown to also contain a prenylated and 

methylated C-terminus.113  In parallel, Ras proteins, g subunits of G proteins, a subunit of cGMP 

phosphodiesterase, and nuclear lamin B were also identified to contain prenylated and methylated 

C-termini.114-117  These proteins would soon be classified by their shared C-terminal CAAX motif 

(see section 1.2 above).  Their identification suggested a new class of methyltransferase, as no 

known methyltransferase could act on isoprenylated proteins.114  During the first decade or so of 

identifying the various CAAX proteins and how these PTMs may implicate their respective 

functions, their specific methyltransferase was detected within mammalian membranes.118-120  This 

methyltransferase would soon be termed isoprenylcysteine carboxyl methyltransferase (Icmt).  

Proximal to  Icmt discovery, Saccharomyces cerevisiae mating cells were found to be sterile with 

the deletion of the gene STE14 (aptly pronounced, sterile-14) (Blair PhD Dissertation, University 

of Oregon, Eugene, 1979).  Just over 10 years later, Hrycyna and Clarke (1991) determined that 

Ste14 of yeast was the methyltransferase for isoprenylated proteins, specifically a-factor.121, 122  

The sterility of DSTE14 yeast mating cells was thus connected to the lack of Icmt causing 

unmethylated a-factor mating pheromone to not be exported and thus not recognized by the cell’s 

mating partner.  The lack of export was specifically connected to unmethylated a-factor being 

unable to interact with its export protein, Ste6, and subsequently its failed recognition by receptor 

Ste3 on its mating partner cells.123-126 

Icmt is an integral membrane protein of the ER.120, 127  Until the discovery of Icmt, there were 

five classes of SAM-dependent methyltransferases characterized by their structural features.128-130 

Icmt was the founding member of a new class of integral membrane methyltransferases.  Icmt has 

remained the sole member of its founding class and thus could provide a specific target for the 

indirect inhibition of the various disease pathways of CAAX proteins.  Over the past three decades, 
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the structure, mechanism, and characteristics of Icmt have been extensively studied.  Four species 

of Icmt have contributed to the majority of research including Homo sapiens (Hs-Icmt), 

Saccharomyces cerevisiae (Sc-Icmt or Ste14), Tribolium castaneum (Tc-Icmt), and Anopheles 

gambiae (Ag-Icmt).  Human Icmt has yet to be functionally purified and as such the enzyme from 

other species are used as models.  It is important to note that a prokaryotic model of Icmt was 

established and crystallized in 2011 (Yang et al.) termed Methanosarcina acetivorans Icmt (Ma-

Icmt), however prokaryotes do not have any known prenylated proteins.24, 128  It has since been 

renamed Ma-MTase but is no longer a suitable model for Icmt, as will be discussed in Section 

1.8.1.  The research of this dissertation will utilize Ste14 as a model for human Icmt, as robust 

methods are in place to functionally express and purify it.131 

1.8.1 Ste14 as a model for human Icmt 

Ste14 is a 28 kDa protein with 239 residues and multiple membrane spanning regions.123  It 

shares 30% sequence identity and 46% sequence similarity with its human homolog (Table 1.1).  

These percentages increase when comparing the C-terminal catalytic regions of the protein; 44.7% 

sequence identity and 62.9% similarity.  The sequence diverges for Icmt species within the N-

terminal region of the protein.  Specifically, between human and Ste14, this divergence is due to 

the two additional N-terminal helices of human Icmt.  These two helices have contacts with other 

portions of the protein and are speculated to be involved in stabilizing protein structure, stability 

within the ER membrane and possibly in helping to create a depression within the membrane to 

accommodate the upstream portions of CAAX proteins as they are being methylated.24  It is also 

postulated that the N-terminal extension may have a regulatory function.23, 132  Nonetheless, human 

Icmt and Ste14 have functional redundancy as seen when mating resumed between Saccharomyces 

cerevisiae mating partners within human Icmt transformed strains of DSTE14 cells.120 

Court et al. (2011) aligned Icmts from 15 different species and depicted the results on the 

topology of Ste14 (Ste14 structure discussed in the following section) (Figure 1.4A).  This 

representation clearly shows the homologous residues that are retained in the majority of the C-

terminal portions of the protein.  However, with extensive studies on the four species listed above, 

a better characterized homology diagram between the species is shown in Figure 1.4B.   
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Topology and Structure 

Ste14 is composed of 6 transmembrane helices that span the ER membrane.120, 127, 132, 133  

Both the N- and C-termini are on the cytosolic face and along with the cytosolic loops between 

helices, contain residues that are important for catalytic activity.132, 133  The last two helices are 

structured in a helix-turn-helix motif and obtain highly conserved aspartate (Asp191) and proline 

(Pro192) residues to aid in the structure of this motif (Figure 1.4B).132, 133  Within the more 

homologous C-terminal half of Ste14, it is considered that, roughly, residues 115 to 239 compose 

the catalytic site of the protein.133 The sequence of this region was compared to other SAM-

dependent methyltransferases that lacked tripartite consensus sequences as well as a screening of 

other yeast proteins.  It revealed a consensus motif RHPxY-hyd-EE consisting of two conserved 

parts flanking a hydrophobic stretch of amino acids.133  This motif was further characterized and 

extended into two recognizable motifs (motif A and B), LVxxGxYxxxRHPxYxG and 

xRxxxEExxLxxxFGxxxxEYxxxVxxxxP respectively.23  Many residues within this area were 

deemed to be important as Ste14 lost function upon their mutation. 23  Ste14 also contains a GxxxG 

motif that is proposed to be involved in homodimerization of the molecule (see dimerization 

section below).   

To date, there is no three-dimensional structure of Ste14, but crystal structures have been 

solved for two other Icmt species, Ma-MTase and Tc-Icmt.  The prokaryotic structure from Ma-

MTase was published first and revealed a distinct cofactor binding pocket and a hydrophobic 

tunnel that would allow the reactive cysteine of the prenylated protein to orient itself in close 

proximity with SAM.128  It also only has 5 transmembrane helices, compared to the 6 of Ste14 and 

8 of human Icmt, giving the lowest homology with human Icmt of the other 4 most studied species 

(Table 1.1).  Unfortunately, there are no known substrates endogenous to Ma-MTase as 

prokaryotes do not prenylate proteins.24  This may not make Ma-MTase a suitable model for 

prenylated protein binding, but it does provide insights into SAM binding to an integral membrane 

methyltransferase.  The second structure is the first eukaryotic Icmt solved (Tc-Icmt).24  Of the 

four well studied species, it shares the highest homology with human Icmt (Table 1.1).  This 

structure also revealed a well-defined SAM binding pocket as well as a hydrophobic substrate 

tunnel (Figure 1.5A).  In addition, it identified many residues with proposed contact with both 

SAM and prenylated substrate (see cofactor and substrate binding section). 
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Ste14 functions as a homodimer 

Sequence analysis with other Icmt species revealed a conserved GxxxGxxxG motif along 

transmembrane helix 1 (TM1) of Ste14.  These motifs are well characterized for stabilizing 

interprotein interactions and structure, protein-membrane interactions, and protein-protein 

interactions of membrane proteins.134  To probe the function of this motif, Griggs et al. (2010) 

performed crosslinking experiments within Ste14.  The bis-sulfosuccinimidyl substrate 

homobifunctional crosslinking agent was able to crosslink Ste14 in both crude membrane and pure 

protein preparations revealing not only dimers, but also higher order homooligomers.  To further 

confirm the presence of dimerization, crude membrane preparations expressing either His-tagged 

Ste14 or WT, untagged Ste14 were tested for coimmunoprecipitation.  SDS-PAGE analysis 

revealed that untagged Ste14 was able to associate with His-tagged Ste14 and upon His-tagged 

Ste14 immunoprecipitation, untagged Ste14 was visible.   

A recent crystal structure of a eukaryotic Icmt (Tc-Icmt) proposed a different role of the 

GxxxG motif for Icmts, confirming more than six TMs.24  Tc-Icmt, like human Icmt, contains an 

extended N-terminal region with two more transmembrane helices than Ste14.  TM3 of Tc-Icmt 

contains the GxxxG motif, which is homologous to TM1 of Ste14.  Whereas the motif in Ste14 is 

proposed for homodimerization, the GxxxG motif in Tc-Icmt is proposed to stabilize helical 

association within the protein for structure stability.24  This was proven by reassociation and 

coimmunoprecipitation of TM1 and TM3 of Tc-Icmt after proteolytic cleavage of the amino acid 

backbone between TM2 and TM3.   

To more directly deduce the oligomeric state and function of Ste14, Dr. Anna C. Ratliff 

performed an extensive mutational and chemical crosslinking analyses of the N-terminal domain 

of Ste14.  This revealed residues Met25, Thr26, Ser27, Tyr28, Leu30, Gly31, Gly35, Gly39, Phe41, 

Pro42, and Gln43 were essential for not only protein stability but activity.135  In addition, 

biophysical data from size exclusion chromatography, multi-angle light scattering and small angle 

X-ray scattering (SEC-MALS-SAXS) revealed purified Ste14 existing mostly in dimeric form. 

Ste14 is a zinc-dependent metalloenzyme 

Icmt from rat liver samples was first found to require metal ions for activity and 

stabilization.136  The membrane samples as well as recombinant protein reduced methylation of G 
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proteins by 1,10-phenanthroline specifically but not by EDTA nor EGTA.  Anderson et al. (2005) 

expanded the profile of metal chelators tested on Ste14 and discovered that Ste14 is also sensitive 

to 4-(2-pyridylazo)resorcinol and 2-carboxy-2’-hydroxy-5’-sulfoformazyl-benzene (Zincon) in 

addition to 1,10-phenanthroline.131  EDTA was also found not to inhibit Ste14 activity however 

this information with the addition of the increasing sensitivity from 4-(2-pyridylazo)resorcinol to 

Zincon suggests that more hydrophobic metal chelators are more effective and thus the metal Zn2+ 

ion of Ste14 must be buried deep within a hydrophobic portion of the protein.  A similar study 

tested the effectiveness of cholesterol-based metal chelators against Ste14 for this reason.137  This 

new panel of chelators proved to be useful as a tool to identify other intrinsically hydrophobic 

proteins, such as membrane proteins, that may be unidentified metalloenzymes.   

Hodges, et al. also initially proposed that the three endogenous cysteine residues of Ste14 

may interact with the metal ion.  When all three cysteine residues were mutated to serine, there 

was no difference in protein expression or activity, suggesting that other residues must interact 

with the metal ion. 

Kinetic mechanism of Ste14 

Proteins with two substrates can have various kinetic mechanisms.  Most SAM-dependent 

DNA methyltransferases have one of several bi bi mechanisms.138  Substate binding and product 

release can happen in an ordered or random fashion.  Other mechanisms include a double-

displacement reaction otherwise called a Ping Pong mechanism.  In rod outer segment membrane 

preparations, Icmt was determined to have an ordered bi bi mechanism with SAM binding first 

and SAH being released last.110  The prenylated substrate will bind after SAM and once methylated, 

will be the first product released.  Therefore, characteristics of the structure of SAM should be 

incorporated into inhibitor design processes to increase small molecule binding efficiencies.  More 

than a decade later, kinetic mechanism studies were performed on recombinant human Icmt that 

agreed with the previous data.139  Using different minimal substrates, they confirmed that Icmt acts 

in an ordered, sequential bi bi mechanism with SAM binding first. 

The two crystal structures of Icmt were co-crystallized with SAH but only Tc-Icmt contained 

a minimal isoprenylated protein substrate as well.24, 128  In both structures, the density of the SAH 

molecule was well resolved.  In the Tc-Icmt structure, the density within the hydrophobic substrate 
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binding tunnel could not be resolved to the geranylgeranylated molecule that it was co-crystallized 

in the presence of.  Looking at the kinetic mechanism studies, it is not surprising that the 

unmethylated substate was not co-crystallized with Icmt.  The ordered bi bi mechanism proposes 

that SAH is a competitive inhibitor of SAM however the methylated substrate product is not a 

competitive inhibitor for the unmethylated substrate, suggesting that there is a conformation 

change after methylation occurs and the methylated product is now bound in an allosteric site with 

lower affinity.110, 139  Therefore, SAH and unmethylated substrate would most likely not be 

crystallized together.  The best pairs for crystallization would include methylated product with 

SAH, as unmethylated substrate with SAM would most likely react in the presence of Icmt. 

Cofactor and substrate binding 

The SAM binding site pocket and active site of Icmt is much better characterized than the 

substrate binding site.  This is most likely due to the higher number of conserved residues within 

the C-terminal portions of the protein, which is proposed to house most of the residues important 

for SAM binding (Figure 1.4).  As previously stated, the C-terminus of Ste14 contains motifs A 

and B (LVxxGxYxxxRHPxYxG and xRxxxEExxLxxxFGxxxxEYxxxVxxxxP respectively) that 

are conserved amongst not only different Icmt species but also methyltransferases of different 

classes.23, 133  Upon mutation, this region revealed 31 loss-of-function mutants (<5% WT 

activity).23  Of those residues, the cytosolic residues Glu213 and Glu214 are significantly critical 

for function, as when they are mutated to similarly charged residues they do not regain WT enzyme 

activity.133  These residues were speculated to be part of a SAM binding site, however mutational 

analyses and subsequent activity assays alone are not enough to determine if a change in activity 

is due to SAM binding.  It is possible these mutations could destabilize the enzyme structure, affect 

prenylated substrate binding, or be important for the catalytic mechanism of the enzyme. 

The crystal structures both have highly resolved SAM binding pockets, co-crystallized with 

the reaction product, SAH.24, 140  As previously mentioned, although prokaryotic Ma-MTase does 

not have any identified endogenous substrates, it undoubtedly binds SAM and is a 

methyltransferase.  Therefore, it can still provide information about the SAM binding site of 

integral membrane methyltransferases.  Similar to the structure for eukaryotic Tc-Icmt, the SAM 

binding pocket is at the top of the cytosolic side of Icmt.  The pocket is composed of TM6 – TM7 
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connector of Tc-Icmt (Loop 4 of Ste14), the cytosolic extension of TM8 (TM6 of Ste14) and the 

cap helix (Figure 1.5).  These components keep SAM shielded from the cytosol and membrane 

environments.  The TM6 – TM7 connector (Loop 4 of Ste14) contains many conserved residues 

(Figure 1.4) and is speculated to perform one of the largest conformational displacements upon 

enzymatic catalysis.  Residues Phe184, Tyr204 and Glu250 (Ste14: Phe147, Tyr167 and Glu213) 

of Tc-Icmt provide direct contacts to SAH which is mostly in agreement with Ma-MTase.  

An extensive alanine scanning mutagenesis study was performed of the 76 conserved 

residues of the 15-Icmt species sequence alignment.141 Of the conserved residues mutated to 

alanine (or in the case of an endogenous alanine residue, it was mutated to glycine), 40 were loss-

of-function mutations (<10% WT activity) when tested with a minimal-farnesylated substrate (see 

Chapter 3 for more information). Of the 41 cytosolic or ER lumen exposed residues, 28 mutants 

were enzymatically inactive.  This study is in agreement with other mutational analyses performed 

on Ste14 as well as on Ag-Icmt.133, 140, 142  Inactive residues upon mutation are important for 

enzyme function, however the activity assays performed do not determine if the decrease in 

activity is due to a structural, substrate binding, or catalytic change.  Therefore newer, more 

quantitative methods are needed to determine the function of each inactive residue.   

The N-terminal half of the protein does not have nearly as many conserved residues as the 

proposed catalytic areas of Icmt (Figure1.4).  Also as previously stated, the Tc-Icmt structure did 

not resolve the prenylated protein substrate.24  It is well known that in order for methylation to 

occur, the CAAX protein must have already undergone the two preceding steps of its required 

PTM processing, prenylation and proteolysis,118  In designing inhibitors it is important to 

understand how Icmt accommodates both SAM and the bulky hydrophobic prenyl group of the 

substate within close enough proximity to transfer a small methyl group from one to the other.  

The Tc-Icmt structure reveals a hydrophobic substrate cavity that is lined with hydrophobic and 

aromatic residues: Tyr95, Met99, Phe102, Val124, Asn126, Tyr131, Trp215, Trp218, Tyr235, 

Phe242, and Phe243 (Ste14: Phe52, Leu56, Phe59, Leu81, Asn83, Tyr88, Phe178, Trp181, Phe198, 

Phe205, and Phe206) (Figure 1.5).  All residues are conserved between the four most studied Icmt 

species (Figure 1.4).  The following are the comparisons of data between Ste14, Tc-Icmt and Ag-

Icmt:24, 140, 141 
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• Phe52 of Ste14 (Tc-Icmt: Tyr95) decreases activity about 40% when mutated to 

alanine, but the similarly aromatic tyrosine mutation rescues WT activity.  It was not 

tested in Ag-Icmt 

• Leu56 of Ste14 (Tc-Icmt: Met99) is inactive when mutated to alanine, but regained 

some activity when mutated to similar or aromatic residues. It was not tested in Ag-

Icmt. 

• Phe59 of Ste14 (Tc-Icmt: Phe102) shows minimal activity when mutated to alanine 

(agrees with Ag-Icmt studies) and was rescued when mutated to tyrosine.   

• Leu81 of Ste14 (Tc-Icmt: Val124) was inactive when mutated to alanine and was not 

rescued when mutated to an aromatic residue.  This residue showed minimal activity 

when mutated in Ag-Icmt.   

• Asn83 of Ste14 (Tc-Icmt: Asn126) is active when mutated to alanine in both Ste14 

and Ag-Icmt.  This residue is proposed to give the M4 – M5 connector (Loop 2) 

amphipathic character to better accommodate the amphipathic character of the 

reactive cysteine.   

• Tyr88 of Ste14 (Tc-Icmt: Tyr131) is minimally active when mutated to alanine or 

another aromatic residue.  This residue was not tested in Ag-Icmt but is proposed to 

be exposed to the cytosol in Ste14 or hydrogen bonded to the Ser128 within Tc-Icmt.   

• Phe178 and Phe206 of Ste14 (Tc-Icmt: Trp215 and Phe243) were inactive when 

mutated to alanine in Ste14 and Ag-Icmt.  They are both proposed to be within can 

der Waals distance of the isoprenoid group of the substrate.   

• Trp181 of Ste14 (Tc-Icmt: Trp218) was not mutated however its counterpart in Ag-

Icmt is inactive.   

• Phe198 of Ste14 (Tc-Icmt: Tyr235) is inactive when mutated but was not tested in 

Ag-Icmt.   

• Phe205 of Ste14 (Tc-Icmt: Phe242) was inactive when mutated to alanine and agree 

with the data from Ag-Icmt.  When mutated to other aromatic residues within Ag-

Icmt, activity was rescued.   

In the enzymatic mechanism experiments, it was determined that Icmt acts in a sequential 

ordered bi bi mechanism (see mechanism section above).110, 139  In both experiments, the SAH 

product was a competitive inhibitor for SAM.  However, the methylated isoprenylated protein 



 
 

39 

product was not a competitive inhibitor for the unmethylated substrate.  This indicates that the 

methylated product is located allosterically to the active site and has a lower affinity for the enzyme.  

It further suggests that a conformational change occurs to move the methylated product to the 

allosteric site without changing the SAM/SAH binding site.  This may be possible, through the 

movement of Loop 2 (TM4 – TM5 connector) (Figure 1.5).  As stated above, this region is 

speculated to create a depression in the lipid bilayer to accommodate the upstream portions of the 

prenylated protein in close proximity to the Icmt enzyme.24  If the methylation reaction causes a 

conformational change that makes the unmethylated product have a lower affinity to Icmt, it is 

possible that the conformational change is within Loop 2 and causes the proximal portions of the 

protein to no longer be stable in such close proximity to Icmt.  Another proposed theory is through 

the movement of Loop 4 (TM6 – TM7 in Ts-Icmt). 

Although there is a lot of information about SAM binding of Icmt, more information is 

needed to characterize the isoprenylated protein binding site.  This will allow better inhibitor 

design for increased affinity towards the active site, which must accommodate both the 

isoprenylated substrate and SAM cofactor.  Chapter 3 will discuss methods and experiments that 

have localized isoprenylated protein binding to TM2 of Ste14. 

1.9 Previous methods for studying Ras cellular distribution, methylation, and active states  

Ras pathways, especially in oncogenic contexts, have been well characterized over the past 

few decades.  Activity states and cellular distribution of Ras are common practice for new indirect 

inhibitors that target the processes upstream of Ras.  However, for the advances made in 

understanding Ras signaling over the past decades, there are equal advances in experimental 

methods that can and should be applied to Ras.  Here are the current questions that still remain in 

the field of Ras signaling and methylation.  The new methods that can be used to answer these 

questions will be described in detail in Chapter 4. 

1.9.1 Can KRas4B be at the plasma membrane when unmethylated? 

The canonical methylation and Ras localization studies were performed by Bergo et al. 

(2000).  They found that in Icmt -/- mouse embryonic stem cells transfected with a GFP-KRas4B 

fusion plasmid, KRas4B was mislocalized to the cytosol.143  Although there is a significant amount 
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of KRas4B mislocalized from the PM, there is still a distinguishable amount at the PM (Figure 

1.6) .  When roughly quantified, about one half of the protein remains at the plasma membrane in 

the absence of Icmt (Figure 1.6).  To support the immunofluorescence (IF) data, they performed 

cell fractionation to isolate KRas4B in the membrane and cytosolic fractions of Icmt +/+ and Icmt -

/- cells.  These results displayed the majority of KRas4B within the cytosolic fraction, with lower 

levels at the plasma membrane, although the results look more similar to the quantifications 

performed in Figure 1.6.  The question remains; is the KRas4B that remains at the plasma 

membrane in the absence of Icmt, methylated?  In this study, radiolabeled 14C-SAM was used to 

monitor a decrease in methylation of isoprenylated protein mimetic substrates in cell lysate 

samples of Icmt -/- and Icmt +/-.  Although there was no Icmt activity, there was no direct 

measurement of Ras methylation state.   This is an important piece of information.  This question 

is not to dispute that there is more than one methyltransferase that can act on Icmt.  It serves to 

better understand if unmethylated Ras can still traffic to the membrane and furthermore, if it can 

still perform signaling at any level.  We do know that there are some levels of unmethylated 

KRas4B within colorectal cancer samples, even as high as 90%, indicating that there may be some 

function of unmethylated KRas4B or a function for methylation itself as a regulatory step.108 

Other studies have employed similar methods, especially with the purpose of proving new 

classes of Icmt inhibitors which cause mislocalization of KRas4B, or other CAAX proteins from 

reaching the PM or other endomembrane systems.72-76, 144  Some newer methods have utilized 

probing expression levels of progerin within cells.74  Progein is a permanently farnesylated and 

methylated form of prelamin A that cannot undergo a fourth PTM in proteolytic N-terminal 

cleavage by ZMPSTE24.145  Progerin can build up and can cause disfigured nuclei and ultimately 

leads to Progeroid disease.  Although these studies can distinguish progeria from prelamin A and 

fully mature lamin A protein, the information on the antibody used does not specify if the 

recognition by the antibody is to the methylated portion of the protein.  If not, it is possible that 

they are measuring both methylated and nonmethylated prelamin A. 

Even so, levels of unmethylated protein at or mislocalized from the plasma membrane have 

not been quantified through fluorescence imaging.  Quantification requires employment of the 

proper controls, including positive control markers to designate the cell membrane and even the 

nucleus.  This will be useful in understanding relative levels of mislocalized KRas4B in the 

presence of Icmt inhibition.  
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1.9.2 Can unmethylated KRas4B propagate a signal? 

Since the first studies of the effects of Icmt on Ras and oncogenesis, immunoblotting of 

downstream Ras effectors has been used as a measure of Ras signaling.  This commonly takes 

form in measuring phosphorylation of MEK, ERK or Akt, as that is a sign of their respective 

activation as a means of upstream Ras signaling.  The MAPK pathway is more prominently probed 

as Ras is one of, if not the predominant protein that activates this pathway.  However, the PI3K/Akt 

pathway is also probed but to a lesser extent as many other proteins aside from Ras activate and 

have influences within this pathway.146   

Immunoblotting for many promising Icmt inhibitors has shown a decrease in Ras signaling 

by probing one of the above-mentioned proteins.73, 75, 77, 147  However there is never a complete 

abrogation of expression.  Another, more recent method is employed that incubated cell lysate 

with the Ras binding domain (RBD) of Raf-1 that is conjugated to a glutathione agarose resin.  

Once the RBD is bound to the GTP-bound (active) Ras within the cell lysate, a pull-down of the 

agarose beads will pull out the GTP-bound Ras.75  It can then be visualized via western blot.  Again, 

this is still an average of the activated state between thousands of cells and may be missing key 

cell-to-cell information. 

This leads to the following questions:1) is the phosphorylation of proteins downstream of 

Ras occurring through pathways outside of Ras signaling? 2) is some Ras still methylated and still 

able to provide enough signal for detectable phosphorylation of downstream effectors? or 3) Is 

unmethylated Ras still able to propagate a signal at any level? 

1.9.3 Are all cells responding uniformly to Icmt inhibition? 

In most Icmt inhibition and subsequent Ras localization studies, immunofluorescence and 

confocal microscopy studies show a single field of view of a select few cells.  These cells are a 

representative image of multiple fields of view, which are often not shown in supplementary 

information.  Representative fields of view could be compared to western blotting, where hundreds 

of thousands of cells are contributing to the averaged result.  However, it is more biased in the 

particular field of view selected by the author.   

Displaying multiple fields of view, or quantifying results of multiple cells at the single cell 

level, will provide a cell-to-cell distribution of KRas4B signaling across many cells in a way that 
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is more descriptive and accurate than western blotting fractionation studies.148-151  It is possible 

that some cells show hyperactivation of KRas4B and some do not, even under WT conditions. 

1.9.4 What are the effects of methylation on endogenous KRas4B 

Most central to these questions and future studies is the use of endogenous levels of KRas4B.  

All previous experiments listed for KRas4B localization studies whether under Icmt, Rce1 or 

FTase inhibition, utilized transformed KRas4B in an overexpression system in at least one if not 

all of their localization studies.52, 72, 73, 75-77, 143, 147  Overexpression systems are useful to enhance 

signal for otherwise low expressing proteins at the endogenous levels.  However, there is 

importance in studying cells in their most native forms.  Disadvantages to overexpressing proteins 

include exhausting the resources of the cell, overloading signaling pathways, disrupting regulation, 

and more.152   

Endogenous Ras has previously been reported to be difficult to detect through IF or visualize 

through immunoblotting.  One comprehensive study of Ras antibodies validity, clearly stated that  

“Ras antibodies are unsuitable for IF of endogenous Ras proteins” and even western blotting.153  

However with continuous advances to immunofluorescence imaging technology, it’s possible that 

this may be overcome sooner and is still important to pursue in creating the most native 

experiments possible. 

1.10 Central hypothesis 

Our central hypothesis is that methylation of Ras is a point of regulation in membrane 

localization and signaling of Ras  through the MAPK and PI3K pathways.  We further hypothesize 

that methylation, performed by the enzyme Icmt, binds to its Ras substrate  predominantly through 

its N-terminally conserved residues.  Through this research, we expect to generate actionable 

insights for small molecule development of novel therapeutics. 
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1.11 Tables 

 

 

 

 

 

 
* 

Table 1.1 Sequence homology of the four Icmt species, Hs-, Sc-, Ag-, and Tc- Icmt as well as the prokaryotic 
methyltransferase, Ma-MTase  Sequences are aligned for the full-length protein as well as within the proposed C-
terminal catalytic region. 

 
*analysis performed using EBMOSS Needle EMBL-EBI. 
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1.12 Figures 

 

 
Figure 1.1 Ras general structure, C-terminal sequences of all isoforms, and mutational hotspot GEF/GAP rates 

Crystal structure of HRas (PDB: 6Q21:A) with areas of importance highlighted.  Residues that form mutational 
hotspots are globular and colored in red.  From: Engin, H. B.;  Carlin, D.;  Pratt, D.; Carter, H., Modeling of RAS 
complexes supports roles in cancer for less studied partners. BMC Biophysics 2017, 10 (1), 5.  
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Figure 1.2 KRas4B post-translational modifications and signaling cascade. 

Canonical KRas4B signaling begins with extracellular EGF binding to EGFR.  This causes dimerization and recruits 
Grb2-SOS to the plasma membrane. Once at the PM, Grb2-SOS can bind fully processed KRas4B.  Before its 
localization to the PM, KRas4B undergoes three required post-translational modifications on its most C-terminal 
cysteine residue of its CAAX motif: farnesylation, proteolysis, and methylation.  Of those three steps, methylation is 
the only reversible process making it a possible point of regulation for KRas4B and other CAAX proteins.  KRas4B 
then translocates to the PM possibly with the help of PDEd and other unidentified chaperones.  Once at the PM 
KRas4B can associate and bind SOS which helps it to stay in the GTP-bound (active) state.  GTP-bound Ras can bind 
and activate effectors such as Raf of the MAPK pathway or PI3K which produces a secondary messenger involved in 
many processes including Akt and mTOR signaling. The PDB structures of which each protein is based are, Ras: 
4OBE & 4DSO, FTase: 1S63, GGTase-I: 3GFT, Rce1: 4CAD, Icmt: 5VG9, Grb2: 1JYU, SOS: 3KSY, Raf: 3C4C, 
MEK: 4MNE, ERK: 4GT3, PI3K: 4OVV, EGFR: 1NQL, 1IVO, 2JWA, 1M17 and 2GS6. 
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Figure 1.3 Post translational modifications of KRas4B. 

KRas4B must undergo three post-translational modifications for proper plasma membrane localization and function.  
As a CAAX protein, its most C-terminal cysteine residue gets irreversibly farnesylated and proteolyzed by FTase and 
Rce1 respectively.  Alternatively in the absence or inhibition of FTase, GGTase can geranylgeranylate KRas4B for its 
continuation and activation along this pathway.  Finally, the free carboxylate of the C-terminus is methylated by Icmt.  
Once methylated, KRas4B can translocate to the plasma membrane possibly with the help of PDEd and other 
unidentified chaperones, and perform its activation for signaling  The PDB structures of which each protein is based 
are, Ras: 4OBE & 4DSO, FTase: 1S63, GGTase-I: 3GFT, Rce1: 4CAD, Icmt: 5VG9.  
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Figure 1.4 2D topology of Ste14 representing homology between multiple Icmt species.  

