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2µ URA3 PPGK-His10-HA3-Ste24 – a yeast 

2µ replication promotor (high copy 

number), containing a URA3 gene for uracil 

production, also containing PPGK promoter 

for high copy number in E. coli, containing 

the Ste24 gene containing an additional N-

terminal His10 and HA3 tag 

2µ URA3 PPGK-His10-HA3-Ste24 – a yeast 

2µ replication promotor (high copy 

number), containing a URA3 gene for uracil 

production, also containing PPGK promoter 

for high copy number in E. coli, containing 

the Ste24 gene containing an additional N-

terminal His10 and HA3 tag 

ABC – Ammonium bicarbonate 

ACE-2 – Angiotensin-converting enzyme 2 

AEBSF – 4-(2-

Aminoethyl)benzenesulfonyl fluoride 

hydrochloride, serine protease inhibitor 

Atm – atmosphere, pressure unit 

Axl1 – Axl Receptor Tyrosine Kinase 

BSA – Bovine Serum Albumin 

CaaX – C-terminal tetra-peptide: cysteine, 

aliphatic residue, aliphatic residue, any 

residue  

-CC – C-terminal di-peptide: cysteine, 

cysteine 

-CCXX –C-terminal tetra-peptide: cysteine, 

cystine, any residue, any residue 

COVID-19 – Coronavirus 2019, severe 

acute respiratory syndrome  variant 

-CXC – C-terminal tripeptide: cysteine, any 

residue, cysteine 

-CXXX – C-terminal tetra-peptide: 

Cysteine, any residue, any residue, any 

residue 

DDM – N-Dodecyl-beta-Maltoside 

detergent 

DH5α – “Douglas Hanahan” 5 α cells, E. 

coli cells engineered to maximize DNA 

replication 

DNA – Deoxyribonucleic acid 

DTT – Dithiothreitol 

ER – Endoplasmic reticulum 

ESI – Electrospray ionization 

FLAG-tag – Protein sequence tag 

consisting of an Aspartic acid-Tyrosine-

Lysine-Aspartic acid- Aspartic acid- 

Aspartic acid- Aspartic acid-Lysine 

sequence 

FDR – False Discovery Rate 

FTase – Farnesyltransferase 

FTI – Farnesyl-transferase inhibitor 

GGTase – Geranylgeranyltransferase 

GTPases – nucleotide guanosine 

triphosphatase 

HA-tag – Human influenza hemagglutinin, 

protein tag 

HExxH – zinc binding motif, Histidine, 

Glutamic acid, two of any residues, 

Histidine 

HGPS – Hutchinson-Gilford Progeria 

Syndrome 

hICMT – human isoprenylcysteine 

carboxyl methyltransferase 

HIV – human immunodeficiency virus 

HRP – horseradish peroxidase 

ICMT – isoprenylcysteine carboxyl 

methyltransferase 

IEtOH – iodoethanol 
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IFITM3 – Interferon Induced 

Transmembrane Protein 3 

INM – Inner Nuclear Membrane 

KASH- Klarsicht, ANC-1, Syne homology 

KCl – Potassium chloride 

KD – Dissociation constant, concentration of 

substrate when half the protein target is 

bound 

KDN/YII – Lysine-Aspartic Acid-

Asparagine, cut site, Tyrosine-Isoleucine-

Isoleucine 

KI – Inhibitory constant, concentration of 

inhibitor where half the protein target is 

inhibited 

KM  - Michaelis-Menten constant, 

concentration of substrate when enzyme is 

at half VMax 

Kpsi – kili-pounds per square inch 

LAD – Lamina-associated domains 

LAP – Lamina-associated protein 

LAP2α – Lamina-associated polypeptide 2α 

LINC – Linker of Nucleoskeleton and 

Cytoskeleton complex 

LMNA – Lamin A/C gene 

MAD – Mandibuloacral dysplasia 

MaICMT – Methanocarcina acetivorans 

ICMT 

MAPK – Mitogen-activated protein kinase 

MATa trp1 leu2 ura3 his4 can1 

ste24Δ::LEU2 rce1Δ::TRP1 – yeast strain 

containing the MATα allele, Tyrosinase-

related protein 1, orotidine 5-phosphate 

decarboxylase (for Uracil production), 

histidine biosynthesis trifunctional protein, 

Arginine permease CAN1, Ste24 deletion, 

beta-isopropylmalate dehydrogenase for 

leucine production, RCE1 deletion 

MDa – Megadalton, atomic mass unit 

MgCl2 – Magnesium chloride 

MS – Mass spectrometry 

MSMS – Tandem mass spectrometry, mass 

spectrometry 

MST – Microscale thermophoresis 

MWCO – Molecular weight cutoff 

Myc-tag – C-myc polypeptide used for 

protein tags  

NaCl – Sodium chloride 

NaOH – Sodium hydroxide 

NE – Nuclear envelope 

NPC – Nuclear pore complex 

OD###  - Optical density, wavelength in 

nanometers 

ONM – Outer nuclear membrane 

PAI-1 – Plasminogen Activator Inhibitor-1 

PAL-Photoaffinity labeling 

PBS – Phosphate buffered saline 

PBST – Phosphate buffered saline with 

Tween-20 

pCH#### - plasmid “Christine Hrycyna” 

plasmid number 

PDB – Protein Databank 

RAM1/RAM2 – Protein farnesyltransferase 

subunits 

RCE1 – Ras Converting Enzyme 1 

RD – Restrictive Dermopathy 

RMSD – Root-mean-square deviation 

RNA – Ribonucleic acid 

SAH – S-adenosyl-L-homocysteine 

SAM – S-adenosyl-L-methionine 

SC-URA – Single dropout media using 

Synthetic Complete Supplement mixture 

without uracil 

SDS – Sodium Dodecyl Sulfate 
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SDS-PAGE – Sodium Dodecyl Sulfate – 

Polyacrylamide Gel Electrophoresis 

SM3614 – “Susan Michaelis” yeast strain 

number 

Ste14 – “Sterile” 14 

Ste24 – “Sterile” 24 

Ste3 – “Sterile” 3 

Ste6 – “Sterile” 6 

SUN – Sad1p, UNC-84 protein domain 

TcICMT – Tribolium castaneum ICMT 

TEP – Triethyl phosphate 

TGF-ß – Transforming growth factor ß 

TMD – Transmembrane Domain 

Tris-HCl – Tris hydrochloride 

UV – Ultraviolet 

VMax – Maximum product formation rate by 

a given enzyme concentration 

Wnt-ß-catenin – canonical pathway for ß-

catenin accumulation 

WT - Wild-type 

YIIKGVFWDPAC(Fr)-VIA – 15-mer 

version of a-factor, Tyrosine – Isoleucine – 

Isoleucine – Lysine – Glycine – Valine – 

Phenylalanine – Tryptophan – Aspartic acid 

– Proline – Alanine – farnesylated Cysteine 

– Valine – Isoleucine - Alanine 

ZMPSTE24 – Zinc Metalloprotease Sterile 

24 

α-HA – antibody targeting HA-tag 

α-mouse – antibody targeting primary 

mouse antibodies 

Δste24 – Deletion of the Ste24 gene 
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ABSTRACT 

ZMPSTE24 is a seven transmembrane domain zinc metalloprotease that resides in the ER 

and inner nuclear membranes of mammalian cells. The crystal structures of both the mammalian 

and yeast homologs, ZMPSTE24 and Ste24, respectively, were solved recently and revealed a 

common novel structure. Both structures contain a large chamber of mixed hydrophobicity that is 

capped on both sides. The canonical catalytic HExxH zinc-binding motif lies inside the chamber. 

Defects in the enzymatic function of human ZMPSTE24 have been shown to cause premature 

aging disorders. In addition to the well-defined role ZMPSTE24 and Ste24 play in the maturation 

of prelamin A in mammals and a-factor in yeast, both proteins have been proposed to play 

protective roles in Type 2 diabetes and viral infections by interactions with the cellular translocon. 

ZMPSTE24 can also be inhibited by several common HIV aspartyl protease inhibitors, possibly 

causing the frequent and common side-effects of these prescribed drugs.  As of now, no precise 

location for substrate binding has been identified in either ZMPSTE24 or Ste24. Thus, the goal of 

this project is to localize residues in the enzyme that are important for substrate binding. The yeast 

homolog Ste24 was used as a model system as it functionally complements the mammalian 

enzyme and can be reliably cloned, overexpressed, and purified in an active form.  

Three approaches were taken to directly determine the KD values for substrates of Ste24.  

The ability to perform a direct analysis of KD values of Ste24 mutations was successfully optimized 

using microscale thermophoresis. Through KD analysis, the Ste24 mutation G255A, while 

completely inactive, does not prevent substrate binding. Alternatively, L441A and L410A 

mutations showed both an increase in thermal stability and a decrease in binding affinity, that 

could explain their lower activity levels. A photoaffinity labeling-based proteomics experiment 

was utilized to precisely locate the site of the prenyl group to a hydrophobic patch lying just under 

a side portal of Ste24, near K234, during the -aaXing cleavage of a-factor maturation. To assess 

the method of inhibition of HIV protease inhibitors on Ste24 the conserved aspartate mutants were 

explored. All mutations of these aspartate residues resulted in a severe loss of Ste24 function and 

instability of the protein. 
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CHAPTER 1. INTRODUCTION 

1.1 CaaX processing 

CaaX processing is a set of three post-translational modifications that occur on proteins  

that end with a CaaX motif (Figure 1.1A). The C in the motif stands for cysteine, a is an aliphatic 

amino acid, and X is one of several different amino acid residues. The first modification is the 

prenylation of the CaaX cysteine residue. This prenylation can be either farnesylation or 

geranylgeranylation, as described below. The second step is a proteolysis reaction that removes 

the three C-terminal residues and is often called the -aaXing step. Finally, the substrate is 

carboxylmethylated at the newly exposed C-terminal cysteine. Several proteins that undergo these 

post-translational processing steps have been identified, including the nuclear lamins, the yeast 

mating pheromone a-factor, and the Ras family of GTPases (1-7). These modifications are 

believed to promote hydrophobicity and enhance localization/functionality of membrane 

associating proteins, such as Ras and Lamin proteins (8).  

1.1.1 Prenyltransferases 

Protein prenylation is the first step in CaaX processing. Prenylation adds either a 15-carbon 

farnesyl group, or a 20-carbon geranylgeranyl group to the cysteine in the CaaX motif via a 

thioether bond (7). The significance of this step is believed to be that adding a large hydrophobic 

group onto the protein allows the protein to be trafficked properly within the cell and associate 

with the intracellular or plasma membranes. In the majority of cases, the X residue of the motif 

appears to determine which modification gets added to the CaaX protein (9). Proteins such as Ras, 

a-factor and nuclear lamins end with a serine, cysteine, methionine, or alanine, and are farnesylated. 

Other proteins, such as heterotrimeric G proteins or Ras-like proteins end with a bulkier or 

hydrophobic X residue, such as leucine or phenylalanine, and are geranylgeranylated (10).  

The identification of modified proteins in yeast allowed for homologs to be discovered in 

other species (7). In yeast, the two major prenylation enzymes are the farnesyltransferase, 

RAM1/RAM2 heterodimer, and the geranylgeranyltransferase, Ram2p/Cdc43p heterodimer (9). 

The yeast mating pheromone, a-factor, is farnesylated by Ram1/Ram2 and this modification is 

believed to aid a-factor with the nuclear and ER membrane association specifically (9). Trafficking 
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tot  these intracellular membranes allows the a-factor precursor to be proteolyzed in the next step 

of CaaX processing, catalyzed by either the RCE1 or Ste24 proteases (Section 1.1.2) (9). 

In mammalian cells, there are three prenyltransferases: protein farnesyltransferase (FTase), 

protein geranylgeranyltransferase-I (GGTase-I), and Rab geranylgeranyltransferase (GGTase-II or 

Rab GGTase) (7). All three functional proteins are active as heterodimeric, Zn2+- dependent 

enzymes (8,11,12). The FTase and GGTase-I enzymes are similar in structure and function with 

the main difference being in the size of the isoprenoid binding site (10,13). The FTase uses an 

isoprenoid binding cleft to hold the 15-carbon farnesyl pyrophosphate and the peptide binding site 

to properly align the CaaX motif of the peptide substrate. It then uses a zinc catalyzed reaction to 

add the hydrophobic chain onto the cysteine (11). The GGTase-I enzyme uses a larger isoprenoid 

binding pocket where a threonine is substituted for the tryptophan found in FTase to open the 

pocket. This larger area allows for the binding of a larger 20 carbon geranylgeranyl pyrophosphate 

group that is then added to the peptide substrate in a similar manner as the FTase enzyme (10). 

Commonly farnesylated proteins include those of the Ras superfamily and in the maturation of 

lamin A. GGTase-I is known mostly for the role of prenylation proteins in the Rho superfamily. 

It has been shown that in cases where FTase is inhibited, many CaaX substrates can be 

alternatively geranylgeranylated by GGTase, that also results in a fully functional mature protein. 

Thus, while farnesyltransferase inhibitors (FTI’s) were initially sought after for treatment of Ras 

related cancers (8,12), this mode of therapeutics was shown to be ineffective (14). Interestingly 

though, while Ras can still retain full function by being processed by GGTase-I, lamin A, shows 

much less efficacy for the GGTase-I protein (15,16). Thus, FTI’s have shown to be promising 

therapeutics for progeria, a deficiency linked to defects in lamin A processing, that is highlighted 

more in Section 1.3.  

One additional GGTase, GGTase-II or RabGGTase, is the third type of mammalian 

geranylgeranyltransferase. It differs from the other prenyltransferases in that it recognizes the -CC, 

-CXC, -CCXX, or -CXXX motifs. These motifs often result in two subsequent geranylgeranylation 

sites (8). The main substrates of GGTase-II are the family of Rab proteins (7-9). These mature Rab 

proteins are mostly found associated with intracellular vesicles or the plasma membrane. There 

they are known to act as regulators of membrane trafficking pathways (17). 



 

22 

1.1.2 Proteases 

1.1.2.1 Rce1 

The second step of the CaaX posttranslational modifications pathway is the proteolysis of 

the -aaX residues from the prenylated cysteine. The major proteases in CaaX processing are the 

Rce1 and ZMPSTE24/Ste24 proteases. These different protease families contain both overlapping 

and unique substrate specificities (4). Ras appears to depend more heavily on Rce1 function, 

whereas a-factor, while cleavable by Rce1 as well, is the only known substrate of yeast Ste24 

(8,18). Rce1 is a unique protease in that it utilizes catalytic glutamate and histidine residues to 

cleave the substrate (18,19). It can also cleave both farnesylated and geranylgeranylated peptides 

(18,19).  

Like other CaaX modification enzymes, Rce1 proteolysis is critical for the proper 

localization of Ras (8). In Ras-driven cancers a mutation occurs that results in a constitutively 

active protein that, upon farnesylation, appears to permanently associate with the plasma 

membrane (20-22). While Rce1 was an initial target for Ras-related cancers, specifically targeting 

Rce1 with small molecule inhibitors has proved difficult (18). The only structure to date of Rce1 

comes from the archaea organism Methanococcus maripaludis (19). Using this structure and the 

topological analysis of the protein from S. cerevisiae, it is believed that this protein functions as a 

glutamyl protease as two specific glutamate and two histidine residues appear to be highly 

conserved and are critical for proper function of Rce1 (18). The M. maripaludis Rce1 shares only 

15% identity with human Rce1, so it is difficult to draw strong conclusions about the human 

homolog from the crystal structure. Hydropathy and sequence alignments across many eukaryotic 

species, including Homo sapiens and Saccharomyces cerevisiae show a possible seven or eight 

transmembrane helix structure, depending on the species (18,23). 

1.1.2.2 ZMPSTE24/Ste24 

Besides Rce1, there is an additional CaaX protease in eukaryotic cells called ZMPSTE24. 

This protease was first discovered in yeast and termed Sterile-24 (Ste24), as it aids in the 

maturation of the yeast mating pheromone, a-factor (24,25). The mammalian homolog is called 

Zinc Metalloprotease Ste24 (ZMPSTE24) and is most widely known for the role it plays in the 
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maturation of lamin A (26). While the two substrates are distinct to their host organisms, 

ZMPSTE24 and Ste24 have been found to be functional homologs (25,27). 

Residing in both the endoplasmic reticulum and inner nuclear membranes, ZMPSTE24 and 

Ste24 both have a highly unique 3D structure (28,29). Both contain eight transmembrane helices 

surrounding a large chamber. The chamber can accommodate a 15 kDa protein, or about 450 water 

molecules. Several helices cap both ends of the chamber, and the HExxH zinc catalytic motif lies 

inside the chamber near the cytoplasmic side. Because of the novel and unique structure, the 

mechanisms of substrate entry and exits are still unclear, but it is believed there are portal regions 

within the sides of the membrane that may allow the substrate to enter and exit (28-30). 