Blue residues represent identical and red identify similar residues.  (A) Sequence alignment of 15 Icmt species adapted 
from Court, H.;  Hahne, K.;  Philips, M. R.; Hrycyna, C. A., Biochemical and Biological Functions of I 
Isoprenylcysteine Carboxyl Methyltransferase. The Enzymes 2011, 30, 71-90.  (B) Sequence alignment of the four 
most studied Icmt species Hs-, Tc-, Ag-, and Sc-Icmt. 
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Figure 1.5 Structures of Icmt 

PyMOL structures of (A) Tc-Icmt and (B) Ste14, which is mapped onto the structure of Tc-Icmt.  The aromatic residues 
lining the proposed substrate binding tunnel are highlighted in blue.  Loop 4 (TM6 – TM7 connector) is highlighted 
in green. Loop 2 (TM4 – TM5 connector) is highlighted in yellow.  Methyl donating cofactor, SAM, is highlight in 
orange only in Tc-Icmt.  The molecule is then rotated 90 degrees to look down into the substrate binding tunnel.  (Tc-
Icmt PDB: 5V7P). 
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Figure 1.6 Mislocalization of GFP-KRas4B in Icmt -/- cells. 

Left) Mouse embryonic fibroblasts transfected with GFP-KRas4B fusion protein in (1) Icmt +/+ and (2)   generated 
Icmt -/- cells.  Right) Quantification of mislocalized GFP-KRas4B from the plasma membrane into the cytosol.  
Generated by Dr. Shalini T. Low-Nam.  From: Bergo, M. O.;  Leung, G. K.;  Ambroziak, P.;  Otto, J. C.;  Casey, P. 
J.; Young, S. G., Targeted inactivation of the isoprenylcysteine carboxyl methyltransferase gene causes 
mislocalization of K-Ras in mammalian cells. Journal of Biological Chemistry 2000, 275 (23), 17605-17610. 
Copyright © 2000 by The American Society for Biochemistry and Molecular Biology, Inc.  
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 DEVELOPMENTS IN INSTRUMENTATION AND 
METHODOLOGIES FOR THE STUDY OF STE14-MEDIATED 

METHYLATION 

2.1 Introduction 

This chapter summarizes the protocols the author has extensively optimized for the projects 

included in this dissertation as well as for non-dissertation related projects.  Projects related to this 

dissertation will be covered in more detail in the following chapters. 

2.2 Isolation and visualization of substrate-labeled transmembrane helix 2 of Ste14 

2.2.1 Summary 

We employed a combination of methods and techniques to identify the residues of 

isoprenylcysteine carboxyl methyltransferase (Icmt) involved in substrate binding.  In this section, 

the protocols from Chapter 3 are described in greater detail including: 1) photolabeling of Ste14 

with a photoreactive substrate analog, 2) cleavage of photolabeled Ste14 at specific cysteine 

residues, 3) isolation of the photolabeled fragment of transmembrane helix 2 (TM2), and 4) 

visualization of the photolabeled TM2 fragment.  

2.2.2 Background 

It is proposed that transmembrane helix 2 (TM2) of Ste14 contains key residues that interact 

with substrate for proper enzymatic function.  The crystal structure of Tribolium castaneum Icmt 

(Tc-Icmt) along with mutational analyses of Homo sapiens (Hs-Icmt) and Anopheles gambiae (Ag-

Icmt) Icmts have determined the homologous N-terminal residues that line a hydrophobic, 

substrate tunnel.1-4  These residues could be implicated in enzyme structure, substrate binding or 

orientation, and/or catalytic activity.  Mutational analyses of Ste14 and subsequent activity studies, 

revealed that alanine-mutated residue Leu56 (L56A) preferred the geranylgeranylated form of 

substrate over the farnesylated from (see Chapter 3).5  Taken together, these data suggest that the 

conserved residues along TM2 of Ste14, including Leu56 are important for enzymatic activity.  

These analyses do not determine if the decrease in activity was due to the disruption of substrate 

binding.  To determine which residues of TM2 were important specifically for binding of substrate, 
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we leveraged techniques including mutagenesis, photolabeling, chemical cleavage, 

immunoblotting, fluorescence detection, and mass spectrometry, to name a few.  Herein are the 

protocols for photolabeling, chemical cleavage, isolation of TM2, and visualization of 

photolabeled TM2.  The number of steps required and the low yields of photolabeled TM2 

fragment presented significant challenges.   

2.2.3 Optimization  

Photolabeling 

Substrate mimetic, photoreactive probes were synthesized by the Distefano Lab (University 

of Minnesota) to aid in determining where the substrate interacts with the amino acid sequence of 

Ste14.  These probes are based on a minimal substrate, N-acetyl-S-farnesyl-L-cysteine (AFC), 

modified with tunable moieties capable of binding and characterizing Ste14 in the substrate-bound 

state (Figure 2.1A).  The isoprenoid group allows the probe to localize to the proper site within 

Ste14, and thus Ste14 retains activity with this probe when compared to the wild-type (WT) 

minimal substrate (AFC).  A photoreactive diazirine moiety was introduced into the isoprenoid 

terminus to covalently bind to Ste14 upon exposure to ultraviolet (UV) irradiation, producing an 

irreversible-covalent bond between photoreactive-substrate and enzyme.  The mechanism by 

which this bond is made can be seen in Figure 2.1C.  The biotin group aids in visualization of 

photolabeled enzyme via western blotting with NeutrAvidin-HRP antibodies.  It can also be useful 

in enriching the photolabeled enzyme by way of pulldown with NeutrAvidin-agarose resin.  Lastly, 

a fluorescein (5-Fam or FITC) group aided in fluorescent visualization of photolabeled enzyme 

via Typhoon imager or by probing with fluorescein-HRP antibodies through western blotting.   

  In an effort to decrease protein degradation throughout the multi-step process of isolating 

and visualizing photolabeled TM2 of Ste14, probe:enzyme and irradiation times were optimized.  

Since the overall goal of decreasing protein degradation is to further enhance the signal of 

photolabeled enzyme fragments, we tested the photolabeling capacity on the purified, NTCB 

cleaved Ste14 mutant, TA-S77C (Figure 2.1B).  This mutant is characterized and described in 

Chapter 3.  Probe to enzyme ratios of 15:1, 10:1 and 3:1 were tested.  Though there was no decrease 

in degradation across ratio conditions, it was evident in the NeutrAvidin-HRP blot that the 15:1 

ratio produced the strongest signal in labeling the N-terminal fragment of TA-S77C (Figure 2.1D).  
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This finding aligned with the previous assays performed by Dr. Amy L. Funk (2017) that utilized 

probe to enzyme ratios of 15:1 and UV irradiation times of 30 minutes.  Thus the 15:1 ratio was 

selected for all future photolabeling experiments.  To further increase signal of photolabeled 

fragments by decreasing protein degradation, 10 min. and 30 min. UV irradiation times were tested 

(Figure 2.1E).  No differences in degradation between irradiation times or were observed from the 

photolabeled C-terminal fragment of TA-S77C within the NeutrAvidin-HRP blot.  Future 

photolabeling experiments should utilize a 15:1 ratio of probe:enzyme with 30 min. UV irradiation 

times.  The Distefano Lab has unofficially reported 1% photolabeling of protein by their probes.  

The main hurdle of these experiments is visualization of photolabeled protein at maximal 

intensities, which becomes further exacerbated as other steps in the workflow of TM2 isolation 

further reduce concentrations of photolabeled TM2.  

NTCB cleavage 

To better isolate TM2 for substrate binding analysis, we can introduce two specific cysteine 

residues flanking the helix and selectively cleave them using a cysteine specific chemical cleavage 

reagent.  Once photolabeled under native conditions, Ste14 can be cleaved at specific cysteine 

residues by 2-nitro-5-thiocyanobenzoic acid (NTCB).  Generation of a cysteine-less, triple-alanine 

construct of Ste14 (TA-Ste14) served as a control.  We introduced two cysteine residues within 

TA-Ste14 that flank each end of TM2 to isolate TM2 of Ste14.  These mutations at Ile44 and Ser-

77 created the double mutant TA-I44C-S77C.  Each single mutant was tested separately for activity, 

photolabeling and NTCB cleavage before proceeding with examination of the double mutant 

(Chapter 3).  Single cysteine mutant, TA-S77C, previously showed the highest cleavage efficiency 

of any mutant tested, and therefore was used for all NTCB cleavage optimization experiments.   

Initial NTCB cleavage experiments of TA-S77C as well as those performed by Dr. Kalub J. 

Hahne and Dr. Amy L. Funk have shown the majority of the treated protein to be uncleaved and 

also showed high levels of protein degredation.5, 6  To decrease protein degradation, initial cleavage 

incubation times of 16 hours were decreased to 4 hours.  Though there was no decrease in 

degradation, there was also no change in cleavage efficiency, allowing no detriment to the samples 

and use of the shorter incubation period going forward (data not shown).  Next, ratios of NTCB to 

enzyme were optimized.  NTCB reagent concentrations were previously recommended to be 
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anywhere between 10- to 40-times in excess of protein.7-9  Dr. Amy L. Funk previously utilized 

NTCB:enzyme ratios of 462:1, therefore NTCB:enzyme ratios of 10:1, 40:1, 100:1, 462:1 and 

800:1 were tested (Figure 2.2).5  By visualizing both the N- and C-terminal fragments of TA-S77C 

through a-myc and a-Ste14 immunoblotting, respectively (described in Chapter 3), it was 

determined that that NTCB:enzyme ratio of 462:1 was optimal.  Under these conditions, there was 

no change in protein degradation.  This experiment was performed once for TA-S77C and was 

repeated for the mutant TA-Q43C (data not shown).  TA-Q43C overall showed much lower 

cleavage levels than the TA-S77C mutant confirming that the 462:1 NTCB:enzyme ratio was 

optimal for highest cleavage efficiency.   

In the optimization of incubation time and NTCB:enzyme ratio, the majority of protein 

remained uncleaved.  Thus, the reaction conditions were further optimized to promote cleavage by 

changing the denaturing agents and nucleophiles of the experiments.  6 M Guanidine was 

recommended to increase cleavage efficiency by replacing urea as the denaturing agent.8, 9  While 

Efficiency under addition of guanidine remains inconclusive, as samples could not be properly 

loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (data 

not shown).  The SDS of the loading buffer started to precipitate in the presence of guanidine 

during sample preparation SDS-PAGE analysis.  Ammonia-catalyzed cleavage was also 

recommended to increase cleavage efficiency and reduce denaturation with a smaller cleavage 

incubation time of 1 hour, however these conditions required guanidine as the denaturing agent 

and thus also produced inconclusive western blotting results (data not shown).8, 9  Dialysis has 

been shown to remove the guanidine from NTCB reactions, however the low yields of pure protein 

and 100 µL reaction volumes of our experiments, made it not a feasible addition to our workflow 

of isolating TM2.8-10  Expression systems in organisms other than yeast may overcome some of 

these difficulties; there is 1% pure protein yield of Ste14 from isolated crude membrane 

preparations of yeast.11   

In addition to uncleaved protein, there is a propensity for NTCB to differ in cleavage 

efficiency for cysteine residues along the Ste14 sequence.  As evidenced by the cleavage testing 

of TA-Q43C, which showed significantly lower NTCB cleavage compared to TA-S77C (data not 

shown), it is possible that certain areas of Ste14 are inaccessible to the chemical reagent.  Ste14 

and the areas of interest around TM2 are extremely hydrophobic, therefore reduced cleavage 

efficiency is not surprising.  Diminished cleavage capacity was shown to be true in the 
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visualization of more than three fragments within the double mutant TA-I44C-S77C sample, 

indicating missed cleavages at both cysteine residues (Chapter 3). 

Enrichment of photolabeled TM2 

Residues within TM2 of Ste14 are proposed interact with isoprenylated substrate.  Dr. Amy 

L. Funk previously determined that photoreactive substrate covalently binds to Ste14 between 

residues Phe46 (F46) and Ser77.5  Upon mutation, expression and initial testing of Ste14 double-

cysteine mutant TA-F46C-S77C, this mutant showed a profound reduction in methyltransferase 

activity (< 25%, data not shown) compared to the control, TA-Ste14.  New N-terminal residues 

within Loop 1 of Ste14 were mutated to cysteine and studied for activity, photolabeling and 

cleavage efficiency, resulting in TA-I44C as the leading candidate (data not shown).  The double 

mutant TA-I44C-S77C was successfully expressed and tested for activity, cleavage and 

photolabeling (Chapter 3).   

As stated in the optimization sections for photolabeling and NTCB cleavage, increased 

efficiencies of these experiments are necessary to increase concentrations of photolabeled and 

properly cleaved protein, most significantly, photolabeled and cleaved TM2. Given the extensive 

optimization already performed in these previous steps, methods to enrich and isolate photolabeled 

TM2 following cleavage are required.  The three expected fragments of TA-I44C-S77C, given 

both 100% photolabeling and cleavage efficiencies, were expected to be 5.4, 13.8 and 20.0 kDa 

for the TM2, N-terminal and C-terminal fragments respectively (Figure 2.3A).  However, with 

inefficient cleavage and photolabeling capacities, other fragment sizes were also present.  These 

additional fragments were all greater than 10 kDa in molecular weight except for those of TM2 

(4.1 and 5.4 kDa) (see Chapter 3).   

When previously assessing the less-active double mutant, TA-F46C-S77C, for cleavage and 

photolabeling of TM2, we identified the presence of the TM2 fragment via matrix-assisted laser 

desorption/ionization - time of flight/time of flight (MALDI-TOF/TOF) mass spectrometry 

(Figure 2.3B & C).  The samples analyzed through this method were photolabeled and NTCB-

treated, however, only non-photolabeled fragments, including that of TM2, were detected.  Though 

initially promising, the lack of photolabeled fragment detection was not surprising given the low 

efficiency of photolabeling.  Nonetheless, the detection of unphotolabeled TM2 is notable, since 
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to this point, we had been unsuccessful in visualizing the small fragment (photolabeled or not) 

within SDS-PAGE analyses.  Further, the unphotolabeled TM2 fragment displayed maximal signal 

of the MALDI-TOF/TOF detector, providing the argument that, if isolated, the photolabeled TM2 

fragment would have distinguishable signal as well.   

Unfortunately, as the newer, more active double mutant, TA-I44C-S77C was being mutated 

and initially tested, the MALDI mass spectrometer in the Purdue Proteomics Facility (Bindley) 

was taken out of service and is still awaiting repair.  Samples of photolabeled and cleaved TA-

I44C-S77C were submitted to the Analytical Mass Spectrometry Core (DRUG) for analyses on 

their MALDI-TOF/TOF instrument, however there was no signal of any fragments or full-length 

protein in any of the samples submitted.   It is possible that there is no signal because not enough 

protein was loaded to the sample plate, as previous samples run in the Proteomics Facility 

contained about 20-times recommended values of protein.  It is important to note that upon initial 

consultation with the Proteomics Facility, it was suggested that anywhere from 0.5 pmol to 10 

pmol of protein should be spotted onto sample plate with at least a 1:1 ratio of matrix.12, 13  In 

initial analyses where ~25 pmol of sample was spotted, only full length protein was detected (data 

not shown).  For the experiment in which the TM2 fragment was detected, over 200 pmol of protein 

was spotted onto the sample plate at a 1:2, protein to matrix ratio – 20 times the recommended 

protein spotting amount.  We decided to use the matrix sinapinic acid, which helps to entrap and 

co-crystalize protein molecules them as it dries.14, 15  Unfortunately, the MALDI instrument within 

the DRUG core is currently not in use for further attempts with the new double mutant and will 

not be until a new scientist if hired to run the facility or current graduate students implement a 

training and service schedule. 

With the lack of availability of a usable MALDI instrument, we shifted our focus to the 

detection of the TM2 fragment using SDS-PAGE.  Optimization of gel conditions necessary to 

resolve lower molecular weight proteins is summarized below in the next section.  We have seen 

the most success with a 20% acrylamide gel in a 3-morpholinopropane-1-sulfonic acid-Tris-SDS 

(MOPS-Tris-SDS) running buffer.  Without any enrichment steps, the larger molecular weight 

fragments (> 10 kDa) have maximized band signal intensity (Figure 2.4A), while detection of the 

lower concentrated TM2 fragment was unsuccessful.  To combat diminished detection of the lower 

concentrated TM2 fragment, we used 10,000 molecular weight (MW) cut-off concentrators (a gift 

from the Low-Nam Lab, Purdue University, IN) following photolabeling and NTCB cleavage to 
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separate out the larger fragments.  The TM2 fragment was expected to be in the flow-through of 

the concentrated sample. However, the large volume of the flow-through decreases the 

concentration of the TM2 fragment when preparing samples for SDS-PAGE analysis.  Thus, the 

flow-through and samples retained in the concentrators were lyophilized (in the Chmielewski Lab) 

and subsequently reconstituted in minimal amounts of SDS-loading buffer to maximize 

concentrations for sample loading.  As shown in Figure 2.4 using Sypro™ Ruby staining, the 

concentrator was successful in retaining the larger fragments while the TM2 fragment was 

collected in the flow-through.  This was the first visualization of the TM2 fragment by SDS-PAGE 

and the first detection of the TM2 fragment in the newer TA-I44C-S77C mutant (Figure 2.4B).  It 

is important to note that the TM2 fragment is resolved alongside the small molecular weight 

control of epidermal growth factor protein (EGF) which is about 6.4 kDa.  Future efforts should 

continue to isolate the larger molecular weight fragments from the TM2 fragment. This is 

exemplified by the difficulty in detecting the EGF control, at a loaded mass of 100 ng, in the 

presence of the larger, more abundant, background fragments (Figure 2.4). 

Since the gels detecting the TM2 fragment were visualized by Sypro™ staining, it cannot be 

confirmed that the TM2 fragment detected was photolabeled by our substrate-mimetic probe.  To 

prove that TM2 was photolabeled, the samples from this experiment were analyzed by 

NeutrAvidin-HRP western blotting. Although the same amount of protein was loaded into the 

western blot as in the Sypro™ staining gels, no bands were detected (data not shown).  The lack 

of resolved bands is due to the extremely low levels of photolabeled TM2 fragment present in the 

sample.  In the Sypro™ gels, the EGF control and TM2 fragment bands had similar intensity.  

Therefore, since 100 ng of the EGF control was loaded, we can assume close to 100 ng of TM2 

fragment was present as well.  If it is true that 1% of protein is photolabeled (Distefano Lab), then 

out of the 100 ng of TM2 fragment visualized, 1 ng of TM2 in the gel should have been 

photolabeled.  Detection limits of western blot analysis have been reported to be as low at 100 ng 

but recommended to be around 2 µg.16, 17  Our lab can visualize 100 ng of pure protein via a-myc 

antibodies to analyze pure Ste14 preparations, but it is not recommended to go below this limit.  

Therefore, it is not surprising that we were not able to visualize photolabeled TM2 fragment in this 

gel sample as it is well below the 100 ng limit of detection. 

To determine TM2 fragment yields within this workflow, we can compare the previously 

visualized TM2 fragment and the 100 ng of EGF control. This experiment utilized 30 µg of pure 
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Ste14 protein to be photolabeled, NTCB cleaved and concentrated.  After lyophilization 100 µL 

of SDS-loading buffer was added to prepare samples for SDS-PAGE analysis.  Of that 100 µL, 40 

µL was loaded into the gel and visualized via Sypro™ staining.  Because the bands of the TM2 

fragment and the 100ng EGF control were similar in intensity, we can assume that approximately 

100 ng of TM2 fragment was loaded into the gel in a 40 µL volume (Figure 2.4B).  This gives 250 

ng of TM2 fragment produced from the initial 30 µg of protein. Therefore, in this current reaction 

workflow to isolate the TM2 fragment, without attempting to separate photolabeled from 

unphotolabeled fragment, 0.8% of resulting protein is TM2 fragment.  Of those 250 µg of protein, 

2.5 ng is assumed to be photolabeled. Given the 1% photolabeling efficiency suggestion, 2.5 ng is 

photolabeled of the 250 µg of TM2 fragment.  Thus the overall percentage of photolabeled TM2 

fragment was reduced to 8x10-3% of the initial 30 µg of protein.  If we are to visualize photolabeled 

TM2 fragment via NeutrAvidin-HRP western blotting analysis, at which the recommended 

minimum sensitivity of detection is 100 ng, we would need to start with a minimum of 1204 µg 

(1.2 mg) of pure protein.  Given that there is also a 1% yield of pure protein from crude membrane 

preparations of yeast, 120 mg of crude membranes must be purified to perform one iteration of 

this current workflow to detect the photolabeled form of the TM2 fragment via SDS-PAGE 

analysis.11  Thus, utilizing other expression systems, such as insect cells with baculovirus, will be 

useful in increasing protein yields for these experiments. 

SDS-PAGE gel conditions 

Optimization of the acrylamide composition of the SDS-PAGE gel and running buffer was 

required to visualize the small molecular weight TM2 fragment, whether photolabeled or not.  

When optimizing NTCB cleavage efficiencies with mutant TA-S77C, TruPAGE™ 4-20% precast 

gradient gels were run in a TEA-Tricine-SDS buffer.  This preparation allowed for separation and 

identification of cleavage fragments between 10 and 75 kDa in size (Figure 2.5A).  However, for 

TM2 fragments less than 10 kDa, these gel conditions were not appropriate since the dye front of 

the gel ran at 10 kDa.   

The TruPAGE™ 4-20% gradient gels were run in a MOPS-Tris-SDS buffer with the running 

buffer of the inner chamber containing sodium bisulfite to better resolve the smaller molecular 

weight fragments of the TA-I44C-S77C double mutants (Figure 2.5B left).  The antioxidant 
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properties of the sodium bisulfite is known to prevent potential sample reoxidation of reduced 

protein samples.18  The dye front of these gels runs with the 10 kDa molecular weight marker of 

the protein standard (Figure 2.5B right).  Interestingly, the lower molecular weights of the protein 

standard (2 and 5 kDa) ran faster than the dye front (Figure 2.5B right).  The bands at 10 kDa that 

are visible in each lane of the western blot were caused by the lower molecular weights of the dye 

front (Figure 2.5B left).  Under these conditions it was not possible to visualize the small molecular 

weight control of EGF by Sypro™ staining.  It is possible that the protein was somehow running 

at the dye front and not at the same speed at the protein standard.  To circumvent the possible 

difference in running speeds, we next tried running a 20% acrylamide gel in the same MOPS-Tris-

SDS buffer with sodium bisulfite spiked into in the inner chamber (Figure 2.5C).  These new 

conditions allowed separation and resolution of proteins between 37 and 2 kDa.  When the dye 

front was run off the gel, the 2 kDa molecular weight marker of the protein standard remained 

about one-third of the distance to the bottom of the gel - well away from any possible interaction 

with the dye front.  We were also able to resolve the EGF control under these new conditions and 

thus these conditions were used for future attempts to resolve the TM2 fragments. 

When performing photolabeling and NTCB cleavage reactions of mutants without the need 

to resolve lower molecular weight fragments (<10 kDa), three different gel conditions could be 

used: 1) TruPAGE™ 4-20% precast acrylamide gels with TEA-Tricine-SDS buffer, 2) 12% 

acrylamide gels in a Tris-Glycine-SDS (TGS) buffer or 3) 12% acrylamide gels with 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (Figure 2.5A, D & E respectively).  

While bands were resolved well under gel conditions 1 and 3 (above), they displayed high 

background fluorescence when attempting to image the photolabeled fragments with the Typhoon 

imager.  Condition 2 reduced the background fluorescence significantly, and thus was used for all 

future gels that required fluorescence analysis (data not shown).  It was also observed that the 

fragment bands were not resolved with their predicted molecular weight standard.  For example, 

in Figure 2.1D and E, the 17.9 kDa fragment ran slower than that 20.0 kDa fragment.  This is 

elaborated on further in section 2.2.6. 

2.2.4 Materials 

1. 138 mM 3-morpholinopropane-1-sulfonic acid (MOPS), 1 mM dithiothreitol (DTT) 

buffer, pH 7.5 
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2. Biotin-PEG4-K(5-Fam)-AFC(Diazirine) (AFC-FamDiaz, Distefano Lab, University of 

Minnesota) 

3. Pure Ste14 at a concentration of 0.25 µg/µL in photolabeling reaction 

4. 96 well plate 

5. Digestion Buffer (DigBuffer): 

a. Mastermix of buffer (made fresh in diH2O): 

i. 233.3 mM glycine, pH 10  

ii. 6 M Urea 

b. In reaction: 

i. 105.9 mM glycine, pH 10 

ii. 2.72 M Urea 

6. 40 mM NTCB stock (made fresh in DigBuffer): 

a. On analytical balance, mass small amount from tip of spatula into Eppendorf 

tube (~0.4-1.0 mg) per experiment  

7. Vivaspin® 500 Centrifugal Concentrator (Sartorius VS0101, Göttingen, Germany),  

(Gift from Low-Nam Lab, Purdue University, IN) 

8. Reducing, denaturing loading buffer (SDS-loading buffer): 

a. 5X stock: 25% b-Mercaptoethanol, 0.1% Bromophenol blue, 30% sucrose, 10% 

sodium dodecyl sulfate, 500mM Tris-HCl pH 6.8  

b. Further dilute to 2X in diH2O 

9. 20% SDS-PAGE gel  

10. MOPS-Tris-SDS running buffer 

a. 20X stock: 0.6M MOPS, 1.2M Tris Base, 2% SDS (w/v) 

b. 1X when running buffer (dilute with diH2O) 

11. Sodium bisulfite: 

a. 800X stock: 4M sodium bisulfite 

b. 1X when running (dilute 800X stock into 1X MOPS-Tris-SDS running buffer) 

12. Cytiva Amersham™ Protran™ NC Nitrocellulose Membranes (Fisher Scientific, 

Waltham, MA) 

13. Tris-Glycine (TG) running buffer 

a. 10X: 250mM Tris, 1.92M Glycine 
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b. 1X when running with 20% (v/v) methanol 

14. 1X Phosphate-buffered saline (PBS) buffer with 0.05% Tween (PBST) 

15. Antibodies: 

a. Pierce™ High Sensitivity NeutrAvidin™ HRP conjugate (Fisher Scientific, 

Waltham, MA) 

16. Sypro™ Ruby Protein Gel Stain (Fisher Scientific, Waltham, MA) (Gift from Low-

Nam Lab, Purdue University, IN) 

17. Sypro™ Ruby Fixing Solution: 50% (v/v) methanol, 7% (v/v) acetic acid 

18. Sypro™ Ruby Washing Solution: 10% (v/v) methanol, 7% (v/v) acetic acid 

19. Recombinant Human Epidermal Growth Factor (EGF) (Fisher Scientific, Waltham, 

MA) (Gift from Low-Nam Lab, Purdue University, IN). 

20. Condensed milk (dissolved in PBST) 

21. Supersignal™ West Pico PLUS Chemiluminescent Substrate (Fisher Scientific, 

Waltham, MA) 

2.2.5 Protocol 

1. Make Digestion Buffer (DigBuffer) Mastermix 

a. Mastermix concentrations: 233.3 mM glycine (pH 10), 6M Urea 

2. Make 40 mM stock of NTCB in DigBuffer 

a. Mass NTCB on analytical balance 

b. Dissolve in calculated amount of DigBuffer to create 40 mM stock 

3. On ice: Add pure protein, MOPS + DTT buffer, and photolabel to respective COLD 

reaction tube 

a. Pure protein concentration: 0.25 µg/µL  

b. Photolabel to protein ratio: 15:1 

c. Dilute to reaction volume with MOPS + DTT buffer 

4. Incubate on ice, in dark for 10 minutes 

5. On ice: transfer samples to pre-chilled 96-well plate (also on ice).   

6. Irradiate samples with UV lamp for 30 minutes. 

7. Transfer samples to clean, labeled Eppendorf tubes 

8. Add NTCB and DigBuffer to each respective tube 
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a. NTCB to protein ratio: 462:1 

i. Usually have final concentration of 1.75 mM NTCB for each 

reaction 

b. Final reaction concentration DigBuffer: 105.9 mM glycine (pH 10), 2.72 M 

Urea 

9. Digest for 4 hours in 37ºC water bath 

10. While digesting, rinse concentrators with diH2O (x3) 

a. Sartorius Vivaspin ® 500 Centrifugal Concentrator (Low-Nam Lab) 

i. 10,000 MWCO PES  

b. Centrifuge at 12,000 x g at 4ºC for 2-5 min. increments 

c. Label concentrators  

11. Concentrate samples at 2-5 min. increments until ~25 µL remains in column 

12. Transfer solutions to new, labeled Eppendorf tubes 

a. Separate column and flow-through of samples 

13. Lyophilize in Chmielewski lab – O/N at 4ºC 

14. Add 100 µL 2X SDS to each sample, vortex to dissolve solid, spin down, heat at 65ºC 

for 15 min. 

15. Vortex and spin down samples before loading into gel 

16. Run 20% acrylamide gel 

a. Running buffer: 1x MOPS-Tris-SDS  

i. Spike cathode with 1X NaHSO3 

b. Run at 100 V 

17. Transfer gels to nitrocellulose or stain gels 

a. Transfer: 

i. To nitrocellulose paper  

ii. Running buffer: 1x TGS, cold 

iii. Run at 100V for 90 min., in ice bucket 

b. Stain:  

i. Sypro™ Ruby Red using manufacturers protocol (Fisher Scientific) 

18. Imaging gels: 

a. Transferred gels  
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i. NeutrAvidin-HRP at ratio of 1:2000 in 1% BSA/PBST  

1. Incubate in 20% milk/PBST overnight at 4ºC 

2. Incubate with antibody for 3 hours at room temperature 

3. Incubate in West Pico Plus solutions following 

manufacturers protocol 

4. Image on GeneGnome imager in the Research 

Instrumentation Facility (Brown) 

b. Stain: 

i. Image on Typhoon imager (Biochemistry, Golden Lab) 

2.2.6 Conclusions and future work 

These protocols have undergone continual optimization to isolate and detect the TM2 

fragment and confirm that it is bound to the photoreactive-substrate mimetic.  The concentration 

of photolabeled and cleaved TM2 fragment decreases with each additional step of this process, 

making it harder to detect.  Currently, we have confirmed the presence of cleaved, unphotolabeled 

TM2 of the TA-F46C-S77C mutant through mass spectrometry analysis.  Due to the current state 

of multiple, nonfunctioning mass spectrometers on campus, we were unable to perform the same 

analysis on the newer TA-I44C-S77C mutant.  We then pivoted our efforts towards visualizing 

cleaved and photolabeled TM2 fragment through SDS-PAGE analyses.  Very recently, we have 

been able to visualize the cleaved TM2 fragment using Sypro™ stain.  The initial visualization of 

TM2 fragment could not differentiate between photolabeled and unphotolabeled fragment.  When 

similar protein amounts of the same sample were analyzed via NeutrAvidin-HRP western blotting, 

no detectable levels of photolabeled TM2 fragment were observed.  Thus, the concentrations of 

photolabeled TM2 fragment are too low in our current workflow to be detected.  While significant 

progress has been made thus far, the current workflow will require continued optimization as new 

steps are added to further concentrate the photolabeled TM2 fragment for detection.  

 Thus far, we can provide specific conditions for the photolabeling and cleavage protocols.  

Photolabeling experiments should utilize UV irradiation times between 10 – 30 minutes and 

contain a 15:1 ratio of probe to enzyme.  NTCB cleavage experiments should utilize 4-hour 

incubation times with NTCB reagent at a ratio of 462:1 with protein.  Although there are ways to 

further optimize these protocols, with the recent visualization of TM2 fragment through SDS-
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PAGE analyses, it may be more effective to focus efforts on the procedures that precede cleavage 

and photolabeling, to better concentrate the cleaved and photolabeled fragment.  Nonetheless, one 

possible way to increase NTCB chemical cleavage is to perform the cleavage reaction within a 

barocycler.  The continual cycling between different pressure conditions may help to integrate the 

chemical cleavage molecules into more inaccessible regions of the protein.  This approach has 

shown great success in proteomics workflows to better digest proteins with trypsin.19  

Implementation of different reaction components such as guanidine and ammonia have also been 

proven to increase cleavage in other reports.8-10  This would require the use of dialysis to remove 

the guanidine, which would increase the risk of sample loss due to small reaction volume sizes.  

Overall, increasing the amount of cleaved protein would increase the amount of isolated TM2 for 

better visualization signal.   

TM2 fragment detection via SDS-PAGE analysis was a major step in our workflow progress.  

Future efforts should focus on visualizing photolabeled TM2 fragment.  As previously stated, the 

levels of photolabeled TM2 fragment relative to its unphotolabeled counterpart are too low for 

detection.  To increase these levels, our current experimental workflow can be expanded to include 

pulldown of the photolabel after the sample is processed with the 10,000 kDa MW concentrators.  

The flow-through of the concentrators would be introduced to agarose beads conjugated to 

NeutrAvidin.  The NeutrAvidin would then bind to the biotin moiety of our photolabel.  Once 

bound, the beads would be pelleted and separated from the supernatant that contains 

unphotolabeled TM2 fragment.  SDS-PAGE analysis via Sypro™ staining can be used to confirm 

that photolabeled fragment was pulled out of the flow through by the beads.  SDS-loading buffer 

can be added to the beads at minimal volumes to keep concentrations of desired protein as high as 

possible.  For Sypro™ analysis, a 20% acrylamide SDS-PAGE gel should be utilized in a MOPS-

Tris-SDS buffer containing sodium bisulfite within the inner chamber.  If visible via Sypro™ 

staining, we can confirm that TM2 is labeled with our substrate-mimetic, photoreactive probe.  

Secondary methods to confirm photolabeling of TM2 are to run the same amount of sample with 

the same amount of protein in another SDS-PAGE gel, to then be analyzed via NeutrAvidin-HRP 

western blotting or by fluorescence detection.  MALDI can also be utilized to confirm masses of 

photolabeled TM2 fragment.  

It is extremely important when performing any iteration of this workflow with the goal of 

visualizing the photolabeled TM2 fragment via SDS-PAGE, to note that the amount of 



 
 

76 

photolabeled TM2 fragment needed to reach a minimum detection limit is 100 ng.  This is true for 

both Sypro™ staining and NeutrAvidin-HRP western blotting.  Though the Sypro™ stain is 

recorded to have detection limits as low as 1 ng, the minimal amount of EGF detected was 100 ng 

in a test of EGF detection at different concentrations (data not shown).  This finding may suggest 

that the detector of the Typhoon instrument itself is not sensitive enough to detect Sypro™ levels 

at 1 ng.  Therefore, iterations of this experiment should aim to produce well over 100 ng of the 

photolabeled TM2 fragment.  Based on calculations described previously, to produce a minimum 

of 100 ng of photolabeled TM2 fragment, 1.2 mg of purified TA-I44C-S77C mutant Ste14 protein 

will be required in an experiment of this nature.  With the low yields of Ste14 protein in crude 

membranes, each iteration of this workflow is extremely costly. To alleviate the cost associated 

with this workflow, efforts are currently underway to express TA-I44C-S77C mutant Ste14 in Sf9 

insect cells via a baculovirus infection system, as this expression system has been shown to 

increase WT-Ste14 expression 5-fold compared to the current yeast expression system.20 

There are other potential methods that would require larger rearrangements of the current 

workflow of experiments.  One such method is to include size exclusion chromatography (SEC) 

via fast protein liquid chromatography (FPLC) to separate out cleaved TM2 fragments.  If the 

FPLC instrument contains fluorescence detectors, one may be able to distinguish between 

photolabeled and unphotolabeled fragments.  One disadvantage to this approach is that this process 

necessitates much higher starting concentrations of protein than the current workflow as FPLC 

analysis inherently utilizing and producing larger sample volumes.  Another disadvantage to FPLC 

usage would be the required mass difference to be able to distinguish and properly separate two 

fragments of different sizes.  Other methods to identify the photolabeled TM2 fragment include 

utilizing different types of mass spectrometry.  In collaboration with the McLuckey Lab (Purdue 

University), initial experiments were performed using a Sciex Triple TOF instrument.  Initial 

results seemed promising with future optimization needed to decrease background signal from the 

photolabeling and NTCB reaction components.  Tandem mass spectrometry (MS/MS) analyses 

were also attempted in collaboration with the Purdue Proteomics Facility (Purdue University).  

While high cleavage coverage by a combination of trypsin and chymotrypsin was obtained prior 

to photolabeling (>90%), upon the addition of photolabeling to samples, detection of any portion 

of digested protein was low (protocol in section 2.3).   
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2.3 Tandem mass spectrometry analysis of photolabeled Ste14 

2.3.1 Summary 

To identify the exact residues of Ste14 covalently bound to a photoreactive substrate-mimetic, 

we employed a modified, bottom-up, proteomics approach.  In this section protocols are described 

to 1) digest purified Ste14 with proteases and 2) prepare samples for tandem mass spectrometry 

(MS/MS) analysis. 

2.3.2 Background 

As described more extensively in Section 2.2 above and Chapter 3, it is proposed that 

substrate interacts within the N-terminal helices of isoprenylcysteine carboxyl methyltransferase 

(Icmt), and specifically transmembrane helix 2 (TM2) of Ste14.  To validate this, we utilized the 

previously described photoreactive substrate-mimetic probes synthesized by the Distefano Lab 

(University of Minnesota) in combination with tandem mass spectrometry (MS/MS).   

Bottom-up proteomics incorporates proteolytic digestion of purified protein or more 

complex protein mixtures for analysis by mass spectrometry.21  This method is often used to 

identify proteins that have previously been sequestered from more complex matrices by a 

predetermined factor.  For example, proteins containing the post-translational modification 

phosphorylation were isolated from plasma membrane samples and analyzed via MS/MS.  The 

sequences experimentally identified were compared to an in silico library and the identities of 

proteins that make up the phosphoproteome of cells within the brain were determined.22  Since we 

know the identity of our protein, we can use this method to compare photolabeled peptide 

sequences of Ste14 to unphotolabeled peptide sequences.  The unphotolabeled peptide sequences 

will serve as our “library” to help identify the sequence within the photolabeled sample that is 

covalently bound to the photoreactive substrate.  The sequences that contain the covalently bound 

probe are expected to have a mass shift of 1342.6 kDa relative to the identical, unphotolabeled 

sequence in the unphotolabeled library.   

Herein are the protocols for protease digestion and MS/MS analysis of pure, photolabeled 

Ste14.  These protocols will require further optimization as these results are preliminary.  These 

experiments were performed in collaboration with the Purdue Proteomics Facility (Bindley).   
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2.3.3 Optimization 

Proteolytic digestion of pure Ste14 

These protocols were first optimized with Ste24 by Dr. Chelsea C. St. Germain.23  Ste24 is 

an integral membrane protein that should have similar behavior to Ste14 under these same 

experimental conditions.  Initially, pure Ste14 was treated solely with a trypsin/Lys-C mixture and 

analyzed via MS/MS to determine the sequence coverage of identified peptides.  MS/MS analysis 

identified 77.0% of the Ste14 sequence (data not shown).  The unidentified portions of protein are 

within loop 4, transmembrane helix 5 and 6 and the C-terminal cytosolic tail.   

To further increase the coverage, we decided to perform side-by-side proteolysis reactions 

with chymotrypsin and a the trypsin/Lys-C mixture.  Under the chymotrypsin conditions, there 

was 56.1% coverage, with some portions of peptides not identified within loops 2 and 4, 

transmembrane helix 3, and the C-terminal cytosolic tail (Figure 2.6B).  The trypsin/Lys-C 

proteolysis conditions did not reproduce the coverage of the first experiment, only showing 

identification of 45.5% of the protein (Figure 2.6A).  Portions of transmembrane helices 2, 5 and 

6, loop 4 and the C-terminal cytosolic tail were incompletely covered.  However, the combined 

coverage of these two conditions produced 90.8% sequence identification, with only portions of 

loop 4 and the C-terminal cytosolic tail not identified (Figure 2.6C & Figure 2.7).  Since the 

substrate is proposed to bind to N-terminal portions of Ste14, these conditions provided enough 

sequence coverage to be implemented on photolabeled Ste14.   

First, we tested to see if we could retain the same coverage percentages with photolabeled 

Ste14 protein under the two separate digestion conditions of chymotrypsin and trypsin/Lys-C.  

Whereas previous experiments were performed by the author using the instrumentation within the 

Proteomics Facility, these samples had to be processed by the researchers within the facility due 

to COVID-19 university restrictions.  The coverage percentages between the two proteolysis 

conditions of the photolabeled protein was below 10%.  The coverage of the control, unlabeled 

protein, was also below 10% (data not shown).   

2.3.4 Materials 

1. 8M Urea (make fresh) 

2. 10 mM DTT in 8 M Urea (make fresh) 
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3. Alkylating mixture: 97.5% acetonitrile, 0.5% triethylphosphine (TEP), 2% 2-

iodoethanol (IEtOH) (make fresh) 

4. Equilibrium buffer: 0.1% formic acid in diH2O (make fresh) 

5. 25mM ammonium bicarbonate (ABC) (make fresh) 

6. Elution buffer #1: 0.1% formic acid, 80% ACN (make fresh) 

7. Elution buffer #2: 0.1% formic acid, 99.9% ACN (make fresh) 

8. UltraMicroSpin c18 column (gift from Purdue Proteomics Facility) 

2.3.5 Protocol 

This protocol is adapted from the proteomics protocol by Dr. Chelsea C. St. Germain.23 

1. Prepare solutions listed above 

2. Resuspend protein pellet of previously photolabeled protein (20 µg) in 10 µL of 10 mM 

DTT in 8M Urea 

3. Vortex and spin down sample 

4. Let reduce: in dark, on rotating hot plate at 37ºC at 700 rpm for 1 hr. 

5. Add 10 µL of alkylating solution.  Incubate in dark, at 700 rpm, 37ºC for 1 hr. 

6. Split each sample into two tubes of 10µL each (one for trypsin/Lys-C and one for 

chymotrypsin) 

a. Each tube now has 10 µg of protein 

7. Dry the samples in vacuum centrifuge (~1.5-2 hrs.)  

8. Add 40 µL of 0.05 µg/µL solution of specific digestion protease in ABC (~2µg 

protease).  Mix at 700 rpm, 37ºC, 30 sec. 

9. Load tubes into barocycler and run for 60 cycles (~1 hr) 

a. Each cycle: 20 kpsi, 50sec. atm pressure for 10 sec. 

10. Wash UltraMicroSpin C18 columns with ACN (x3) 

11. Clean proteolyzed samples with UltraMicroSpin C18 columns following instructions 

from manufacturer 

12. Dry sample in vacuum centrifuge (1.5-2 hrs) 

13. Store dried sample in -80ºC or -20ºC freezer in Proteomics Facility freezer for future 

submission. 
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2.3.6 Conclusions and future work 

The last iteration of the tandem mass spectrometry experiments contained less than optimal 

coverage in both the photolabeled and unphotolabeled (control) samples (<10% coverage).  Since 

there was previously 90% overall sequence coverage of the control samples, it suggests that the 

experiment containing the photolabeled samples should be repeated without any changes.  It is 

expected that the photolabeled protein should show similar sequence coverage to the 

unphotolabeled control.  However, the hydrophobic nature of the substrate-mimetic probe may 

cause the peptide sequence, to which it is bound, to not be identified by the mass spectrometer due 

to lack of ionization.   

Electrospray ionization (ESI) was the ionization method used by the Q-Exactive Orbitrap HF 

MS used by researchers in the Proteomics Facility to analyze our samples.  In previous studies, 

mass spectrometry analysis of membrane proteins utilizing ESI showed enhanced background 

signal, which is predominated by the detergents used to purify and stabilize the proteins.24  ESI is 

typically suggested for analysis of intact proteins, most likely because full proteins have a higher 

percentage of amino acids and therefore the improved ionization needed for effective MS 

analysis.25  Therefore, future attempts should evaluate methods that utilize intact protein without 

digestion treatments and methods that reduce the amount of detergents present in the sample to 

lower background signal. 

To enrich the photolabeled portion of the protein for subsequent MS/MS analyses, the same 

steps used to isolate photolabeled TM2 fragment for SDS-PAGE analysis can be used.  It would 

be best to start with samples enriched after treatment with the 10,000 MW cut-off concentrators 

and see if a signal of either state of TM2 fragment, photolabeled or unphotolabeled, can be detected.  

Another enrichment step following concentration would be the pulldown by the agarose beads 

conjugated to NeutrAvidin.  However, as Dr. Chelsea C. St. Germain has reported, the buffers 

used for pulldown experiments (RIPA) and the attachment of the photolabeled fragment to the 

agarose beads are unsuitable for analysis on LC-MS/MS (liquid chromatography-MS/MS) 

instrumentation, as it will destroy the columns being used.23  Buffer exchanges can be performed 

to aid with the removal of the detrimental detergents in the RIPA buffer or the pulldown can be 

performed in a PBS-based buffer that has been shown to have similar success.23  Since the 

interaction between biotin and streptavidin is one of the strongest binding interactions recorded in 

nature, that of NeutraAvidin and biotin is also very strong.26, 27  The strength of this interaction 
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presents challenges when trying to remove the beads from the biotin moiety of the probe, while 

still maintaining sample solutions that are feasible for LC-MS/MS analysis.  One alternative is the 

use of Raney nickel, which hydrogenates thioether bonds.  A thioether bond is present in the biotin 

moiety of the probe. Disadvantages of this method are the material itself being explosive, protein 

loss and, thus, low signal in subsequent LC-MS/MS analyses.  Protein loss may be exacerbated by 

the interaction of the His-tags engineered into Ste14 for purification means with the nickel of the 

Raney nickel. Another method to release the photolabeled-substrate from the agarose beads, is to 

outcompete the NeutrAvidin-agarose with monomeric avidin conjugated to agarose.  Another 

method would be to use the Pierce Monomeric Avidin Agarose (Thermo Scientific) which is 

marketed for its reversible affinity for biotinylated proteins.  Although Thermo Scientific does 

note that published methods suffer from “low sample recovery, low biotinylated-protein binding, 

high nonspecific binding, and poor regeneration characteristics.”  

In addition to the minimal substrate N-acetyl-S-farnesyl-L-cysteine (AFC) based probes 

previously discussed, future studies should include performing MS/MS analyses with the 

geranylgeranylated form (AGGC) of photoreactive substrate.  This analysis will show if there are 

differing interactions of amino acids between the farnesyl and geranylgeranyl isoprenoid groups.  

The photoreactive, diazirine moiety of the current class of probes is located at the end of the 

isoprenoid chain (Distefano Lab).  It would be interesting to see where the other parts of the 

isoprenoid chain interact with Ste14 by moving the diazirine moiety closer to the reactive sulfur 

of the cysteine residue.  This has previously been performed with photoreactive analogs in 

immunoblot analysis (Chapter 3).5  However, the analysis showed no difference in substrate 

binding location when the photoreactive group was in the amide or farnesyl group of the substrate. 

2.4 Fast protein liquid chromatography (FPLC) purification of Ste14 

2.4.1 Summary 

This section will describe the determination of optimal pH conditions for purification 

schemes that included gravity purification followed by fast protein liquid chromatography (FPLC) 

with a size exclusion chromatography (SEC) column.   
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2.4.2 Background 

Ste14 is proposed to act as a homodimer for optimal stability and enzymatic activity.20, 28  

Recently, Dr. Anna C. Ratliff was able to confirm this via size-exclusion chromatography (SEC), 

multi-angle exclusion chromatography (MALS) and small angle X-Ray scattering (SAXS).  In 

order to optimize the conditions of SEC-MALS-SAXS, she first set out to understand the SEC 

purification profile of Ste14 utilizing fast protein liquid chromatography (FPLC).   

Because Ste14 is an integral membrane protein, normal molecular weight standards for SEC 

cannot be used because the detergents that Ste14 is purified in can alter elution volumes compared 

to the soluble protein standards.20  This is also stated in the manufacturer’s document from GE 

Healthcare for Superdex High-Performance Columns (2007).  In her optimization efforts, Dr. 

Ratliff also determined that purification at a pH of 6 dramatically changes the SEC chromatograph 

of Ste14 by pushing the elution peaks further away from the void volume.20  This could be due to 

a decrease in the amount of aggregation of Ste14, as it is suggested that membrane proteins be 

purified at a pH slightly lower than the biological pH to decrease their aggregation.20  Therefore, 

all of Dr. Ratliff’s subsequent SEC purifications and SEC-MALS-SAXS experiments were 

performed entirely at the pH of 6.0. 

Within the sample preparation preceding SEC purification and SEC-MALS-SAXS 

experiments, Ste14 undergoes gravity purification with metal affinity resin.  Based on the user 

manual for the resin (Thermo Scientific), all binding and wash conditions are suggested to be at a 

pH closest to 7.  Whereas buffers for elution and regeneration of resin are suggested to range from 

below 7 in pH and closer to 5 (Thermo Scientific).  Therefore, it is possible that the conditions at 

a pH of 6 for purification fallowed by SEC or SEC-MALS-SAXS, alter the binding ability of the 

resin to the protein.   

2.4.3 Optimization 

To better understand if pure protein yields are decreasing due to the use of a lower pH during 

the purification and analysis scheme used by Dr. Ratliff, three different reaction conditions were 

tested: A) gravity purification at pH of 7.2 followed by SEC purification at pH 7.2, B) gravity 

purification at pH 7.2 followed by SEC purification at pH 6.0, C) gravity purification at pH of 6.0 

followed by FPLC purification at pH of 6.0 (Figure 2.8).  
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2.4.4 Materials 

1. Cold, 1xEQ buffer stock at respective pH for reaction (7.2 or 6.0): 0.3 M NaCl, 50 mM 

Na2HPO4 

2. 10 % N-dodecyl-b-D-maltopyranoside (DDM) stock (make fresh in ddH2O) 

3. Lysis buffer (LB) stock, cold (make fresh in 1xEQ buffer): 10% glycerol, 2 mM 4-(2-

aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 1% aprotinin, 0.3 M 

NaCl, 50 mM Na2HPO4 

4. FPLC Buffer stock at respective pH for reaction (7.2 or 6.0), cold (make fresh in 1xEQ): 

2 mM DTT, 0.05% DDM, 50 mM Na2HPO4, 0.3 M NaCl 

a. Must be in an autoclaved bottle 

5. TALON® Metal Affinity Resin (Clontech, San Jose, CA) 

6. Solubilization Buffer, cold (make fresh in LB): 1% DDM, 20 mM Imidazole, 0.3 M 

NaCl, 10% glycerol, 2 mM AEBSF, 1% aprotinin, 50 mM Na2HPO4 

7. Wash Buffer, cold (make fresh in LB): 40 mM Imidazole, 1% DDM, 0.3 M NaCl, 2 

mM AEBSF, 1% aprotinin, 50 mM Na2HPO4 

8. KCl #1 Buffer, cold (make fresh in LB): 40 mM Imidazole, 1% DDM, 500 mM KCl, 

0.3 M NaCl, 2 mM AEBSF, 1% aprotinin, 50 mM Na2HPO4 

9. KCl #2 Buffer, cold (make fresh in LB): 40 mM Imidazole, 0.1% DDM, 500 mM KCl, 

0.3 M NaCl, 2 mM AEBSF, 1% aprotinin, 50 mM Na2HPO4  

10. Elution buffer, cold (make fresh in LB): 1 M Imidazole, 0.1% DDM, 0.3 M NaCl, 2 

mM AEBSF, 1% aprotinin, 50 mM Na2HPO4 

11. MilliporeSigma™ Amicon™ Ultra-15 Centrifugal Filter Unit 30 MWCO (Fisher 

Scientific, Waltham, MA) 

12. GV Durapore ® (0.22 µm) centrifugal filter (Billerica, MA) 

2.4.5 Protocol 

*Note: this protocol is for a minimum of 100 mg of Sf9 crude membranes. All samples should stay 

on ice throughout the whole procedure. 

 

1. Prepare 10% DDM and LB solutions 
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2. Add crude membranes to solubilization buffer (5 mg/mL protein). Rock for 1 hour at 

4ºC 

a. Prepare FPLC buffer (0.22 mm, gift from Lyon Lab, Purdue University) by 

filtering it into autoclaved bottle.  Place buffer into fridge. 

b. Prepare FPLC and column (FPLC: “SPICE,” column: “Lizzie,” Lyon Lab) 

i. Switch column to single column 

ii. Use 1 mL injection loop to reduce aggregation 

1. Wash injection loop with FPLC buffer (x10 total) 

iii. Empty FPLC waste 

iv. Load correct FPLC protocol onto computer 

1. Methods > Hrycyna > Anna > 1 mL loop 

v. Equilibrate column and tubing twice with diH2O. Make sure 

retaining correct pressure 

vi. Equilibrate column and tubing at least once with FPLC buffer. Make 

sure retaining correct pressure 

3. Centrifuge solubilization buffer + protein at 100,000 x g for 45 min.  

a. Collect 50 µL of pre-spin for future gel analysis 

b. Complete steps in 2b if not completed  

c. Prepare TALON® Resin and keep on ice 

i. Aliquot 2 mL of suspended resin / 50 mg of crude membrane protein 

into 15 mL falcon tube 

1. 2 mL of resin per 15 mL falcon tube 

ii. Centrifuge for 2 min. at 1,000 rpm at 4ºC, aspirate supernatant 

iii. Wash with 3 mL of LB  

iv. Repeat steps 3c i – iii  (x3 total).  Be careful not to dry out resin 

4. Split supernatant equally between resin. Rock for 1 hr at 4ºC 

a. Collect 50 µL of post-spin to future gel analysis 

b. Rinse ultra pellet with 3 mL LB and resuspend in 500 µL LB using 20 gauge 

needle.  Save for future gel analysis. 

5. Centrifuge down resin + protein at 1,200 rpm.  Aspirate supernatant 

a. Save 50 µL of column unbound for future gel analysis 
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6. Wash the resin + protein by adding 5 mL Wash Buffer to each tube. Rock for 10 min. 

at 4ºC 

7. Centrifuge down resin at 1,200 rpm. Aspirate supernatant. 

8. Repeat steps 6-7 

9. Add 5 mL KCl#1 Buffer to each tube of resin + protein.  Rock for 10 min. at 4ºC 

10. Centrifuge down resin at 1,200 rpm. Aspirate supernatant 

11. Add 5 mL of KCl#2 Buffer to each tube of resin + protein.  Rock for 10 min at 4ºC. 

12. Centrifuge down resin at 1,200 rpm. DO NOT aspirate supernatant 

13. Add resin + protein + KCl#2 Buffer to columns for gravity filtration at 4ºC.  Collect 

flow through 

a. Combine flow through into one falcon tube and record volume 

b. Save 250 µL (x2) of flow through for gel analysis for a possible activity 

assay if needed. 

14. Elute protein off resin by adding 4 mL of Elution Buffer to the column once the 

previous buffer has gone through.  Do not dry out resin in between buffers. 

15. Combine all elution into single, cold 30 kDa molecular weight cut off concentrator.  

a. Save 50 µL of unconcentrated elution for future gel analysis 

16. Concentrate protein by spinning at 5,000 x g at 4ºC until the volume is at or below 1.0 

mL 

a. Finish preparing FPLC: 

i. Make sure fraction collector is aligned and fill with tubes 

ii. Empty FPLC waste bottle 

b. Save 2, 10 µL aliquots of concentrated sample 

17. Filter protein before loading onto FPLC 

a. 500 mL per GV Durapore® filter 

b. Wash filter with 500 µL buffer by spinning at 12,000 x g for 2 min at 4ºC 

c. Filter sample by spinning at 12,000 x g for 2 min. at 4ºC 

18. Recombine filtered protein, and load into FPLC through syringe port 

a. Make sure there are no bubbles in the syringe sample before injecting into 

FPLC 

b. Make sure correct protocol is loaded, and click run 
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c. If pressure or flow rate are too high, pause the run 

19. Collect fractions with protein (~10-15 min. elution time). Save in -80ºC for gel and 

activity analysis if needed. 

20. Clean FPLC 

a. Wash column: equilibrate with autoclaved diH2O (x2) 

i. If high UV spectrum, re-run again 

b. Rinse FPLC injection tube with 1 mL diH2O (x10) 

c. Put columns back in tandem set up 

d. Clean out fraction collector 

2.4.6 Conclusions and future work 

Each condition resolved multiple peaks within the FPLC chromatograph.  The shoulder (S) 

and first two peaks (1 & 2), contain Ste14.  It was believed that peak 1 contained aggregated Ste14, 

as it showed diminished methyltransferase activity compared to peak 2.20  Peaks 3 through 5 may 

contain some Ste14, however their fractions from the FPLC were more yellow in color, relative to 

the first peaks, indicating that it may be Ste14 trapped in excess DDM detergent.20 

Condition C was able to almost completely condense the shoulder (S) and the first peak (1), 

which is believed to be dimerized Ste14.20  This condition allows for easier isolation of dimerized 

Ste14.  However, condition B, lead to the highest yield of pure Ste14 following gravity filtration, 

(quantification not shown).  Although not completely detrimental to purification schemes, this 

agrees with the theory that pHs lower than 7 could disrupt protein binding to the metal affinity 

resin.  Going forward, condition B should be utilized for purification methods including SEC via 

FPLC.   

2.5 Microscale thermophoresis (MST) of Ste14 and minimal substrates AFC and AGGC 

2.5.1 Summary 

This section summarizes the protocol and optimization of microscale thermophoresis (MST) 

to quantify dissociation constants (KD) of minimal substrates N-acetyl-S-farnesyl-L-cysteine (AFC) 

and N-acetyl-S-geranylgeranyl-L-cysteine (AGGC).  Herein are descriptions of 1) overall MST 

experiment protocols that ultimately required the 2) labeling of Ste14 with fluorescent groups and 
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the determination of 3) AGGC concentrations and 4) types of lipids suitable for proper MST 

analysis.  

2.5.2 Background 

Dr. Christine A. Hrycyna has designed and implemented a robust and replicable in vitro, 

vapor diffusion methyltransferase activity assay that is the basis of her lab’s quantification of 

methylation capacity of species of isoprenylcysteine carboxyl methyltransferase (Icmt), mutations 

within Icmt, and substrates and inhibitors of Icmt.11, 29  only apparent Km (Michaelis-Menten 

constant) and Vmax (maximal velocity) values of enzyme-substrate or enzyme-inhibitor pairs can 

be quantified using this assay.  The concentration of the substrate available to the enzyme is not 

accurately determined due to the nature of this assay containing crude membrane samples or pure 

Ste14 with added lipids for protein stabilization.  For mutational analyses, this assay also cannot 

determine if changes in activity are due to changes in protein structure and stability, substrate 

binding and orientation, or alterations to catalytic activity.   

To crudely determine structural changes, trypsin digestion patterns of different mutants can 

be compared to that of wild-type (WT) Ste14.  If the cleavage pattern is different, further structural 

studies like determining melting temperature can be performed on the mutants.  The melting 

temperature will better determine if the mutant has differing stability from the WT protein.   

To date, no quantitative and replicable binding assay for Icmt exists.  An assay of this 

capacity would be useful in quantifying binding constants for enzyme-substrate or enzyme-

inhibitor pairs.  Specifically for Icmt, this would be useful in understanding the differences in how 

this enzyme accommodates and equally favors substrates with differing isoprenoid modifications; 

a 15-carbon farnesyl addition or a 20-carbon geranylgeranyl addition.  As described in Chapter 3, 

previously performed mutational analyses of Ste14 and subsequent activity studies of substrates 

differing in their isoprenoid groups, revealed that alanine-mutated residue Leu56 (L56A) preferred 

the geranylgeranylated form of substrate over the farnesylated from.  It is proposed that the 

difference in activity between the two substrates for this mutant is due to a difference in binding 

affinity, making this mutant a perfect candidate for a binding assay study.  Residue Leu56 also sits 

inside of TM2, which is proposed to be the site of substrate-binding (Section 2.1 & Chapter 3).   

Efforts in our lab have been made to determine binding constants of prenylated CAAX 

proteins with the protease Ste24 utilizing the method MST.23  This method can quantify KD 
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(dissociation constant) values by measuring, through fluorescence detection, the differences in the 

rates of movement of enzyme bound to substrate versus free enzyme away from an infrared (IR)-

induced temperature gradient.30  This method is advantageous due to the low amounts of sample 

required, the short experiment duration, and the ability to analyze samples with complex matrices, 

including membrane proteins that require detergents.30  Other binding quantification methods like 

fluorescence polarization, are not as tenable for our experiments, due to the flexibility of the PEG4 

linker of the fluorescent substrate-probe.   