ZMPSTE24 and Ste24 also perform an additional cleavage upstream of the CaaX site on 

their respective substrates (Figure 1.1B) (1,5,8,31,32). The mechanism of substrate selection 

remains unclear and is the focus of the research chapters herein. Lamin A is cleaved 14 amino 

acids upstream of the farnesylated cysteine at an RSY/LLG sequence, and this cleavage completely 

removes the newly modified C-terminus (1,5,26,29,30,33-40). In yeast, the N-terminal cleavage 

site is 12 amino acids upstream at the sequence KDN/YII. The mature product is on the C-terminal 

side of the cleavage site, that includes the CaaX modified tail (24). It has also been shown that S. 

cerevisiae Ste24 can cleave mammalian prelamin A, and mammalian ZMPSTE24 can cleave the 

yeast mating pheromone a-factor (25,26). However, the lack of substrate sequence motifs makes 

it quite difficult to identify how these proteases recognize the correct proteolytic sites. The 

substrate binding site of Ste24 is the focus of the consecutive chapters. 
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Figure 1.1: Lamin A and a-factor both undergo similar post-translational processing, including 

CaaX processing.  A) Process of typical CaaX processing. B) Similarities and differences between 

the production of lamin A and a-factor. Figure modeled after Michaelis, S and Barrowman, J. 

(2012) with permission from Microbiology and molecular biology reviews: MMBR, license 

1142671-1. 

1.1.3 Methyltransferases 

The third and final step in the CaaX processing pathway is the carboxylmethylation of the 

isoprenylated cysteine. This reaction adds a methyl group to the exposed carboxylate on the 

cysteine, following the -aaXing step, creating a neutral methyl ester (1,39,41). The replacement of 

the negative charge of the carboxylate with the hydrophobic methyl group is believed to aid in 

membrane association of the mature CaaX proteins, like Ras and a-factor (2,42).  
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Methylation may add some stability to CaaX proteins as well. For example, RhoA appears 

to have a decreased half-life in macrophage cells, and the a-factor peptide degrades quickly in cells 

without Sterile-14 (Ste14), or the mammalian homolog human isoprenylcysteine carboxyl 

methyltransferase (hICMT) (43,44). ICMT enzymes bind both the methyl acceptor isoprenylated, 

cysteine substrate, as well as the methyl donor S-adenosyl methionine (SAM) (41). The proposed 

mechanism for the methylation reaction is that first the methyl donor SAM binds, followed by the 

substrate (41). Methylation then occurs and the methylated peptide leaves first, followed by the 

SAH product (S-adenosyl homocysteine) (41).  

Similar to other CaaX processing enzymes, the first homologs were discovered in yeast 

before their discovery in mammalian cells. The S. cerevisiae CaaX methyltransferase is termed 

Ste14 (“sterile-14”) as defects in Ste14 function causes a decreased formation of the mature form 

of the mating pheromone a-factor (3). It was found that the inability to methylate the a-factor 

peptide caused an inability for the export of a-factor from the cell through the Ste6 transporter (2). 

Also the methyl group is important for interaction with cell receptors on α-cells for sexual 

reproduction in yeast cells (2). Again, this could be due to the negatively charged carboxylate, 

formed following the -aaXing step, having a low affinity for the hydrophobic plasma membrane 

(45). Despite this, Ste14 is not considered an essential protein in yeast, as deletion of the STE14 

gene does not appear to cause significant changes in cellular metabolism or detectable defects in 

the cells other than the lack of mating ability (3). In mammals, ICMT is the only identified CaaX 

protein methyltransferase. Known substrates are the previously mentioned CaaX proteins (lamin 

A, Ras, Rho, etc.) and it can methylate both farnesylated and geranylgeranylated proteins.  

For quite some time, the only structure of the ICMT family of proteins that was discovered 

came from a prokaryotic protein (Ma-ICMT) (46). This structure only aligns with the C-terminal 

half of eukaryotic Ste14 but did show a binding pocket for SAM within five transmembrane helices 

(46). The catalytic domain appeared to be in the C-terminal domain that is connected via a tunnel 

region to the isoprenylated substrate (46). This substrate was proposed to enter from the N-terminal 

side of the tunnel (46). The Ma-ICMT does share high sequence conservation with the C-terminal 

regions of eukaryotic ICMT proteins but the N-terminal varies greatly making mechanistic insights 

of the eukaryotic proteins from the prokaryotic structure challenging (47). In 2018, the eukaryotic 

beetle Tribolium castaneum ICMT structure was resolved to 3.4 Å, revealing eight transmembrane 

helices, as compared to the five in the Ma-ICMT structure (47).  
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 Originally, FTI’s were thought to be a great target for treating Ras related cancers. Once in 

clinical trials, however, it was quickly found that most CaaX proteins, especially Ras, are almost 

equally geranylgeranylated if FTase is inhibited (14). Because ICMT appears to accept both the 

farnesyl and geranylgeranyl groups equally (48), Ras was still methylated, and thereby still 

propagated the cancerous phenotype (42,49,50). An alternative approach has been to try to develop 

inhibitors for ICMT rather than FTase (8,42,51-54). In rodents and cell lines inhibition of ICMT 

appeared to strongly decrease cancerogenic phenotypes (20,55-57). Because it was shown that 

unmethylated Ras does not associate well with the plasma membrane, ICMT has been a novel 

target proposed for the development of inhibitor drugs to help treat Ras related cancers (42,45).  

1.2 Nuclear envelope and lamin proteins 

1.2.1 Structure of nuclear envelope 

Eukaryotic cells are most distinguishable from prokaryotic cells by the presence of 

organelles, notably a nucleus. The nucleus, the cellular compartment responsible for containing 

cellular DNA, is surrounded by a double membrane, termed the nuclear envelope (NE) (Figure 

1.2). The inner and outer nuclear membranes (INM and ONM, respectively) are continuous with 

each other at sites called nuclear pore complexes (NPC) (58). The ONM is also continuous with 

the endoplasmic reticulum (ER), another organelle found in eukaryotic cells responsible for lipid 

synthesis, protein processing and cellular calcium regulation (59). While the membranes are 

continuous, the nuclear membrane contains a diverse set of proteins that are not found in the ER 

membrane (58).  

One protein group found in the nuclear membranes is the nucleoporins. These proteins 

make up the very large NPCs (40-120 MDa) to form large channels across the nuclear membrane 

(60,61). These pores allow for the passive diffusion of many water-soluble molecules, including 

proteins, RNA, and ions both into and out of the nucleus (60-63). Some nucleoporins also contain 

recognition signals for binding of nuclear import receptors, allowing for the nuclear import of 

larger proteins, like ribosomal or RNA polymerase subunits (63). 

The lamin associating polypeptides (LAP proteins) are another group of nuclear proteins 

that are found only within the INM (64). LAP proteins interact with the lamina and genetic material 

to aid in proper DNA replication, expression levels of various genes, and in the organization of the 



 

27 

chromatin. The LAP proteins include the lamina-associated polypeptide (LAP2), emerin and the 

lamin B receptor for interaction with the various lamin proteins (64). LAP proteins associate 

strongly with heterochromatin and the lamin proteins, playing a strong roll in epigenetic regulation 

(64). LAP proteins also play a role in regulation of the cell cycle and cellular proliferation (65,66). 

A third group of proteins found exclusively in the ONM are those that contain a KASH 

domain (Klarsicht, ANC-1, Syne Homology). The ONM exclusive proteins are used to properly 

position the nucleus during various stages of the cell cycle (58). These proteins are anchored to 

the membrane by a C-terminal hydrophobic region (67). These, along with the SUN proteins, 

specific LAP proteins in the INM, help transverse mechanical signals from the cytoskeleton to the 

nucleoskeleton (67). 

Lastly, the fourth group of nuclear membrane proteins are the nuclear intermediate 

filaments. Intermediate filaments lie on the nucleoplasmic side of the membrane and associate 

greatly with the INM to form the nuclear lamina (39,68-71). These intermediate filaments are 

highly involved in many regulatory processes, including the cytoskeletal arrangement of the 

nucleus, mechanosensing and signaling, and gene regulation (66,69,71-76). These proteins consist 

of a family of lamin proteins that are separated into four main types: lamin A, lamin B1, lamin B2, 

and lamin C (71). Details of this group will be covered in greater detail in Section 1.2.2.  

 

 

Figure 1.2: Nuclear membrane organization, figure created in biorender.com 
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1.2.2 Lamin proteins 

1.2.2.1 General lamin protein family qualities 

Lamin proteins are found exclusively in the animal kingdom where they are highly 

conserved. Other eukaryotes, including the S. cerevisiae, do not express them (71). There are four 

well known lamin proteins: A, B1, B2, and C (71). These four isoforms are expressed at various 

levels in different animal species (71). All the lamin proteins share similar structures and sequences 

in the N-terminal end, that contains a N-terminal head followed by a central rod domain (71). The 

tail end, consisting of the last 90 amino acids, differ greatly among lamin types (Figure 1.3A) (71). 

Lamin proteins favor the assembly of head-to-tail proto-filament oligomers and give rise to 10-13 

nm long filaments (74). Lamin proteins are believed to be the evolutionary ancestor of all 

intermediate filaments and are the only intermediate filaments in the nucleus (71,74). 

The lamin proteins function in several biological regulation pathways. One responsibility 

of the lamin proteins is that they play critical roles in transcriptional regulation as they associate 

with lamin-associated domains (LADs) in the DNA and interact with heterochromatin dense 

regions of the DNA (73,77-80). This role is believed to aid heavily in the repression of many gene 

sequences (68,73,78,79,81). It has been estimated that 30-40% of the mammalian genome consists 

of LADs and that these include a high frequency of protein-encoding regions (81). It has been 

shown in multiple studies that activation of these LAD regions by contact with the nuclear lamina, 

as well as higher rates of histone methylation, likely results in transcriptional repression of these 

protein-encoding regions (73,78,79,81). Additionally, as key components to the nuclear 

cytoskeleton, lamin proteins play a large role in proper reaction and homeostasis in responses to 

changes in mechanical forces to the cell (82).  

Lamin proteins also aid in the movement, disintegration, and reformation of the nuclear 

membrane during the cell cycle (70,83,84). While the lamin proteins are most commonly localized 

to the nuclear membrane, studies have shown that both A and C type lamins can also be dispersed 

in the nucleus (77). These nucleoplasm localized lamins are also believed to aid strongly in 

epigenetic regulation and mechanical signaling, making the lamins highly important regulatory 

proteins in the nucleoskeleton (64,77,81,85,86). 
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1.2.2.2 B-type lamins 

The B-type family of lamin, or lamin B, proteins are expressed by LMNB1 or LMNB2 at 

all stages of the cell and organism life cycle (71,74,77).  B-type lamins undergo the 

canonical farnesylation, proteolysis and methylation seen by normal CaaX proteins. The addition 

of the farnesyl group allows them to associate well with the inner nuclear membrane, where they 

remain during the cell cycle (77). It has been suggested that lamin B proteins are important for 

maintaining the integrity of the nuclear envelope, positioning nuclear pore complexes, and may 

also play a role in DNA replication and transcription (74,87). It has also been shown that lamin B 

proteins may play a critical role in the proper organization of mitotic spindles during mitosis 

(74,84). In somatic cells, B-type lamins are critical for cell survival, as their depletion causes the 

cells to undergo apoptosis, most likely due to mitotic spindles becoming defective and the inability 

to correctly form spindle poles and improper association with the chromatin (74,87). Similar to 

lamin A, the lamin B preproprotein undergoes CaaX modifications. However, unlike lamin A, 

deficiencies in the proteolysis step of CaaX processing appears to be exclusively due to 

inefficiencies of Rce1, and not dependent on ZMPSTE24 (88). 

Several diseases have been proposed to be caused by the overexpression of B-type lamins. 

The overexpression of lamin B is due to a duplication event in the chromosomes and this can cause 

many types of cancers, including  hepatocellular carcinomas, breast cancer and colorectal cancer 

(74,89-92). The overexpression of lamin B1 has also been hypothesized to disrupt the production 

of myelin and proteolipid proteins in oligodendrocytes, causing myelin breakdown in the central 

nervous system (74,93,94).  

1.2.2.3 A/C-type lamins 

Expressed in developmentally regulated temporal patterns, the lamin A and C proteins are 

both encoded by the LMNA gene (71,77). They are expressed at low levels in embryonic cells, but 

become upregulated once cells become differentiated (77). Once transcribed, the mRNA can 

undergo alternative splicing to form different lamin isoforms, lamin A or lamin C (Figure 1.3B). 

Lamin A and lamin C are nearly identical within the first 566 amino acids, but lamin A contains a 

CaaX motif and lamin C does not. In fact, lamin C does not contain the last 98 amino acids that 

are found in the C-terminus of lamin A (68,71).  
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Both isoforms expressed by the LMNA gene appear to play vital roles in many signaling 

events, including the MAPK, Wnt-ß-catenin, TGF-ß and Notch signaling pathways (68). 

Mutations in the LMNA gene often cause a group of diseases called laminopathies or progeroid 

diseases, and can display a range of phenotypic effects such as abnormalities in skeletal, cardiac, 

and adipose tissues (68). At the cellular level, these LMNA mutations are usually accompanied by 

misshapen nuclei resulting in a difficulty responding to changes in mechanical stress, especially 

in cells surrounding branching points of arteries or skeletal muscles (68). As will be discussed in 

Section 1.3, many of these phenotypes arise due to incomplete modification of the lamin A protein 

(prelamin A), notably by ZMPSTE24 

The A-type lamins, unlike the B-type lamins, can both associate with the nuclear membrane 

as well as remain soluble within the nucleoplasmic pool (66,77). It is believed that due to the lack 

of the farnesyl group on the mature protein, the A-type lamins can disassociate from the membrane 

as needed (66,77). The localization of the Lamin A/C proteins appears to be highly correlated with 

the binding of the Lamina-associated polypeptide 2α (LAP2α) that appears to help the lamins 

remain soluble in the nucleoplasm (77). 
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Figure 1.3: Lamin protein structure and alternative splicing. A) Protein structure domains and 

lengths of each of the lamin proteins (10). B) Alternative splicing variations of the LMNA gene 

result in either the prelamin A or lamin C protein (32).
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1.3 Progeroid diseases 

Progeroid diseases, or laminopathies, are an umbrella term for a class of syndromes that 

range greatly in severity. Some, like restrictive dermopathy, result in death either in utero or shortly 

after birth, while others result in milder metabolic disorders (95). These diseases occur due to 

mutations either in the LMNA gene or the ZMPSTE24 gene that result in a decreased rate of 

prelamin A processing. Symptoms usually include some combination of striated muscle defects, 

skin or bone abnormalities, and changes in fat disposition (1,16,96). 

1.3.1 Mandibulolacrual Dysplasia (MAD) 

Mandibulolacural dysplasia is an autosomal recessive progeroid disorder caused by 

heterozygous mutations in both copies of either the LMNA or ZMPSTE24 mutations (96-98). The 

disease typically onsets around 4 years of age (97). As of 2008, there had been only 27 identified 

patients with MAD, 23 contained a mutation in LMNA and 4 were due to mutations in ZMPSTE24 

(97). Mutations found in the ZMPSTE24 proteins of patients with MAD have been studied in vitro 

and have been found to retain partial activity compared to wildtype (27). This partial activity 

allows for a slower turnover of the prelamin A preproprotein, causing a mild to moderate buildup 

of the farnesylated and carboxylmethylated form of prelamin A, which is known to be toxic to 

cells (99). Mutations can also be found in the LMNA gene which result in mutated prelamin A and 

lamin A/C proteins, however the full CaaX processing and upstream ZMPSTE24 cleavage site are 

intact (99), unlike in HGPS that is discussed in further detail in Section 1.3.2.   

Symptoms of MAD present in several different tissues in the body. First, there is usually a 

large number of skeletal abnormalities including osteolysis, or degradation of the bone, clavicular 

and mandibular hypoplasia, and craniofacial abnormalities (96-98). Often, the patients are 

described as appearing “bird-like” because they have prominent eyes and a beaked nose (97,98). 

The skin usually appears with skin atrophy, alopecia, and nail dysplasia, as well as 

hyperpigmentosa (96-98). Metabolic disorders are very common, and include glucose intolerance, 

diabetes mellitus, resistance to insulin and hypertriglyceridemia (96,97). Many patients present 

one of two types of lipodystrophy. Type A, typically presented with LMNA mutations, results in 

partial fat loss from the extremities, with very prominent regions in the face and neck. Type B, 
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usually more common in the presence of ZMPSTE24 mutations, is a more generalized loss of the 

subcutaneous fat (97,98). 

1.3.2 Hutchinson-Gilford Progeria Syndrome (HGPS) 

One of the most well-studied forms of progeroid diseases is Hutchinson-Gilford Progeria 

syndrome (HGPS or progeria). Worldwide, at any time, there are about 30 cases of HGPS, 

indicating how rare this disorder is. HGPS is usually diagnosed within the first few years of life, 

and symptoms include slowed growth, hypoplasia in the face, lipodystrophy osteolysis, and 

eventually death around 13 years of age due to coronary artery disease (100,101).  

Unlike other progeroid diseases discussed here, HGPS is caused by a specific mutation in 

exon 11 (C1824T) of the LMNA gene. While this does not cause a change in amino acid (G608), 

it does create a critical splice site. This site causes the removal of 150 base pairs, or 50 amino acids, 

that includes the N-terminal cleavage site for prelamin A maturation. The CaaX motif remains, so 

the protein still undergoes CaaX processing. The farnesylated, proteolyzed and methylated product 

is unable to undergo the necessary second N-terminal cleavage to produce mature lamin A. It is 

believed that this intermediate builds up and causes the toxic effects observed (102,103). At a 

cellular level, the indicative sign of progeria is misshapen nuclei (15,37,104). This mutation is also 

known to cause changes in cellular responses to mechanosensitivitiy and changes in gene 

regulation (37,76,83,105).  

Several clinical trials are ongoing for the treatment of HGPS. The most promising of these 

use various farnesyl transferase inhibitors (FTI’s) (15,16,104,106-109). While FTI’s were shown 

to be ineffective in the treatment of Ras related cancers due to the alternate prenylation pathway, 

geranylgeranylation, prelamin A appears to show little efficiency with geranylgeranyl transferase 

(8,15,16). If the first step of the CaaX processing is prohibited, the cleaved, methylated 

intermediate is not formed, and the toxic effects are ameliorated. A 2012 study found that the 

treatment of HGPS patients with a FTI, lonafarnib, showed several improvements during the two 

year study, including: increased rate of weight gain, decreases in heart and arterial defects, 

increases in skeletal rigidity and slightly increased lifespan (110). A second clinical study, 

published in 2016, further ameliorated HGPS symptoms by combination of lonafarnib with a statin 

drug pravastatin and osteoporosis drug zoledronic acid (106). 
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1.3.3 Restrictive dermopathy (RD) 

A more severe syndrome on the progeroid disease scale is called restrictive dermopathy 

(RD). RD is characterized by thin, tight skin, loss of fat and stiff joints. Death usually occurs in 

utero or shortly after birth (35,111-114). Unlike the dominant mutation known to cause HGPS, 

RD results from either recessive homozygous ZMPSTE24 mutations, or heterozygous mutations 

in ZMPSTE24. These mutations result in a complete knockdown of ZMPSTE24 activity (35). 

Commonly, these mutations result from insertions or frameshifts in the genetic sequence of the 

ZMPSTE24 gene (35). Due to the complete knockdown of ZMPSTE24 function, the concentration 

of the farnesylated and carboxylmethylated form of the prelamin A molecule increases in the cells 

and nearly none of the mature lamin A protein is produced. This creates very dramatic shifts in 

gene regulation and cellular signaling, and results in the death of the child either in utero or shortly 

after birth (111,115).  Rare cases have also been shown to be caused by mutations in LMNA. 

Diagnosis during pregnancy by ultrasound is not very reliable as defects do not appear until well 

into the 2nd trimester. It is believed that this is due to the slow accumulation of prelamin A, resulting 

in the expression of the phenotype during the late-stages of pregnancy (35,111-115). 

1.4 Recently discovered, novel roles for ZMPSTE24 

1.4.1 HIV protease inhibitors 

One effect of ZMPSTE24 inhibition has been implicated through the side effects of several 

medications used to treat patients with human immunodeficiency virus (HIV) (30,36,116,117). 

These medications, including lopinavir and tipranavir, target the aspartyl protease of HIV 

(30,118,119). However, several of these HIV aspartyl inhibitors cause various side effects 

including lipodystrophy, a common symptom in many progeroid disorders. In addition, it has been 

shown that several of these drugs can inhibit ZMPSTE24 in vitro to levels reflecting those found 

in patients with moderate progeroid diseases (Figure 1.4). Because ZMPSTE24 is a known zinc 

metalloprotease, and there is no apparent structural similarity with the HIV aspartyl protease, it is 

unclear how these inhibitors have this effect (30,36,116,117). Therefore, a better understanding of 

the binding site of ZMPSTE24 could provide better insight into how this inhibition occurs.
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Figure 1.4: ZMPSTE24 inhibition by various HIV aspartyl protease inhibitors. The activity curves 

are shown above and the corresponding KI values are in the table below. Both figure and table 

obtained with permission from Clark, KM et al, Protein Science, 2017, 26:24.
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1.4.2 Type II Diabetes 

In 2018, it was discovered that native ZMPSTE24 may play several protective roles within 

the endoplasmic reticulum membrane (120,121). One of these roles protects against the 

aggregation of islet amyloid polypeptide (IAPP), a small peptide hormone. IAPP is co-secreted 

with insulin from ß-cells in the pancreas, and though its native function is unknown, when too 

much is expressed, IAPP forms aggregates (122-124). These aggregates are believed to be the 

cause of most ß-cell death in patients with Type II diabetes (120,123-125). It was recently shown 

that Δste24 yeast cells showed a highly decreased cell viability when an IAPP hexamer was 

expressed, suggesting that IAPP aggregation caused a decrease in cell viability (120). When these 

cells were transformed with wild-type Ste24 cell viability was restored (120). Although this was 

an indirect experiment, these data suggest that Ste24 somehow plays a role in protection against 

the effects of IAPP aggregation. In addition, the genetic sequence of patients with Type II diabetes 

was obtained and many contained mutations within the ZMPSTE24 gene (120). Several of the 

identified mutations were previously identified in progeroid disease patients (120). Taken together, 

these data suggest that ZMPSTE24 may play a role in preventing IAPP aggregation, although a 

direct mechanism has yet to be discovered. 

One proposed explanation is that ZMPSTE24 may be preventing this aggregation by a 

mechanism of “de-clogging” the translocon (Figure 1.5A). A previous study developed a 

“clogging” protein that would prematurely fold as it was moving through the translocon. This 

caused the translocon to “clog”, and causing a rapid increase in ER stress along with a decrease in 

the ability of the translocon to transport any other proteins (121). Cells that expressed higher levels 

of ZMPSTE24 showed a decrease in these effects. In addition, co-immunoprecipitation 

experiments showed that ZMPSTE24 does associate with some of the proteins within the 

translocon (121). These studies concluded that ZMPSTE24 may play a protective role against 

IAPP aggregation by helping to clear the translocon from the aggregated IAPP that would become 

stuck while moving through the translocon (120,121). While these studies looked at strong 

correlative effects, the lack of direct interaction of ZMPSTE24 with the clogging protein has yet 

to be confirmed. Both studies are relatively new findings, so many future experiments are needed 

to determine the exact role ZMPSTE24 performs with the translocon. 
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1.4.3 Viral infection 

A study published in 2017 linked ZMPSTE24 to a possible protective function against 

certain viral infections, including influenza virus (126). Fu et al  found that cells without 

ZMPSTE24 expression were significantly more susceptible to viral infection, as determined by 

fluorescence microscopy with a fluorescently tagged viral protein (Figure 1.5B). In addition, rates 

of infection by singix, vaccinia, zika and cowpox were increased in the absence of ZMPSTE24 

protein. Viruses that were unaffected by ZMPSTE24 over-expression include murine leukemia 

virus and adenovirus, indicating a protective role in some, but not all, viral infections (126). 

Additional experiments showed that ZMPSTE24 may be interacting with interferon-induced 

transmembrane protein-3 (IFITM3), as determined by co-immunoprecipitation experiments (126). 

While again the direct role of ZMPSTE24 in the function of viral protection is not yet known, 

these experiments suggest ZMPSTE24 may be much more relevant to human health than 

previously described. 

Additionally, in mid-2021 it was discovered that ZMPSTE24 may play a strong protective 

role against the novel SARS-CoV-2 virus (COVID-19) (127). Han et al showed that ZMPSTE24 

could be co-purified with IFITMs in COVID-19 infections, and that knockout of ZMPSTE24 

prevented the proper cleavage and function of ACE-2 driven immunity (127). This study 

confirmed that ZMPSTE24 interacts with IFITMs in ACE-2 driven infections, including COVID-

19 (127). Also, because ZMPSTE24 activity/expression levels are significantly reduced in patients 

within the higher risk category, including the elderly, those with obesity or metabolic disorders, 

this would help explain the higher susceptibility to severe symptoms by these patient groups. 
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Figure 1.5: Alternative functions were newly discovered for ZMPSTE24/Ste24 proteolysis. A) 

Ste24 is proposed to “de-clog” the translocon from the IAPP oligomer. Figure obtained and 

modified with permission from Kayatekin, C. et al Cell. 2018 173: 62-73. B) Cells devoid of 

ZMPSTE24 show much faster infection rates by influenza virus than those transfected with 

ZMPSTE24. The cells were stained with a DAPI dye, as well as an antibody targeting the viral 

nuclear protein (NP) that produces a red fluorescence signal. Figure under Creative Commons 

License (https://www.ncbinlm.nih.gov/pmc/articles/PMC5379977/) from Fu, BJ Exp Med (2017) 

214 (4): 919-929. 

1.5 The yeast homolog, Ste24 

1.5.1 Maturation of a-factor 

The yeast homolog of ZMPSTE24, Sterile-24 (Ste24) plays a crucial role in the maturation 

of the yeast mating pheromone a-factor (25). Yeast can undergo asexual reproduction where they 

divide similarly to prokaryotes and do not require any interaction with surrounding yeast cells. 

Alternatively, when they express the a-factor and α-factor mating pheromones in nearby yeast 

cells, yeast can undergo sexual reproduction, allowing for diploid cell formation. If the yeast cell 

is then unable to express a-factor it is unable to undergo sexual reproduction, so is termed “sterile”, 

hence the name “sterile 24” (25).  

 The a-factor peptide is translated as a 36 amino acid, prepropeptide. In a normal cell, the 

preproprotein a-factor is expressed and undergoes CaaX modifications. It is first farnesylated by 

RAM1/RAM2 at the cysteine in the CaaX box (CVIA) (9,25). Then, the C-terminal -VIA (aaX) is 

removed by either Rce1 or Ste24 resulting in a 33 amino acid peptide (4). Finally, the resulting 

https://www.ncbinlm.nih.gov/pmc/articles/PMC5379977/
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protein is methylated by Ste14 (3,25). After these CaaX modifications, Ste24 performs an 

additional cleavage to remove the N-terminal seven residues. Following the second Ste24 cleavage, 

the product is cleaved again by Axl1 to leave the mature, fully processed 12-mer with the 

farnesylated and carboxylmethylated cysteine at the C-terminus. The mature peptide is then 

secreted by the cell through Ste6 and binds to the Ste3 receptor on the outside of α-factor producing 

cells, inducing sexual reproduction (24,25).  

1.5.2 Ste24 and ZMPSTE24 are functional homologs 

Since the discovery of Ste24 in yeast, homologs have been identified across all eukaryotic 

species. The yeast Ste24 and mammalian homolog (ZMPSTE24) are both dual processing enzymes 

that reside uniquely in both the endoplasmic reticulum and inner nuclear membranes (28,29). The 

yeast homolog is often used as a model system for ZMPSTE24 as the mammalian homolog is more 

difficult to clone, express and purify as a functional protein. The only verified substrate of 

ZMPSTE24 is the mammalian protein prelamin A, while for Ste24 the only known substrate is the 

yeast mating pheromone a-factor. While the two cleavage sites in each respective substrate are 

unique, both proteins have been shown to be able to be functional substitutes for each other (25,27). 

This means that the mammalian ZMPSTE24 can be used to perform both cleavages of a-factor, 

and yeast Ste24 can be used to perform both cleavages of prelamin A (25,26). Due to the lack of 

substrate sequence specificity, how these proteins properly select each binding site is unclear.  

The crystal structures of both proteins have been solved (Figure 1.5). ZMPSTE24 was solved 

first by Quigley et al with 3.4 Å resolution (29). The structure of Ste24 came quickly after by Pryor 

et al who used Ste24 as a model to produce a structure with a 3.1 Å resolution (28). Both structures 

revealed a novel protein structure that does not match any of the known soluble zinc proteases. 

These proteins have seven transmembrane helices, all surrounding a very large chamber of mixed 

hydrophobicity. The chamber is around 14,000 Å3 and is large enough to accommodate a 10-kD 

protein or 450 water molecules.  The chamber is capped on both ends by various helices, loops 

and a mixed α-helical/ß-strand domain. Gaps, or portals, are present in the sides of the chamber 

and are believed to be sites where the substrates can enter or exit. The transmembrane helices 

(TMD) VI and VII contain the zinc metalloprotease HExxH motif (28,29).  

Pryor, et al also aligned the active site residues of a water-soluble zinc metalloprotease, 

thermolysin, to the Ste24 active site (28). This allowed for the determination of residues that are 
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suspected to aid in proper coordination/orientation of the substrate. Based on the similarities 

between the active sites, known substrates of thermolysin were mapped onto the active site of 

Ste24 to determine a proposed region for substrate binding, but other than substrate coordinating 

residues, specific residues required for binding were not determined.  

The resulting conclusion of these structures is that the novel protein shape unfortunately does 

not provide much insight into the actual mechanism of action. The lack of sequence specificity 

between substrates also does not provide much insight into how it is properly positioned within 

the large chamber to undergo two distinct proteolytic cleavages. One proposed schematic is that 

the substrate (a-factor or prelamin A) enters through a portal site in the side of the chamber, then 

exits through a portal to get methylated by Ste14 or ICMT, respectively, and then re-enter through 

either the same or a different portal site for the second N-terminal cleavage. Further studies will 

need to determine the roles of each portal site and how this affects the activity of the protein. In 

addition, a more detailed analysis of the binding site of Ste24 and ZMPSTE24 needs to be 

performed. 
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Figure 1.6: ZMPSTE24 and Ste24 both share a novel protein shape. A) The yeast Saccharomyces 

mitake Ste24 protein structure (PDB: 4IL3). B) The human ZMPSTE24 protein structure (PDB: 

4AW6). C) Both 4IL3 and 4AW6 were aligned in PyMOL Molecular Graphics System (yeast in 

green and human in cyan) and the RMSD was calculated at 1.1 angstroms.
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1.6 Statement of intent 

As discussed above, although the structure of Ste24 has been solved, many questions 

remain unanswered regarding the mechanism of action. While the only known substrate is a-factor 

and this is cleaved at two distinct sites, how Ste24 recognizes and binds to the substrate is still 

unclear. Here, the yeast Ste24 protein is being utilized as a model system for ZMPSTE24 as it is 

easier to express and purify as a functional protein. Based on the solved crystal structure there are 

several regions of interest that I hypothesize play important roles for substrate binding.  

The studies herein aim to identify specific residues or regions within Ste24 that are 

important for substrate binding during the C-terminal CaaX cleavage. A direct binding assay was 

developed that utilized microscale thermophoresis to measure direct changes in binding affinity of 

wild-type and mutant Ste24 proteins. A photoaffinity labeling-based proteomics assay was also 

developed to precisely locate the site of the prenyl group of a photoactivatable variant of a-factor 

within a hydrophobic patch lying just under a side portal of Ste24. Lastly, the conserved aspartate 

residues of Ste24 were assessed to determine their role in the proper function of Ste24. 
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CHAPTER 2. DEVELOPMENT OF ASSAYS TO IDENTIFY AND 

INTERROGATE THE STE24 BINDING SITE 

2.1 Introduction 

Structures of both the human ZMPSTE24 and yeast Ste24 have been solved (28-30). The 

human ZMPSTE24 has also been co-crystallized in the presence of an unfarnesylated CaaX 

peptide, CSIM, the CaaX sequence of prelamin A (29). These structures have led to many 

hypotheses into how ZMPSTE24 and Ste24 select and bind their respective substrates, as discussed 

below (28,30). In addition, several studies have observed how changes in the amino acid sequences 

of the substrate effect selectivity (128,129).  

Using these crystal structures and biochemical data, several regions within the Ste24 protein 

have been hypothesized to be important for substrate binding. These hypotheses are based on the 

co-crystallized ZMPSTE24-CaaX structure (29). Ste24 and ZMPSTE24 contain several portals 

opening into the chamber of the protein where the substrate is predicted to enter and exit, with the 

largest portal lying between TMD V and VI (28,29). This portal opens into the chamber near the 

canonical HExxH catalytic site within the protein. The peptide backbone of the substrate is 

suspected to bind along the amino acids surrounding the active site and those that start near this 

portal site (G255-F266). Additionally, the location of the farnesyl group during both the C-terminal 

and N-terminal cleavage are hypothesized to be in a hydrophobic patch near the C-terminus (L410 

and L413) and within TMD 2 and 3 (Y79, F87 and L139), respectively. 