2.5.3 Optimization 

MST buffer conditions 

Initially when Ste14 was tested by MST analysis, we used pure Ste14 and the AFC-FamDiaz 

probe as substrate (Figure 2.1A).  Because the probe contains a fluoresceine isothiocyanate group 

(FITC or 5-Fam), it served as the fluorescent portion of the enzyme-substrate pair.  The 

concentration of probe therefore needed to stay constant, so that the change in fluorescence 

detected was only due to the movement of the protein-substrate pair out of the area of the 

temperature-gradient (IR laser).  Therefore, the pure protein needed to be serially diluted at a range 

10-fold above and below the expected KM value.  The KM values could be assumed from the in 

vitro methyltransferase activity assay described above; for Ste14 and its minimal farnesylated 

substrate, AFC, the KM value is about 13 µM.5, 11  Initial testing of Ste14 by MST revealed variation 

in background fluorescence amongst all dilution samples.  This variation was also shown when 

Ste24 was tested.23  We observed that the initial samples containing high protein concentration had 

the highest background fluorescence.  The decrease in fluorescence with protein concentration 

indicated that a component of the protein or purification buffer may be the cause of the observed 

fluorescence variation.  With the help of the Low-Nam lab, we analyzed all components of the 

purification buffers and determined that the protease inhibitors AEBSF and aprotinin were 

fluorescing.  Since both inhibitors are small molecules, they should be able to flow through the 30 

kDa molecular weight cut off concentrator used during purifications.  However, in attempts to 

reduce the amount of these inhibitors in pure protein samples, the inhibitors seemed to be getting 

caught in the concentrator, most likely due to the presence of detergent and glycerol.  Instead of 

trying to remove the fluorescent molecules after or during purification, we attempted to keep the 
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background fluorescence constant.  To do this, we performed the serial dilutions for the assay with 

concentrated purification buffer.  Therefore, the same volume of purification buffer was expected 

in all MST samples.  While this approach seemed to level out the fluorescence, there was no way 

to deduct the background fluorescence that was recommended by either from the Monolith 

company or other professors who have performed MST.  Other methods of performing MST were 

then searched for in the literature. 

In our attempts to circumvent the high levels of background fluorescence, we tried another 

form of MST which quantifies the of changes in intrinsic fluorescence of protein.  Unfortunately, 

both Ste24 and Ste14 did not show intrinsic fluorescence levels high enough for detection and 

subsequent KD quantification.  Another viable method is to keep the current MST conditions but 

redesign the substrate to contain a different fluorophore that is considered a red dye.  This method 

would allow the MST instrument to be changed from the blue wavelength filter to the red 

wavelength filter.  The blue filter had to be used for the 5-Fam-conjugated substrate, under which 

the protease inhibitors showed fluorescence detection.  The purification buffer did not show any 

fluorescence when tested under the red filter, negating the need for background fluorescence 

subtraction.  The red filter route was taken to analyze Ste24 for subsequent MST analysis. 

Labeling Ste14 with Alexa Fluor™ 647 NHS ester 

The minimal-a-factor substrate for Ste24 will precipitate and at concentrations higher than 

40 µM, causing “aggregation” readings by the MST instrument.23  For in vitro vapor diffusion 

assays, Ste24 activity shows a significant decrease for minimal-a-factor substrate at concentrations 

above 40 µM, due to the substrate’s precipitation.23  Due to substrate precipitation, the substrate 

of Ste24 has to be photolabeled to keep constant at concentrations below its precipitation limit.  

The minimal substrate of Ste14, AFC, although hydrophobic, does not have the same properties 

of the a-factor mimetic substrate.  AFC is normally tested at 200 µM concentrations in the in vitro 

methyltransferase activity assay with Ste14.  This information is important for MST optimization, 

as it allows Ste14 to be the partner that is fluorescently labeled.   

As previously described, the purification buffers did not show detectable background 

fluorescence with the MST instrument set with the red filters.  We therefore decided to label pure 

WT-Ste14 via the Alexa Fluor™ 647 NHS ester (Invitrogen, gift from Low-Nam Lab, Purdue 
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University), which labels lysine residues with Alexa 647.  Utilizing protocols found to be 

successful by the Low-Nam lab, our first labeling attempt produced completely inactive but 

labeled Ste14 protein with a dye to protein ratio of 0.15:1.  The next attempt to label protein 

included a higher concentration of dye and a longer label and protein incubation time.  We included 

not only WT-Ste14, but also L56A mutant Ste14 and F80A mutant Ste14.  Unlike L56A, which 

shows a preference for AGGC vs AFC substrate, F80A is completely inactive with both substrates 

and is speculated to serve as a negative control for MST analysis.  Labeling produced higher than 

a 1:1 ratio of dye to protein for all Ste14 mutants.  WT protein that was about 30% active relative 

to unlabeled protein (data not shown).  Ratios of dye to protein higher than 1 can cause inconsistent 

fluorescence readings (MST Starting Guide – Monolith NT.115) and thus create another obstacle.  

With newly labeled WT-Ste14 having increased activity and the lowest dye to protein ratio of all 

the mutants labeled (1.22:1), using this protein in optimizing the MST protocol was a welcomed 

improvement. 

First, the concentration of labeled protein was determined by testing the fluorescence 

intensity of varying concentrations of labeled protein.  20 nM labeled WT protein had about 1700 

fluorescence counts, well within the workable range of 500 to 2500 counts (MST Starting Guide 

– Monolith NT.115).  Second, binding tests were performed to see if a there was a baseline 

difference in fluorescence detection between maximally bound and completely unbound protein.  

Labeled WT protein was tested with (200 µM AFC) and without any substrate.  200 µM AFC was 

chosen since that is the concentration used in the in vitro methyltransferase activity assay for 

saturating conditions.  This showed a detectable difference in the normalized fluorescence for the 

bound versus unbound state of protein (Figure 2.9A).  These values for the bound versus unbound 

states were averaged between four different samples.  The values for each of the four samples 

varied greatly within both bound and unbound states.  This variation contributed to the complete 

MST experiment (20 nM labeled WT Ste14 with a serial dilution of AFC starting at 200 µM), 

having no discernable binding curve.  It is possible that very minimal amount of substrate was 

binding to protein resulting in the high amount of unbound substrate and protein, causing this high 

variation in fluorescent signal between samples.  Minimal substrate binding may be due to the lack 

of lipids within the MST experiment conditions. 
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Lipid conditions  

It is known that lipids are required for purified Ste14 to retain enzymatic activity.11  Without 

lipids, there is not only a decrease in enzymatic activity, Ste14 is rendered inactive (Figure 2.9B).  

Thus, for any assay where native Ste14 is required, lipids should be included.  Our in vitro vapor 

diffusion activity assay includes E. coli polar extract phospholipids consisting of 67% (wt/wt) 

phosphatidylethanolamine (PE), 23.2% (wt/wt) phosphatidylglycerol (PG) and 9.8% (wt/wt) CA.  

To determine if these E. coli lipid extracts were suitable with MST analysis, we first tested 

background fluorescence levels of these lipids.  Unfortunately, working concentrations of these 

lipids between 10 and 0.7 mg/mL showed fluorescence detection under the red filter method of the 

MST instrument (Figure 2.9C).  Although low, <50 fluorescence counts, the fluorescence levels 

were similar to those of the purification buffer and also displayed detectable movement when a 

temperature gradient was induced.  Thus, finding different lipids that do not fluoresce was the next 

step. 

We tested 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), DOPC + phosphatidylinositol 

4,5-bisphosphate (PIP2), and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-

carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DGS-NTA(Ni)) (Gift from Low-Nam 

Lab, Purdue University).  These lipids showed almost indetectable levels of fluorescence (<10 

fluorescence counts) and no change in fluorescence when tested with a temperature gradient, 

making these great candidates for combination with Ste14.  Upon testing Ste14 activity with these 

lipids compared to the E. coli lipid extract mixture, DOPC combined Ste14 has ~22% activity and 

DOPC+PIP2 mixture and DGS-NTA(Ni) were inactive (<10%) (Figure 2.9D).  This could be due 

to the lipid samples from the Low-Nam Lab being older stocks and not necessarily due to 

incompatibility with Ste14, as it has been shown that most lipid and lipid mixtures are capable of 

supporting pure Ste14 activity.11 

AGGC concentrations 

In addition to testing the farnesylated-minimal substrate, AFC, we wanted to quantify the 

binding of its geranylgeranylated counterpart.  WT-Ste14 does not have a preference for 

farnesylated versus geranylgeranylated substrate (Chapter 3).11  Ste14 mutant L56A shows a 

marked preference for AGGC over AFC in activity making it of specific interest in binding 
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experiments.  It is proposed that the mutated alanine residue provides more room within the 

hydrophobic substrate pocket to accommodate the larger isoprenoid group (Chapter 3).   

Initial in vitro methyltransferase activity assay testing of WT-Ste14 with AGGC at normal 

substrate conditions (200 µM) reduced WT-Ste14 to <50% of that with 200 µM AFC (Figure 

2.10A).  Previously, studies comparing the preference of AFC versus AGGC for Ste14 mutants 

utilized AGGC concentrations of 100 µM (Chapter 3).5  Comparison of WT-Ste14 activity with 

varying concentrations of AFC and AGGC, showed that 100 µM concentrations of both substrates 

had maximal and most similar activities between the two substrates (Figure 2.10B).  Therefore, 

100 µM AGGC is the maximal concentration that should be used in any future activity or binding 

assays. 

2.5.4 Materials 

MST 

1. Monolith NT.115 capillaries (Nanotemper, San Francisco, CA) 

2. Concentrated 1xEQ elution buffer: 1 M Imidazole, 0.1% DDM, 0.3 M NaCl, 2 mM 

AEBSF, 1% aprotinin, 50 mM Na2HPO4 

3. Alexa 647 labeled pure Ste14 protein 

4. AFC and AGGC 1 mM stocks 

Labeling Ste14 with Alexa Fluor™ 647 NHS ester 

1. Bovine serum albumin (BSA) 

2. Large amounts of purified protein (>100 µg) 

3. Alexa Fluor™ 647 NHS ester (Invitrogen, gift from Low-Nam Lab, Purdue University) 

4. 1 M NaHCO3 (make fresh in diH2O) 

5. Zeba spin desalting columns (Fisher Scientific, Waltham, MA) 
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2.5.5 Protocol 

MST 

*Protocols are followed on the Monolith NT.115 instrument located in Chemical Genomics 

Facility of DRUG 

 

1. Set instrument to 20 nM labeled protein  

a. If newly labeled protein, must establish concentration that gives fluorescent 

signal between 500 and 2500 fluorescence counts 

2. Set instrument to 30 ºC 

3. Add  

4. Prepare serial dilutions in the dark 

a. Highest concentration should be 200 µM for AFC and 100 µM for AGGC 

and diluted by half for each dilution 

b. Each dilution should have a minimum final volume of 20 µL 

c. Add concentrated elution buffer to each tube first 

d. Add substrate to first tube and serial dilute 

e. Add labeled Ste14 protein last 

5.  Load samples into capillary tubes 

6. Wipe tubes with Kimwipes and load onto rack so that sample volume is in the middle 

of the capillary 

7. Set instrument to 80% excitation power and medium MST laser power, and red LED 

filters. 

8. Run expert mode to manually input concentrations 

9. Save and export all possible files to external drive 

Labeling Ste14 with Alexa Fluor™ 647 NHS ester 

*Based off of protocol from South Dakota State University department of Chemistry and 

Biochemistry (Dr. Shalini T. Low-Nam and Dr. Adam Hoppe 

1. Determine concentration of BSA using A280 (A = εcl) 

a. εBSA = 43,824 M-1cm-1; MWBSA = 66,463 Da  
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2. Calculate dilution needed for 50 ug of BSA in 130 µL reaction volume 

a. Dilute in 0.1% DDM solution (that is what is in elution buffer) 

3. Calculate dilution of stock dye needed for 5:1 dye to protein in reaction volume; also ensure 

less than 1% DMSO in reaction 

4. . Calculate remaining volume of 1X PBS to use as diluent (remember 1/10 volume of 1M 

NaHCO3)  

5. To begin reaction, dilute protein into PBS and then add 13 µL 10 mM NaHCO3 (you can check 

the pH at this point; pH should be > 8) 

6. Begin timing reaction as soon as dye to added to reaction (a typical timing of 20 minutes at 

room temperature should suffice). Cover reaction tube with foil and leave constantly agitating 

(also a good idea to flick reaction periodically, careful not to generate bubbles). 

7. All at 4ºC.  When 8-10 minutes remain in the incubation, prepare the spin columns for the final 

purification step: 

a.  Twist the lid of the tube a half turn and spin at 800xg for 2 minutes 

b.  Dispose of flow through and add 300 µL of 1X PBS to wash 

c. Rinse resin by spinning at 800xg for 1 minute 

d. Repeat rinse step for a total of 5 washes 

8. Elute conjugate by applying 130 ¨L reaction to resin and spin at 800xg for 4 minutes 

9. Re-run flow through over column at 800xg for 4 minutes; save product in labeled tube, covered 

with foil (column resin should be colored as the result of binding free dye) 

10. Determine dye to protein using spectrophotometry (Nanodrop) 

a. Measure A280 and Amax of fluorescent conjugate (account for dilution) 

i. Alexa 647 

b. Protein concentration (M) = [A280 – (Amax x CF)]/ε 

c.  Degree of labeling (ratio) = (AmaxxMW)/(εdye x protein concentration) 

i. Correction factor: 0.03 

ii. εdye: 270,000 

iii. εSte14: 239,000 
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2.5.6 Conclusions and future work 

For functional MST experiments that produce a binding curve for Ste14, there three issues 

were identified that require further optimization: lipids, degree of labeling, and dimerization.  First, 

the experiments should include lipids.  Since the current E. coli lipid extracts used in the in vitro 

methyltransferase activity assays have components that fluoresce, new lipid extracts should be 

used.  We started testing background fluorescence and Ste14 activity in the presence of DOPC, 

DOPC + PIP2, and DGS-NTA(Ni) (gifts from Low-Nam Lab, Purdue University) because Ste14 

has been shown to tolerate various lipids and lipid mixtures.  Though all showed minimal 

fluorescence, we observed a significant decrease in Ste14 activity compared to the normally used 

E. coli lipid mixtures.  These lipid preparations from the Low-Nam Lab were older stocks than 

those normally used which could account for the lowered activity of Ste14.  Retrying the 

experiment with newer stocks of these lipids would be useful.  Since our E. coli lipids contain 

predominantly PE, we should also test pure PE extracts should be tested next for fluorescence and 

Ste14 activity.  

The second issue is the degree of labeling of the Alexa Fluor™ 647 NHS ester.  In the most 

recent labeling experiment, WT protein had the lowest degree of labeling at a ratio of about 2:1 

(dye to protein).  It is best for this ratio to be, at a maximum 1:1.  If the ratio of dye is higher than 

protein, this could distort fluorescence readings and thus the binding curve outputs of MST.  The 

NHS ester binds dye to lysine residues of Ste14.  There are 17 lysine residues in Ste14 (including 

in the three engineered myc tags).  Of those 17, 15 are solvent exposed (either on the cytosolic or 

endoplasmic reticulum lumen facing loops), increasing their likelihood of being labeled by the dye.  

To drive down the degree of labeling we can use a dye that links to residues other than lysine.  

Ste14 only has three native cysteine residues (99, 121, and 126).  Our lab has engineered a cysteine-

less Ste14 construct where all three cysteine residues are mutants to alanine (Triple A or TA).  This 

TA variant retains WT-Ste14 activity.  Within this cysteine-less construct, we have created  an 

extensive library of single cysteine mutant Ste14 variants to aid many projects.  We can use one 

of those mutants to perform labeling with a cysteine reacting dye.  The mutant TA-S77C is a 

suitable candidate, as it retains WT-Ste14 and TA-Ste14 activity and the residue at position 77 

seems to be accessible by other chemical agents such as NTCB cleavage (see section 2.1).  This 

would allow only one residue for the dye to label and should produce at most a 1:1 dye to protein 

ratio. 
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Thirdly, Ste14 is known to form functional homodimers.20, 28  This could present problems 

for substrate binding quantification through MST.  MST binding values become inconclusive when 

there are more than one binding partner in equilibrium with the protein of interest - in this case 

homodimer of Ste14 or Ste14 bound to substrate.  MST can however determine KD values of 

dimerization (< µM) and has successfully determined KD values for Grb2 dimerization.31  However, 

if the majority of the protein in the sample is present as dimers, then the MST instrument most 

likely will not be able to determine a KD value for dimerization. 

Other areas of optimization for MST include utilizing the substrate-mimetic probes 

(Distefano Lab) as the fluorescent pair and using the blue light detector of the MST instrument.  

This approach would require removal of the fluorescent components of the purification buffer.  

Therefore, optimization of removing AEBSF and aprotinin removal from the elution buffer of 

purification would be the next logical step.  Since the current MST conditions require 20 nM 

labeled Ste14 protein, it may be useful to perform an in vitro methyltransferase activity assay 

containing 20 nM WT-Ste14 protein and a concentration curve of AFC substrate.  This assay will 

help to decrease the large concentration range of substrate in the current MST workflow which 

starts at 200 µM and ends at 6 nM AFC. 

Methods other than MST have been explored including fluorescence polarization.  The 

substrate-mimetic as the fluorescent partner produces flexibility of the PEG4 linker causing large 

variability in the fluorescent readings.  The protein could be used as the fluorescent pair, but this 

raises inherent problems with the mass change when protein is bound to substrate as the substrate 

is too small.  This mass change presents the same problem with isothermal titration calorimetry.  

Since KRas4B is a known substrate of Ste14, we could use the fully processed, yet unmethylated 

form as the substrate which would cause a significant mass shift when bound to Ste14.   

In terms of substrate and cofactor binding, all residues that were found to be inactive with 

both AFC and AGGC in the studies performed by Dr. Amy L. Funk (2017) should be studied (see 

Chapter 3). This will help support their role in catalysis or structural properties of the enzyme.  In 

addition to these residues, the residues that were found to have homology between the four species 

of Icmt most studied (see Chapter 1) but within in the 15-species alignment, should be studied.   
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2.6 Yeast growth arrest halo assay 

2.6.1 Summary 

In collaboration with the Distefano Lab (University of Minnesota) and the Trauner Lab (New 

York University), modified forms of a-factor peptide were tested for recognition and subsequent 

growth arrest in yeast MATa cells. This section describes the optimization of such assays.   

2.6.2 Background 

The Trauner Lab is well versed in photoswitchable lipids that change conformation of lipid 

moieties upon UV irradiation and thus can alter lipid bioactivity, metabolism, and biophysical 

properties.  In collaboration with the Distefano Lab, the first photoswitchable isoprenoids were 

developed with the goal of optically controlling peptide prenylation processing.  More information 

on the scope of this project is in the Appendix. 

The Hrycyna Lab set out to test the biological activity of these photoswitchable probes.  This 

is possible by the engineering of the photoswitchable isoprenoid group onto an a-factor mimetic 

peptide.  a-factor is a mating pheromone secreted by yeast (Saccharomyces cerevisiae) MATa 

haploid cells.  It is recognized by their haploid counterpart MATa cells.  Upon a-factor recognition 

and binding by G-protein-coupled receptor (GPCR) Ste3 of MATa cells, signaling cascades are 

initiated that terminate in cell fusion of the MATa  and MATa cells to reproduce.32, 33  Part of this 

process is G1 growth arrest of the mating cell.   

The mating pathway of these haploid yeast cells is utilized in a mating assay to determine if 

synthetic a-factor mimetic peptides can be properly recognized by MATa cells. Typical mating 

assays are also called halo assays, where MATa and MATa cells are plated on top of each other in 

a specific area.  Each haploid cell will secrete their respective mating pheromone (a-factor or a-

factor) that in turn will be recognized by its counterpart cell).  In the areas where both cells are 

plated, they will undergo reproduction.  The mating pheromones can still diffuse through the cell 

lawn to areas where only one type of cell has been plated.  Pheromone diffusion and subsequent 

recognition causes those cells to undergo cellular arrest, awaiting mating with the other cell type.  

However, since their counterpart is not present, these cells will die, thus producing a ring or “halo” 

of no cells. 
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To test a-factor mimetic peptides, the peptides can be directly spotted onto a lawn of MATa 

cells.  The cells will initiate the reproduction pathway and continue to cellular arrest.  Because the 

haploid counterpart MATa cells were not spotted, a spot will appear on the agar where the MATa  

cells are no longer present because they could not replicate. These assays will include serial 

dilutions of the a-factor mimetic spotted onto separate areas of the MATa lawn.  End-point growth 

activity can be reported as the lowest concentration of the a-factor mimetic that produces a clear 

area on the agar where cells are no longer present.  As the a-factor dilutions get lower in 

concentration, they will become less or in-effective in producing full arrest of all the MATa cells 

in the area of study.  Thus, some MATa cells will continue to grow in the area of study while some 

undergo cellular arrest.   

2.6.3 Optimization 

First, dispersal of the a-factor mimetic onto the MATa lawn was adjusted.  Previously, a-

factor had been diluted in a yeast peptone dextrose (YPD) based mixture with methanol.  Methanol 

should improve the solubility of the very hydrophobic a-factor peptide so that it does not stick to 

the walls of the glass, polystyrene or polypropylene tubes.33  Unfortunately, the percent methanol 

in the YPD mixture was too high, and the spots seen on the agar were not due to cellular arrest, 

but due to the methanol negatively interacting with the MATa cells.  Too address this issue, BSA 

was then substituted for the methanol.33  The BSA helped to produce a visible gradient of cellular 

arrest spots produced by a serial dilution of WT a-factor.  The BSA overall seemed to improve 

uniform loading of the a-factor sampled onto the plate, producing well rounded spots whereas 

without the BSA, the spots were not as circular with more jagged edges.  Thus, 0.5% BSA was 

used in the YPD mixture of a-factor for all future experiments.  In addition to BSA, Triton X 100 

was suggested to help form distinct cellular arrest spots.33  The Triton is incorporated into the YPD 

plate agar at 0.04%.  The presence of Triton increased the size of each spot to make it more 

pronounced, which would be useful when using very small concentrations of a-factor.  

Photoswitchable a-factor required the use of a specific UV irradiation source engineered by 

the Trauner Lab (New York University) called the DISCO.34, 35  It was designed so that each well 

of a 24-well plate would have its own light source to reduce variations in irradiation between 

samples.  Whereas growth arrest and halo assays are performed on petri dishes, the use of a 24-
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well plate would involve its own optimizations.  When tested with and without Triton in the agar, 

the cellular arrest spots became too large and spanned the entire diameter of the well (no cells grew 

within the well after the treatment of a-factor).  Therefore, Triton was not incorporated into the 

agar for future experiments.  We also had to optimize the density of MATa cells and method of 

plating within each well.  Based on suggestions from Dr. Isaac J. Fisher, assays in petri dishes are 

plated with 3x106 cells.36  After plating a variation of  MATa cell densities and methods, the best 

lawn density was 25x103 cells plated.  The best plating method, also suggested by Dr. Fisher, was 

to add the cell suspension to a warm, YPD/BSA mixture containing 1% bacto-agar.  When the 

cells were added atop the existing solidified agar of the 24-well plate, the MATa-agar mixture 

solidified, and the cells could grow.   

Lastly, the a-factor concentration range for the serial dilutions and incubation times were 

decided.  The concentrations chosen had to produce growth arrest spots with radii smaller than that 

of the plate well, so as it could be distinguished.  The concentrations also had to be low enough to 

surpass the end point of cellular arrest as described above.  The incubation time had to be 

conducive to cell lawn growth but not allow overgrowth of the cells to the point where they start 

to grow on top of a previously established growth arrest spot.  The gradient of 3.0, 0.3, 0.03, 0.015, 

0.0075, and 0.0038 ng a-factor analog were spotted onto a MATa lawn of cells and incubated for 

24 hours at 30ºC (Figure 2.11).   

2.6.4 Materials 

1. MATa cells (SM237537) 

2. Sterile YPD  

3. Sterile YPD + 0.5% BSA 

4. Bacto agar (Fisher Scientific, Waltham, MA) 

2.6.5 Protocol 

1. Prepare overnight cultures of MATa cells 

a. Place YPD plates (24-well) in incubator to dry O/N to dry (2 total) 

2. Grow at 30ºC until saturating – O/N 

3. Heat 500 mL beaker of water to 48 ºC with stir bar 
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4. Check OD600 of cells 

5. Prep cells for agar plating (x2): 

a. Pellet 1x106 cells (2000 x g for 2 min.)  

b. Rinse with ddH2O (x2) 

c. Resuspend pellet in 1 mL ddH2O 

6. Prep agar for plating: 

a. Dissolve 33 mg of bacto agar into 3 mL of YPD media (~1.1% agar in solution) 

b. Heat in microwave until boiling 

c. Place in 45ºC water bath for ~15 minutes to equilibrate temperate of agar to 45ºC 

d. Add 1 mL of resuspended cell pellet to 3 mL of agar and plate cells immediately   

7. Spread 100 µL of agar-cell mixture onto plate media (~25,000 cells) 

a. *Use P200, cut pipet tip, avoid bubbles 

8. Let plate dry for 15 min.  

 

**Perform the following steps without any light exposure, only using Red-light lamp 

9. Make 0.074mM WT a-factor dilution from 3.8 mM stock in YPD/0.5% BSA  

10. Make the following WT a-factor serial dilutions on parafilm. -> under red light  

a. Split dilutions, and place 20 µL on separate piece of parafilm for hand-LED irradiation 

b. Irradiate all dilutions for 2-minutes with hand-LED (370 nm) at the same time (light 

3.75 inches from sample) 

c. Spot 2.5 µL of irradiated or non-irradiated onto lawn on respective YPD plates 

d. WT a-factor dilution 

i. 7.4 x 10-4 mM: 2 µL of 0.074 mM stock + 198 µL YPD/BSA (3 ng) 

ii. 7.4 x 10-5 mM: 6.0 µL 7.4 x 10-4 mM stock + 54 µL YPD/BSA (0.3ng) 

iii. 7.4 x 10-6 mM: 12.0 µL 7.4 x 10-5 mM stock + 108.0 µL YPD/BSA (0.03ng) 

iv. 3.7 x 10-6 mM: 40.0 µL 7.4 x 10-6 mM stock + 40.0 µL YPD/BSA (0.015 ng) 

v. 1.85 x 10-6 mM: 40.0 µL 3.7 x 10-6 stock + 40.0 µL YPD/BSA (0.0075 ng) 

vi. 9.25 x 10-7 mM: 40.0 µL 1.85 x 10-6 mM stock + 40.0 µL YPD/BSA (0.0038 ng) 

11. Make 0.074mM photoswitch a-factor dilution from 3.8 mM stock in YPD/0.5% BSA  

12. Make the following photoswitch a-factor serial dilutions on parafilm. -> under red light (x2) 

a. Split dilution, and place 20 µL on separate parafilm for hand-LED irradiation 
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b. Irradiate all dilutions for 2-minutes with hand-LED (370 nm) at the same time (light 

3.75 inches from sample) 

c. Spot 2.5 µL of irradiated or non-irradiated onto lawn on respective YPD plates 

d. Photoswitch a-factor  

i. 7.4 x 10-4 mM: 2 µL of 0.074 mM stock + 198 µL YPD/BSA (3 ng) 

ii. 7.4 x 10-5 mM: 6.0 µL 7.4 x 10-4 mM stock + 54 µL YPD/BSA (0.3ng) 

iii. 7.4 x 10-6 mM: 12.0 µL 7.4 x 10-5 mM stock + 108.0 µL YPD/BSA (0.03ng) 

iv. 3.7 x 10-6 mM: 40.0 µL 7.4 x 10-6 mM stock + 40.0 µL YPD/BSA (0.015 ng) 

v. 1.85 x 10-6 mM: 40.0 µL 3.7 x 10-6 stock + 40.0 µL YPD/BSA (0.0075 ng) 

vi. 9.25 x 10-7 mM: 40.0 µL 1.85 x 10-6 mM stock + 40.0 µL YPD/BSA (0.0038 ng) 

13. Spot each sample in specific location on plate according to diagram below 

j. Spot 2.5 µL of ddH2O, YPD & YPD/BSA 

a. Irradiate control samples for 2 min with hand-LED before plating on 

irradiated plate 

14. Let plates dry for 15 min. in dark or under red light 

15. Grow cells at 30 ºC for 24 hours and take images   

a. Dark plate: wrapped with aluminum foil 

b. UV plate: with DISCO  

i. Cut 1000 µL pipet tip to 750 µL mark on tip and plate in rubber gaskets to 

keep 24-well plate level and equidistant from light bulbs 

ii. Place open 24-well plate on top of pipet tips with open face, facing bulbs 

1. Place each well centered on own light bulb 

iii. Place foiled autoclave bin over DISCO apparatus + plate 

iv. Turn on DISCO 

2.6.6 Conclusions and future work 

Through our optimization efforts, we found that BSA/YPD mixture best helps to solubilize 

extremely hydrophobic a-factor analogs and produces smooth edged, circular spots of growth 

arrest.  When spotting on 24-well plates, densities 24,000 cells should be plated in each well to 

produce robust yet not overpopulated lawns.  
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Testing of the photoswitchable a-factor analogs showed no significant differences in end-

points compared to WT.  Significant differences were not found between UV and non-UN 

irradiated samples.  Our collaborative findings in conjunction with contributions by the Hrycyna 

Lab can be found in the Appendix.  
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2.7 Figures 

 

Figure 2.1 Optimization of photolabeling Ste14 with photoreactive substrate, AFC-FamDiaz. 

For more detailed method information, see section 2.2.  (A) Chemical structure of the photoreactive-substrate mimetic, 
Biotin-Peg4-K(5-Fam)C(Diazirine)-OH (AFC-FamDiaz) also known as AFC-FamDiaz (Distefano Lab, University of 
Minnesota).  (B) NTCB cleavage patterns (with added mass of photolabel) of the TA-Ste14 construct and the single 
cysteine mutant, TA-S77C.  Antibodies that recognize their respective fragments are listed below the cleavage diagram.  
(C) Reaction mechanism of photolabeling Ste14 with photoreactive substrate.  Figure modified from Kumar, A.B., 
2012.38  (D) & (E) NTCB cleaved fragments were resolved on a 12% acrylamide gel in HEPES running buffer 
followed by immunoblotting with fragment respective antibodies.  N-terminal fragments are recognized by a-myc 
and C-terminal fragments by a-Ste14.  Photolabeled fragments are recognized by the NeutrAvidin-HRP antibody.  
Colored arrows represent fragments coded in (B). (D) Photolabel to Ste14 protein ratios and (E) UV irradiation times 
were tested to determine optimal conditions for photolabeling assays. 
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Figure 2.2 Optimization of NTCB cleavage of Ste14. 

For more detailed method information, see section 2.2.  (A) NTCB cleavage patterns of the TA-Ste14 construct and 
the single cysteine mutant, TA-S77C.  Antibodies that recognize their respective fragments are listed below the 
cleavage diagram.  (B) NTCB to protein ratios were tested to optimize conditions for NTCB cleavage assays.  NTCB 
cleaved fragments were resolved on a 12% acrylamide gel in TGS running buffer followed by immunoblotting with 
fragment respective antibodies.  N-terminal fragments are recognized by a-myc and C-terminal fragments by a-Ste14.  
Colored arrows represent fragments coded in (A). 
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Figure 2.3 Detection of TM2 fragment by mass spectrometry.   