One thing to note is, while the co-crystalized structure with CSIM provided strong 

information regarding the orientation of the CaaX sequence around the catalytic active site, the 

CaaX sequence did not contain the farnesyl group of the CaaX motif. Although several articles 

have proposed that the farnesyl group is not required for recognition, these studies were performed 

in vitro, and found the KM value of farnesylated substrate to be 7-fold lower than that of non-

prenylated substrates (16.4 µM vs 112.5 µM, respectively) (130). It has been proposed that the 

farnesyl group may be required more for substrate trafficking to the intracellular membranes for 

CaaX processing (130). Regardless of whether it is required for activity, we know the farnesyl 

group is present during both the CaaX and N-terminal cleavages in vivo, meaning there must be a 

hydrophobic region within the large chamber that can accommodate the farnesyl group during 

proteolysis.  
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All functionality of Ste24 amino acids thus far have been based on either structural or activity 

data. However, to determine exactly how residues play a role in substrate binding, an assay had to 

be designed that could look directly at binding affinity of Ste24. The goal of this project was to 

develop a binding assay for the C-terminal -aaXing cleavage of Ste24, and to use the assay to 

identify binding-oriented residues inside the protein. Alanine-scanning was used to mutate 

residues identified to lie in highly hydrophobic regions around the active site and in between side 

portals in the chamber. The aim was to clarify the importance of these residues in substrate binding 

by characterizing the enzymatic activity of the Ste24 variants and their ability to bind to substrate. 

The CaaX cleavage is the more well-studied activity of Ste24 and was the focus of this study. 

There are several known methods for studying substrate binding. One notable technique is 

the use of photoaffinity labeling (PAL) that utilizes photolabeling substrates to observe drastic loss 

or gain in protein-substrate interactions (131,132). This technique utilizes the structure of a known 

binding partner to act as an affinity tag. The tag is constructed to have a photoactivatable group 

allowing for a covalent bond to form between the binding partner and the target protein, as well as 

a handle for enrichment. This technique has been shown to be quite powerful in identifying 

interactions amongst proteins and their substrates (131).  

Additionally, the development of newer, small scale binding assays like microscale 

thermophoresis (MST) have greatly enhanced the ability to look at protein binding interactions 

among proteins with low expression rates and in the presence of difficult components like 

detergents and lipids (133,134). MST can be used either in addition or in place of photoaffinity 

labeling to provide insights into substrate binding, notably by the determination of specific KD 

values. Herein,  the first binding assay was used to determine specific KD values for Ste24 was 

developed using MST. In addition, by utilizing alanine-screening of the regions of interest, 

residues could be identified by their role in either catalysis, binding, or both, during the C-terminal 

CaaX cleavage of a-factor by Ste24. 

2.2 Methods 

2.2.1 Plasmids and yeast strains 

All plasmids were created from the starting pCH1283 plasmid, made by prior Hrycyna lab 

graduates. This plasmid contains a His10-HA3 tag on the N-terminus of the Ste24 gene (2µ URA3 
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PPGK-His10-HA3-Ste24). Mutant plasmids were made by traditional cloning methods (135) or by 

the Q5-site directed mutagenesis kit ® (New England Biolabs) using the primers displayed in 

Table 2.1 to make the corresponding plasmids shown in Table 2.2. Plasmids were transformed 

into the yeast strain SM3614, containing a double deletion for endogenous Rce1 and Ste24 (MATa 

trp1 leu2 ura3 his4 can1 ste24Δ::LEU2 rce1Δ::TRP1) (44). For the Ste14 protein used for activity 

assays, this was expressed in a pCH2733 (2µ URA3 PPGK-His10-Myc3-Ste14) also transformed into 

the SM3614 strain.  

For traditional cloning methods, mutant primers were designed to introduce single point 

mutations in the Ste24 gene (Table 2.1) in the pCH1283 plasmid (135). GoTaq® Green Master 

Mix (Promega) was used following manufacturer instructions, to perform a two-step PCR 

procedure to introduce the mutation of interest into the gene. The products of each PCR reaction 

were purified using the QIAquick PCR Purification Kit (Qiagen). After the final PCR step, both 

the purified PCR products and the pCH1283 vector were digested with EagI restriction enzyme 

and separated on a 1% agarose gel. The bands of interest were excised and purified using the 

QIAquick Gel Extraction Kit (Qiagen). The Rapid DNA Ligation Kit (Invitrogen) was then used 

to ligate the purified products. The ligated plasmids were then transformed into E. coli DH5α 

competent cells (Invitrogen) according to manufacturer instructions. Single colonies obtained from 

the transformation were used to grow miniprep cultures by selecting single colonies and growing 

them in 5 mL of Luria-Bertani (LB) broth containing 100 µg/mL ampicillin overnight at 37 ⁰C. 

The plasmids were harvested using QIAprep Spin Miniprep Kit (Qiagen), and the sequences were 

verified using bi-directional dye-terminator sequencing (BigDye® Terminator v3.1) by Purdue 

University Genomics Facility, or by GeneWiz sequencing center, using Sanger sequencing. The 

plasmids were then transformed into SM3614 cells using the Elble protocol (136) and grown at 30 

⁰C for two days on synthetic complete medium without uracil (SC-URA).  

Alternatively, mutant plasmids were created using the Q5-site directed mutagenesis kit ® 

according to provided instructions and primers listed in Table 2.1. Briefly, end to end primers 

were designed and used to amplify linear versions of the mutated plasmid. Then the KLD enzyme 

mix (kinase, ligase, DPNase) provided by the kit was used. The kinase adds a phosphate group to 

the 5’-end of the DNA strand, allowing the ligase to form circular plasmids. The DPNase then 

chews up the methylated template DNA and leaves only the mutated plasmids that were then 

transformed into DH5α cells (Invitrogen) where the DNA was collected by the QIAprep Spin 
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Miniprep Kit (Qiagen). The sequences were verified using bi-directional dye-terminator 

sequencing (BigDye® Terminator v3.1) by Purdue University Genomics Facility, or by GeneWiz 

sequencing center, using Sanger sequencing. The plasmids were then transformed into SM3614 

cells using the Elble protocol (136) and grown at 30 ⁰C for two days on synthetic complete medium 

without uracil (SC-URA). 
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Table 2.1: List of primers used to create the Ste24 mutant library 
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Table 2.2: List of plasmids used in the creation of the mutant Ste24 library 

 

2.2.2 Crude membrane preparation 

Crude membrane preparation was started by first inoculating a small, SC-URA culture with 

the desired Ste24 (or Ste14) strain and this culture was grown overnight at 30 ⁰C. Then 15 mL was 

used to inoculate a larger, 1 L SC-URA flask that was grown to log phase (OD600 = 3-5) then 

harvested at 4000 xg. Lysis of the cells was performed using a yeast sorbitol lysis buffer (0.3 M 

sorbitol, 0.1 M NaCl, 12 mM MgCl2, 1% aprotinin, 3 mM AEBSF, 1 mM DTT, 10 mM Tris-HCl, 
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pH 7.5) at a ratio of 1 mL lysis buffer to 800 OD600 cells. The lysis buffer was added to the cell 

pellet in a 50 mL conical tube that was then vortexed and left on ice for 15 minutes to allow the 

cells to swell. The suspension was then flash frozen in liquid nitrogen and thawed in a 29 ⁰C water 

bath, twice. Then a french press was used to further lyse and break up the membrane fractions 

using 18,000 psi twice. The resulting suspension was first centrifuged twice at 500 xg for 10 

minutes to remove cellular debris then centrifuged at 100,000 xg for 1 hour at 4 ⁰C. After the final 

centrifugation step, the supernatant was removed, and the membrane pellet was resuspended in 10 

mM Tris-HCl, pH 7.5. Protein concentration was determined using a coomassie protein assay 

using a known concentration of bovine serum albumin (BSA) as the standard curve (137). 

2.2.3 Membrane protein purification 

To purify, the crude membrane proteins were first solubilized in buffer A (0.3 M sorbitol, 

0.1 M NaCl, 6 mM MgCl2, 10 mM Tris, pH 7.5, 10% glycerol, 1% aprotinin, 2 mM AEBSF) 

supplemented with 20 mM imidazole and 1% n-Dodecyl-B-D-maltopyranoside (DDM; Anatrace) 

with rocking at 4 ⁰C for 1 hour. The suspension was then centrifuged at 100,000 xg for 45 minutes 

to remove the insoluble fractions, and the supernatant was added to Talon® Metal Affinity Resin 

(Clontech). The resin mixture was rocked at 4 ⁰C for 1 hour, then washed with five column volumes 

of buffer B (40 mM imidazole and 1% DDM in buffer A) twice, buffer C (40 mM Imidazole, 1% 

DDM and 0.5 M KCl in buffer A) once, and buffer D (40 mM imidazole, 0.1% DDM and 0.5 M 

KCl in buffer A) once. The protein was then eluted from the resin with buffer E (250 mM 

Imidazole, 0.1% DDM in buffer A). The elution was then concentrated using Amicon® Ultra 

Centrifugal Filter 30,000 MWCO (Millipore) at 4,000 xg for 20-30 minutes at 4 ⁰C  until desired 

volume was reached. Protein concentration was determined using the amido black protein assay 

using BSA as a standard curve (138). 

2.2.4 Radioactive methyltransferase-coupled diffusion assay 

The C-terminal, or -aaXing, cleavage activity of Ste24 wild-type and mutant proteins were 

determined using an in-vitro radioactive methyltransferase-coupled diffusion assay, as previously 

described (100,139). First, 0.24 µg Ste14, 0.12 µg Ste24 and farnesylated 15-mer a-factor (final 

concentration 50 µM, Figure 2.1A) were added to 40 µg E. coli Polar Lipid Extracts (Avanti). 
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Then a rapid dilution was performed with Tris-HCl, pH 7.5 to dilute the fractions 1:8 (final 100 

mM Tris-HCl). To start the reaction, S-adenosyl-[14C-methyl]-L-methionine (SAM) (Perkin 

Elmer) was added to a final concentration of 20 µM and the reaction mixtures were incubated at 

30 ⁰C for 30 minutes. The reactions were stopped by addition of a 1 M NaOH/1% SDS mixture 

(final 450 µM NaOH, 0.5% SDS), then the samples were spread onto a pleated filter paper and 

placed in the neck of a scintillation vial filled with 10 mL of Biosafe II scintillation fluid (RPI). 

The vial was capped and left for 3 hours to allow time for the [14C]-methanol, released by the 

addition of NaOH to stop the reaction, to diffuse into the scintillation fluid. The filter paper was 

then removed, and the radioactivity was quantified using a Packard TriCarb Scintillation counter. 

The specific activity was calculated from the counts per minute (CPM) and converted into pmol 

of -aaX residues cleaved per minute per mg of Ste24 protease. Reactions were set up as duplicates, 

and each set of duplicates was run in triplicate experiments. 

2.2.5 SDS-PAGE and immunoblot analysis 

For immunoblot analysis of purified Ste24, 0.05 µg pure protein (diluted in 2x SDS loading 

dye) was loaded onto a 4% stacking, 10% separating SDS-PAGE gel. The samples were stacked 

at 85 V, followed by separating at 165 V for 40 minutes. The proteins were then transferred to a 

0.45 µm nitrocellulose membrane (Cytiva Amersham ™ Protran ™ NC Nitrocellulose) at 100 V 

for 90 minutes. The membranes were then blocked overnight in 20% milk in PBST (1x PBS buffer, 

0.1% Tween-20) at 4 ⁰C, followed by 2 hours in primary antibody (mouse, α-HA at 1:15,000) in 

5% milk in PBST, then 1 hour in secondary antibody (goat-α-mouse-HRP, 1:4,000) in 4% milk in 

PBST. The bands were then visualized on a GeneGnome XRQ (SynGene) using SuperSignal™ 

West Pico PLUS Chemiluminescent Substrate (Thermo Scientific). 

To determine purity of the Ste24 proteins, pure proteins were diluted in 2x SDS, then 1 µg 

total protein was loaded onto a 4% stacking, 10% separating SDS-PAGE gel. The running 

conditions were identical to the immunoblot SDS-PAGE described above. The gel was then 

stained overnight in Coomassie Brilliant Blue (0.3 M Coomassie Brilliant Blue, 10% acetic acid, 

40% methanol) at room temperature, then destained with 10% acetic acid / 30% methanol to 

remove background. 



 

51 

2.2.6 Photolabeling assays 

First, 0.5 µg of the purified Ste24 protein was added to 125 µg of E. coli Polar Lipid Extract 

(Avanti) and incubated on ice for 10 minutes. Then, a solution of buffer, DTT and photolabeling 

probe, C10-para-a-factor (Figure 2.1B) was added to dilute the protein reconstitution by 1:6, 

resulting in a final concentration of 1 mM DTT, 50 µM probe and 100 mM Tris-HCl, pH 7.5. This 

was left to incubate on ice another 10 minutes in the dark. Then 65 µL was added to a 96-well 

plate sitting on ice under a UV lamp (365 nm), serving as the +UV, or photolabeled, sample. Then 

another 65 µL was added to a fresh tube, kept on ice but left in the dark for a -UV, unlabeled, 

sample. The samples were crosslinked under UV light (365 nm) for 30 minutes, and then 60 µL of 

both the -UV and +UV samples were added to 50 µL of a 1:1 slurry of NeutrAvidin® Agarose 

Resin (Thermo Scientific) in 800 µL RIPA/SDS/I buffer (25 mM tris-HCl, pH 7.5, 150 mM NaCl, 

1% Triton X-100, 1% sodium deoxycholate, 1% sodium dodecyl sulfate, 1% aprotinin, 2 mM 

AEBSF, 50 U/mL micrococcal nuclease, 1 mM CaCl2, and 1 mM DTT). The protein reactions and 

resin were left rocking for two hours at 4 ⁰C. The resin was then pelleted at 10,000 xg for 2 minutes 

and washed three times with 800 µL fresh RIPA/SDS/I buffer. The beads were then resuspended 

in 50 µL 2x SDS loading buffer, heated at 65 ⁰C for 30 minutes, then 10 µL was run on an SDS-

PAGE followed by an immunoblot, as described above. 

Quantification was performed using ImageJ as described in published methods 

(http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf). Briefly, rectangular bands were 

created that fit all bands in an immunoblot and the pixel measurements were counted. The pixel 

density (X) was inverted (255-X) for each of the -UV and +UV samples. The inverted -UV samples 

were then subtracted from the +UV samples to express the net values of the photolabeling signal. 

The net photolabeling signal was reported as the percentage of band intensity as compared to the 

photolabeling signal of the WT Ste24 sample. 

2.2.7 Photolabeling assay for competitive binding 

The photolabeling assay was set up similarly to the purified photolabeling assays described 

in Section 2.2.6 except with the addition of the 15-mer a-factor substrate. First, the wild-type Ste24 

protein was incubated in E. coli polar lipid extract (Avanti) with the C10-para probe, as described 

above, incubated for ten minutes, then rapidly diluted 1:6 in buffer (final concentrations: 1 mM 

http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf
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DTT, 100 mM Tris-HCl, 50 µM C10-para, 0.5 µg WT, 5.4 µg lipid) and aliquoted into eight wells 

of a 96-well plate. Then a-factor dilutions were prepared by 1:1 serial dilution in DMSO starting 

from 7.5 mM through 0.12 mM and these were added to the wells containing the photolabeling 

samples (final concentrations 1.5 µM to 100 µM, with DMSO alone being added to the final to 

mimic a 0 µM solution). The samples were incubated in the dark on ice for 10 minutes to allow 

for equilibration. 

Then a UV light was used to irradiate the samples for 10 minutes. Then 60 µL of each 

reaction was mixed with 60 µL 2x SDS loading buffer, heated at 65 °C, then 10 µL was loaded 

onto a 10% SDS-PAGE, transferred to a 0.45 µm nitrocellulose membrane. The membrane was 

blocked overnight in 20% milk in PBST at 4 °C followed by three hours at room temperature with 

NeutrAvidin-HRP® (ThermoScientific) in 5% BSA (Fisher) in PBST. The bands were then 

visualized on a GeneGnome XRQ (SynGene) using SuperSignal™ West Pico PLUS 

Chemiluminescent Substrate (Thermo Scientific). 

2.2.8 Microscale thermophoresis (MST) assay 

Purified Ste24 proteins were serially diluted 1:1 from their stock concentrations (ranging 

from 20 µM to 60 µM) in concentrated buffer E. Then, a 5-FAM linked version of the 15-mer a-

factor (Figure 2.1C) was added to a final concentration of 50 nM in each sample. These samples 

were loaded into standard capillaries for use in the Nanotemper Monolith NT.115 instrument at 

room temperature, using a 1 second, 20% initial fluorescence reading for normalization, followed 

by 15 seconds using the MST laser set at medium intensity, then 1 second after the MST laser was 

turned off. The KD values were determined using the Monolith NT.115 software, as well as a 

verification on GraphPad Prism 9 using the Total Binding, nonlinear fit analysis. Data are 

represented as the average of duplicate reads for each sample. 

Alternatively, the Cy5-labeled isostere form of a-factor (Figure 2.7) was also used to 

perform binding analysis utilizing the MST Nanotemper Monolith NT .115 instrument. Samples 

were prepared as generated by the Monolith NT .115 software. Briefly, 20 µL of the Ste24 stock 

proteins was used to perform 16, 1:1 serial dilutions of 10 µL each. Then 10 µL of the Cy5-isostere 

a-factor was added to a final concentration of 20 nM, totaling a reaction volume of 20 µL. Two 

separate MST runs were performed for each set of dilutions. 
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2.2.9 Tycho NT 1.6 for protein thermal stability 

Purified wild-type and mutant Ste24 proteins were loaded from their stock tubes directly 

into Tycho NT 1.6 capillaries from Nanotemper and loaded into the Tycho NT 1.6 instrument. The 

fluorescence ratio of 350 nm/330 nm was measured across temperatures from 30 °C up to 95 ° C. 

The inflection point (Tm) was determined by the Tycho NT1.6 software. All proteins were analyzed 

twice. 

2.2.10 Structural analysis of the Ste24 protein 

Structural analysis was performed by utilizing The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger, LLC. and analyzing the SmSte24 structure (PDB: 4IL3). The zinc ion 

was depicted as an orange sphere. Residues and modifications were selected as they became of 

interest. Hydrogen bonds were determined using the “ActionFindpolar contactsto other 

atoms in object”. Further analysis will be discussed in the legends of the figures. 



 

54 

 

Figure 2.1: Several substrates/binding partners developed by collaborators at the University of 

Minnesota were used in this study. A) 15-mer a-factor substrate used for activity assay analysis. 

B) C10-para-a-factor substrate developed by the Distefano Lab at the University of Minnesota for 

photolabeling assays. C) 5-FAM a-factor was developed by the Distefano Lab at the University of 

Minnesota for use in MST binding assays and contained an uncleavable isostere moiety. 
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2.3 Results and Discussion 

2.3.1 Activity assay data revealed the importance of several residues required for proper 

catalysis of the C-terminal -aaX cleavage of a-factor by yeast Ste24 

To begin, several residues in yeast Ste24 were selected to undergo alanine screening, or 

glycine in the case of the native residue being an alanine. These include: one of the zinc-binding 

residues in the active site (E390), residues mapped to the substrate binding site of another zinc 

metalloprotease, thermolysin, (H434, R440 and L441) (28,30), amino acids in two separate 

hydrophobic pockets (the C-terminal hydrophobic patch [L410 and L413] and the TMD 2 and 3 

hydrophobic patch [Y79, F87 and L139]), and finally residues predicted to aid in binding of the a-

factor peptide backbone  due to their location between two  possible entrance and exit sites, or 

portal sites, in the protein (G255-F266). Once created, membranes expressing these mutant Ste24 

proteins or the wildtype protein were isolated from yeast and purified to perform the presented 

analyses. All residue functions and data obtained in this chapter is summarized in Table 2.4. 

To study the activity of the proteins, a well-established methyltransferase-coupled 

proteolysis assay was utilized (100,139). This assay uses a truncated, 15 amino acid version of a-

factor that consists of the farnesyl group on the CaaX cysteine, and the active 15 amino acid 

sequence (Figure 2.1A). The 15-mer a-factor peptide is incubated for 30 minutes with both Ste24 

and Ste14, reconstituted in E. coli lipids, along with the Ste14 co-factor S-adenosyl-[14C-methyl]-

L-methionine (SAM). Ste24 first cleaves the three C-terminal -aaX residues and then Ste14, in 

excess, adds a radiolabeled 14C-methyl group to the now exposed cysteine. After the 30-minute 

timepoint a mixture of NaOH and SDS is added to quench the reaction. The SDS denatures the 

proteins and then the hydroxyl group from NaOH replaces the 14C-methoxy group added by the 

Ste14 and SAM. The sample was then spread onto a pleated filter paper and rested in the neck of 

a scintillation vial filled with scintillation fluid for three hours. During the three hours the 14C-

methanol released after reaction with the NaOH evaporates and diffuses into the scintillation vial, 

including into the scintillation fluid. The amount of 14C-methanol is then counted using a 

scintillation counter and this is used to calculate the amount of substrate turnover of the starting 

15-mer a-factor substrate. 

The results of the methyltransferase-coupled diffusion assay of each mutant are shown in 

Figure 2.2. As expected, the zinc-binding E390A mutation showed a complete knock down of 

activity, around 0% retained activity compared to the purified wild-type Ste24. It has been 
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previously shown that Ste24 function is strongly dependent on the presence of the zinc ion (140). 

Therefore, by removing a zinc-coordinating residue, E390, the catalytic function is abrogated. The 

putative substrate coordinating residues, predicted based off the structure alignment of the active 

site of Ste24 with the soluble zinc metalloprotease thermolysin, include H434, R440 and L441 

(28). All the putative substrate coordinating residues retained less than 2% activity indicating that 

all three residues are important for proper function of Ste24. 

Interestingly, a strong reduction in activity for the C-terminal hydrophobic patch is 

observed for the amino acids mutated in this region, L410A and L413A. The methyltransferase-

coupled diffusion assay specifically measures the CaaX proteolysis activity of Ste24 proteins. 

These residues were selected due to their proximity to the co-crystallized ZMPSTE24 and CSIM 

tetra peptide (29). The CSIM (CaaX sequence) aligns itself around the active site zinc but does not 

contain a farnesyl group (29). Within an appropriate distance there must be a hydrophobic patch 

able to accommodate this 15-carbon chain. The branched chain is quite flexible, but as a straight 

chain measures about 13 Å long, so the hydrophobic patch must be at most about 13 Å from the 

active site. The location of the L410 and L413 residues are about 8 Å and 10 Å away from the zinc 

ion, respectively, and are at the beginning of a large hydrophobic patch within the Ste24 protein. 

Both the L410A and L413A display less than 20% retained function, with the L410A mutation 

showing only 4.2%.  

The other hydrophobic patch that was explored resides in the TMD 2 and 3 region was 

determined in a similar way as the C-terminal, but now for the N-terminal cleavage that is 15 

amino acids upstream, or around 25 Å from the cleavage site. The residues selected in this study 

all lie on either transmembrane helix 2 or 3 in a hydrophobic region at a distance far enough away 

from the active site, about 30 Å to 37 Å away from the catalytic zinc ion, to still align the N-

terminal cleavage site at the HExxH catalytic motif. The methyltransferase-coupled diffusion 

assay utilized for this study looks specifically at the CaaX cleavage, not the N-terminal cleavage, 

so activity was not predicted to drop significantly for the mutations in this region (Y79A, F87A 

and L139A). The lowest of the three was F87A with a reduction to about 40% activity. Y79A 

showed a mild reduction of 71.7% retained, whereas L139A was the only mutant to not be 

significantly different than the wild-type protein, retaining around 100% activity. Using PyMOL 

Molecular Graphics System to examine the Ste24 structure, PDB: 4IL3, Y79 and L139 residues 

still lie relatively midway down the chamber and do not appear to be making strong intermolecular 



 

57 

interactions with nearby residues (Figure 2.4B). F87, on the other hand, lies near the end of TMD 

2 and appears to be participating in base stacking near the end of the helix, possibly adding some 

strong pi-stacking interactions and helping to stabilize the protein structure (Figure 2.4B).  

  Within the proposed binding region, a high variability of activities was observed. Using 

the PyMOL Molecular Graphics System, PDB: 4IL3, the reason for these variable activities could 

be explains. The side chains of S256, K257 and R258, retaining 45.2%, 2.4%, and 3.8% retained 

activity, respectively, all show hydrogen bonds to other amino acids within the Ste24 structure. 

S256 hydrogen bonds to the backbone of D280, K257 to the backbone of F221, and R258 performs 

two hydrogen bonds, one also to the backbone of F221, as well as another to the side chain of 

D164 (Figure 2.4C). Disrupting these hydrogen bonds could have strong effects on proper protein 

configuration, preventing proper activity. Interestingly, D164 and D280 are shown to be critical to 

Ste24 activity as well (Chapter 4), indicating disruption of either amino acid participating in these 

hydrogen bonds are required for proper Ste24 function. While other amino acids within the 

putative peptide binding region do participate in hydrogen bonds, these occur from the backbone 

of the peptide, so a change to the amino acid side chain would be less likely to disrupt these 

intramolecular interactions. 

 Residues A264 through F266 lie within 17 Å of the largest portal in the side of the Ste24 

structure and surround a large cavity region around the zinc ion, indicating the active site (Figure 

2.4D and Figure 2.4E). The A264, Y265 and F266 residues retain 30.5%, 9.2% and 18.6% 

activity, respectively, and likely play special roles in allowing the substrate to correctly enter and 

align around the zinc ion before catalysis. S260 and S262 are more active, 67.3% and 41.3%, 

respectively, and are further away from the catalytic zinc ion, more than 20 Å away, and the side 

chains do not look like they are participating in any intra-protein interactions within this cavity, so 

may not  be as strong of coordinators of substrate orientation.  

 The other three residues studied also lie within the proposed peptide binding region and 

include G255, S259, and H261. G255A represents one of the more modest mutations as there are 

no changes in intramolecular interaction, retains 51.3% activity. G255 also lies the furthest away 

from the active site, being almost 25 Å away from the catalytic zinc ion. The S259A and H261A 

both show very low activity levels (15.7%, and 8.1%, respectively). Both S259 and H261 side 

chains face inwards, towards the zinc ion where they could be responsible for hydrogen bonds or 

dipole interactions with the substrate. Both S259 and H261 amino acids are further away from the 
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zinc ion (21.1 Å and 16.6 Å, respectively) and this could provide important substrate interaction 

partners further down the substrate peptide backbone. 

 Through alanine screening, I determined residues that, when mutated, have detrimental 

effects on the activity of Ste24. However, the decrease in activity could be for several reasons: 1) 

mutation of a catalytic residue, 2) decrease in protein stability, 3) disruption of substrate binding, 

or 4) a combination of the first three. The major caveat to studying only the activity levels of the 

mutated Ste24 proteins this is that these experiments were solely looking at the activity of the 

protein. So, I needed to develop additional assays that could look directly at both protein stability 

and substrate binding.  
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Figure 2.2: Activity levels and expression levels of purified wild-type and mutant Ste24 proteins 

provide insights into important residues for Ste24 activity. A) Methyltransferase-coupled diffusion 

assay results of the purified wild-type and mutant Ste24 proteins. Bars indicate the average of 

triplicate of duplicate experiments. The dots represent the average of duplicate samples in each 

replicate and the error bars represent the standard deviation amongst the triplicates. Statistical 

significance (p<0.05) is presented by (*). B) Purified wild-type and mutant Ste24 proteins were 

run on a 10% SDS-PAGE followed by analysis by immunoblots (0.05 µg total protein, mouse-α-

HA primary, and goat-α-mouse secondary) or coomassie stains (1 µg total protein). 
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Figure 2.3: Structural analysis of Ste24 residues reveal interesting interactions and possible 

explanations for changes in activities due to mutations. Images were created in PyMOL Molecular 

Graphics System using Sacchromyces mitake Ste24, PDB: 4IL3, solved in Pryor et al, 2013. A) 

Electrostatic potential surface representation of Ste24. The zinc ion is shown as an orange sphere. 

B) Analysis of the TMD 2 and 3 hydrophobic patch. TMD2 is shown in cyan, TMD3 in blue. 

Residues mutated in the activity studies (Y79, F87 and L139) are shown as green sticks. Additional 

rings in the TMD2 structure possibly forming pi-interactions with F87 are shown as magenta sticks. 

C) The proposed binding residues (G255-F266) are shown in green and conserved aspartates 

(D164 and D280) are shown as sticks. Hydrogen bond interactions between R258/D164 and 

S256/D280 are displayed. D) Exterior surface representation of the largest Ste24 portal is shown 

in magenta and the proposed peptide binding region (G255-F266) are shown as green sticks. The 

zinc ion is shown as an orange sphere. E) Interior cavity surface area shows the opening of the 

largest portal in the Ste24 structure in magenta. Other internal cavities surrounding the proposed 

peptide binding region (G255-F266, green sticks) are shown as a gray surface. The zinc ion is 

shown as an  orange sphere. 
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2.3.2 Photolabeling assays revealed two residues that displayed different binding intensities 

than wild-type Ste24 protein 

To look at substrate binding more directly, many researchers have turned to the use of 

photoaffinity labeling (PAL), or photolabeling. This process utilizes a probe that contains three 

parts: 1) a native binding partner mimic, 2) a photoactivatable group, and 3) an enrichment handle. 

For this study, collaborators from the University of Minnesota in Dr. Mark Distefano’s lab created 

a probe termed C10-para 15-mer a-factor (Figure 2.1B). This probe contains a similar 15-mer 

based peptide backbone as our activity assay substrate in Figure 2.1A and provides the role of the 

binding partner mimic. The photoactivatable group is a benzophenone functionality within the 

hydrophobic farnesyl region, oriented in a C10-para fashion. Finally, the N-terminus of the peptide 

is linked to a biotin handle by a PEG4 group to allow for enrichment or pulldown of the 

photolabeled protein. Both the 15-mer a-factor and C10-para-a-factor substrates have a similar KM, 

8.3 ± 3 µM and 6.4 ± 1.8 µM, respectively. The Vmax values do differ slightly, with the 15-mer a-

factor showing a Vmax of 7814 ± 1043 pmol/min/mg, and the C10-para-a-factor substrate having a 

Vmax around half of the 15-mer a-factor at 3500 ±334 pmol/min/mg. The similar KM values indicate 

they are saturating Ste24 at comparable concentrations, while the large benzophenone group on 

the C10-para-a-factor may make it more difficult for the substrate to enter and properly align in the 

active site for proteolysis.  

After ensuring the probe was a substrate for Ste24, the next important requirement of the 

C10-para-a-factor probe was that this substrate-based probe would bind to a similar site within 

Ste24 as the 15-mer a-factor. A competitive photolabeling assay was performed using 50 µM of 

C10-para-a-factor and varying amounts of the 15-mer a-factor substrate (0 µM to 100 µM).  The 

reactions were then quenched with 2x SDS and run on an SDS-PAGE followed by immunoblot 

analysis with NeutrAvidin®-HRP. The NeutrAvidin®-HRP binds to the biotin tag on the N-

terminus of the C10-para-a-factor substrate. When the C10-para-a-factor photolabels Ste24 it forms 

a covalent bond with the Ste24 protein that is not affected by the denaturation of 2x SDS. The 

photolabeled protein should then react with the NeutrAvidin®-HRP to form a band at around 57 

kDa.  

As shown in Figure 2.4 as the concentration of 15-mer a-factor increases the photolabeling 

signal decreases, as would be expected if the two substrates showed competitive binding. This is 

because as the concentration of the native substrate, a-factor, increases it would bind within the 
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binding site and thereby prevent C10-para-a-factor from binding and photolabeling the Ste24. 

These data demonstrate competitive binding between the two substrates, indicating the binding 

sites between the two molecules are at least overlapping. The peptide sequence between the two 

are identical, so it is intuitive that the peptide backbone is binding in a similar position for both 

substrates. However, the larger benzophenone group could cause the lipid group to be oriented 

differently in Ste24. Both the farnesyl group and the benzophenone groups are similar distances 

from the cysteine in the CaaX motif, 13 Å and 18 Å, respectively, and are both quite hydrophobic. 

In addition, both the farnesyl and benzophenone group are at the end of a highly flexible region, 

allowing for variability in the functional group position. The hope is that even if the precise 

location of the substrates is not identical, both groups will be binding in a similar region. 

 

Figure 2.4: C10-para-a-factor binds in a competitive fashion to the Ste24 a-factor binding site. 

Samples contained 0.5 µg purified wild-type Ste24, 50 µM C10-para and varying amounts of  15-

mer a-factor. The samples were equilibrated on ice and then irradiated with UV light (365 nm) for 

30 minutes. 2x SDS was mixed 1:1 with each sample after photolabeling and the samples were run 

on an SDS-PAGE and then analyzed by immunoblot with Neutravidin®-HRP. 