For more detailed method information, see section 2.2.  (A) NTCB cleavage pattern (with mass addition of probe) of 
the more active, double cysteine mutant, TA-I44C-S77C.  Antibodies that recognize their respective fragments are 
listed below the cleavage diagram.  (B) NTCB cleavage pattern (without mass addition of probe) of the less active, 
double cysteine mutant, TA-F46C-S77C.  Antibodies that recognize their respective fragments are listed below the 
cleavage diagram.  (C) MALDI-TOF/TOF spectra of TA-F46C-S77C when photolabeled and cleaved with NTCB. 
7.5 µg of protein was spotted onto plate with sinapinic acid and the experiment was run in the Purdue Proteomics 
Facility at Purdue University. 
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Figure 2.4 SDS-PAGE visualization of TM2 fragment.  

For more detailed method information, see section 2.2. 20% acrylamide gels were run in a MOPS-Tris-SDS buffer 
with NaHSO3 spiked in the cathode.  Maximal volumes of each sample (~ 40 µL) were loaded into each well.  Sypro™  
Ruby staining was used to visualize the peptides via the Typhoon imager.  Both TA and TA-I44C-S77C were subject 
to photolabeling and NTCB cleavage prior to concentration in the 10,000 molecular weight cut off concentrator.  100 
ng of EGF was loaded in each gel as a small molecular weight control peptide.  (A) Samples retained in the 
concentrator were run alongside EGF to confirm that the larger molecular weight (>10 kDa) fragments were 
sequestered from the flow through.  (B) 1: samples that were in the flow through of the concentrator. 2: SDS-loading 
buffer was added to the inner parts of the concentrator to check if the hydrophobic TM2 peptide was stuck there. 
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Figure 2.5 SDS-PAGE conditions suitable for specific reaction outcomes.  

For more detailed method information, see section 2.2.  All samples had been photolabeled prior to NTCB cleavage.  
(A) TruPAGE™ 4-20% precast acrylamide gel run in TEA-Tricine-SDS buffer.  Western blotting was performed with 
a-Ste14 and a-rabbit antibodies.  (B) TruPAGE™ 4-20% precast acrylamide gel run in MOPS-Tris-SDS buffer.  The 
inner chamber contained sodium bisulfite. Left: western blot with a-Ste14 and a-rabbit antibodies. Right: photo of 
the dye front (blue) on the acrylamide gel before transfer.  (C) 20% acrylamide gel run in MOPS-Tris-SDS buffer.  
The inner chamber contained sodium bisulfite. Western blotting was performed with NeutrAvidin-HRP antibodies.  
All samples were photolabeled, NTCB cleaved and concentrated.  (D) 12% acrylamide gel run in TGS buffer. Western 
blotting was performed with a-Ste14 and a-rabbit antibodies.  (E) 12% acrylamide gel run in HEPES buffer. Western 
blotting was performed with a-Ste14 and a-rabbit antibodies.   
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Figure 2.6 Peptide identification of Ste14 through MS/MS analysis.   

For more detailed method information, see section 2.3.  Blue indicates stretches of identified residues through MS/MS 
while black indicates residues that were not identified.  (A) Ste14 residues identified after trypsin/Lys-C digestion. (B) 
Ste14 residues identified after chymotrypsin digestion.  (C) Combined Ste14 residues identified in (A) & (B) 
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Figure 2.7 Ste14 topology map of residues identified through MS/MS analysis. 

For more detailed method information, see section 2.3.  Topology map representation of Ste14 residues identified after 
either trypsin/Lys-C digestion or chymotrypsin digestion. 
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Figure 2.8 Combined gravity and SEC purification condition optimization.  

For more detailed method information, see section 2.4.  Three different reaction conditions were tested: (A) both 
gravity and SEC purification at pH 7.2 (red), (B) gravity purification at pH 7.2 followed by SEC purification at pH 
6.0 (green), (C) both gravity and SEC purification at pH 6.0 (blue).  All conditions include analysis by Coomassie 
staining (first row of gels), western blotting utilizing a-myc and a-mouse antibodies (second row of gels), FPLC 
chromatographs (first row of graphs).  The final graph is an overall the individual chromatographs for each purification 
condition. 



 
 

111 

 

 

 

Figure 2.9 Requirement and subsequent problems of including lipids in MST analysis.   

For more detailed method information, see section 2.5.  (A) MST binding test of purified and fluorescently labeled 
WT-Ste14 with (complex) and without (target) 200 µM AFC substrate.  (B) Methyltransferase activity assay of pure 
WT-Ste14 with and without 0.7 mg/mL E. coli lipid extracts.  The activity is normalized to the WT-Ste14 protein in 
the presence of lipids. (C) Fluorescence levels of E. coli lipid extracts used in part (B) in the absence of Ste14 protein.  
(D) Methyltransferase activity assay of pure WT-Ste14 with E. coli lipid extracts, DOPC, DOPC and PIP2 mixture, 
and DGS-NTA(Ni) lipids.  The activity is normalized to the WT-Ste14 protein in the presence of E. coli lipid extracts. 

 
 

 



 
 

112 

 

 

 

 

 

 

 

Figure 2.10 Determining working concentrations for AGGC substrate.  

For more detailed method information, see section 2.5.  Methyltransferase activity assays were performed with crude 
membrane preparations of WT-Ste14 and the data was normalized to WT-Ste14 with 200 µM AFC substrate.  (A) 
Testing activity of Ste14 with 200 µM AGGC compared to 200 µM AFC.  (B) Testing activity of Ste14 with 50, 100 
or 200 µM AFC and AGGC. 
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Figure 2.11 Growth arrest assays of MATa cells treated with WT or photoswitchable a-factor analogs. 

For more detailed method information, see section 2.6.  (A) Template indicating the amount and identity of compound 
spotted onto a lawn of MATa  cells.   Amounts are reported in pico grams (pg).  Controls of H2O, YPD and YPD+BSA 
solutions were also spotted to confirm no contamination.  (B) 24-well plates containing YPD agar on top of which 
MATa cells were able to grow.  Serial dilutions of each respective analog were spotted onto the lawn and cells were 
allowed to grow for 24 hours with or without UV exposure.   
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 ELUCIDATION OF THE PRENYLATED CAAX 
PROTEIN BINDING SITE IN THE ICMT FROM S. CEREVISIAE, STE14 

3.1 Note 

This manuscript/chapter includes contributions from Amy L. Funk, Kalub J. Hahne, Jeffrey 

S. Vervacke, Mark D. Distefano and Christine A. Hrycyna.  It is in preparation to be submitted for 

publishing. 

 

The author of this dissertation, Ariana L. Cardillo, contributed to every section of this chapter 

with contributions in the following sections: Amy L. Funk contributed to the abstract, results, 

experimental procedures, and discussion sections and Jeffrey S. Vervacke contributed to the 

experimental procedures and supplemental data (Figure 3.S.6) related to the synthesis and 

chemical characterization of the substrate-mimetic probes.  Jeffrey S. Vervacke synthesized the 

benzophenone and diazirine-based substrate analogs used in this study.  Kalub J. Hahne performed 

the mutagenesis of the Ste14 alanine mutants and TA-S77C.  Amy L. Funk performed the in vitro 

methyltransferase activity studies with the AFC and AGGC substrates on the alanine mutants 

(Figures 3.1C, 3.2, & 3.S.2).  Amy L. Funk also performed the experiments comparing the 

benzophenone-based probes (Figure 3.S.5 C & D).  The author of this dissertation, Ariana L. 

Cardillo, cloned the TA-I44C and TA-I44C-S77C mutants and performed the subsequent 

expression, activity, and trypsin digestion studies on all mutants (Figures 3.4A, 3.S.3 & 3.S.4).  

She also performed the NTCB and AFC-FamDiaz studies (Figures 3.3 & 3.4).  In addition, she 

designed all figures (except Figure 3.S.2 & 6) by using GraphPad Prism, Adobe Illustrator, 

ChemDraw, and PyMOL and performed all statistical analyses on activity data.   

3.2 Abstract 

Isoprenylcysteine carboxyl methyltransferase (Icmt) is an integral membrane protein that 

performs the only reversible step of three primary C-terminal post-translational modifications 

(PTM) on the CAAX family of proteins which includes many Ras superfamily proteins.  The 

modifications add significant hydrophobicity to the C-terminus of the protein that aids in their 

proper localization to lipid membranes for cell signaling and protein trafficking.  Further, 



 
 

118 

methylation may serve as a point of regulation.  Ras proteins are implicated in many diseases but 

are difficult to target directly due to the lack of suitable binding pockets on the protein’s surface.  

Recently, research has shifted to targeting the PTM enzymes, especially methylation through Icmt 

due to its specificity as the sole methyltransferase that acts on these proteins.  Using biochemical 

tools, we aim to understand in mechanistic detail how the yeast Icmt, Ste14, mediates catalysis at 

the membrane/cytosol interface, accommodating both the hydrophilic cofactor, S-adenosyl-L-

methionine (SAM), and a lipophilic isoprenylated substrate, with the ultimate goal of designing 

better substrate-mimetic inhibitors.  Through alanine-scanning mutagenesis of conserved residues 

and substrate specificity assays with two known substrates of Ste14 containing different isoprenoid 

groups, we identified several residues in the N-terminal region of Ste14, notably Leu56, that appear 

to significantly decrease recognition of N-acetyl-S-farnesyl-L-cysteine (AFC) while retaining that 

of N-acetyl-S-geranylgeranyl-L-cysteine (AGGC).  These results suggested that these residues 

may comprise part of the substrate binding site of Icmt.  Based on the crystal structure of a 

eukaryotic Icmt and subsequent activity studies of Ste14 and other eukaryotic Icmt homologs, the 

SAM binding site has been localized to the C-terminus with a hydrophobic cavity suitable for the 

lipidated substrate within the N-terminus.  Complementary to this, our data suggested the TM2 

region of Ste14 specifically, contributes most prominently to the isoprenylated substrate binding 

site of Icmt.  To test this hypothesis, we used photoreactive substrate analogs based on AFC, the 

cysteine-specific cleavage reagent 2-nitro-5-thiocyanobenzoic acid (NTCB), and a library of 

purified Ste14 cysteine mutants.  We determined that the majority of labeling occurs between 

amino acids 44-77 of Ste14.   

3.3 Introduction 

Cancer is the second leading cause of death in the United States with 1.9 million new 

diagnoses projected for 2022 (ACS – Cancer Facts & Figures, 2022).  RAS genes are the most 

frequently mutated gene family that contribute to cancer resulting in their extensive study for the 

direct regulation of Ras proteins.1  These small GTPases are docked to the plasma membrane and 

regulate the relay of extracellular, mitogenic signals to downstream signal propagation, cell growth 

and differentiation.  After years of unsuccessfully targeting Ras proteins and garnering the term 

“undruggable”, the first direct inhibitor of G12C mutated KRas4B, sotorasib, was fast tracked for 

approval by the FDA this past year.2-4  Up to this point the approach to inhibiting Ras activity in 
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cancer cells was through indirect inhibition via the well characterized downstream effector 

signaling pathways or perturbation of Ras association to the plasma membrane.2, 4  With many 

unsuccessful attempts, researchers have pivoted to targeting the post-translational modifications 

(PTMs) of Ras proteins, which are necessary for the proper cellular trafficking to the plasma 

membrane and downstream signaling of these proteins. 

All isoforms of Ras protein are classified as CAAX proteins, where their most C-terminal 

residues consist of a cysteine (“C”), two aliphatic residues (“AA”) and one of several residues 

(“X”). CAAX proteins must undergo three sequential post-translational modifications for proper 

functioning and cellular translocation: first, isoprenylation of the terminal cysteine residue by 

either farnesyltransferase (FTase) or geranylgeranyltransferase (GGTase) depending on the 

identity of the X residue, followed by  proteolysis of the -AAX residues by Ras converting enzyme 

1 (Rce1), and terminated with methylation of the free carboxylate on the isoprenylated cysteine by 

isoprenylcysteine carboxyl methyltransferase (Icmt).  Although prenylation and proteolysis have 

been studied as indirect targets for oncogenic signaling pathways, small molecules targeting these 

enzymes have not been suitable enough to advance to clinical trials or have failed once tested on 

humans due to their low solubility and cell permeability.5-9 

Icmt is the founding and sole member of a unique class of integral membrane 

methyltransferases.  Compared to the other proteins targeting in the Ras signaling pathway, its 

uniqueness and singular role produces an ideal candidate for specific drug targeting.10, 11  

Interestingly of these three modifications, methylation is the only reversible process, indicating a 

possible point of regulation for these proteins.12-14  Although only a small modification, loss of 

methylation has been shown to significantly decrease KRas4B localization to the plasma 

membrane and concomitantly reduce downstream Ras signaling.15-19  To develop the most potent 

inhibitors of Icmt it is important to understand how Icmt binds its substrate and cofactor.  Icmt 

accommodates both a diverse set of protein substrates containing larger hydrophobic isoprenoid 

groups with charged carboxylate ions, and the amphipathic methyl donor S-adenosyl-L-

Methionine (SAM).  SAM is a well characterized cofactor that serves as the methyl donor for many 

SAM-dependent methyltransferases and is the second-most utilized cellular cofactor, after ATP.20, 

21  Although Icmt is best characterized for the residues that interact with SAM within a specific 

SAM-binding domain of the enzyme, SAM-mimetic inhibitors of Icmt may have off targets in the 

many methyltransferases the cofactor serves.  This could include off target effects in processes 
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such as epigenetic regulation, cellular signaling, and metabolite degradation.22  More recent 

inhibitors of SAM-dependent methyltransferases have found success in outcompeting the substrate 

while relying on bound SAM to either allosterically stabilize the substrate binding site or aid in 

direct SAM-inhibitor interactions.23  To develop potent, substrate competing inhibitors for Icmt, 

elucidation of the residues involved in the mechanism of the enzyme is of great importance. 

The two solved 3D structures of Icmt give some insights into substrate binding, but leave 

much of the mechanistic detail to be inferred.  The first structure, Methanosarcina acetivorans 

methyltransferase (Ma-MTase) was originally classified as a prokaryotic Icmt due to its co-

crystallization with SAM and its identity as integral membrane protein.13  However, it has no 

known biological substrates since there are no known prenylated proteins in prokaryotes and also 

shows little sequence homology with the eukaryotic homologs of Icmt.14  Its 14% homology with 

other eukaryotic Icmts is retained within the SAM-binding domains, but provides little information 

about the isoprenylated substrate binding sites, which would be most useful for current Icmt 

inhibitor design.13, 14  A more recent structure of a eukaryotic Icmt from Tribolium castaneum (Tc-

Icmt) provides more structural insights on isoprenylated substrate interactions with Icmt, however 

the geranylgeranylated substrate present during crystallization could not be confirmed as the 

density present within the proposed substrate binding cavity.14 

 Comprehensive mutational analyses of the activities of specific residues of Icmt have been 

performed on multiple species of Icmt including Anopheles gambiae (Ag-Icmt) and 

Saccharomyces cerevisiae (Sc-Icmt or Ste14).24-26  Although useful in understanding which 

residues reduce enzyme activity when mutated, these mutational activity studies do not determine 

if these changes in activity are due to changes in protein structure and/or stability, substrate binding 

and/or orientation, or alterations to the enzyme’s catalytic mechanism.  They also do not 

comprehensively study which residues allow for the incorporation of the differing isoprenoid 

groups of the substrate, whether farnesylated or geranylgeranylated.   

To better understand which residues of Icmt help the enzyme to accommodate the bulkier 

geranylgeranyl isoprenoid group versus the smaller farnesyl group of a substrate, we employed an 

extensive alanine-scanning mutagenesis study of the conserved residues and tested their activities 

with minimal substrates containing either isoprenoid group.  We found that although the conserved 

residues remain mostly in C-terminal half of the protein (Figure 3.1A), the residues that showed 

variation in activity between farnesylated and geranylgeranylated substrates were in the N-terminal 
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half.  Specifically, residue Leu56 showed the most dramatic preference for the geranylgeranylated 

substrate over the farnesylated form.  This allowed us to better characterize substrate interactions 

of transmembrane helix 2 (TM2) of Ste14, of which Leu56 resides.  Based on previous success of 

our lab with determining substrate features required for binding and enzymatic activity utilizing 

photoreactive substrate analogs,27 we employed a newly designed photoreactive substrate that will 

help characterize the region(s) of Icmt involved in substrate binding, with Ste14 as our Icmt model.  

This method confirmed that TM2 is the predominant region of Ste14 involved in isoprenylated 

substrate binding. 

3.4 Results 

3.4.1 Alanine-scanning mutagenesis reveals catalytic important conserved residues of 
Ste14 

Previously, a sequence alignment of fifteen unique eukaryotic Icmt protein sequences was 

performed to identify conserved residues that may be important for structure and function.  The 

alignment revealed 42 identical and 35 similar residues.28  Considering the extensive research done 

on four specific species of Icmt Hs-, Tc-, Ag-, and Sc-, Clustal Omega was used to determine the 

similarity between their sequences.  Depicted on the predicted topology map of Ste14, 60 similar 

(red) and 66 identical residues (blue) were identified (Figure 3.1A & Figure 3.S.1).  Additionally 

several previously determined Ste14 loss-of-function mutants (G13E, L81F, G132R, P173L, 

E213D, E213Q, E214D and L217S) aligned with the conserved residues further validating their 

importance for catalytic activity.25  As a result, characterization of conserved residues was 

completed by performing alanine-scanning mutagenesis.  A Ste14 construct containing 10 

histidine residues followed by three myc tags engineered at the N-terminus of the protein sequence 

(His10myc3N-Ste14 or His-Ste14), was used as a template to prepare these mutants.  The 76 

conserved residues from the 15 species alignment performed by Court et al. were mutated to 

alanine and the native alanine residues were mutated to glycine using site-directed mutagenesis.  

Residue Asn191 was not mutated as this residue has been previously shown to be critical for the 

hairpin turn between TM regions 5 and 6.  Romano et al. showed that upon Asn191 mutation to 

leucine, a non-turn-inducing residue, the C-terminal tail translocated from the cytosol to the ER 

lumen.25 
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Wild-type (WT) His-Ste14 and mutants were overexpressed in a ∆STE14 yeast strain 

(SM1188).  Crude membranes of each were isolated as established by Anderson et al.29  Expression 

of each mutant was analyzed by immunoblot analysis using an α-Ste14 polyclonal antibody that 

recognizes the last 42 amino acids of the protein.30  Expression patterns of all mutants were similar 

to WT His-Ste14 (data not shown).  Each mutant was then tested with two well-characterized 

minimal substrates, AFC and AGGC. With various published mutagenesis studies already 

completed using Ste14 and other orthologs, we decided to use those two molecules to differentiate 

between residues involved primarily with lipophilic substrate binding versus cofactor binding. The 

structures of these compounds only differ in the isoprenoid moiety, where AFC contains a 15-

carbon farnesyl group and AGGC has a 20-carbon geranylgeranyl group (Figure 3.1B).  Previous 

research has shown that Icmts including WT His-Ste14 do not exhibit a preference for AFC or 

AGGC as a substrate31, 32 and these data were corroborated by our data as well (Figure 3.1C).  Thus, 

we performed an in vitro methyltransferase activity assay with crude membranes of each alanine 

or glycine mutant (5 µg), AFC or AGGC (200 µM) and [14C]-SAM (20 µM) as the methyl donor, 

using WT His-Ste14 as a positive control. Not surprisingly, the results showed that mutations 

within Loop 4 and the C-terminal tail of the protein produced enzymes that were inactive with 

both substrates.  Past work revealed two highly conserved SAM binding motifs, M1 (RHPxY) and 

M2 (R[x]3EE), to be located in this area.25  Methyltransferase assay results of the residues spanning 

these areas (Arg136 – Pro237) revealed 27 mutants with >10% WT activity with AFC while 14 of 

these mutants were completely inactive and speculated to be involved in SAM binding.  To analyze 

the prenylated substrate binding characteristics of the 76 conserved residues, we constructed a 

topology map of Ste14 color coded for the ratio of AGGC to AFC activities (0.01-2.20, 2.21-4.20, 

4.21-6.20, > 6.21) to highlight residues that had a significant fold change in substrate specificity 

of the alanine mutants (Figure 3.2A).  Mutants that revealed activities <15% of WT Ste14 with 

both AFC and AGGC substrates were classified as inactive.  Interestingly, N-terminal His-Ste14 

mutants showed a preference for one substrate over the other, unlike the WT enzyme. Mutations 

in the N-terminal and TM1 regions (V23A, M25A, S27A, I29A and L30A) all resulted in 

preference for the longer substrate, AGGC, as shown by an increase of at least more than 10% WT 

activity.  The most notable variation of substrate specificity from WT was with the His-Ste14 

mutant L56A in TM2.  The L56A variant was almost completely devoid of activity with AFC (14% 

WT) while retaining activity with the AGGC substrate (130% WT) (Figure 3.2B).  In addition to 
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the hydrophobic amino acids in the predicted TM domains, Loop 2 cytosolic mutants (N71A, 

V75A, E78A and S79A) showed noteworthy alterations from WT specificity (Figure 3.2A).  

Furthermore, a few His-Ste14 mutants located in the projected cytosol-membrane interface 

manifested a preference for AGGC (Y88A, A91G, G177A and I183A) (Figure 3.2A).  Finally, we 

observed several loss-of-function N-terminal mutants (<5% WT activity with AFC) that included 

G31A, H60A, E63A, Y64A, F80A, L81A, L82A.   

3.4.2 Mutational analysis reveals importance of Leu56 for substrate recognition by Ste14 

To further characterize the results obtained with the L56A mutant, we mutated this amino 

acid to alternative lipophilic residues. Isoleucine was used to mimic the leucine side chain while 

phenylalanine was employed to introduce a hydrophobic, but also aromatic group. These mutants 

were tested using the in vitro methyltransferase activity assay with both AFC and AGGC (Figure 

3.2C). L56F and L56I regained specific activity with the AFC substrate with 77% and 66% WT, 

respectively. Also, both mutants were active (>100% WT) with AGGC. Additionally, double 

mutants with L56A, N71A and V75A were constructed to see if L56A further reduced an already 

lowered AFC preference.  Not surprisingly, the presence of  L56A  within mutants L56A-N71A 

and L56A-V75A  abrogated AFC activity (1% WT for both) (Figure 3.2D).  Their activity with 

AGGC was slightly reduced compared to their single mutant counterparts. The His-Ste14 double 

alanine mutant N71A-V75A was inactive with both AFC and AGGC (Figure 3.2D). 

3.4.3 Purified and functional single cysteine-substituted His-Ste14 mutants 

 Next, single cysteine mutants were created using the cysteine-less His-Ste14 template where 

the three native cysteine residues were mutated to alanine (His-Ste14-Triple Alanine or TA). 

Mutant proteins TA-S77C, TA-I44C, and double mutant TA-I44C-S77C were overexpressed in a 

∆STE14 strain and crude membranes were isolated.29 Activity and expression of the crude 

membranes of each mutant were assayed using an in vitro methyltransferase activity assay and 

immunoblot analysis with the α-myc monoclonal antibody. All mutants were active (>75% WT 

activity with AFC) and had expression levels comparable to WT (Figure 3.4A & Figure 3.S.3). 

Additionally, we analyzed any substantial tertiary structural changes of the His-Ste14-TA single 

cysteine mutants by performing limited protease sensitivity assays with trypsin (Figure 3.S.4). 
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Crude membranes of WT-, TA- and each cysteine mutant Ste14 variant were incubated with or 

without trypsin and subjected to immunoblot analysis probing with an a-myc antibody. From these 

data, all mutants showed comparable digestion patterns to WT in the presence of trypsin suggesting 

that no significant structural changes occurred due to these mutations. The cysteine mutants were 

subsequently purified using metal affinity resin as described previously by Anderson and Frase et 

al.(2005).  Purity and expression levels of the pure protein for each mutant was analyzed by 

Coomassie stained SDS-PAGE and immunoblot with the α-myc antibody, respectively (Figure 

3.S.3). All the cysteine mutant proteins were expressed at levels similar to WT His-Ste14 and the 

cysteine-less mutant (TA). Additionally, the activity of each purified mutant was tested using an 

in vitro methyltransferase activity assay with pure protein (~0.3 µg), AFC (200 µM) and 

reconstitution into lipid vesicles before incubation with [14C]-SAM (20 µM).  All mutants 

maintained WT activity and were used for the following photolabeling and NTCB cleavage assays 

(data not shown). 

3.4.4 NTCB cleavage narrows labeled peptide fragment between N-terminal residues 44-
77 of Ste14 

Based on results from the AFC and AGGC preference studies, our next goal was to narrow 

down the region of Ste14 that the substrate has directly contacts.  We developed a workflow to 

help identify regions of Ste14 that a photoreactive substrate analog has contact with.  Substrate-

mimetic photoreactive analogs were developed that would covalently bind to Ste14 upon UV 

irradiation.  Our single-cysteine residues, cloned within the cysteine-less construct of Ste14, were 

used to separate the N- and C-terminal portions of Ste14 using a cysteine specific chemical 

cleavage reagent NTCB.  NTCB causes the spontaneous hydrolysis of an amide bond through the 

cyclization of a cysteine side chain when exposed to basic conditions.34, 35  As a result, the 

photoreactive analogs in combination with NTCB could be used to label and cleave the protein at 

specified locations on the N-terminal half to narrow the residues involved in the substrate binding 

site of Ste14.  This would leave either the N- or C-terminal fragments of Ste14 bound to and 

detectable by the engineered moieties of the photoreactive substrate.   

Localizing our points of interest to the N-terminal half of Ste14, we sought out a 

hydrophilically exposed residue just downstream of TM2 that would be amenable to chemical 

cleavage and was not implicated in the activity or structure of Ste14.  TA-S77C retained WT and 
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TA His-Ste14 activity, had expression levels consistent with the two controls, and maintained 

cleavage patterns of WT His-Ste14 upon trypsin digestion (Figure 3.4A & Figures 3.S.3-4).  The 

purified single cysteine mutant, using TA His-Ste14 as a control, was photolabeled with a newly 

designed substrate analog AFC-FamDiaz.  This photoreactive substrate contains biotin, diazirine, 

and fluorescein moieties (Figure 3.3A).  Previous research from our laboratory showed that the 

diazirine moiety was more effective at labeling and a better substrate presumably due to the linear 

diazirine structure better mimicking the native farnesyl group compared to the previously used 

benzophenone-based substrate probes.36  This substrate analog labeled His-Ste14 efficiently and 

was confirmed to be a substrate (Figure 3.3B).  TA and TA77C were treated with AFC-FamDiaz 

and irradiated with UV light on ice to form a covalent bond between the substrate and the enzyme.  

Following irradiation, the enzyme-substrate complex was subjected to cleavage with NTCB for 4 

hours at 37ºC resulting in peptide fragments with predicted molecular weights due to the placement 

of the single cysteine residues.  The expected peptide fragments for the TA and TA-S77C mutants 

are shown in Figure 3.3C.  Samples were fractionated using a 12% SDS-PAGE and immunoblot 

analysis with termini specific antibodies - α-myc recognizes the three N-terminal myc tags and the 

α-Ste14 antibody recognized the C-terminal 42 residues of the protein.  NeutrAvidin-HRP was 

used to detect the substrate biotin tag or the labeled peptide fragment (Figure 3.3C).  As expected, 

the molecular weight of each of the cleaved peptides on the α-myc and α-Ste14 probed blots 

corresponding to the calculated fragment sizes seen in Figure 3.4C.  His-Ste14-TA showed no 

cleavage bands which was expected due to the lack of cysteine residues present.  Interestingly, 

these results showed that AFC-FamDiaz bound to the N-terminal peptide fragments of the TA-

S77C mutant as seen in the alignment of cleaved peptides on the α-myc and NeutrAvidin-HRP 

blots (Figure 3.3D).  Together, these data suggest that diazirine moiety is labeling specifically the 

N-terminal 77 amino acids of His-Ste14. 

Our next goal was to further narrow down the transmembrane region of Ste14 that may have 

contact with the photoreactive substrate.  A single cysteine mutant, TA-I44C, was designed in the 

predicted Loop 1 region of His-Ste14 to be used for the photolabeling and chemical cleavage assay.  

The TA-I44C mutant was also evaluated for significant structural alterations using the trypsin 

digestion assay noted above; its specific activity, expression level and purity were similar to the 

previous mutants (Figure 3.4A and Figures 3.S.2-4).  As observed with the C-terminal cysteine 

mutants, the results with photolabeling and NTCB cleavage of TA-I44C revealed that the peptide 



 
 

126 

fragments on the α-Ste14 and NeutrAvidin-HRP blots aligned (Figure 3.4B & C).  This result 

suggested that the substrate analog labeled Ste14 C-terminally to residue 44.   

As a result, we cloned the double mutant TA-I44C-S77C, with the two cysteine mutants 

flanking TM2 of Ste14.  This mutant retained WT expression and activity levels and did not show 

any significant structural alterations using trypsin digestion (Figure 3.4A and Figures 3.S.3-4).  

Upon photolabeling and subsequent NTCB cleavage of the double-mutant, peptide fragments 

matched those of the single mutants suggesting that the substrate analog labeled Ste14 within its 

N-terminus, specifically between residues 44-77 (Figure 3.4B & C).  However, multiple fragments 

were visible, insinuating missed cleavages of the NTCB cleavage reagent.  

We then sought to further test if different portions of substrate have contact with different 

areas of Ste14.  We utilized two previously characterized photoreactive substrates of Ste14 with 

their photoreactive benzophenone groups located in either the amide or farnesyl portion of the 

protein (Figure 3.S.5 A).33  TA-S77C underwent photolabeling and NTCB cleavage with both 

analogs and revealed identical substrate labeling N-terminal to residue 77 (Figure 3.S.5 B&C). 