At saturating conditions almost all Ste24 variants showed similar relative activity levels 

with both the C10-para-a-factor and a-factor substrates (Figure 2.5A). A few exceptions are Y79A, 

F87A, K257A, Y265A and F266A. In the case of Y79A, both substrates still resulted in high 

activity with the 15-mer a-factor retaining 71.7% activity and C10-para-a-factor being as active as 

wild-type (113% compared to wild-type activity). F87A is interesting as the activity with the native 

15-mer a-factor substrate was moderately low at 37.9% but the large hydrophobic group on the 
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C10-para-a-factor probe appeared more favorable in the F87A protein retaining 84.8% activity. 

The proposed reason for the decreased function of F87A was that the mutation might disrupt 

existing pi-interactions at the luminal side of the TMD 2 in the native protein (Figure 2.3B). The 

loss of the interaction could be increasing the flexibility of the protein slightly to accommodate 

the larger benzophenone functional group.  

While the K257A mutation did show statistically different activities between substrates, 

both were still less than 50% active (2.4% with 15-mer a-factor and 41.8% with C10-para-a-factor). 

The Y265A and F266A were both extremely more active in the presence of C10-para-a-factor 

(98.4% and 76.5%, respectively) than with 15-mer a-factor (9.2% and 30.5%, respectively). These 

residues do lie quite close to the largest portal in the Ste24 chamber. The mutation of these large 

aromatic residues could further open the portal to allow the larger benzophenone group to enter. 

Photolabeling reactions were then performed in triplicate for each mutant. In these 

experiments, the purified Ste24 proteins were reconstituted in E. coli lipids with a rapid dilution 

in the presence of C10-para-a-factor and incubated on ice for ten minutes to allow the samples to 

equilibrate and the substrate time to bind to Ste24. As an unlabeled control, half of the sample was 

kept in the dark (-UV) while the other half was photolabeled by irradiation of a 365 nm light (+UV) 

for 30 minutes. The samples were loaded onto NeutrAvidin® Agarose Resin to pulldown all 

photolabeled protein through the biotin handle on the N-terminal end of the C10-para-a-factor 

substrate. The protein was then eluted from the NeutrAvidin® Agarose resin with 2x SDS loading 

dye and run on an SDS-PAGE and analyzed by immunoblot with a mouse α-HA primary antibody 

followed by a goat α-mouse-HRP secondary antibody. 

Figure 2.5B displays representative blots for each sample, and ImageJ quantification 

values are shown in Figure 2.5C. Quantification was performed by measuring the pixel count of 

each +UV band and subtracting the number of pixels in the -UV sample as described at 

http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf. Interestingly, the E390A mutation 

showed that the photolabeling signal was double the intensity of the wild-type (WT) Ste24 signal. 

The E390 residue is known to be a zinc-binding residue characteristic of zinc metalloproteases 

(28). It is known that Ste24 is not catalytically active in the absence of zinc (140), and the data 

presented in Figures 2.2A and 2.5A display the activity levels being reduced to around 0%. This 

is a clear example that activity data is not the best indicator of substrate binding. The zinc ion in 

the active site is coordinated to three residues within the Ste24 active site, H297, H301 and E390, 

http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf
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as well as a water molecule. During catalysis, the zinc ion aids in activating the water molecule 

and forming a stabilizing coordination interaction with the intermediate (141). Removing the 

interaction of the E390 residue with zinc by mutation to alanine likely prevents the correct 

coordination state of the zinc for the reaction to proceed. However, this decrease in activity does 

not provide any direct details into the binding of the substrate. Additionally, because the substrate 

is not being turned over it could be the probe resides in the binding site longer, allowing more time 

for the C10-para-a-factor to photolabel Ste24. The only other statistically significant point is the 

H434A mutation showing only a 28% photolabeling signal compared to WT Ste24. This H434 

residue corresponds to a substrate-coordinating residue found in thermolysin (28). Loss of the 

proper substrate orientation likely causes the farnesyl and benzophenone group into a different 

location or prevents proper binding of the substrate. Either scenario would likely decrease the 

photolabeling signal observed in the immunoblot analysis.  

One big thing to keep in mind with these studies is that photolabeling does not necessarily 

directly indicate substrate binding and is not quantitative in terms of substrate binding. Changes in 

the binding site could alter the binding site just enough to alter the orientation of the a-factor based 

sequence. These small changes could cause the C10-para benzophenone to shift in place just enough 

to be out of range to crosslink nearby amino acids. In this case, the substrate is still binding but is 

less likely to photolabel. For example, the Y79A mutation maintains over a 100% activity with the 

C10-para-a-factor probe, but only shows a photolabeling signal of 51%. The C10-para-a-factor 

substrate must still be binding to the protein as the substrate turnover rate is very high, but the 

mutation in this residue could alter the position of the substrate, or slightly alter the Ste24 structure, 

enough that the photolabeling efficiency of the benzophenone group is reduced. 
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Figure 2.5: Photolabeling analysis of purified wild-type and mutant Ste24 proteins reveal small 

insights into substrate binding. A) Activity assay results comparing 15-mer a-factor and C10-para 

substrates. Dots represent the average of duplicate samples in each replicate, bars are at the average 

of three replicates, error bars represent the standard deviation. The black numbers are the percent 

activity levels with 15-mer a-factor and blue are for the percent activities for C10-para. (*) indicates 

mutations that are stasticially significant (p-value < 0.05) between both probes. B) For the 

photolabeling samples, a pulldown was performed utilizing NeutrAvidin® Agarose resin. 

Photolabeled protein was eluted from the resin with 50 µL of 2x SDS. Then 10 µL of each sample 

was used to run on a 10% SDS-PAGE followed by immunoblot analysis with mouse α-HA primary 

and goat α-mouse-HRP secondary antibody. C) Quantitation of photolabeling signals from (B) 

was quantified similar to that described at 

http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf. The bands of both the +UV and -UV 

samples were quantified with ImageJ and the -UV signal was subtracted from the +UV sample. 

Then the ratio of the mutant signal was compared to the WT Ste24 signal. The graph was created 

in Graphpad Prism 9. The bars indicate the average of three replicate photolabeling intensites, dots 

indicated individual data points and (*) indicates statistical significance (p-value < 0.05). Error 

bars display the standard deviation. 

http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf
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2.3.3 Thermostability analysis and direct substrate binding assay development gave more 

specific insights into changes in substrate binding in Ste24 

Changes in protein activity could be the result of three things: 1) changes in catalytic 

ability, 2) changes in substrate binding, or 3) changes in protein stability. To determine whether 

the observed changes in activity and photolabeling were due to protein stability the melting 

temperature (Tm) of the presented mutations were measured on a Nanotemper Tycho NT 1.6. This 

instrument utilizes a form of nano-differential scanning fluorimetry that monitors the fluorescence 

changes of tryptophan and tyrosine in the protein upon protein unfolding. Thermal stability was 

calculated using the Nanotemper Tycho NT 1.6 instrument and software, that measures the change 

in the ratio of fluorescence at 350 nm to the fluorescence at 330 nm over a range of temperatures 

from 30 °C to 95 °C. 

The thermal stability of each Ste24 variant was measured twice and the average curve is 

shown in Figure 2.6A. The Tm was quantified at the inflection point in each curve and was graphed 

in Figure 2.6B. The Tm of the wild-type protein was calculated to be 50.7 °C, which to the best of 

my knowledge is the first time the stability of the wild-type Ste24 protein has ever been reported. 

Amongst the Ste24 mutants, the range of Tm values contained the maximum, therefore more 

thermally stable, at L441A (54.9 °C) and the minimum, least stable, at R258A (46.3 °C). A change 

over 2 °C has been shown to be significant in the thermal stability of protein and protein 

interactions (142,143). Most of the Ste24 variants were only tested twice, so statistical significance 

can be misleading. However, the L441A and R258A are the two mutations that do present as 

statistically significant (p-value < 0.05) by one-way ANOVA, as determined by GraphPad Prism 

9. L441A is the only mutation showing a statistical increase in thermal stability even though the 

activity level is only about 1.7% that of wild-type Ste24. This L441 residue is suspected to aid in 

coordinating the substrate around the zinc in the active site, due to structural alignments with the 

active site of other zinc metalloproteases (28). These data indicates that the inactivity of L441A is 

not due to instability of the protein. R258A is the only mutation that was statistically significant 

on the lower end of the Tm spectrum. The activity levels of R258A are also very low, 3.8% that of 

wild-type, so the loss of stability likely contributes to lower activity levels. Other mutants more 

than 2 °C lower than the wild-type Ste24 Tm were E390A, S256A, S259A, and H261A (48.6 °C, 

48.6 °C, 47.7 °C, and 48.3 °C, respectively). Most of these mutations did have a significant loss 

of activity as well, with E390A displaying an average of less than 0% activity, H261A with 8.1%, 
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S259A at 15.7% and then S256A still retained 45.2% activity. While S256A does appear to be 

significantly less thermally stable than wildtype, it does still retain almost half of the activity of 

the wild-type protein. While the thermal stability curves indicate that half of the protein is 

denatured at 48.6 °C (Tm), because the activity assay is performed at 30 °C it could be the protein 

can still withhold enough of the proper shape to turnover substrate during the methyltransferase-

coupled diffusion assay. E390 is a zinc-coordinating residue that has been shown to be important 

for proper Ste24 catalysis (140) and removal of this stabilization of zinc-binding could cause 

instability in the protein. Both S259A and H261A also show low catalytic activity that could then 

be explained by the lower stability of the protein. The other mutations studied here (H434A, 

R440A, L410A, L413A, Y79A, F87A, L139A, G255A, K257A, S260A, A264G, Y265A, and 

F266A) did not show a drastic change in Tm, so their changes in activity levels are likely not due 

to changes in protein stability. 

The photolabeling data presented in Section 2.3.2 presented several interesting findings. 

One was that, even though E390A was completely inactive, this mutant showed a photolabeling 

signal that was more than double that of wild-type Ste24 (Figure 2.5C). This increase in 

photolabeling signal could be due to an improvement of substrate binding or it could be that the 

position of the photolabeling benzophenone group of C10-para-a-factor was shifted into a position 

that allowed a more efficient photolabeling signal. It could also be that since there is no turnover 

of the C10-para-a-factor substrate, as there is in WT Ste24, it could be the probe resides in the 

binding site longer than the wild-type protein, providing more time for the photolabeling reaction 

to occur. Development of a binding assay for Ste24 was greatly needed to determine whether the 

change in photolabeling was due directly to a change in the ability of the protein to bind to the 

substrate.  

To do this, I utilized microscale thermophoresis (MST) for Ste24 KD measurements.  MST 

works by monitoring the movement of fluorescent molecules down a slight temperature gradient. 

One of the binding partners is fluorescent and is held at a constant concentration while the other 

partner is not fluorescent and the concentration is varied. The fluorescent binding partner was 

developed by Dr. Mark Distefano’s lab at the University of Minnesota and is displayed in Figure 

2.1C. This molecule still shares the same 15-mer a-factor sequence and farnesyl group shown in 

Figure 2.1A, but also contains an N-terminal, fluorescein (5-FAM) moiety. This molecule showed 

similar kinetics (KM = 2.3 µM ± 0.7 µM, Vmax = 3932 pmol/min/mg ± 410 pmol/min/mg) to the a-
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factor substrate (KM = 8.3 µM ± 2.2 µM, Vmax = 7814 pmol/min/mg ± 867 pmol/min/mg) for WT 

Ste24 in the methyltransferase-coupled diffusion assay. Initial experiments attempted to 

fluorescently label the Ste24 protein, but issues arose at high levels of the a-factor substrate. At 

high levels (> 40 µM) the a-factor molecule starts to precipitate and causes “aggregation” readings 

in the MST. The data indicated that the substrate had to be the fluorescent molecule as this allowed 

it to be held constant at low concentrations. 

Preliminary experiments utilized the WT and E390A Ste24 proteins. Due to the increased 

photolabeling ability seen by E390A (Figure 2.5B-C) I hypothesized that the KD value may also 

be lower, indicating higher affinity, than the WT protein. As seen in Figures 2.6A-B, the WT 

protein showed a KD at a similar value to the KM (3.2 µM ± 1.1 µM) while the E390A mutant 

showed a moderately lower KD value at 0.1 µM ± 0.1 µM. This could be a result of two things. 

The first being that, as discussed before, the E390 residue is a zinc-coordinating residue. While 

the zinc residue is needed for catalysis it may not actually provide as much structural integrity as 

was previously believed and the substrate could still be binding well within the active site. The 

second factor that is likely the predominant reason, is that the 5-FAM-a-factor is still a substrate 

of Ste24. As are the cases with most enzymatic reactions, the product of the reaction has a much 

lower affinity for the protein to promote substrate turnover. Because E390A can no longer produce 

product the KD measured is solely of the substrate, while the WT KD is a combination of the 

substrate and product KD values. 

To further determine the role of the Ste24 proposed binding residues, I planned to 

supplement the mutants described in Section 2.3.1 with the E390A mutation. I began with the 

K257A mutation as this residue was also inactive (2.4% activity), thermally stable (Tm = 49.5 °C) 

and was able to be purified at a high concentration. The KD of this double-mutant was calculated 

by MST to be 2.6 µM (Figure 2.6C) . This increase in KD (or decrease in affinity) could result 

from an unknown interaction being lost between Ste24 and the substrate. The Nanotemper Tycho 

1.6 instrument was used to determine the melting temperature (Tm) of each of the WT, E390A and 

K257A single mutation. The Tm for the WT and K257A mutations were not statistically different 

(50.7 ⁰C and 49.5 ⁰C, respectively. This indicates that the K257A mutation did not significantly 

affect the structural stability of Ste24, implicating that these changes in KD are in fact due to 

changes directly in substrate binding, independent of activity. The E390A mutation did show a 
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slight decrease in thermal stability (ΔTm = -2.1 °C) but the difference was not statistically 

significant. 

A couple of problems did become apparent during these initial MST experiments. One 

problem was that there was some background fluorescence seen in the reaction buffer and purified 

protein samples. Further analysis of the components of the buffer indicated that the protease 

inhibitors used in purification of the Ste24 variants also fluoresced within the same bandwidth of 

the Nanotemper Monolith .115 blue laser that also excites the 5-FAM fluorophore. The 5-FAM 

fluorophore has a maximum excitation wavelength of 490 nm and maximum emission wavelength 

of 514 nm. The blue laser has a bandwidth from about 450 nm to 500 nm for excitation and about 

510 nm to 560 nm for the emission. Following these MST experiments, it was found that the 

protease inhibitors aprotinin and AEBSF were also able to fluoresce within this region and 

interfered with the data obtained from the MST experiments. These same components did not show 

any background fluorescence signal in the red laser that has an excitation between 600 nm and 650 

nm and an emission spectrum of about 670 nm to 720 nm. The other problem found with the use 

of the 5-FAM a-factor substrate (Figure 2.1C) was that because it is a substrate of the CaaX 

cleavage of Ste24 it is likely that the product is being formed and influencing the KD value 

measured for active strains of Ste24. This means that there was a need of a probe that was not a 

substrate of Ste24 but did still mimic the a-factor substrate, and that also would fluoresce in the 

red laser as opposed to the blue. 
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Figure 2.6: MST and thermostability experiments display direct measurements of KD and Tm 

values between Ste24 mutants. A) Purified wild-type and mutant Ste24 proteins were loaded into 

capillary tubes straight from the concentrated protein stocks, so no protein dilution was performed. 

The capillaries were then loaded into a Nanotemper Tycho NT 1.6 to measure the TM of each Ste24 

variant. Curves represent average curves of two replicates. B) TM values of Ste24 mutants obtained 

from the software of the Nanotemper Tycho NT 1.6, indicative of the inflection point of the curve. 

Dots represent values of individual replicates. * Indicates statistical significance (p<0.05). C) 20 

µL of the concentrated, purified wild-type and mutant Ste24 proteins was used to make a series of 

16, 1:1 dilutions of 10 µL volume samples in 10 mM Tris-HCl, pH 7.5. Then 10 µL of the 5-FAM 

a-factor substrate was added to a final concentration of 50 nM. The samples were then loaded into 

Nanotemper Standard Capillary tubes and loaded into the Nanotemper Monolith .115.  Microscale 

thermophoresis results demonstrate duplicate runs of WT, E390A and K257A-E390A. Calculated 

KD values are displayed above the graphs. 
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2.3.4 Use of an uncleavable substrate probe allows definition of the KD values of Ste24 

mutant proteins to be determined 

I became aware of two problems with the 5-FAM a-factor in the MST instrument. One was 

that because the probe also acted as a substrate of Ste24, the KD value observed is likely influenced 

by the KD of the product being formed during the reaction . The other problem was that the buffer 

used to purify the Ste24 variants contained protease inhibitors that also fluoresced within the 

bandwidth of the blue laser of the Nanotemper Monolith .115. Our collaborators at the University 

of Minnesota then developed a new, uncleavable probe with a red Cy5 fluorophore (Figure 2.7). 

The uncleavable probe contains an isostere group between the cysteine and valine residues of the 

CaaX sequence, meaning the carbonyl group of the linking peptide bond is reduced, leaving just 

an -NH- group between the two residues. Because the peptide backbone is lacking the carbonyl, 

Ste24 is unable to cleave the backbone in the CaaX sequence.  

 

Figure 2.7: Uncleavable Cy5-labeled a-factor probe 

With this new uncleavable probe it was possible to measure the binding of each single 

mutation in Ste24 to determine the KD values (Figure 2.8, Table 2.3) without the product 

formation. The binding constant (KD) value of the Ste24 wild-type protein was determined to be 
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1.7 µM. The KD value for the WT protein with the 5-FAM, cleavable substrate was slightly higher 

at 3.2 µM that was as to be expected. Enzymes are typically designed to have a lower affinity for 

the product of a reaction, resulting in the release of the product and binding of a new substrate 

molecule. This value is also consistent with the KM value of 8.3 µM.  

The protein concentrations of the Ste24 mutants were kept as concentrated as possible to 

try to obtain a full binding curve. However, as the concentrations of the purified proteins vary 

slightly, some were not concentrated enough to obtain a full saturation curve. Ideally, a binding 

curve would start with a protein concentration of at least 10x the concentration of the KD value. In 

the case of the wild-type protein, the KD value was determined to be about 1.7 µM, so a 

concentration of around 20 µM would be sufficient. The KD value of the other mutant Ste24 

proteins is yet unknown. By starting with a concentration of at least 60 µM hopefully at least the 

start of a binding curve could be observed. If the KD of these mutants do shift significantly, to even 

10 µM or higher, the required Ste24 protein concentration would be much higher than what has 

been obtained in our lab. Development of a better expression system is currently being designed 

with baculovirus in SF9 insects cells to attempt to improve yields of purified Ste24 mutants. 

The KD values of the Ste24 mutant proteins are unknown, so to begin testing the samples 

the Ste24 variants were used at as high of a concentration as was possible from the stock solutions. 

In Figure 2.8, the figures on the left represent the raw Fnorm data. Those that formed nearly a full 

binding curve were transformed to fraction bound using the Nanotemper Monolith .115 software 

associated with the MST instrument and used to obtain a KD value (Table 2.3). Moving forward, 

mutations that had a concentration that was too low for a full curve will be repurified at a higher 

concentration. Ideally, the development of a new expression system (baculovirus expression in 

SF9 insect cells) should allow for a concentration that is considerably higher than in yeast proteins. 

Of the catalytic and substrate coordinating residues (Figure 2.8 A and B), the E390A 

mutation was the only one to form a full concentration curve and displayed a KD of 0.5 µM, similar 

to that seen with the 5-FAM a-factor substrate (Figure 2.7C). While statistical significance cannot 

be determined due to this being of only two replicates, it does support the photolabeling data from 

Figure 2.4 B and C. The photolabeling signal was almost double the intensity of the WT Ste24 

protein and the KD calculated here was less than half the value shown in WT. However, the 

standard deviation of the two KD values for wild-type and E390A do overlap, so no direct 

conclusions can be made yet. The other two mutations that were also transformed to fraction bound 
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(H434A and L441A, Figure 2.8B) were included to show what the curves look like when the 

concentration is not high enough to get a full curve. The software did suggest the KD values of 

H434A and L441A were 9.8 µM and 7.6 µM, respectively, because there is not an inflection point 

reached in the curve this is a very rough estimate. If these estimated KD values are correct, a starting 

concentration of 100 µM and 80 µM, respectively, would be the ideal minimum to achieve a full 

binding curve. However, the L441A mutation was the most stable variant of Ste24 measure, with 

a Tm of 54.9 °C, while being completely inactive (1.7% relative activity to WT). L441 has been 

proposed to be an important substrate-coordinating residue based on structural alignments between 

the active site of Ste24 and another well-studied, soluble zinc metalloprotease, Thermolysin (28). 

Likely, the L441A mutation is then inactive due to changes in substrate binding. 

Within the hydrophobic patches there were two mutations that stood out. Within the C-

terminal hydrophobic patch, the L410A mutation showed a nearly full binding curve in the fraction 

bound, as it did make it past the inflection point of the curve. Again, this is a rough estimate as 

there was not a full curve obtained, but the KD value, 3.8 µM, was slightly higher than WT, 

indicating a possible decrease in binding affinity. The L410A mutation did show an increase in 

thermal stability and also significantly decreased the activity to about 4% compared to WT (Figure 

2.6B and Figure 2.2A). The slight decrease in binding affinity could be the cause for the complete 

loss of -aaX activity as it was shown to still be a stable protein by nano-DSF. Additional replicates 

are required, as well as a higher L410A concentration, to obtain a full binding curve to confirm 

this shift in KD. The L139A mutation from the TMD 2 and 3 hydrophobic patch showed a much 

better affinity for the substrate than the wild-type protein, though the error of the data points was 

higher. This was the only mutation that retained an activity level comparable to the wild-type 

(Figure 2.2 A), indicating it likely is binding at least on par to the wild-type protein. 

For the proposed peptide binding region, the only mutation to obtain a full curve was the 

G255A mutation. The KD value was slightly lower, but still close to the wild-type protein. The 

activity of the G255A mutation was around 55% the activity of the wild-type Ste24 protein. The 

thermostability of the mutation was almost identical to the wild-type (WT at 50.7 °C and G255A 

at 50.9 °C), so this change in activity is not due to the stability of the protein. This is a clear 

example of the problem when researchers use activities of proteins to estimate binding. The G255A 

mutation binds to the substrate just as well as the wild-type protein, but then loses around half the 



 

77 

activity. The glycine residue then must play a role that benefits the activity of the protein in 

catalysis without an interaction with the binding of the a-factor substrate.  

While the photolabeling signal of G255A was lower than the WT protein, there is a 

significant limit with photolabeling assays. As discussed in Section 2.3.2, slight changes in 

substrate orientation can cause drastic changes in the photolabeling signal, especially because the 

benzophenone group is attached at a large flexible region. A small change in orientation of 

substrate, that does not affect the binding, could be causing the benzophenone to orient slightly 

away from a nearby residue to photolabel. 

The other two mutations in Figure 2.8H (S256A and R258A) were included to show an 

incomplete binding curve of these mutations to indicate the range of the KD values that could be 

obtained by this binding assay. The Nanotemper Monolith .115 software does estimate the KD 

values of S256A and R258A to be 20.8 µM and 60.8 µM, respectively. This was very exciting as 

it indicates that the range of KD values amongst these Ste24 mutations could differ by almost 10-

fold. By increasing the starting concentration of the purified Ste24 proteins this MST assay should 

be able to explore this large range of KD values of these mutations. Currently, the expression 

system in yeast does limit the amount of protein that can be obtained to the 20 µM – 40 µM range. 

A better expression system is being developed in baculovirus that should allow higher expression 

levels of the Ste24 protein, allowing for a higher concentration of protein after purification. This 

will aid in obtaining full binding curves, and thereby KD values of all the Ste24 mutants. 
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Figure 2.8: Development of an MST binding assay allows for the determination of the KD of 

multiple Ste24 mutants. 20 µL of the concentrated, purified wild-type and mutant Ste24 proteins 

was used to make a series of 16, 1:1 dilutions of 10 µL volume samples in 10 mM Tris-HCl, pH 

7.5. Then 10 µL of the Cy5 isostere a-factor substrate was added to a final concentration of 20 nM. 

The samples are then loaded into Nanotemper Standard Capillary tubes and loaded into the 

Nanotemper Monolith .115.  Microscale thermophoresis results demonstrate duplicate runs of the 

same reaction samples. A) The raw data of Fnorm of the zinc-binding mutant E390A as well as the 

substrate-coordinating residues. B) Fraction bound conversion of the mutations from (A) showing 

at least a partial binding curve. C) The raw data of Fnorm of the C-terminal hydrophobic patch 

mutations. D) Fraction bound conversion of the mutations from (C) showing at least a partial 

binding curve. E) The raw data of Fnorm of the TMD 2 and 3 hydrophobic patch mutants. F) Fraction 

bound conversion of the mutations from (E) showing at least a partial binding curve. G) The raw 

data of Fnorm of the predicted peptide binding mutations. H) Fraction bound conversion of the 

mutations from (G) showing at least a partial binding curve. 
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Table 2.3: KD values of Ste24 mutants that showed at least a nearly full binding curve in the Fnorm 

from Figure 2.8 

 

2.4 Conclusion 

Taken together, the alanine-screening mutagenesis has revealed a lot of information about 

the Ste24 substrate binding region (Table 2.4). Activity assays revealed Ste24 variants that had 

reduced or abrogated catalytic activity that could possibly be explained by hydrogen bonding 

interactions, presence of pi-pi interactions, or removal of catalytic/substrate-coordinating 

interactions. However, this did not present details specifically about substrate binding, and in 

photolabeling analyses, a lot of these residues (E390 notably) did not match the changes in activity. 

While the photolabeling studies did provide some information, like H434A, L441A,  F87A and 

L139A showed consistency between activity and photolabeling, indicating changes in binding, 

other mutations did not (Y79A).  

The development of a direct binding assay utilizing MST has allowed for the direct analysis 

of changes in binding affinity of several Ste24 mutants. While many of these experiments need to 

be repeated with a higher concentration of Ste24 protein, several mutations did present as full 

binding curves and the need for a binding assay for Ste24 was successfully satisfied. For example, 

the G255A mutation showed similar thermal stability to WT but only retained about 50% of the 

activity. This could have been due to either a change in substrate activity, or a change directly in 

enzymatic activity. The KD value of G255A was similar to the WT protein, indicating that this loss 

of activity must be mostly due to a change in activity directly, and not due to an interaction with 

the substrate. On the other hand, the L410A and L441A mutations showed a more stable protein 

than wild-type Ste24 but also a lack of activity. For these two mutations the change in KD from the 
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binding assay displays that the change in catalytic ability of these Ste24 variants is due to the 

change in substrate binding, specifically. 

Though many of these mutated proteins will need to be repeated at higher concentrations, 

there was clear success in the development of a Ste24 binding assay. This MST assay for Ste24 

displays the ability to measure a wide range of KD values, from at least the 0.1 µM to 60 µM range. 

While it does require a high concentration of Ste24 protein, the development of a better expression 

system should help to obtain this requirement. 
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Table 2.4: Summary of all activity, photolabeling, thermostability and binding affinity values 

obtained in Chapter 2. As most of the photolabeling signals were not statistically significant, only 

those that were significant are indicated. The KD values presented are only of those that had a 

nearly complete or saturating binding curve. 
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2.5 Future directions 

1) Repeat triplicate experiments with all Ste24 mutant proteins with MST and the Cy5 isostere 

2) Develop a new expression system to obtain higher concentrations of the Ste24 mutants to 

obtain full binding curves for each 

3) Create additional mutations that replace the native amino acid with other residues that are 

not alanine 

a. Y265F, to determine whether it is the aromatic functionality or the hydrogen bond 

of the tyrosine that affects the activity and substrate binding 

b. F266Y – to determine whether the aromatic group is necessary and whether 

addition of the hydroxyl group disrupts this effect, especially since it lies next to 

the Y265 residue near the portal 

c. L410F and L413F – to determine whether a larger hydrophobic group here could 

enhance the binding of the farnesyl group 

d. Mutations which alter charge states, for example mutating K257D or K257E, 

R258D or R258E, to determine whether the positive charges at these amino acids 

are required for proper substrate turnover 

4) Triplicate values for the Tm of each mutant 

5) Determine whether the Cy5 isostere is cleaved at a different site by Ste24 by incubating 

the substrate with Ste24 at 30 °C and then running the reaction on a UPLC-MS to determine 

whether the substrate is altered.  
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CHAPTER 3. ELUCIDATION OF THE LIPID BINDING SITE FOR 

THE FARNESYL GROUP DURING THE -AAXING CLEAVAGE BY USE 

OF TANDEM MS/MS 

3.1 Introduction 

CaaX processing is a common post-translational pathway that likely modifies hundreds of 

proteins in the cell (1,25,39-41,144). Examples of proteins that undergo CaaX processing include 

the Ras family of proteins, lamin proteins and yeast mating pheromone peptides. CaaX proteins 

end in a CaaX motif, that is defined as a cysteine, two aliphatic residues, and one of many different 

residues. The post-translational modification of CaaX proteins follows the same general scheme 

(Figure 1.1A) where the protein or peptide is first lipidated at the C-terminal cysteine with the 

addition of either a farnesyl or geranylgeranyl group, then cleaved by proteases to remove the three 

C-terminal -aaX residues, followed by methyl esterification of the now exposed, lipidated cysteine 

(19,25,144). 

The yeast protease Ste24 is known to act upon the mating pheromone a-factor in this post-

translational pathway. The necessity of the farnesyl group added to the cysteine during the CaaX 

processing of a-factor has been debated, as the mammalian homolog was shown to be able to 

cleave the native substrate prelamin A without the farnesyl group present in vitro, as shown by 

mass spectrometry and fluorescence-based kinetic analysis (130,145). In this study, while they did 

show that the non-farnesylated substrates could be acted upon by purified Ste24 the KM values 

were greatly increased by around 10-fold between farnesylated and non-farnesylated substrates 

(130). Regardless of whether farnesylation is required for proteolysis by Ste24, in vivo both a-

factor and prelamin A precursors have been detected as farnesylated substrates (25).  

Whether or not it is required specifically for binding, the farnesyl group is a 15-carbon long 

lipid chain. The interior of the Ste24 protein is a large chamber capable of accommodating a 15 

kDa protein (28) . The amino acid residues lining the inside of the chamber are of mixed 

hydrophobicity with a high propensity for charged residues (28). A large hydrocarbon attached at 

the residue of the C-terminal CaaX cleavage must have a location within the chamber to 

accommodate such a large hydrophobic attachment. A co-crystallized structure of ZMPSTE24 and 

the corresponding, non-farnesylated, prelamin A CaaX sequence (CSIM) has been published and 

does help to display that the CaaX peptide does appear to orient around the zinc residue, indicating 
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the location of the active site (29). However, this co-crystallization was performed utilizing the 

tetra-peptide without the attachment of a farnesyl group. The authors note that the peptide is 

aligned at the incorrect peptide bond around the zinc ion in the active site, orienting between the 

S/I site rather than the C/S site (29). This misalignment could be due to the small size of the peptide 

or could be due to the lack of the farnesyl group. Determining where this lipid group is located 

during the -aaX cleavage should help to predict the alignment and orientation of the substrate 

peptide during CaaX proteolysis. 

Determining the location of the lipid group can be difficult in typical structural techniques, 

such as crystallization and electron microscopy, due to the highly flexible characteristics of the 

farnesyl attachment. Because of this, any crystal structures determined with a substrate in 

mammalian ZMPSTE24 or yeast Ste24 have lacked the farnesyl group. One technique that could 

be quite useful, and has quickly become a useful technique in proteomics, is the use photoaffinity 

labeling (PAL) (131,146,147). The probes for PAL consist of three things: 1) an affinity group 

based on the native substrate to properly bind to the protein of interest, 2) a photoactivatable group 

capable of forming radical compounds to create covalent bonds with the protein of interest upon 

irradiation, and 3) a handle to allow for enrichment of the photolabeled protein-substrate complex. 

The sample is subsequently digested and run on a tandem LC-MS/MS instrument, followed by 

software analysis to determine the precise location of the covalent bond formed between the 

photoactivatable probe and the protein of interest. This technique has become very useful in 

determining the sites of interaction between proteins and either other proteins, peptides, or small 

molecules (131,146,147). 

Herein, I utilized PAL with a photoactivatable version of a-factor, here termed C10-para-a-

factor designed by collaborators at the University of Minnesota. The affinity group is a 15-amino 

acid sequence with the photoactivatable group, benzophenone, attached in a C10-para fashion 

within the farnesyl moiety, and the enrichment handle is a biotin tag attached to the N-terminal 

end by a PEG4 linker (Figure 2.1B). The purpose of this study was to identify the site of the 

covalent linker formed during the photolabeling reaction with WT Ste24. Locating the attachment 

site of the photoactivatable, modified farnesyl group would provide insight into the location of the 

farnesyl group during the -aaXing cleavage reaction. 
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3.2 Methods and Materials 

3.2.1 Plasmids and yeast strains 

The pCH1283 plasmid (Table 2.2) contains a His10-HA3 tag on the N-terminus of the ste24 

gene (2µ URA3 PPGK-His10-HA3-Ste24). The plasmid was transformed into the yeast strain 

SM3614, containing a double deletion for endogenous Rce1 and Ste24 (MATa trp1 leu2 ura3 his4 

can1 ste24Δ::LEU2 rce1Δ::TRP1) (44).  