3.5 Discussion 

Isoprenylcysteine carboxyl methyltransferase is the only enzyme identified to date that 

functions as a methyltransferase of CAAX proteins.  Given the vast number of cellular pathways 

influenced by CAAX processing, most studied for Ras proteins, it is essential to elucidate the 

structure and function of Icmt.  Previously a 3.4Å crystal structure of a prokaryotic Icmt ortholog, 

Ma-Icmt, revealed a well-conserved C-terminal region important for the binding of the co-

substrate, SAM.13  The crystal structure indicates two previously determined conserved motifs: 

M1 (RHPxY) and M2 (R[x]3EE) that contain essential residues for SAM binding.25 Additionally, 

the crystal structure indicated a hydrophobic substrate access tunnel involving both the N- and C-

termini that may be involved in substrate binding and aid in its interaction with SAM. However, 

the N-terminal domain of Ma-Icmt has poor sequence conservation and has very limited activity 

toward minimal substrates of eukaryotic Icmts, such as AFC, most likely because there are no 

known prenylated proteins in prokaryotes.  It has since been termed Ma-MTase.  As a result, this 

crystal structure is useful for studying the SAM interaction but is not a great model for substrate 

binding.   
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Recently, the first eukaryotic Icmt ortholog, Tc-Icmt, was crystallized at 2.3Å.14  It revealed 

an enclosed and defined SAM binding cavity with access to the substrate through a slender 

hydrophobic ‘tunnel’.  Combined with previous mutational analysis data from another eukaryotic 

Icmt species (Ag-Icmt), Diver et al. suggested and reiterated many residues with important contacts 

between substrate and cofactor.  However, the substrate co-crystalized with Icmt was not resolved, 

leaving the density within the substrate binding tunnel to be inferred.  With the goal of designing 

future inhibitors of Icmt as a means of halting CAAX protein signaling, including most notably 

the oncogenic signaling of Ras proteins, structural information about substrate-enzyme binding is 

of most importance to design the most selective inhibitors.  The most powerful, competitive 

inhibitors most likely will resemble both substrate and cofactor, however cofactor-mimetic 

inhibitors alone will most likely have alternative targets, as SAM is the second most ubiquitously 

used cofactor in a cell.20, 21  Therefore, alternative methods are needed to locate and characterize 

the substrate binding site. Here, we utilized site-directed mutagenesis, photoaffinity probes based 

on Icmt substrates and biochemical techniques to characterize the substrate binding site of Icmt. 

Using alanine-scanning mutagenesis, we have identified numerous conserved residues that 

are essential for Ste14 activity.  Consistent with insights from crystal structure of the eukaryotic 

ortholog, Tc-Icmt, mutations of residues in the proposed C-terminal conserved SAM binding 

motifs (M1 and M2) had very low activity with both substrates which may result from the inability 

to bind the cofactor rather than the substrate.  Interestingly, since most of the sequence identity is 

retained C-terminally between Icmt isoforms (Figure 3.1A), we identified numerous N-terminal 

Ste14 mutants in TM1, TM2, and loop 2 that manifested a difference in catalytic activity from WT 

with either AFC or AGGC (Figure 3.2A).  Many of these Ste14 mutants are located in the predicted 

hydrophobic TM regions and predicted hydrophobic substrate tunnel and may play a role in 

interacting with the isoprenoid moiety of the CAAX protein substrate.14, 26   

The L56A mutation in TM2 resulted in the most significant change in substrate specificity.  

When leucine was substituted for alanine, the activity with AFC was severely decreased, which 

may be due to lost interaction between the lipid portion of the substrate and the residue.  Thus, 

Leu56 appears to be essential for interacting with the 15-carbon group.  In contrast, L56A retains 

WT activity with AGGC.  This 5-carbon longer isoprenoid group may be able to form this 

necessary hydrophobic interaction with additional lipophilic residues in TM2 allowing for activity, 

since residue 56 is located centrally to the proposed hydrophobic substrate core of Icmt (Figure 
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3.5).  We propose that this residue interacts directly with the isoprenoid group of the substrate.  To 

test this hypothesis, we mutated Leu56 to alternative hydrophobic residues and observed a rescue 

of the activity with the AFC substrate for phenylalanine and isoleucine substitutions.   We propose 

that the hydrophobic character of this residue help to configure or stabilize the shorter farnesylated 

group. 

In addition to the TM segments, several mutations were identified in proposed Loop 2 of 

Icmt that also showed preference for the longer substrate, AGGC, or were inactive with either 

substrate.  Double alanine mutants with L56A and two alanine mutants from Loop 2 (N71A and 

V75A) further showed that this cytosolic region of the protein is also important for substrate 

binding.  These data suggest that TM1 and 2, and Loop 2 may be forming and amphipathic 

substrate tunnel to provide access to the methyl donor SAM.  This is in agreement with the 

eukaryotic, Tc-Icmt crystal structure, which proposes a 22Å long 6Å wide substrate tunnel and 

cavity that is lined primarily with aromatic amino acids correspond to Ste14 residues Phe52, Leu56, 

Phe59, Leu81, Asn83, and Tyr88 of the N-terminus, as well as more C-terminal residues, Phe178, 

Trp181, Phe198, Phe205 and Phe206.14  N-terminal residues Leu81, Asn83 and Tyr88 are 

proposed to create a depression in the bilayer and anchor the enzyme to better accommodate the 

larger peptide portion of the substrates upstream of the C-terminal, modified cysteine residue.  The 

C-terminal residues, Phe178, Phe205 and Phe206 within in TM5 and TM6 that are proposed to 

line the substrate cavity were also previously not proposed to be involved in SAM binding motifs.   

In our study, these residues were shown to be inactive or have lowered activity with both 

substrates, further enhancing their proposed role in positioning the substrate within the lipid tunnel, 

and specifically the carboxylate to interact with SAM and become methylated.  Although the 

crystal structure provides insight into potential contacts with substrate, our data provide the first 

evidence that the N-terminus of the protein participates to varying degrees in the interaction with 

the two different isoprenoid groups of Icmt substrates. 

In addition to site-directed mutagenesis and substrate specificity testing, we utilized 

previously characterized biotinylated photoaffinity substrates of His-Ste14 reported by Hahne et 

al. and the chemical cleavage reagent NTCB to further define the substrate binding site.  NTCB 

has proved useful to identify active site peptides in a number of cases.  It has been particularly 

useful for characterizing transmembrane domains involved in substrate binding including the 

human reduced folate carrier as well as to decipher the location of post translational modifications 
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of the human erythrocyte spectrin.37, 38  This procedure was optimized by Tang et al. and results 

in the spontaneous hydrolysis of an amide by cyclization of the cysteine side chain.  As a result, 

we employed these techniques to validate that the N-terminal residues contribute to the substrate 

binding site of His-Ste14.   

By designing single cysteine His-Ste14 mutants at exposed positions in concert with 

photoreactive substrate analogs and chemical cleavage, we were able to identify peptide fragments 

involved in the substrate binding site.  We used a newly synthesized photoreactive substrate analog 

containing a more favorable photoreactive diazirine group and retaining higher Ste14 activity than 

the previously characterized benzophenone analogs (Figure 3.3A).  Labeling was found to be 

within the N-terminal fragment preceding residue 77 of His-Ste14.  The identified area includes 

TM1, TM2 and parts of Loop 2 of His-Ste14 and encompasses the noteworthy Leu56 residue.  The 

catalytic mechanism of Icmt catalyzes methyl transfer via a ordered bi bi reaction mechanism 

where SAM binds first followed by the isoprenylated substrate followed by the respective release 

of the methylated substrate and SAH product.39, 40  As a result, photolabeling and chemical 

cleavage experiments were performed with the addition of the cofactor SAM, resulting in 

immunoblot results similar to those performed here without SAM (data not shown).  Additionally, 

high levels of unlabeled Ste14 are seen in the photolabeling and cleavage immunoblots (Figure 3.3 

and 3.4).  To help increase photolabeling efficiency, substate analogs and purified cysteine mutants 

were reconstituted into lipids before labeling and cleavage since Icmt is a known integral 

membrane protein.  We did not see any increase in photolabeling efficiency (data not shown).  

Finally, we tested whether the amide and farnesyl portions of the substrate have different contact 

areas of Ste14 using substrate analogs with benzophenone groups positioned in each area.  Both 

probes labeled Ste14 N-terminally to residue 77 (Figure 3.S.6). 

To isolate TM2 containing residue Leu56, and further narrow the area of Ste14 interacting 

with substrate, we designed a second cysteine mutant in concert with the S77C mutant within Loop 

1, TA-I44C-S77C.  We further speculated that TM2 is involved in substrate binding as the residues 

in TM1, specifically Gly31 within the GxxxGxxxG motif, are involved in homodimerization of 

Ste14 (Ratliff et al., unpublished).  Photolabeling and NTCB cleavage of this mutant in 

combination with the new substrate analog AFC-FamDiaz, revealed substrate binding to Ste14 

primarily within TM2 (Figure 3.4C).  Remarkably, we were able to observe changes in peptide 

fragment size within a few amino acids with this protocol using immunoblot analysis (data not 
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shown).  The region of TM2 and Loop 2 studied (residues 44 to 77) of His-Ste14 are highly 

conserved with 7 similar and 7 identical residues. 5 of those conserved residues appear to be 

essential for catalytic activity by demonstrating specific activities under 15% with both substrates. 

In conclusion, the novel research reported here elucidates residues and TM regions within 

Icmt, Ste14, which are critical for the recognition of the lapidated substrate.  As noted above, using 

alanine-scanning mutagenesis and activity testing with AFC and AGGC, it was possible to identify 

residues in TM1, TM2, and Loop 2 that are essential for Ste14 activity due to substrate – residues 

that were previously not well characterized due to sequence homology being retained mostly in 

the C-terminus for cofactor binding.  Furthermore, residue Leu56 was intriguing with a different 

substrate specificity profile than WT, drastically favoring AGGC.  Finally, using photolabeling 

and chemical cleavage, we were able to corroborate our activity assay results with the substrate 

analogs labeling a fragment containing TM2 (residues 44 to 77) of His-Ste14.   This knowledge 

will be indispensable to understand the structure and function of Icmt, an essential PTM enzyme 

of CAAX proteins including many members of the Ras superfamily. 

3.6 Experimental Procedures 

3.6.1 Biochemical materials 

All oligonucleotides were obtained from Integrated DNA Technologies, Inc. (Coralville, IA). 

All restriction enzymes and the Q5® Site-Directed Mutagenesis Kit were obtained from New 

England Biolabs (Ipswich, MA). GoTaq® Green Mater Mix and LigaFastTM Rapid DNA ligation 

system were purchased from Promega (Madison, WI). QIAquick PCR Purification and DNA Gel 

Extraction kit were purchased from Qiagen (Germantown, MD).  GeneJET plasmid miniprep kit, 

EcoRI NeutrAvidin-HRP conjugate, SuperSignal West Pico chemiluminescence (ECL), Amicon 

Ultra 30,000 MWCO concentrators, Amersham nitrocellulose membrane (0.22 µm) and DTT were 

purchased from Thermo Fisher Scientific, Inc. (Waltham, MA). BigDye® Terminator v3.1 was 

purchased from Applied Biosystems (Foster City, CA). AEBSF was purchased from Gold 

Biotechnology (Olivette, MO).  Aprotinin was purchased from Research Products International 

(Mount Prospect, IL). N-acetyl-S-farnesyl-L-cysteine (AFC) and N-acetyl-S-geranylgeranyl-L-

cysteine (AGGC) was purchased from Enzo Life Sciences (Farmingdale, NY) and Cayman 

Chemical (Ann Arbor, MI). The detergent N-Dodecyl-β-D-maltopyranoside (DDM) was 
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purchased from Anatrace, Inc. (Maumee, OH). TALON® metal affinity resin was purchased from 

Takara Bio USA, Inc. (San Jose, CA). All lipids were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL). 2-nitro-5-thiocyanobenzoate (NTCB), trypsin (porcine pancreas), and 4-20% 

TruPAGE™ precast protein gels were purchased from Sigma-Aldrich (St. Louis, MO). S-

adenosyl-L-[methyl-14C]methionine was purchased from Perkin Elmer (Waltham, MA). The α-

myc monoclonal antibody (9E10), the goat α-mouse IgG-HRP, the goat α-rabbit IgG-HRP and the 

subcloning efficiency Escherichia coli DH5a competent cells were purchased from Invitrogen 

(Carlsbad, CA). The SM1058 and SM1188 yeast strains and the α-Ste14 polyclonal antibody were 

gifts from Dr. S. Michaelis (The Johns Hopkins University School of Medicine). The photoreactive 

substrate analogs were synthesized by the Distefano Laboratory (The University of Minnesota-

Twin Cities). Biosafe II scintillation fluid was purchased from Research Products International 

(Mount Prospect, IL). All other materials were purchased from Fisher Scientific (Waltham, MA).  

3.6.2 Chemical synthesis materials 

All solvents and reagents used for the synthesis of the diazirine isoprenoid analog (AFC-

FamDiaz) and solid-phase peptide synthesis of the photoactivatable peptides were of analytical 

grade and purchased from Peptides International (Louisville, KY), NovaBioChem® (Nohenbrunn, 

Germany) or Sigma-Aldrich (St. Louis, MO). NHS-PEG4-Biotin was obtained from Thermo 

Scientific (Waltham, MA). HR-ESI-MS analysis was performed using a Bio-TOF-II (Bruker) mass 

spectrometer. 

3.6.3 Synthesis of Biotin-Peg4-K(5-Fam)C(Diazirine)-OH (AFC-FamDiaz) 

This modified dipeptide was prepared via a modification of a previously describe 

procedure.36 Synthesis began on preloaded Fmoc-Cys(Trt)-Wang resin (50 µmol) and the chain 

was elongated using HCTU/N-Methylmorpholine in a single coupling step with 4 equivalents of 

both Fmoc-Lys(Dde)-OH and HTCU for 30 min. Following coupling, the N-terminal amine was 

deprotected with 10% piperidine in DMF (5 mL, v/v) and the presence of the resulting free amine 

was confirmed by ninhydrin analysis.41 The resin was washed with CH2Cl2 (2 x 5 mL) and dried 

in vacuo overnight.  The free amino terminus was biotinylated in DMF (5 mL) with NHS-PEG4-

Biotin (0.35 mg, 60 µmol, 1.2 eq) in the presence of DIEA (10.4 µL, 5.0 µmol, 0.1 eq) for 16 h. 
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After acylation, the resin-bound peptide was washed thoroughly with CH2Cl2 (3 x 5 mL) and dried 

in vacuo. The peptide was then reacted with 5% hydrazine in DMF (5 mL, v/v) to orthogonally 

remove they Dde protected side chain of lysine. After verifying the deprotection was complete by 

ninhydrin analysis, the peptide was washed with CH2Cl2 (3 x 5 mL), dried in vacuo for 1 hour, and 

then reacted with 5-Fam NHS ester (33 mg, 60 µmol, 1.2 eq) in the presence of DIEA (10.4 µL, 

5.0 µmol, 0.1 eq) overnight. The resin was filtered, washed with CH2Cl2 (3 x 5 mL), dried in vacuo 

for 1 hour, and analyzed via ninhydrin analysis to confirm acylation of the side chain. The 

dipeptide was cleaved from the resin and simultaneously deprotected by treatment with Reagent 

B containing TFA (5 mL), triisopropylsilane (0.25 mL) and H2O (0.25 mL) for 2 hours at rt. The 

product was precipitated out in cold H2O (50 mL) divided into two vials, frozen, and lyophilized 

overnight to yield a total crude mass of 36 mg (69% yield). The was dissolved in minimal DMF 

(2 x 1 mL) and then diluted into a mixture of DMF/n-Butanol/H20 (0.10% TFA) (3:1:1 v/v/v, 5 

mL total volume).  Diazirine-Br [114 mg, 332 µmol, 10 eq, (2E,6E)-8-bromo-2,6-dimethylocta-

2,6-dien-1-yl 3-(3-methyl-3H-diazirin-3-yl) propanoate] was added to the crude dipeptide solution 

and the alkylation reaction was initiated by the addition of Zn(OAc)2·2H2O (35 mg, 166 μmol, 5 

eq).36 After 6 hours, the reaction was analyzed by analytical RP-HPLC, purified by 

semipreparative C18 RP-HPLC, and identified via ESI-TOF MS. This reaction yielded 4.6 mg (11% 

yield) of the desired alkylated dimer with a purity of 98%. HR-ESI-MS: calcd for C66H87N8O18S2 

[M + H]+ 1343.556 found 1343.548.  Characterization in Figure 3.S.6 

3.6.4 Cloning 

For the alanine-scanning mutagenesis mutants, cysteine-less His-Ste14 (TA) construct and 

the TA-S77C mutants, overlap extension PCR site-directed mutagenesis was performed to create 

the His-Ste14 mutants according to previous protocols.24, 29, 42  Briefly, each PCR product 

containing the specific mutations was digested with XmaI and SacII and ligated into the His-Ste14 

expression plasmid pCHH10m3N containing URA3 gene and a phosphoglycerate kinase promoter 

(PPGK) for protein expression.29 PCR products underwent EcoRI test cuts to confirm the Ste14 

DNA insert was ligated into template vector.  DNA products were transformed into E. coli DH5a 

competent cells for further amplification and purified with the DNA Gel Extraction kit (Qiagen).  

All constructs were verified using bi-directional dye-terminator sequencing (BigDye® Terminator 

v3.1) by Purdue University Genomics Facility (genotype: 2µ URA3 PPGK-His10-myc3N-STE14-
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mutant).  Plasmids were transformed into SM1188 cells and grown at 30ºC on synthetic complete 

medium in the absence of uracil (SC-URA).42   

TA-I44C and TA-I44C-S77 mutants were cloned using the NEB Q5® Site-Directed 

Mutagenesis Kit.  Briefly, end-to-end (nonoverlapping) primers were designed in combination 

with the Q5 Hot Start High-Fidelity DNA Polymerase to ensure robust and exponential 

amplification of mutations.  TA and TA-S77C DNA were used respectively as templates for the 

TA-I44C and TA-I44C-S77C mutants.  The PCR product then underwent rapid phosphorylation 

and ligation by a proprietary KLD mixture containing a kinase, ligase and Dpnl.  EcoRI test cuts 

were performed on the resulting DNA to confirm the Ste14 DNA insert was ligated into template 

vector.  DNA products were transformed into E. coli DH5a competent cells for further 

amplification and purified with the DNA Gel Extraction kit (Qiagen).  Constructs were verified by 

Genewiz (South Plainfield, NJ) using Sanger sequencing methods (genotype: 2µ URA3 PPGK-

His10-myc3N-STE14-mutant).  Plasmids were transformed into SM1188 cells and grown at 30ºC 

on synthetic complete medium in the absence of uracil (SC-URA).42   

3.6.5 Yeast strains and crude membrane preparations from yeast cells 

His10myc3N-Ste14p (His-Ste14) and mutants were overexpressed in SM1188, a ΔSTE14 

deletion strain, as previously described with minor modifications.29 DTT reagent was added to 

increase transformation efficiency. Crude membrane preparations from the yeast strains 

overexpressing His-Ste14 and mutants were prepared as previously described, with the following 

modifications.29 Following centrifugation at 100,000 x g for 1 h, the membrane pellet was 

resuspended in 10 mM Tris-HCl, pH 7.5, aliquoted, flash frozen in liquid N2 and stored at -80ºC. 

Total protein concentration was determined using the Bradford protein assay using Coomassie 

Plus protein assay reagent.  

3.6.6 Purification of His-Ste14 strains from crude membranes 

His-Ste14 and mutants were purified as previously described.29 Briefly, crude membrane 

protein (5 mg/mL) was solubilized in a phosphate-based buffer (0.3M NaCl, 50 mM Na2HPO4, 

10% glycerol, 1% aprotinin, and 2 mM AEBSF) containing 20 mM imidazole and 1% DDM before 

centrifugation to remove the insoluble fraction. Supernatant was incubated with TALON® metal 
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affinity before washing and the purified protein was eluted from the column by the addition of 1M 

imidazole buffer. All purification buffers were at a pH of 7.2.  The fraction was concentrated in 30 

kDa molecular weight cut off (MWCO) and protein concentration was determined by an Amido 

Black protein assay.43   

3.6.7 SDS-PAGE Coomassie stain and immunoblot analysis of pure protein 

Purified protein (1 µg) in 2X SDS-loading buffer (0.5 M Tris-HCl, pH 6.8, 30% sucrose 

(w/v), 10% sodium dodecylsulfate (w/v), 3.5 M 2-mercaptoethanol and 0.1% bromophenol blue 

(w/v)) was heated at 65°C for 15 min and then resolved on a 10% SDS-PAGE in 1xTris-glycine-

SDS (TGS) buffer. The gels were either stained with Coomassie (0.25% (w/v) Coomassie Brilliant 

Blue R-250, 80% methanol and 20% acetic acid) or transferred to a nitrocellulose membrane (0.22 

µm) in 1X-TG buffer for 90 min. The membrane was blocked at 4°C overnight in 20% (w/v) non-

fat dry milk in phosphate-buffered saline with Tween-20 (137 mM NaCl, 2.7 mM KCl, 4 mM 

Na2HPO4, 1.8 mM KH2PO4 and 0.05% (v/v) Tween-20, pH 7.4) (PBST).  The blocked membrane 

was incubated for 2 hours at room temperature with α-myc (1:10,000) monoclonal antibody in 5% 

(w/v) non-fat dry milk in PBST. The membrane was washed in PBST three times and incubated 

for 1 hour at room temperature with goat α-mouse IgG-HRP (1:6,000) in 5% (w/v) dry milk in 

PBST. The membranes were washed three times with PBST and the protein bands were visualized 

using ECL. 

3.6.8 In vitro methyltransferase vapor diffusion assay 

Reactions were performed as described previously.10, 29  Crude membrane extracts (5 µg) in 

Tris-HCl buffer (100 mM, pH 7.4) was incubated with AFC, AGGC or AFC-FamDiaz (200 µM). 

Then [14C]-SAM (20 µM) was added and the solution was incubated for 30 minutes at 30°C. After, 

the reaction is stopped with 50 µL of 1 M NaOH/1% SDS, spotted on filter paper and lodged in 

the neck of a scintillation tube filled with 10 mL of scintillation fluid and capped. After incubation 

at room temperature for 3 hours, the filter paper was removed, and radioactivity of the scintillation 

fluid was measured using a Packard Tri-Carb 1600CA Liquid Scintillation Analyzer. Background 

counts from the empty vector control were subtracted from the total overall counts of all samples. 

For purified protein (~0.3 µg) and AFC (200 µM) were reconstituted in E. coli lipid vesicles (50 
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µg) by rapid dilution in 3-(N-morpholino) propanesulfonic acid (MOPS) buffer (125 mM, pH 7.4), 

vortexed and incubated on ice for 10 min. Pure protein is treated in the same way as crude 

membranes after the addition of 20 µM [14C]-SAM (20 µM). Specific activity is calculated by 

pmol of methyl groups transferred to substrate per mg of protein per minute. Each experiment 

contained duplicates of each reaction sample and scintillation counting is reported as the average 

of three scans.  Assays were repeated in triplicate. 

3.6.9 Trypsin digest of crude His-Ste14 strain membranes 

Crude membrane protein (20 μg) was incubated with trypsin (0.25 mg/mL) in Tris-HCl (10 

mM, pH 7.5) for 15 min at 37°C. Negative control samples were performed with phosphate saline 

buffer (PBS) instead of trypsin. The reaction was stopped with the addition of AEBSF (1 mM). 

The protein was then precipitated by the addition of trichloroacetic acid (TCA, 10%), incubated at 

4°C for 15 min and pelleted by centrifugation for 15 min at 4°C at 13,000 x g. Pellet was 

resuspended in 2X SDS loading buffer followed by heating at 65°C for 15 min. Samples were then 

resolved with a 12% SDS-PAGE and transferred to nitrocellulose (0.22 µm). The membrane was 

blocked overnight at 4°C in 20% (w/v) non-fat dry milk in PBST. The blocked membrane was 

incubated for 2 h at room temperature with α-myc (1:10,000) monoclonal primary antibodies in 

5% (w/v) non-fat dry milk in PBST. The membrane was washed in PBST three times and incubated 

for 1 h at room temperature with goat α-mouse IgG-HRP (1:4,000) in 5% (w/v) dry milk in PBST, 

respectively. The membrane was washed three times with PBST and the protein bands were 

visualized using ECL. 

3.6.10 Photocrosslinking and NTCB cleavage of purified His-Ste14 cys-less and single-

cysteine mutants 

Purified His-Ste14p-TA and mutants (30 µg) were incubated with AFC-FamDiaz (100 µM) 

in 138 mM MOPS buffer (pH 7.4) plus 1 mM DTT for 10 min on ice. The samples were UV 

irradiated (365 nm) in 96-well plates for 30 min on ice. The labeled protein samples were then 

cleaved with 25 µL of 4 mM NTCB (2-nitro-5-thiocyanobenzoic acid) in digest buffer (105.9 mM 

glycine, pH 10, and 2.72 M urea) and incubated at 37°C for 4 hours. After digestion, 50 µL of 5X 

SDS loading buffer was added and samples were heated for 30 min at 65ºC. Then samples were 
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subjected to either 12% SDS-PAGE run in HEPES buffer or precast 4-20% gradient SDS-PAGE 

run in MOPS-Tris-SDS buffer. The MOPS running buffer conditions required the inner chamber 

of the gel box to be spiked with a final concentration of 1X sodium bisulfite to prevent potential 

sample reoxidation. The gels were then either stained with silver staining procedures or transferred 

to nitrocellulose membranes (0.22 µm) in a 1X-TG buffer for 90 minutes.44 The membranes were 

blocked at 4°C overnight in 20% (w/v) non-fat dry milk in PBST. The blocked membranes were 

incubated for 2 hours at room temperature with the respective primary antibodies: α-myc (1:10,000) 

or α-Ste14 (1:10,000) in 5% (w/v) non-fat dry milk in PBST. The membranes were washed in 

PBST three times and incubated for 1 hour at room temperature with goat α-mouse IgG-HRP 

(1:6,000) or goat α-rabbit IgG-HRP (1:10,000) in 5% (w/v) dry milk in PBST, respectively. 

Additionally, a separate nitrocellulose was probed with NeutrAvidin-HRP (1:2,000) in 1% BSA 

in PBST for 3 hours at room temperature to detect the biotin tag of the substrate analog. Finally, 

all membranes were washed three times with PBST and the protein bands were visualized using 

ECL.  
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3.7 Figures 

 

 

Figure 3.1 Important homologous residues of Icmt species and lack of substrate specificity between two isoprenoid 
groups. 

(A) Sequences alignment of four most studied species of Icmt (Hs, Tc, Ag, and Sc) represented on predicted 2D 
topology map of Ste14.  Red indicates similar residues and blue indicates identical residues between the four species.  
(B) Structures of minimal prenylated protein substrates containing a 15-carbon farnesyl chain, N-acetyl-S-farnesyl-L-
cysteine (AFC), or a 20-carbon geranylgeranyl chain, N-acetyl-S-geranylgeranyl-L-cysteine (AGGC). (C) Wild-type 
His-Ste14 activity from an in vitro methyltransferase activity assay tested with AFC (dark grey) or AGGC substrate 
(light grey).  Data was normalized to AFC conditions. Error bars represent S.D.  No statistical significance was 
observed. 
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Figure 3.2 Alanine scanning mutagenesis and substrate specificity testing of the highly conserved residues within 
Ste14 indicate regions of proposed substrate recognition within the N-terminus of protein. 

Conserved residues were mutated to alanine (or glycine in the case of an original alanine mutants) and tested with 
AFC or AGGC in in vitro methyltransferase activity assays.  The ratio of AGGC to AFC for each residue is color 
coded on the predicted topology map of Ste14.  (B) Specific values from part (A) of in vitro methyltransferase activity 
assay for each mutant within TM2 of Ste14. Statistical analyses performed comparing each mutants AFC and AGGC 
activities.  **: p = 0.0012, ***: p = 0.0002, ****: p < 0.0001,  (C) In vitro methyltransferase activity assay activity of 
Leu56 mutated to alanine and more natively similar phenylalanine and isoleucine.  ****: p= <0.0001 (D) In vitro 
methyltransferase activity assay activity of double mutants consisting of a combination of L56A, N71A, V75A and 
L202A.  In all graphs: normalized to WT-Ste14 with AFC  and error bars represent S.D., **: p=0.0064, ****: 
p=<0.0001.    
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Figure 3.3 Diazirine containing photoreactive probe labels Ste14 N-terminally to residue 77 

(A) Structure of substrate mimetic photoreactive probe containing diazirine (AFC-FamDiaz), fluorescein and biotin 
moieties for better characterization of binding to enzyme. (B) in vitro methyltransferase activity assay of AFC-
FamDiaz with wild-type His-Ste14 compared and normalized to minimal substrate, AFC.  Error bars represent S.D. 
(C) Predicted peptide fragments of His-Ste14-TA and TA-S77C after undergoing photolabeling with AFC-FamDiaz 
followed by chemical cleavage by NTCB.  All masses include addition of photoreactive substrate analog.  (D) 
Immunoblot analysis of photolabeled and NTCB cleaved His-Ste14 single cysteine mutants. Digested peptides were 
resolved in 12% SDS-PAGE in HEPES running buffer followed by immunoblot analysis using termini-specific 
antibodies.  The N-terminal peptide fragments were recognized by α-myc, the C-terminal fragments by α-Ste14, and 
the photolabeled fragments by Neutravidin-HRP.   
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Figure 3.4 Photolabeling and chemical cleavage of purified His-Ste14 double cysteine mutant reveals TM2 
primarily involved in substrate binding. 

(A) In vitro methyltransferase activity assay activities of single and double cysteine mutants with AFC. Each mutant 
is normalized to TA His-Ste14.  Error bars represent S.D. Statistical analyses performed comparing each mutant to 
TA **:  0.0258 > p > 0.0235 (B) Predicted peptide fragments of His-Ste14-TA, TA-I44C, TA-S77C and TA-I44C-
S77C after undergoing photolabeling with compound AFC-FamDiaz followed by chemical cleavage by NTCB.  All 
fragment masses include the addition of the photoreactive substrate analog. (C) Immunoblot analysis of photolabeled 
and NTCB cleaved His-Ste14 cysteine mutants. Digested peptides were resolved in 4-20% SDS-PAGE in MOPS-
Tris-SDS running buffer followed by immunoblot analysis using termini-specific antibodies.  The N-terminal peptide 
fragments were recognized by α-myc, the C-terminal fragments by α-Ste14, and the photolabeled fragments by 
Neutravidin-HRP.   
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Figure 3.5 Proposed 3D structure of Ste14 shows Leu56 residue central to substrate binding pocket. 

PyMOL structures of Ste14 mapped on to the known Tc-Icmt structure (PDB: 5V7P). Cyan colored residues are those 
proposed to line the substrate binding pocket and the Leu56 residue is in magenta.  (Left) shows side view of protein.  
(Right) 90º rotation down to look into the substrate binding tunnel.   
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3.8 Supplemental Information 

 

Figure 3.S.1 Sequence alignment of four  most studied Icmt homologs. 

Clustal Omega was utilized to align the sequences of Hs-, Sc-, Tc- and Ag-Icmt.  Red are similar residues and blue are 
identical residues.  The structural features are represented below the amino acid residues in the same order as the 
sequences.  Rectangles represent transmembrane (TM) regions of protein.  
 

 

 

R
R

R
R
R
R

R

R
R
R
R

RR

R
R

R
R
R
RR

R

A
A
A
A

AA
A

A

AA
A

AAA
AA

A

AAA

AA
AA A
AA

AAAA

A

A A

AA
A
A
A

A
A
A
A

A
A

A

A

A
AA

A
I

I

I
I
I
I

I

I I
I I

I

I
I
II

I

I
I

I

I
I

I

III
I

I
I
I
II

I

I
I

I
L
I I

I
I

I

I
I
I

I I
I

I
II

I
III

I
II

II

I

II
II

E
E
E
EE

E
E E

E
E
E

E
E
E
E E

E

E

E

E
E

I

E

E

E
E

A
E

E

EEEE
EE
EE
EE

E
EE
E

EE

E
E

E E

GG
GG

G
G

G
G
G
GG

G
G
G

G

G
G

G
G
G
G

G
G
G
G

G

G
G
G
GG

G
G
GGG

G
G
G

G
G
G

G

G
G

G
G
G
G
G
G

G

G
G

P
P
P
P

PP
P

P

P

P
P
P
P

P

P
P
P
P

P
P
P
P

P

P

P
P
P
P P

L
L

L
L
L

L
LL

L

L
L

L
L

L

L
L
L

L

LL

LL
LL

LL
L

L
L

L
L

L

L L
LL

L

L
L

L L
L
L
L L

L
L L

LL L L
LL

L L
LL

L

LL
L

L
L
LL
L
LLL

L
L
L
L

L

L

L

L
L

L

L
L

L

L
L
L
LL
L

L L

L

L

C

C C C
C C
C

C

C
C

C

C

C

M

MC

M
M

M
M

M

M
M

M

M

S

S

S

C

S
S

S

S
S

SSSSS

S

S

S

S
S

S
S
S

S

S
S

S
S

S
S
S

S

S
S

S

M

S S

S
S

S

S
S

S

S
S

S
S
S
S

SS
S

S
SS

S

S

S
S

S
S

C

S

S

S
S

S
S

S S
S

S S

T
T

TTT

T

I
T

T
T

T

T L T

T

T

T

T T
T

TT
T
T
T

T
T

T
T

TT
T

T
T
T
T

T
T

T

M

T

M T
T

TF
F
F
FF
F
F
FFF

FF
FF
FF

FF
T

F
F
F
F F

F

F
A F

F
F
FF

F
F

F

F
F
F
F
F

F
M

F

F F F

F

F
F
F F

F
F
F

F

F F
F
F
F
F

F
V
V

V

V

V

VV
VVV

V
V

V V
V

V

V

V
V

V
V V

F V
VV
V
V

V
V

V V

VF
FF
F
FV

V

V

MV
V
V
VV

V
V
V

V
V

VV
V
V
V

V
V

V
V

V
V
VV

V
V

V V

V
K

KK
K
KK
KK

K

K

K

K

K
K

K

K K
K
K
K

K

K

KV

K

K
K

K

K
K

K
K

K

Y
Y
YY

Y
Y

Y

Y

Y

YYY
Y

Y

Y
Y
Y
Y Y

Y
Y Y

Y

Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

Y

Y
Y

Y
Y

Y
Y
Y
Y

Y
Y
Y
Y

YE

D

D

D
D

D

Y

D

D
D

D
D

S
N
N N

NN
N

N

N
LY

K
K
K
KN

N
N
N
N
N

N

N

N

N

N
N

N
N
N
N

N

N
QQQ

QQ
QQ

Q

Q
Q

Q
Q
Q
Q

Q
Q

Q

Q
Q

Q
Q

Q
Q Q

H
H
H
H

H
H

H

H
H

H
H
H
H

H
H

H
H
H
HH

H
H
H
H

H

H

H Y

H

W

Y

W

W

W H F
W

W

W

WW
WW

W
W

W

W

WW

W
W
W
W

-
-
-
------

-
-
-
-

- -
GC W

W

FF

F L

N
W

W

F
F
F
F

Hs-ICMT
Sc-ICMT
Tc-ICMT
Ag-ICMT

70
25
60
71

122
78
121
124

180
142
179
182

205
243

242
245 286

281
239
284

204

244
241

242

181
178
141
179

123
120

121
77

F

H

H
H L

F
T

E
D
D

L

I
I

V

- - - - - - - -
------

------- -

-

-- -
-

-

-

-
-

-

-
-

-

-
-

-

-
-

-

-
-

-

-
-

-

-

-

-
--

-

TM 1 TM 2

TM 3 TM 4 ext.

TM 5 TM 6

ext. C-term. hel ix
C-term. hel ix

C-term. hel ix
C-term. hel ix

ext.
ext.

ext.

TM 3

TM 3
TM 3

TM 4

TM 4
TM 4

TM 5

TM 5
TM 5

TM 6

TM 6
TM 6

TM 7

TM 7
TM 7

TM 8

TM 8
TM 8

Hs-ICMT
Sc-ICMT
Tc-ICMT
Ag-ICMT

Hs-ICMT
Sc-ICMT
Tc-ICMT
Ag-ICMT

Hs-ICMT
Sc-ICMT
Tc-ICMT
Ag-ICMT

ext.

ext.



 
 

143 

 

 

 

Figure 3.S.2 Quantitative data of alanine-scanning mutagenesis and substrate specificity testing of the highly-
conserved residues within Ste14p indicate regions of proposed substrate recognition in the N-terminus of the protein.. 

Specific activities of mutants were determined using an in vitro methyltransferase activity assay. Percent activity was 
compared to WT His-Ste14 and AFC. The error bars represent ± S.D. 

 

 

 

 

 



 
 

144 

 

 

 

 

Figure 3.S.3 Ste14 cysteine mutants have same expression in crude membrane and pure forms of protein. 

(A) Immunoblot of 0.1 µg of crude membranes probed with α-myc. Lanes 1: ∆STE14, 2: WT, 3: TA, 4: TA-I44C, 5: 
TA-S77C, 6: TA-I44C-S77C. (B) Immunoblot of 0.1 µg of pure protein probed with α-myc and α-mouse.  Lanes 1: 
WT, 2: TA, 3: TA-I44C, 4:TA-S77C, 5: TA-I44C-S77C. (C) Silver stain of 1 µg pure protein. Lanes 1: WT, 2: TA, 
3: TA-I44C, 4: TA-S77C, 5: TA-I44C-S77C. 

 

 

Figure 3.S.4 Trypsin digestion of cysteine mutants show similar cleavage patterns to WT-Ste24 protein. 

Immunoblot of 0.1 µg of crude membranes after treatment with trypsin protease.  Western blot probed with α-myc 
and α-mouse.  
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Figure 3.S.5 Photoreactive groups of substrate analogs located in amide and farnesyl portion of substrate label Ste14 
N-terminally to residue 77. 

(A) Structures of substrate mimetic photoreactive probes based on the structure of AFC. Structure 1 contains the 
photoreactive benzophenone group within the amide portion of the substate and 2 within the lipid group.  (B) Predicted 
peptide fragments of His-Ste14-TA and TA-S77C after undergoing chemical cleavage by NTCB.  Masses do not 
include the addition of the photoreactive substrate analog.  (C-D) Immunoblot analysis of photolabeled and NTCB 
cleaved His-Ste14 single cysteine mutants. Pure His-Ste14 mutated protein were photolabeled with (C) analog 1 or 
(D) analog 2 and then incubated with NTCB for 24 hours.  Digested peptides were resolved in 4-20% SDS-PAGE in 
TruPAGE™ TEA-Tricine-SDS running buffer followed by immunoblot analysis using termini-specific antibodies.  
The N-terminal peptide fragments were recognized by α-myc, the C-terminal fragments by α-Ste14, and the 
photolabeled fragments by Neutravidin-HRP.   
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Figure 3.S.6 Synthesis of AFC based photoreactive substrate with diazirine utilized for optimal identification of 
Ste14p labeled peptide fragment. 

(A) Structure of substrate analog, 3, containing a biotin tag, fluorescein moiety and diazirine photoreactive group. 
Previous research from Vervacke et al. revealed that the diazirine photoactive group was an improved substrate and 
labeled His-Ste14p more efficiently. (B-C), Mass spectrum and analytical RP-HPLC chromatogram for Biotin-Peg4-
Lys(5-Fam)-Cys(C10-Diazirine)-OH (3). Linear gradient 0-100% CH3CN (0.1%TFA) in 60 min, detected at 214 
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 THE ROLE OF METHYLATION IN THE REGULATION 
OF KRAS4B DISTRIBUTION AND ACTIVITY 

4.1 Preface 

In the wake of the COVID-19 pandemic in the Spring of 2020 and in accordance with the 

Indiana State Governor’s Stay-at-Home-Order, Purdue University moved to remote work for all 

personnel except those designated as essential.  This halted all in-lab research experiments for 

about three months.  During that time, the Hrycyna Lab pivoted to remote data analysis and 

exploring new experimental avenues and ventures for the lab.  This enabled exploration, review, 

and discussion of well-characterized research of a main protein of study in the lab, 

isoprenylcysteine carboxyl methyltransferase (Icmt).   

Icmt modifies various proteins that are implicated in many disease pathways.  Most notable 

of these proteins are all Ras protein isoforms.  I have always been interested in studying oncogenic 

pathways, which is one of the reasons I initially joined the Hrycyna Lab.  During the period of the 

Stay-At-Home-Order, I specifically explored how Icmt affects Ras isoform KRas4B.  Our lab is 

rooted in chemistry, allowing for the study of the catalytic mechanism of Icmt at the amino acid 

level.  Previous lab members have extensively and meticulously studied the structure, mechanism, 

and activity of Icmt, permitting me to consider a broader question of the connection between 

molecular features of Icmt and global cellular and tissue-level outcomes. It is known that Icmt 

inhibition causes the mislocalization of KRas4B from the plasma membrane, however the 

canonical immunofluorescence localization studies performed by Bergo et al. (2000) show a 

significant amount of KRas4B still at the plasma membrane.  My ideas were fueled by a curiosity 

about how to reconcile the partial mislocalization with dramatic signaling defects.  To better 

understand the relationship between molecular fingerprints, localization, and signaling, we sought 

to provide a comprehensive model for Ras methylation as a regulator of its behaviors.  Therefore, 

a collaboration between the Hrycyna Lab and Low-Nam lab was formed to provide an 

interdisciplinary perspective on this challenging question. 

This chapter will discuss our efforts to leverage our structural insights with a new workflow 

for mapping KRas4B genotype and post-translational modification to the downstream responses 

of MAPK activation and cell crawling, called impulse-response functions.  The preliminary data 

we have generated creates the springboard to gain a more holistic understanding of Ras translation, 
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trafficking, and signaling, as well as nodes for therapeutic targeting. Our primary finding that TM2 

and loop 2 bear key residues for substrate recognition and binding suggest a candidate interface 

for small molecule inhibitor development. 

Here, I will discuss new methodology in targeting Icmt and propose assays that can be used 

to not only assess changes in catalytic activity of Icmt, but also monitor the cellular-level effects 

on Ras, as a function of clinically relevant mutations.  These studies will not only allow for better 

understanding of Ras signaling as a function of methylation and better design of Icmt inhibitors, 

but may have large implications on an endogenous regulation pathway of KRas4B that has always 

been speculated, but never identified. 

4.2 Background 

KRas4B was first molecularly characterized in the 1970s and has since been extensively 

studied for its role in oncogenesis.1  Out of the four total Ras isoforms, it alone contributes to over 

80% of all cancer causing Ras missense mutations.2, 3  Despite the substantial resources invested 

in studying Ras proteins, no direct inhibitor of KRas4B had been deemed an effective enough 

treatment for approval by the Food and Drug Administration (FDA) until May of 2021 – thus 

leading to its classification as “undruggable.”3-7  

Ras proteins are small GTPases that signal from the plasma membrane to regulate many 

signaling pathways including cell growth, differentiation, proliferation and survival.4, 7  The 

pathways downstream of KRas4B activation are well characterized and have served as potential 

sites for indirectly inhibiting oncogenic KRas4B function.  Approaches have focused on both the 

protein effectors of Ras as well as the upstream protein processing pathway required for proper 

cellular translocation and signaling of Ras.7-15  Through this research, they have also found that 

different mutations of KRas4B are prevalent in different cancer types and also have different 

modes of action within KRas4B oncogenic signaling.16-18  Attempts at characterizing the specific 

mutants aided in the discovery and potency of the newly FDA approved drug, sotorasib 

(Lumakras™), as it only abates activity in G12C mutated KRas4B.19-21  Currently, there is a need 

to further define these mutations, as more individualized treatments are proving to be the most 

successful within cancer.   

In a recent proteomics study, all forms of KRas4B present in human colorectal cells and 

tumors were profiled.22  Interestingly, two different patient samples containing amounts of G13D 
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mutated KRas4B had different amounts of methylated versus unmethylated KRas4B (18% and 

79% methylated respectively).  In another patient sample also harboring wild-type (WT) and G12V 

mutated KRas4B, there were differences in methylation of KRas4B between the isoforms; 49% of 

WT KRas4B was methylated and 9% of KRas4BG12V was methylated.  Methylation is the final 

post-translational modification (PTM) of KRas4B processing and is required for proper plasma 

membrane localization and subsequent signaling.23-27  It is also the only reversible step of the PTM 

processing pathway and is performed by a single known methyltransferase, isoprenylcysteine 

carboxyl methyltransferase (Icmt).24, 28-32  For this reason it has been speculated, but never 

confirmed, that methylation has a regulatory role in Ras and other CAAX proteins.  Taken together 

with the differing methylation states of KRas4B in colorectal cancer samples, there is further 

indication of a regulatory role of methylation, which may be different between different KRas4B 

mutants as well. 

Methylation is not only known to be important for plasma membrane localization of CAAX 

proteins but also in their protein-protein interactions.  Recently, phosphodiesterase-d (PDEd or 

PDE6d) interactions with KRas4B have been implicated in the methylation state of KRas4B.33  

PDEd was initially known as the d-subunit of photoreceptor diesterase which is involved in the 

phototransducin pathway.33  However, more recently it has been known to bind prenylated proteins 

and in the case of KRas4B, aid in its spatial organization throughout the cell.34-36  Dharmaiah et al 

(2016) showed that PDEd not only requires the isoprenoid of CAAX proteins to form an 

interaction, but the methyl group increased the binding affinity of KRas4B and PDEd by a factor 

of 40.33   

Since the discovery of Icmt and subsequent identification of Ras as a substrate, it has been 

widely studied for its implications in KRas4B cellular mislocalization experiments.  In 

combination with immunoblot detection of activation of proteins downstream of Ras signaling, 

this is the main mode of analysis for new Icmt inhibitors that act as indirect inhibitors of KRas4B 

oncogenic signaling.  However, the majority of these studies fail to study KRas4B at endogenous 

levels of expression.11, 14, 15, 26, 37-40  Overexpression systems have been utilized to enhance the 

threshold detection within experiments but without consideration of the cellular exhaustion of 

resources, overloading of signaling pathways, and cellular regulation disruption that these systems 

are causing and by default, do not produce results that best represent the natural state of KRas4B.41  
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Thus, our goal is to better understand the role of methylation as a possible regulator in KRas4B 

signaling within endogenous expression systems of the protein (Figure 4.1).   

4.3 Experimental Methodology 

To better understand the possible role of methylation as a regulator of CAAX proteins and 

their signaling pathways, we will first focus on the effects of methylation on KRas4B signaling 

within endogenous expression systems of the protein.  KRas4B serves as our model CAAX protein 

for methylation studies, as it is the only isoform of Ras that does not get further modified after 

methylation by the addition of a palmitoyl group.42, 43 

Within our main goal, we have the following questions (as stated in the Chapter 1): 

• What are the effects of methylation on endogenous KRas4B? 

• Can KRas4B be at the plasma membrane when unmethylated? 

• Are all cells responding uniformly to Icmt inhibition? 

• Can unmethylated KRas4B propagate a signal 

This section will seek to explain the experiments and methodologies under development that will 

be employed in the future to answer these questions (Figure 4.2). 

4.3.1 Icmt inhibition 

Icmt is the sole methyltransferase that acts on KRas4B and will be the point of inhibition to 

study the effects of KRas4B methylation states on its cellular distribution and signaling.  Multiple 

methods will be taken to inhibit Icmt including small interfering RNA (si-RNA) and known small 

molecule inhibitors.   

Of the published small molecule inhibitors, cysmethynil is the most well characterized and 

widely used.14  However, it has very low solubility and bioavailability compared to newer 

compounds.  The newest class of inhibitors revealed a compound (UCM-13207 or compound 21) 

to have an IC50 of 1.4 µM.44  Although this inhibitor was designed as a therapeutic for progeria 

disorders, it showed promise for clinical use after sensitivity in vitro and in vivo.  It also showed 

mislocalization of Ras with well documented experimental parameters that could be modified and 

implemented within our study.  Although not commercially available, this compound requires a 

two-step synthesis of picolinic acid and a prenylated precursor molecule.  The precursor can be 
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synthesized based on a previous publication using N-pheylacrylamide and octylamine as starting 

material and in combination with dry acetonitrile and DBU was synthesized in 16 hours.15  Based 

on the reaction criteria, it may be a molecule that our lab can synthesize in-house for use in this 

study. 

4.3.2 Plasma membrane localization of endogenous KRas4B 

In this research, KRas4B will serve as the model protein for methylation.  The vast research 

on KRas4B localization studies mostly employ the transfection of engineered GFP-KRas4B 

plasmids into cells to elicit large, detectable levels of KRas4B.  However, our research seeks to 

study the effects of methylation on endogenous levels of KRas4B.  To accomplish this within such 

systems, immunofluorescence is required using fluorescently conjugated antibodies specific to 

KRas4B.  Unfortunately, the identifying feature of each isoform is the small, 25 residue, C-

terminal hypervariable regions of Ras.42, 43  Nonspecific binding of otherwise isoform specific Ras 

antibodies, has been a concern and roadblock for many researchers since all mammalian cells 

express all isoforms of Ras.18, 45  To specifically measure the localization of the KRas4B isoform, 

our research study will use isogenic cell lines of wild-type and oncogenic mutations specific 

KRas4B variants. 

The mouse embryonic fibroblasts (MEFs) produced by the Barbacid Lab and commercially 

available through the National Cancer Institute (NCI) are Ras-less with a floxed KRas gene.46, 47  

This allows for the expression of KRas4B specific variants or truly Ras-less cells that contain 

hyperactive, V600E mutated BRaf for cell survival.  With only one isoform of Ras present, we can 

better determine the effects of methylation on cellular localization of KRas4B as well as other 

cellular outputs.  Therefore, all future experiments will be performed on these isogenic MEF cells. 

Confocal microscopy will be useful in differentiating the cellular plasma membrane (PM) 

from other portions of the cell and has been a common microscopy method for previous Ras 

localization studies.14, 15, 44  Differing from other studies, KRas4B PM localization will be 

quantified.  This will require an irreversible, fluorescent PM stain.  We will also perform the 

quantification at the single-cell level to better understand the distribution of methylations effects.  

It has been shown that populational averages are not always in agreement with single-cell 

distributions and qualitative dynamics, especially within the pathways we will study here.48, 49 This 
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will be in combination with more classical localization methods, including subcellular 

fractionation and western blotting, which will give population averages of cell lysate samples.   

4.3.3 KRas4B activation state at the plasma membrane 

Ras is implicated in multiple pathways.  Its activity within those pathways can be measured 

directly by determining its nucleotide-binding state or indirectly by measuring activation of 

proteins downstream of Ras signaling.  Classical analyses of Ras activation include immunoblot 

visualization of activated proteins downstream of Ras signaling such as MEK, ERK, and Akt.  

More recent research has utilized a Ras-GTP pull-down assay to determine activity state.15  This 

employs the use of the Ras binding domain (RBD) of direct downstream effector protein, cRaf.  If 

KRas4B is in its active (GTP-bound) within cell lysates, upon incubation with cRaf RBD 

conjugated to agarose beads, GTP-bound Ras will associate with the Raf RBD and can be pulled 

out of solution through the agarose beads.  Immunoblotting visualization within the pull-down 

samples will determine if Ras was active within these samples.  However, these studies and the 

immunoblot analysis of downstream effector activation, provide global and population averages 

of thousands of cells from cell lysates.  They also cannot state that the activity profiles obtained 

by these methods are of KRas4B localized to the PM unless they subfractionate the cell lysates 

prior to experimentation.  Cell-to-cell analysis will aid in better understanding if the observed 

phenotypes are consistent from cell to cell or if some cells have very large populations of active 

KRas4B and thus produce higher overall averages within western blots. 

Our research will use a direct activity measurement of KRas4B which also applies the RBD 

of Raf.  Developed by the Groves Lab, the RBD is conjugated to a fluorophore and can detect 

single molecule recruitment of each individual RBD to the PM.50  This will give us very discrete 

information about the levels of activated Ras at the plasma membrane as well as the duration of 

their activity.  Total internal reflection fluorescence (TIRF) microscopy should be used for this 

type of analysis.  Dr. Shalini T. Low-Nam has already obtained KRas4B activity states for different 

KRas4B oncogenic variants (Q61L and G12V) within the isogenic MEF line we will be employing 

(unpublished).   
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Ras nanoclusters at the plasma membrane 

Activated, GTP-bound Ras molecules are known to cluster along the plasma membrane for 

signal propagation through the MAPK pathway.51, 52  53 These clusters contain about 7 individual 

Ras proteins and are sites of Raf activation and heightened signaling.  Interestingly, in the KRas4B 

proteomics analysis performed by Ntai et al. (2018) within colorectal tumor samples that contained 

both WT and G13D mutated KRas4B, only 11% and 29% of the overall KRas4B protein was 

mutated for two patient samples respectively.  This may suggest that only a small number of 

mutated KRas4B is required to cause large scale downstream signaling effects.   

The Ras RBD, described above, can be implemented to help understand if mutant KRas4B 

cells contain only a few or a large distribution of KRas4B nanoclusters.  It is possible that from 

the study by Ntai et al. (2018) all cells contained similar, low amounts of mutated KRas4B 

nanoclusters that were able to propagate oncogenic pathways at a large scale collectively, or some 

cells contained larger amounts of KRas4B nanocluster, while others did not.  This information will 

provide useful in understanding if only a few molecules of KRas4B are required to have 

considerable downstream signaling effects, which can be monitored using the kinase translocation 

receptor (KTR) experimentation described below.  Preliminary data from Dr. Shalini T. Low-Nam 

utilizing the Ras RBD technology, suggests that the distribution and dwell time of active KRas4B 

at the plasma membrane differs between WT and mutated KRas4B (unpublished).  Furthermore, 

the results differ between different KRas4B oncogenic variants.  Implementation of an Icmt 

inhibitor within these studies, will help us to better understand if methylation affects active 

KRas4B distribution and PM dwell time compared to the previously obtained preliminary data by 

Dr. Low-Nam.   

4.3.4 KRas4B activation of downstream protein effectors 

As stated above, classical analyses of Ras activation include immunoblot visualization of 

activated proteins downstream of Ras signaling.  More specific, cell-to-cell analyses can be 

performed to better understand if unmethylated Ras is still activating downstream proteins in the 

signaling pathway.  Previously established kinase translocation reporters (KTRs) use 

phosphorylation to initiate a nucleocytoplasmic shuttling event in response to ERK activation for 

single-cell quantitation .48  ERK is a downstream effector of Ras signaling.  Its translocation into 
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the nucleus after activation, is one of the last steps of the MAPK pathway.  The ERK KTR has 

five engineered components; the docking site which allows the protein of interest to recognize the 

KTR; the nuclear export sequence (NES); the nuclear localization sequence (NLS); and the 

phosphorylation site, which determines the nuclear translocation; and a fluorescent tag for 

quantitative measurement.  KTRs will be phosphorylated by active ERK, which remains in the 

nucleus when active.  In order for KTRs to be available within the nucleus, the NLS must be 

exposed, and thus the KTR must be dephosphorylated.  Once within the nucleus, active ERK can 

bind the ELK docking site, phosphorylate the KTR, and cause the NES to be exposed.  The KTR 

will then translocate out of the nucleus and the cytosol will contain the fluorescent signal.  If ERK 

is inactive, the KTR cannot be phosphorylated, leaving the NLS exposed and fluorescence signal 

restricted within the nucleus.   

Dr. Shalini T. Low-Nam has obtained preliminary data of KRas4B downstream signaling by 

way of ERK KTR reports for different KRas4B oncogenic variants (Q61L and G12V) within the 

isogenic MEF line we will be employing (unpublished).  These data suggest that the duration of 

activation differs between WT and mutated KRas4B cells.  It also suggests differences between 

the different KRas4B oncogenic mutants as well as cell to cell differences.  This information, in 

combination with the preliminary results from the Ras RBD studies (described above), highlight 

the importance in understanding if KRas4B requires a large distribution or small hotspots of 

nanoclusters to elicit a large downstream response at the single-cell level.  In combination with an 

Icmt inhibitor, these studies would further define the role of methylation in active KRas4B PM 

distribution and downstream signal propagation. 

4.3.5 Effects of methylation on cell migration 

KRas4B is not only implicated in the MAPK pathway, but also the phosphatidylinositol-3-

kinase (PI3K) pathway (Figure 4.1). When associated with Ras, PI3K adds a phosphate to 

phosphatidylinositol (4,5) di-phosphate (PIP2) to produce secondary messenger 

phosphatidylinositol (3,4,5) tri-phosphate (PIP3).  This pathway is involved in cell growth, 

differentiation,  proliferation and cellular motility.54, 55  To measure the impacts of methylation 

across longer length and time scales, we can monitor MEF crawling behaviors which may provide 

insights into metastatic transformations in signaling behaviors.   
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For our study, we will refer to an impulse-response (I-R) function to measure discrete inputs 

(impulses) detected by living cells and map these to behavioral changes (responses).56  Borrowing 

from the signal processing literature, this is a recent development to extrapolate signal integration 

mechanisms from direct observation of inputs that are detected and processed into a downstream 

outcome.56  The strength in the approach is in mapping how single cells undergo decision-making 

processes and accesses both successful and failed responses without the need to measure all 

proteins involved. Impulses can include Icmt inhibitors or stimulation of Ras-involved pathway 

activation by the addition of epidermal growth factor (EGF).  In the case of a model for oncogenic 

spread, the response corresponds to the distance and speed of individual cells crawling across a 

field of view.  This approach enables measurement of how even subtle stimuli/inputs, such as 

adding a methyl group to a protein, effect macroscopic cellular changes.   

Ras activation of PI3K requires Ras to be at the plasma membrane as the interaction between 

the two proteins is fairly weak (high µM range).  Ras being localized to the PM will place it into 

close proximity with PI3K and thus stabilize their interaction.55  Methylation has been known to 

regulate chemotaxis of bacteria and leukocytes but utilizes other soluble methyltransferases.57, 58  

It will be interesting to better understand if methylation of CAAX proteins has a similar regulatory 

role. 

In addition to Ras, other CAAX proteins have a role in cellular chemotaxis.  GTPases, RhoA 

and Rac1 are two such molecules that have direct roles in actin organization and cell migration.59, 

60  Within MDA-MB-231 breast cancer cells, methylation was shown to alter cellular migration, 

adhesion and spreading through RhoA and Rac1.  Upon Icmt inhibition with cysmethynil, the actin 

cytoskeleton was disrupted as well as the ability of Rho and Rac1 to be activated through thrombin 

and EGF stimulation.  This is thought to be caused by unmethylated Rac1 and Rho proteins 

increasing their association with RhoGDI, which binds Rho and Rac1 in their inactive, GDP-bound 

states.61  GDIs are thought to aid in the dissociation of Rho and Rac1 from cellular membranes 

and also sequester the proteins away from the activating GEFs.   

With this information, it will be important to better characterize the effects of methylation 

on cellular migration in different cell cancer lines, as well as different KRas4B mutant states, as it 

is known that different Ras variants have differing metastatic mechanisms (see section below). 
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4.3.6 Mutant specific profiling 

Ras mutations are mostly gain-of-function mutations within three different codon hotspots 

for residues Gly12, Gly13 and Gln61.62  However, their mechanisms in increasing Ras signaling 

are not the same.  As previously described in Chapter 1, these mutational hotspots have different 

implications in the rates of intrinsic and GAP-mediated GTP hydrolysis, nucleotide exchange, and 

binding affinities for GTP and effector proteins.17, 63  It will be interesting to study how the 

methylation state of Ras affects the outputs of these different mutational hotspots. 

Interestingly, not only are the mechanisms of these mutations different in their respective 

activation of Ras oncogenic signaling, but also the oncogenic features of cancers harboring specific 

mutants are different.  Some cancers are more invasive and spread faster, while others have softer 

or more stiff tumor phenotypes.64-67  Therefore, it will be important to utilize the I-R function to 

not only study the role of methylation in KRas4B activation, but more macroscopic analyses of 

the role of methylation in the invasiveness of each type of cancer or KRas4B variant.  Response 

functions for studies on invasiveness can include cell crawling (as described above) and cellular 

adhesion.  Another thing to consider is the surrounding environment in which tumors grow and 

metastasize.  For oncogenesis, most of these environments are more rigid or stiff, allowing cells 

to have more contact.64, 67  We can also simulate different environments in terms of stiffness 

(impulse) to study the different migration rates and adhesion (responses) with respect to each 

KRas4B variant. 

The isogenic, Ras-less MEFs (described above), not only express only KRas4B but also 

express the different oncogenic variants of the protein within individual cell lines.  We will utilize 

these cells within our study to comprehensively analyze the effects of methylation on each variant.  

Therefore, each variant will be studied and compared in each of the experiments described above. 

4.4 Methods 

4.4.1 Preparation of cell lysates 

Previously plated MEF in a 6-well plate were grown to desired confluence or density.  They 

were rinsed with cold, 1X phosphate-buffered saline (PBS).  100 µL of RIPA lysis buffer (50mM 

Tris-HCl (pH 8.0), 150 mM NaCl, 1% IGEPAL®, 0.1% sodium dodecyl sulfate (SDS), and 0.5% 

sodium deoxy) was added to each well per 1x106 cells.  Adherent cells were removed from dish 
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with cell scrapers and the suspension was transferred to an Eppendorf tube.  Cells were agitated 

on rotator for 30 min. at 4ºC followed by pelleting at 12,000 rpm for 20 min at 4ºC.  Supernatant 

was used for subsequent Bradford assay or immunoblot analysis. 

4.4.2 Bradford 

The following method is based on the manufacturer’s protocol for the Pierce Coomassie Plus 

(Bradford) Assay Reagent from Thermo Fisher Scientific with the following modifications.  A 

standard curve of 0, 0.25, 0.50, 1.0, 2.5, 5., 7.5. 10.0, and 2.0 µg BSA were made through serial 

dilutions with deionized, distilled water (ddH2O), on a 96-well plate.  Cell lysates of about 200,000 

cells per sample were prepared as described above.  To keep cell lysate protein concentration high 

and sample volume low, cells were plated in multiple well of a 6-well plate and 200 µL of lysis 

buffer was added to the first well.  Once lysed as described above, the lysate was used to lyse the 

cells of the next well, thus combining cell lysate into the minimal volume possible.  10 µL of each 

sample were diluted in half.  200 µL of Pierce Coomassie Plus (Bradford) Assay Reagent (Thermo 

Fisher Scientific, Waltham, MA) was added to each sample including the BSA standard curve.  

Absorbances were measured at 595 nm on a Synergy H4 microplate reader (Agilent Biotek, Santa 

Clara, California).  If the lysate samples were above the 2.0 µg BSA absorbance at 595nm, the 

sample was further dilute by a factor of 5. 

4.4.3 Immunoblots of protein expression in cell lysate 

Prepared cell lysates (previously described) were added to an SDS-loading buffer (2X SDS-

loading buffer final concentration).  They were resolved on a 10% SDS-PAGE gel, run at 165V in 

TGS buffer and transferred to nitrocellulose paper in TG buffer at 100V for 90 min.  The 

nitrocellulose was blocked overnight in 20% (w/v) dry milk in PBST at 4ºC.  b-actin rabbit 

monoclonal antibody was probed at ratio of 1:1000 in 5% (w/v) milk in PBST for 2 hours at room 

temperature (Cell Signaling Technologies, Danvers, MA).  Icmt was probed with a rabbit α-Icmt 

polyclonal antibody (1:300) in 5% (w/v) dry milk in PBST for 2 hours at room temperature (Bioss, 

Woburn, MA).  Both b-actin and α-Icmt primary antibodies were followed by 3, 10-minute washes 

with PBST and goat α-rabbit IgG-HRP (1:10,000) in 5% (w/v) dry milk in PBST.  A number of 
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different pan-Ras and KRas4B specific antibodies were tested; information is denoted in the figure 

legend    

4.4.4 Immunoblots of protein expression in cell lysate 

MEFs grown in high glucose Dulbecco’s modified eagle’s media (DMEM) (Gibco, 

Waltham, MA) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin 

streptomycin (Gibco), and 100X pyruvate (Gibco) at 37ºC and 5% CO2.  Plated ~ 50,000 cells to 

each coverslip the night before for desired confluency within 24 or 48 hours.  Cells were plated in 

phenol-free media with the same components as above.  Cells were stained with fluorophore-

conjugated antibodies in 1X PBS for each respective experiment (details in figure legends).  Cells 

were blocked with 1 mL FBS or fish skin gelatin for 5 min, fixed with 2% paraformaldehyde (PFA) 

for 5 min., and permeabilized with 0.1% Triton X-100 for 1-2 min and then stained with 

fluorophore-conjugated antibodies.  Specific antibodies and conditions specified in figure legends.  

The coverslips were rinsed with 1X PBS between every step.  Coverslips were mounted with 

ProLong™-Gold Antifade Mountant with DAPI (Thermo Fisher, Waltham, MA) and stored at 4ºC 

in the dark.  Samples were then imaged through confocal microscopy using the Nikon A1R-MP in 

the Purdue Imaging Facility (PIF) or the following instrument located in the Low-Nam Lab: Ti2-

E Nikon Eclipse inverted fluorescence microscope system that is equipped with TIRF objectives, 

a Perfect Focus system, and stabilization table.  405, 488, 461, and 640 nm laser lines are couples 

into a single optical fiber with achievable power densities in the MW range.  A quad-color 

excitation cube is also installed.  Widefield imaging is possible by an LED (X-Cite) lamp and 

excitation filters (405, 488, 561, 640 nm).  A reflection interference contrast (RICM) excitation 

cube is also equipped.  A motorized mirror is used rapid switching between laser and lamp 

excitation.  A diascopic lamp provides brightfield capacity.  Clean-up filters are positioned in front 

of the detector for elimination of non-specific emission signals.  Data are captured on an EM-CCD 

(Andor iXon Life).  All components are integrated and controlled by Nikon Elements software. 

4.4.5 Icmt siRNA treatment of MEFs  

MEFs were plated for a final amount of 1x106 cells when lysed in DMEM media with 10% 

FBS, 1% penicillin streptomycin and 100X pyruvate.  125 pmol of Icmt specific siRNA (s204160, 
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Thermo Fisher, Waltham, MA) was plated per well in a 6-well plate based on the manufacturer’s 

protocol with differing ratios of transfection agent polyethylenimine (PEI) to RNA.  Control 

experiments contained 125 pmol Silencer Select Negative Control No.1 siRNA (Thermo Fisher, 

Waltham, MA).  Opti-MEM™ I Reduced Serum Medium (Gibco, Waltham, MA), PEI and siRNA 

were first mixed in an Eppendorf tube (in that order) and incubated at room temperature for 10-15 

min.  Complete sample was added to cells in a dropwise fashion.  Cells were incubated for 

prescribed siRNA treatment time (72 or 96 hours) at 37ºC, 5% CO2.  Cells were then lysed and 

analyzed through immunoblotting as described above. 

4.4.6 Cell migration 

MEFs were plated onto glass coverslips for a final maximal confluence of ~50% in phenol-

free DMEM with 10% FBS, 1% penicillin streptomycin and 100X pyruvate and incubated at 37ºC 

and 5% CO2.  If testing under starvation conditions, media was changed after 1-2 hours incubation 

to phenol-free, FBS-free media and incubated overnight.  Coverslips were loaded onto the Ti2-E 

Nikon Eclipse microscope and configured RICM and brightfield imaging every 15 min. over a 

period of 24 hours.  The microscope additionally contained a stage incubator to keep the cells in 

an environment of 37ºC and 5% CO2.  Cellular migration was measured for each 15-minute 

timepoint using home written software in MATLAB. 

4.5 Results and discussion 

The goal of this research is to better understand the possible regulatory role of methylation 

in the localization and signaling of KRas4B.  Herein, the framework for experiments have been 

rationalized and described and for some, primarily implemented.  MEF containing various 

KRas4B oncogenic mutations were first analyzed for their endogenous Ras expression.  We were 

able to detect very low levels of WT-KRas4B after trying various combinations of a panel of Ras 

specific antibodies and also confirmed that the BRafV600E KRas-null MEFs indeed do not contain 

Ras.  However, detection methods will need to be optimized, as yet they have not been reproduced 

(Figure 4.3A).  Ras antibodies have a reputation of difficulty in immunoblotting and 

immunofluorescence experiments.  It is recommended to load between 20 and 40 µg of cell lysate 

in order to visualize Ras through western blotting, which is a larger amount for protein detection.45  
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Since we are utilizing KRas4B MEFs with an isogenic background, we can use a combination of 

Ras antibodies that are specific to KRas4B or can bind all four isoforms.  Our initial success was 

with the KRas4B specific monoclonal antibody from Sigma-Aldrich (WH0003845M1) that was 

previously recommended.45  However, we tested over three different Ras antibodies.  Icmt 

expression levels were also visualized (~32 kDa), but contain a lot of background and nonspecific 

binding and also have not been reproduced (Figure 4.3B).  We also could not confirm silencing of 

Icmt with its specific siRNA.  We tried to optimize the conditions, however could not visualize the 

western blots due to optimization efforts with the antibodies. 

In addition, immunofluorescence experiments were optimized for antibody combinations.  

A pan-Ras antibody primarily conjugated to Alexa-Fluor 555 (64520, Cell Signaling Technology, 

Danvers, MA) showed Ras labeling within WT MEF however, there was very high background 

labeling (data not shown).  Less background was seen with monoclonal pan Ras antibody (MA1-

012, Thermo Fisher) in combination with donkey α-mouse-Alexa 555 (A-31570, Thermo Fisher) 

or goat α-mouse-Alexa 555 (A-21422, Thermo Fisher) when the image contrast was increased to 

maximal amounts (Figure 4.4A).  This is acceptable for single wavelength images, however in 

combination with other fluorophores, the contrast of those images will have to be increased 

similarly.  Our experiments will combine a plasma membrane stain as well as fluorophores 

targeting Ras, and therefore the fluorescence intensity of Ras should be increased.  To decrease 

background fluorescence, we switched from blocking the samples with FBS to blocking with fish 

skin gelatin, since it does not contain IgG or serum proteins (Biotium manufacturer information).  

We also tested the fluorescently-conjugated secondary antibodies listed above alone with MEF to 

determine if they were contributing to the non-specific binding, but they did not show any 

indication of non-specific binding to cells, however they did bind the glass.  We then decided to 

flame the coverslips and store them in ddH2O and this reduced the background fluorescence 

slightly. 

We also began optimizing the membrane stain MemBrite™ Fix488/515 Dye (30093A, 

Biotium).  We were able to label the cell membranes but were not able to keep the dye from 

permeabilizing into the endomembrane systems of the cell (Figure 4.4B).  Fixing performed by 

PFA was more suitable than fixing under methanol conditions however we decreased the PFA 

percentage to 2% PFA incubated for 5 minutes.  Permeabilization was also optimized to 01% 
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Triton X for 1 to 2 minutes to reduce the holes within the cell membrane, and thus the intercalation 

of the plasma membrane dye.   

Preliminary cell migration data was also collected for WT, G12D and G13D mutated 

KRas4B MEFs.  Surprisingly, WT MEFs moved the fastest, followed by G12D, with G13D  

moving the slowest (Figure 4.5).  Finishing the panel of KRas4B mutants (G12V and Q61L), as 

well as testing them under starved and stimulated conditions will be the next steps before 

introducing an Icmt inhibitor. 

The research proposed here along with previously determined structural insights of Icmt 

provide a comprehensive methodology to interrogate the possible regulatory role of methylation 

through Icmt.  To date, there are very few comprehensive studies that span orders of magnitude in 

space and time, from methylation to cellular signaling outputs, particularly at the single-cell level.  

Methylation has been speculated to have a regulatory role, as it is the only reversible post-

translational modification of the CAAX processing pathway.24, 28, 29, 57  Although other CAAX 

proteins undergo further PTMs after methylation, it is a wonder why the addition of such a small 

molecule has implications in plasma membrane localization, protein activity, and protein-protein 

interactions.24, 33, 68  Furthermore, the use of SAM as a methyl donor is energetically costly to a 

cell, as it requires a molecule of ATP to synthesize a molecule of SAM.69  This research could 

further be used to design methylation sensors that expand upon existing approaches for nucleic 

acid-methylation detection.  This would allow detection and tracking of various methylated 

proteins throughout the cell.  Methylation may be a small player, but could have an enormous role 

in not only the endogenous regulation of cell signaling but also as a point of tunability for future 

research and therapeutics within these pathways.  Icmt is the sole methyltransferase known to act 

on CAAX proteins, and thus presents itself as a very specific target in small molecule drug design.  

The structural information of Icmt discovered in Chapter 2 combined with the preliminary data of 

this chapter, have laid a solid foundation for the implementation and success of this project.   
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4.6 Figures 

 

 

 

 

 

Figure 4.1 KRas4B post-translational modifications and signaling cascade. 

Canonical KRas4B signaling begins with extracellular EGF binding EGFR.  This causes dimerization and recruits 
Grb2-SOS to the plasma membrane. Once at the PM, Grb2-SOS can bind fully processed KRas4B.  Before its 
localization to the PM, KRas4B undergoes three required post-translational modifications on its most C-terminal 
cysteine residue of its CAAX motif: farnesylation, proteolysis, and methylation.  Of those three steps, methylation is 
the only reversible process making it a possible point of regulation for KRas4B and other CAAX proteins.  KRas4B 
then translocates to the PM possibly with the help of PDEd and other unidentified chaperones.  Once at the PM 
KRas4B can associate and bind SOS which help it to stay in the GTP-bound (active) step.  GTP-bound Ras can bind 
and activate downstream effectors such as Raf of the MAPK pathway or PI3K, which is implicated in many processes 
including Akt and mTOR. The PDB structures of which each protein is based are, The PDB structures of which each 
protein is based are, Ras: 4OBE & 4DSO, FTase: 1S63, GGTase-I: 3GFT, Rce1: 4CAD, Icmt: 5VG9, Grb2: 1JYU, 
SOS: 3KSY, Raf: 3C4C, MEK: 4MNE, ERK: 4GT3, PI3K: 4OVV, EGFR: 1NQL, 1IVO, 2JWA, 1M17 and 2GS6. 
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Figure 4.2 Experimental methodology of the impact of methylation on KRas4B. 

Based on the pathway described in Figure 4.1 each topic of research is symbolized.  We will evaluate the 
localization/clustering, cellular growth and ERK signaling, and cellular migration in response to the methylation PTM 
state of KRas4B. PDB: Ras: 4OBE & 4DSO, PI3K: 4OVV, EGFR: 1NQL, 1IVO, 2JWA, 1M17 and 2GS6. 
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Figure 4.3 Antibody detection of Ras, Icmt and Actin. 

 (A) Immunoblot of WT-KRas4B and BRafV600E-Rasless MEFs.  Antibody ratios are described in methods. (B) 
Immunoblot of siRNA treatment of WT-KRas4B MEFs with differing ratios of PEI.  Left: Icmt (~32 kDa), Right: 
Actin (~45 kDa).  Antibody conditions are described in methods. 
 
 
 
 
 
 
 
 
 
 
 

MEF
WT V600EWT

Actin

KRas4B

45 kDa

21 kDa

B

25

37
50

75 70

25

37
50

3:1 3:1 3:16:1 6:1 6:1
- neg. 

control
Icmt

 siRNA

3:1 3:1 3:16:1 6:1 6:1
- neg. 

control
Icmt

 siRNAPEI:RNA
PEI:RNA

-Icmt

Lorem ipsum

Actin

A



 
 

169 

 
 

 
Figure 4.4 Immunofluorescent detection of KRas4B, plasma membrane and nucleus 

(A) Immunofluorescent detection of KRas4B in WT MEFs using pan-Ras primary antibody (MA1-012, Thermo 
Fisher) at (1:200) with donkey α-mouse-Alexa 555 (A-31570, Thermo Fisher) (1:200).  Cells were mounted with 
DAPI and imaged with the Ti2-E Nikon Eclipse modified microscope (Low-Nam Lab).  (B) Confocal microscopy 
analysis with Nikon A1R-MP in the Purdue Imaging Facility (PIF) of WT (left column) and G12V (right column) 
mutated KRas4B MEFs.  MemBrite stained the plasma membrane (1:1000) following manufacturer’s protocols 
(Biotium) and pan Ras-Alexa 555 primary conjugated antibody (1:250).  Both conditions were mounted in ProLong 
Gold with DAPI.   
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Figure 4.5 Cell crawling rates of MEF KRas4B oncogenic variants. 

(A) KRas4B WT, G12D or G13D migration measured over a period of 24 hours. Experimental conditions are in the 
methods section.  Left: primary images of cells at timepoint 0 of experiment.  Right: traces of the crawling cells from 
their points of origin (blue) to their terminating position (red) over the course of the experiment. (B) Histogram 
displaying the probability that a cell will take each size step based on the crawling experiment in part A.  
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Abstract 

Photoswitchable lipids have emerged as attractive tools for the optical control of lipid 

bioactivity, metabolism, and biophysical properties. While many glycero- and sphingolipids have 

been successfully rendered photoswitchable, reversible control of most other lipid classes has not 

been achieved. Herein, we develop the first photoswitchable analogs of an isoprenoid lipid and 

systematically assess their potential for optical control of various steps along the prenylation 

processing pathway of CAAX proteins in Saccharomyces cerevisiae. One photoswitchable analog 

of farnesylpyrophosphate (AzoFPP-1) is readily attached to peptide substrates by 

farnesyltransferase in a light-dependent manner. Subsequent steps in prenylation processing, 

(proteolysis by either Ste24 or RCE1 and carboxymethylation by Ste14) as well as the bioactivity 

of a fully processed, photoswitchable peptide (a-factor) analog are less susceptible to optical 

control by the photoisomerization of their photoswitchable isoprenoid. Combined, this study 

presents a new approach for the optical control of protein prenylation. Additionally, optical 

probing of several enzymatic conversions along the prenylation processing pathway and the 

bioactivity of photoswitchable a-factor analogues revealed a lower dependence of these processes 

on isoprenoid structure.  
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Introduction 

10 to 20% of all mammalian proteins are thought to undergo protein lipidation.1 The most 

common types of this posttranslational modification are fatty acylation and prenylation.2 Protein 

prenylation is an irreversible attachment of an isoprenoid lipid with 3 isoprene repeats 

(farnesylation, 15 carbons) or 4 isoprene repeats (geranylgeranylation, 20 carbons) by either 

protein farnesyl transferase (FTase), or types 1 or 2 geranylgeranyl transferase (GGTAse I or II). 

These groups are attached to the cysteine residue of a 4 amino acid CAAX sequence, where a is 

an aliphatic amino acid, and X is a variable position dictating the type of prenylation. 3 This step 

is followed by removal of the aaX sequence by either ZMPSTE24 or Ras Converting CAAX 

Endopeptidase 1  (RCE1) enzymes,4,5 and finally methylation of the newly exposed 

carboxycysteine by Protein-S-isoprenylcysteine O-methyltransferase (ICMT).6  Combined, these 

modifications determine the functional/activity states of the lipidated protein.7 Several chemical 

probes have been developed to study and inhibit protein prenylation as a means to disrupt 

processing of CAAX proteins implicated in disease pathways.8 Farnesyltransferase inhibitors 

(FTIs) have been explored in several trials for cancer therapy9 and have recently been approved 

for the treatment of hepatitis D virus infections, progeria, and progeroid laminopathies.10 To attain 

improved spatiotemporal control of protein farnesylation, we have previously endowed FTIs with 

photocleavable protecting groups that enable the light-triggered activation of these molecules.11 

While this approach principally enables precise farnesyltransferase (FTase) inhibition, it does not 

allow direct control of the structure and function of the isoprenoid lipid. We envisioned, that this 

could be achieved through incorporation of a reversibly photoswitchable moiety, such as 

hydrophobic azobenzenes, into an isoprenoid lipid. In recent years, this approach has been 

extensively explored for photoswitchable sphingolipids and glycerolipids.12 These photolipids 

have been used to control biological targets of signaling lipids, including GPCRs,13–15 ion 

channels,16–18 enzymes,19–22 nuclear hormone receptors,23,24 and immunoreceptors,25 and as a 

means to control membrane biophysics in model membranes26–28 and cells.29 However, to date this 

approach has not been extended to other important classes of lipids, such as steroids or isoprenoids. 

We proposed that isoprenoid lipids could be mutually amenable to this approach and azobenzenes 

could be incorporated into farnesylpyrophosphates (FPPs). This was further motivated by 

previously reported arene-rich analogs that provided for rapid protein attachment catalyzed by 

FTase (Figure 1A).30 These included a benzyl phenyl ether which is a structural isostere 
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(‘azoster’31,32) of azobenzenes. Photoswitchable analogs could in principle allow for the optical 

control of substrate prenylation, processing, and bioactivity (Figure 1B). Herein we systematically 

explore the use of photoswitchable FPP analogs, termed AzoFPPs for the optical control of protein 

prenylation, prenylation processing, and bioactivity of a prenylated mature peptide (Figure 1C). 

Each enzymatic step is explored with a peptide substrate in the trans- or cis-forms to probe the 

relative sensitivity of protein prenylation processing steps for lipid structure. Finally, we explore 

the bioactivity of the mature, fully processed, peptide a-factor in a yeast growth arrest assay. 

 

Results and Discussion 

Design, Synthesis, and Photophysical Characterization of Photoswitchable FPP Analogs. 

We pursued the synthesis of two photoswitchable analogs of FPP (Figure 2A). The first 

analog, AzoFPP-1, was based on direct incorporation of an azobenzene into FPP. The second 

analog, AzoFPP-2, was inspired by a previously reported Aryl-FPP derivative developed by 

Spielmann et al., which shows better steady-state kinetic parameters for prenylating a H-Ras 

sequence than the wild-type (WT) FPP.30 This analog allowed for straight-forward 

azologization31,32 to attain a photoswitchable analog. Briefly, 3-hydroxy azobenzene (2) was 

coupled to a prenol-derived alcohol (1) via Mitsunobu reaction, followed by deprotection, which 

was transformed into a chloride under Appel conditions. This allowed the introduction of the 

pyrophosphate functionality. Ion exchange chromatography and further purification gave 

AzoFPP-1 (5). The azobenzene precursor 6 for AzoFPP-2 (7) was generated under Bayer-Mills 

conditions followed by a similar reaction sequence to yield the pyrophosphate (Figure 2A). UV-

Vis spectroscopy shows that AzoFPP-1 behaved similarly to an unsubstituted azobenzene (Figure 

2B). Isomerization from the thermodynamically favored trans-configuration to the cis-form was 

triggered with UV irradiation (l = 365 nm). This process was reversible using blue light (l = 

460 nm) over multiple cycles (Figure 2C). Both compounds were bistable and underwent thermal 

relaxation to the trans-isomer with t1/2 = 25 h for Azo-FPP-1 and t1/2 = 29 h for Azo-FPP-2, 

measured in PBS buffer at 37 °C. 

 

Optical control of peptide farnesylation 

Our design was further supported by molecular docking studies of the photoswitchable FPP 

analogs into the structure of Rattus norvegicus FTase (FTase, PDB 1JCR). Notably, we found that 
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trans-AzoFPP-1 (Figure 2E) exhibits a similar binding pose relative to the peptide substrate 

compared to endogenous FPP (Figure 2D), while cis-AzoFPP-1 exhibits some visible steric clash 

with leucin of the substrate peptide CVLS, indicating that this photoisomer could be a less effective 

substrate for transfer by reducing the binding of the peptide substrate, which is the second step in 

the kinetic mechanism of the enzyme after farnesyl diphosphate (FPP) binding.33–35 

Based on our docking results, we decided to biochemically explore the farnesylation of a 

model peptide (8a) with AzoFPP-1 by yeast farnesyltransferase (yFTase) in vitro (Figure 3A & B). 

The peptide contains a Dansyl fluorophore for visualization, an RAG sequence to increase 

solubility and ionization in mass spectrometry, and a CVIA sequence derived from the prenylated 

yeast mating pheromone a-Factor. The ratio of 8a to the corresponding farnesylated peptide 8b 

(with FPP) or 8c/d (with AzoFPP-1) could be monitored by LC-MS. While the substrate 8a 

exhibited a single peak with the retention time 27.9 min under the chosen conditions (Figure SI 

##), incubation with FTase resulted in formation of a second peak with the retention time 58.8 min 

and the mass of 8b in the presence of FPP and 55.1 min and the mass of 8c in the presence of 

AzoFPP-1. At saturating substrate concentrations (22 µM FPP, 2.4 uM peptide), 63.2% of 8a were 

converted to 8b and this conversion was not significantly affected by irradiation with UV-A light 

(Figure 3C). On the other hand, 51% of 8a were converted to 8c under the same conditions with 

AzoFPP-1. Upon irradiation with UV-A light, this conversion was markedly reduced to 10%, 

demonstrating that trans-AzoFPP-1 undergoes significantly more effective transfer to the peptide 

substrate allowing for optical control of substrate farnesylation. It is worth noting that the reaction 

mixture was allowed to relax for 12 hours after quenching, thus only 8c is observed and not 8d. 

Substrate AzoFPP-2 did not undergo FTase-catalyzed transfer to a peptide substrate and was 

therefore not further pursued in this study. 

 

Optical probing of prenylation processing 

Following farnesylation, we decided to investigate the other posttranslational modifications 

of the prenylation processing pathway, proteolysis and carboxymethylation, and the bioactivity of 

peptides containing the photoswitchable isoprenoid group. To this end, we used the yeast mating 

pheromone, a-factor, as a bioactive model peptide. a-factor has been extensively studied for its 

three posttranslational modifications (prenylation, proteolysis and carboxymethylation) which are 

required for proper mating between two haploid yeast (S. cerevisiae) cells.36–40 a-Factor precursors 
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9a and 10a exhibiting VIA and COOH C-termini were synthesized by traditional solid phase 

peptide synthesis. a-Factor precursor 11a with a methyl ester C-terminus was synthesized using 

side chain anchoring methodology, which was previously developed by us.41,42 These peptides 

were then prenylated chemically with a trans,trans-Farnesyl bromide (b) or AzoFPP-1 chloride 

precursor (c) at pH 5.0 in the presence of Zn(OAc)2 and NaI. These conditions were optimized 

based on previously reported procedures.41–45 Peptides exhibiting a VIA (9b and 9c), COOH (10b 

and 10c), or COMe (11b and 11c) terminus were obtained in this manner. Using these model 

peptides, each prenylation posttranslational modification step was assayed for activity toward its 

respective a-factor substrates in either the trans-form (dark) or cis-form (after UV-A irradiation) 

for light-dependent conversion. Compounds 9b and 9c were used in combination with the 

proteases Rce1 and Ste24 and 10b and 10c with the carboxyl methyltransferase Ste14 (Figure 4A). 

To do this we irradiated samples using our Cell DISCO system46,47 (5 ms irradiation every 15s at 

370 nm).  Each enzyme only exhibited minimal light-dependent activity differences when treated 

with saturating amounts of substrate (Figure 4B).  These enzymes were further tested with a-factor 

substrate below KM values and showed similar results (Figure SI ##). 

Subsequently, we  evaluated the bioactivity of 11b, 11c, and 11d in a yeast growth arrest halo 

assay using the DISCO adapted to a 24 well format (Figure 4C).39,48 All three peptides were found 

to be bioactive and exhibit very similar potencies, indicating that the bioactivity of a-factor is not 

sensitive to the structural prenyl-group variations explored. Combined, our optical probing of the 

prenylation processing pathway suggests, that our photoswitchable analogs permit selective 

control of peptide lipidation by farnesyltransferase and exhibit little effect on subsequent 

processing steps. 

 

Concluding Remarks 

Here we show that isoprenoid lipids can be functionalized with a molecular photoswitch to 

function as photoswitchable substrates for peptide prenylation by farnesyltransferase. This 

presents an important extension of photolipids to a new class of lipids which has not been 

previously addressed with this approach.12,49 The development of the photoswitchable FPP analog 

AzoFPP-1 and its integration into a series of photoswitchable a-factor analogs, allowed us to 

systematically probe the light-dependence of various steps in protein prenylation, processing, and 

a-factor bioactivity. Our study revealed that peptide lipidation with AzoFPP-1 occurs in a light-
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dependent fashion, while proteolysis, carboxymethylation, and bioactivity are less susceptible to 

photoisomerization. These findings indicate that the initial lipidation step is more tightly controlled 

by lipid structure than subsequent processing steps and that our tools enable selective optical 

control of this initial step. As such, we believe that photoswitchable isoprenoid lipids could be a 

new class of widely applicable tools for the optical control of processes that sense or are tightly 

controlled by isoprenoid structure.  

To date 2213 isoprenoid lipids have been described (LIPID MAPS50,51). Many of these 

exhibit linear isoprenoid chains that could be functionalized with an azobenzene in an analogous 

fashion to yield optical control of their function. Linear isoprenoid lipids with interesting 

bioactivity include the tocotrienols (Vitamin E),52 cannabinoids (cannabigerol or cannabigerolic 

acid),53 the moenomycin antibiotics,54 or other natural products such as auraptene and 

umbelliprenin.55 Isoprenoid lipids have further been used in the design of synthetic 

pharmacophores, such as the Ras inhibitor Salirasib.56,57 Future efforts will address the 

development of photoswitchable isoprenoids based on these and other bioactive metabolites to 

assess how modular the described approach is for this lipid class.   
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Figure Legends 

Figure 1. Design of photoswitchable FPP analogs and optical probing of prenylation 
processing. (A) ‘Azologization’ of FPP and arene-rich analog. (B) Schematic of protein 
farnesylation and subsequent processing. (C) Schematic of optical probing of peptide prenylation 
and processing with photoswitchable FPP analogs. 
 
Figure 2. Synthesis, photophysical characterization, and molecular docking of 
photoswitchable farnesylpyrophosphate analogs. (A) Chemical synthesis of AzoFPP-1 and 
AzoFPP-2.  (B) The UV-Vis spectra of AzoFPP-1 in varying wavelength-adapted photostationary 
states. 50 μM AzoFPP-1 in PBS.  (C) Reversible cycling between photoisomers with alternating 
illumination at the two distinct wavelengths 365 nm and 460 nm, indicating the fast kinetics of the 
isomerization. 50 μM AzoFPP-1 in PBS. (D) Crystal structure of FTase (grey) bound to 
farnesylpyrophosphate (green) and FPP-receiving peptide substrate (grey sticks). Spheres shown 
for leucin of receiving peptide CVLS sequence. PDB 1JCR (E) Molecular docking of AzoFPP-1 
in trans (cyan) and cis (purple) into FTase. Spheres shown for leucin of substrate peptide CVLS 
sequence. 
 
Figure 3. Optical control of peptide farnesylation. (A) Schematic of model peptide substrate 
farnesylation with AzoFPP-1 in the trans and cis form. (B) Chemical structure of peptide substrate 
for FTase (8) and a-factor variants (9-11) with various functionalizations (a-d). (C & D) HPLC 
trace of 8a to 8b (C) or 8c (D) conversion upon incubation of 8a with FPP and FTase in the dark 
(top) or after UV-A irradiation (bottom).  Substrate concentrations were at saturating levels.  (E) 
Quantification of (C) and (D). Error bars represent SEM. 
 
Figure 4. Optical probing of prenylation processing pathway. (A) Schematic of prenylation 
processing with photoswitchable a-factor analogs in the trans and cis form. (B) Quantification 
with and without UV-A irradiation of Rce1 and Ste24 activity with compounds 9b and 9c/d (15 
µM), and Ste14 activity with compounds 10b and 10c/d (25 µM). (C) Yeast growth arrest halo 
assay with and without UV-A irradiation of compounds 11b and 11c/d. Amount of substrate 
spotted is listed in table above with solution controls in the first row.  Quantified growth end-point 
values listed in table below. Error bars represent SEM. 
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Figures 

Figure 1. 
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Figure 4. 
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