3.2.2 Crude membrane preparation 

Crude membrane preparation was started by first inoculating a small, synthetic complete 

supplement mixture without uracil (SC-URA) culture with the pCH1283 (WT) Ste24 strain that 

was grown overnight at 30 ⁰C overnight. Then 15 mL was used to inoculate a larger, 1 L SC-URA 

culture and was grown to log phase (OD600 = 300-500) then harvested at 4000 xg. Lysis of the 

cells was performed using yeast sorbitol lysis buffer (0.3 M Sorbitol, 0.1 M NaCl, 12 mM MgCl2, 

1% aprotinin, 3 mM AEBSF, 1 mM DTT, 10 mM Tris-HCl, pH 7.5) at a ratio of 1 mL lysis buffer 

to 800 OD600 cells. The lysis buffer was added to the cell pellet in a 50 mL conical tube and then 

vortexed and left on ice for 15 minutes to allow the cells to swell. The suspension was then flash 

frozen in liquid nitrogen and thawed in a 29 ⁰C water bath, twice. Then a french press was used to 

further lyse and break up the membrane fractions using 18,000 psi twice. The resulting suspension 

was first centrifuged twice at 500 xg for 10 minutes to remove cellular debris then centrifuged at 

100,000 xg for 1 hour at 4 ⁰C. After the final centrifugation step, the supernatant was removed, 

and the membrane pellet was resuspended in 10 mM Tris-HCl, pH 7.5. Protein concentration was 

determined using a coomassie protein assay using a known concentration of bovine serum albumin 

(BSA) as the standard curve (137). 

3.2.3 Membrane protein purification 

To purify the wild-type Ste24 from the crude membrane samples, the protein was first 

solubilized in buffer A (0.3 M sorbitol, 0.1 M NaCl, 6 mM MgCl2, 10 mM Tris, pH 7.5, 10% 

glycerol, 1% aprotinin, 2 mM AEBSF) supplemented with 20 mM imidazole and  1% n-Dodecyl-

B-D-maltopyranoside (DDM, Anatrace) with rocking at 4 ⁰C for 1 hour. The suspension was then 

centrifuged at 100,000 xg for 45 minutes to remove the insoluble fraction, and the supernatant was 
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added to Talon® Metal Affinity Resin (Clontech). The resin mixture was rocked at 4 ⁰C for 1 hour, 

then washed with five column volumes of buffer B (40 mM imidazole and 1% DDM in buffer A) 

twice, buffer C (40 mM Imidazole, 1% DDM and 0.5 M KCl in buffer A) once, and buffer D (40 

mM imidazole, 0.1% DDM and 0.5 M KCl in buffer A) once. The protein was then eluted from 

the resin with buffer E (250 mM imidazole, 0.1% DDM in buffer A). The elution was then 

concentrated using Amicon® Ultra Centrifugal Filter 30,000 MWCO (Millipore) at 4,000 xg for 

20-30 minutes at 4 ⁰C  (until desired volume was reached, about 250 µL). Protein concentration 

was determined using the amido black protein assay with a known concentration of BSA for a 

standard curve (138). 

3.2.4 Photolabeling of purified Ste24 for use in tandem ESI-MS-MS  

Photolabeling of purified Ste24 was performed similar to that in Section 2.2.6 except 

without the use of lipids to aid in sample compatibility with downstream ESI-MS-MS 

experimentation. First, 20 µg of purified wild-type Ste24 enzyme was incubated with 50 µM C10-

para-a-factor in 100 mM Tris-HCl pH 7.5 and 1 mM DTT. The sample was then irradiated with 

UV light (365 nm) for 30 minutes on ice. The sample was dried with a vacuum centrifuge and the 

pellet was washed three times with cold 80% acetone to remove contaminants. Residual acetone 

was removed at 65 °C until dried, about 10 minutes. The samples were then used for reduction, 

alkylation and digestion as described in Section 3.2.5.  

3.2.5 Reduction, alkylation, and enzymatic digestion of photolabeled Ste24 

Following photolabeling, the sample was prepared for ESI-MS-MS by reduction, 

alkylation, and digestion. First, the sample pellet was incubated with 10 µL of 10 mM DTT in 8 

M urea at 700 rpm and 37 °C for 1 hour to reduce all disulfide bonds. Then the free thiols were 

alkylated by addition of 10 µL of the alkylation solution (0.5% TEP and 2% IEtOH in acetonitrile) 

and at 37 °C and 700 rpm. The sample was then split into two tubes, one for each digestion enzyme, 

and dried in a vacuum centrifuge to remove reagents from the alkylated sample. 

The pellet was dissolved in 20 µL of 25 mM ammonium bicarbonate (ABC) followed by 

addition of 50 µL of a Trypsin/Lys-C digestion mixture or Chymotrypsin (2.5 µg total digestion 

enzyme). The samples were digested first in a barocylcer (50 sec at 20 kpsi, then 10 sec at atm, 60 
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rounds, 55 °C). Then another 5 µL of each digestion enzyme was added and the samples were left 

to digest overnight at 37 °C and 700 rpm. Digested peptides were isolated by use of 

UltraMicroSpin C18 columns (3-30 µg capacity, BIOZ) according to manufacturer protocols. The 

samples were dried again in a vacuum centrifuge and submitted to the Purdue Proteomics Facility. 

3.2.6 Tandem MSMS of digested samples 

Samples were analyzed in the Dionex UltiMate 3000 RSLC nano System (Thermo Fisher 

Scientific, Waltham, MA, USA) coupled to the Q-Enactive High-Field (HF) Hybrid Quadrupole 

Orbitrap MS (Thermo Fisher Scientific, Waltham, MA, USA) as described previously (148-150). 

Peptides were re-suspended in 3% ACN/0.1% Formic Acid (FA)/96.9% MilliQ, and about 1μg 

(equivalent volume) was used for LC-MS/MS analysis. Peptides were loaded into the trap column 

(300 μm ID × 5 mm) packed with 5 μm 100 Å PepMap C18 medium using a flow rate of 5 μL/min 

with 98% purified water/ 2% ACN/0.1% FA and washed for 5 min. Peptides were then separated 

using a reverse-phase Acclaim PepMap analytical column (Thermo Fisher Scientific, Waltham, 

MA, USA) packed with 2 μm of 100 Å C18 medium (75 μm × 50 cm) using a 130-min method at 

a flow rate of 150 nL/min. The mobile phase A consisted of 0.1% FA in water and mobile phase 

B consisted of 0.1% FA in 80% ACN. The linear gradient started at 2% B, switched to 8% B in 

5.1 min, and reached to 27% B in 80 min, 45% B in 100 min, and 100% B in 105 min. At this 

point, concentration of B was held constant at 100% B for 7 min before reverting to 2% B in 112 

min and maintained at 2% B until the end of the run. The column temperature was maintained at 

50°C. MS was operated at positive ion mode with default charge of 2+ and data were collected 

with a Top 20 data-dependent acquisition method with a maximum injection time of 100 ms, a 

resolution of 120 000 at 200 m/z, AGC of 3 ×106, scan range of 350-1600 m/z for MS1. 

Fragmentation of precursor ions was performed by high-energy C-trap dissociation (HCD) with 

the normalized collision energy of 27 eV. MS/MS scans were acquired at a resolution of 15 000 at 

m/z 200, AGC of 1 ×105, maximum injection time of 20 ms. The dynamic exclusion was set at 15 

s to avoid repeated scanning of identical peptides, and chromatographic peak width was 

maintained at 15 s. 
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3.2.7 Analysis of MSMS .RAW data for photolabeled Ste24 

The .RAW files for the photolabeled and unlabeled samples were loaded into PEAKS 

Studio X Pro and were set for a search allowing for: 1) a mass tolerance of 0.02 Da, 2) a specific 

enzyme digestion with trypsin or chymotrypsin allowing for up to 2 missed cleavages. Different 

PTM conditions were explored, depending on the sample prep: 1) Raney nickel addition of C10-

para (+348.21), 2) full C10-para probe (+2512.3), 3) trypsinized C10-para (+1522.76), 4) -aaXed 

C10- para (+2244.13), 5) trypsinized and -aaXed C10-para (+1239.57), 6) chymotrypsinized C10-

para (+1033.52), and 7) chymotrypsinized and aaXed C10-para (+750.33) and all of these also with 

the loss of water (+ 330.19, +2494.28, +1504.74, +2226.11, +1221.55, +1015.5 and +732.31 

respectively). A fixed modification of carbamidomethylation on cysteine residues (+57.02) was 

also set due to the alkylation step with iodoethanol. The database used was a .fasta file containing 

the N-terminal His10-HA3-Ste24 protein, 15-mer a-factor peptide sequence, trypsin, and Lys-C 

protein sequences. Label-free quantification was performed between the two samples. 

3.2.8 Structural analysis of Ste24 

Structural analysis was performed by utilizing The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger, LLC. and analyzing the smSte24 (PDB: 4IL3). The zinc ion was colored 

in orange. Residues were selected as they became of interest and colors were modified from there. 

Further analysis will be discussed in the legends of the figures. 

3.2.9 Photolabeling efficiency assay 

To determine the efficiency of the photolabeling reaction, the samples were set up in a 

similar fashion as Section 2.2.6. The wild-type Ste24 protein was reconstituted in E. coli  polar 

lipid extract (Avanti) to a final reaction concentration of 100 mM Tris-HCl pH 7.5, 1 mM DTT, 

50 µM C10-para, 0.5 µg WT Ste24 and 50 µg lipid. Then 60 µL was initially taken to serve as the 

time = 0 min control and loaded onto 50 µL of a 1:1 slurry of NeutrAvidin® Agarose Resin 

(ThermoScientific) in RIPA/SDS buffer (1% SDS, 1% Sodium deoxycholate, 1% Triton X, 150 

mM NaCl, 25 mM Tris-HCl pH 7.5) supplemented with 1% aprotinin, 2 mM AEBSF, 50 U/mL 

micrococcal nuclease, 1 mM CaCl2 and 1 mM DTT (RIPA/SDS/I). Then the stock reaction was 

aliquoted into seven different wells in a 96-well plate and irradiated with UV light (365 nm) and 
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aliquots were taken at different time points (0 min, 1 min, 5 min, 10 min, 20 min, 30 min, and 40 

min) and loaded directly onto NeutrAvidin® Agarose Resin in RIPA/SDS/I buffer. Additional 

RIPA/SDS/I buffer was added to improve turnover and the samples were rocked for 2 hours at 4 

°C. Then the supernatant was collected from each time point and precipitated with TCA (final 

concentration 20% TCA). The precipitated protein was then redissolved into 200 µL 2x SDS. The 

resin was washed once with fresh RIPA/SDS/I and then resuspended in 50 µL 2x SDS. All SDS 

samples were then heated at 65 °C for 30 minutes to fully denature the protein. 

Then 10 µL of supernatant and resin samples were run on separate 10% SDS-PAGE gels 

followed by transfer to a 0.2 µm nitrocellulose membrane. The membranes were blocked overnight 

in 20% milk in PBST (1x PBS buffer, 0.1% Tween-20) at 4 ⁰C, followed by 2 hours in primary 

antibody (mouse, α-HA at 1:15,000) in 4 % milk in PBST, then 1 hour in secondary antibody 

(goat-α-mouse-HRP, 1:4,000) in 4 % milk in PBST. The bands were then visualized on a 

GeneGnome XRQ (SynGene) using SuperSignal™ West Pico PLUS Chemiluminescent Substrate 

(Thermo Scientific). 

3.2.10 Enrichment of photolabeled Ste24 for tandem MSMS 

Multiple aliquots of WT Ste24 were photolabeled simultaneously (20 µg each, 260 µg 

total) according to the procedure in Section 3.2.3. The samples were crosslinked under UV light 

(365 nm) for 30 minutes, and then 60 µL to 50 µL of a 1:1 slurry of NeutrAvidin® Agarose Resin 

(ThermoScientific) in 800 µL 1x PBS. The samples were left rocking for two hours at 4 ⁰C. The 

supernatant for all aliquots were combined and added to one reaction flask to serve as a 

flowthrough, or unlabeled, control. The resin was then pelleted at 10,000 xg for 2 minutes and 

washed three times with 800 µL fresh PBS buffer. Residual supernatant was removed and all the 

resin aliquots were combined and added to a second reaction flask. 

Then to each reaction flask, about 200 mg of the thioether-hydrogenation catalyst Raney®-

Nickel slurry (Sigma Aldrich) was added along with a stir bar. The reaction was set up under a H2 

atmosphere overnight at room temperature. In the morning, imidazole was added to a final 

concentration ~1 M and incubated for 30 minutes to release the N-terminal His-tag of the Ste24 

protein from the nickel in the catalyst. The sample was then run through a gravity column, along 

with addition of another 1 mL of 1 M imidazole. The sample was concentrated slightly through a 

Amicon® Ultra Centrifugal Filter 30,000 MWCO (Millipore) at 4,000 xg to remove the imidazole, 
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then dried in a vacuum centrifuge followed by reduction, alkylation, and digestion, as described in 

Section 3.2.5 with just a trypsin/Lys-C digestion. 

3.3 Results and Discussion 

3.3.1 Near full sequence coverage of Ste24 was obtained using parallel trypsin/Lys-C and 

chymotrypsin digestions 

Obtaining nearly full sequence coverage of proteins, especially with transmembrane 

proteins, can be quite difficult. To be detected by the ESI-MS/MS instrument, the digested peptides 

must be charged and at a sufficient mass to charge ratio to be detected within the range of the 

instrument. Transmembrane proteins tend to have very long peptide regions that are highly 

hydrophobic. The lack of charged residues makes it difficult for these peptides to ionize properly 

and can make obtaining multiple charge states quite problematic. As these sections are usually 

quite long and cannot obtain a high charge state, many of the peptides tend to be outside the m/z 

range of detection of the instrument.  

Two of the most utilized proteases for the digestion of proteins for tandem MS/MS are 

trypsin and chymotrypsin. Trypsin digests proteins on the C-terminal side of arginine and lysine 

residues (except when next to a proline). Trypsin is very common as a digestion enzyme as it 

ensures each peptide has at least one positive charge. The only problem seen with using this 

protease in the Ste24 digest is that the transmembrane domains have few lysine and arginine 

residues, making these hydrophobic peptides very large and likely outside of the detection limit 

unless a multiple charge state is obtained. Lys-C is a protease often used in tandem with trypsin as 

it also cleaves on the C-terminal side of lysine but is not restricted by the presence of proline.  

Chymotrypsin is also very common, especially for transmembrane proteins. The cut 

specificity is not as restricted as trypsin, as it cuts preferentially on the C-terminal side of large 

hydrophobic residues (tryptophan, tyrosine, and phenylalanine) and can also cleave on the C-

terminal side of leucine and methionine at a slower rate. Ste24 does contain many more cut sites 

for chymotrypsin than trypsin, but there were a couple cons for this protease selection. The first is 

that the specificity of the protease does not ensure a positively charged residue on the peptide. The 

other is that the transmembrane regions have so many chymotrypsin cut sites that the problem is 

on the opposite end of the spectrum as trypsin in that the peptides are too short and below the size 

detection limit of the instrument. 
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Often, the best way to obtain the highest sequence coverage of a protein is to utilize several 

digestion enzymes. Initial experiments began with 10 µg of Ste24 protein run on a 10% SDS-

PAGE gel. The gel was stained with coomassie stain and the pure Ste24 bands were cut out of the 

gel and destained using a 1:1 solution of 25 mM ammonium bicarbonate (ABC) : 100% acetonitrile 

(ACN). The gel pieces were then dried in 100% ACN followed by running the tubes in a vacuum 

centrifuge. Reduction of the cysteine residues was performed at 55 °C for one hour by adding 

enough 10 mM DTT in 25 mM ABC to fully hydrate and cover the gel slices. Then the DTT 

solution was removed and 55 mM iodoacetamide in 25 mM ABC was added to alkylate the free 

thiol groups for 45 minutes at 55 °C in the dark. The gel pieces were then washed with 100 µL of 

25 mM ABC then dried again with a 1:1 mixture of 25 mM ABC : 100% ACN followed by addition 

of 100% ACN and then vacuum centrifugation to remove all the liquid. Then 1.5 µg of either 

trypsin/Lys-C enzyme cocktail or chymotrypsin was added and allowed to absorb into the gel 

slices. Then additional 25 mM ABC was added to cover the gel and the digestions were run in a 

barocylcer at 50 °C for 60 cycles of 20 kpsi for 50 seconds and 10 seconds at atmospheric pressure. 

The peptides were then extracted by sonicating the gel pieces in 60% ACN/5% TFA twice. The 

supernatant from both sonication steps was combined and then dried in a vacuum centrifuge and 

submitted to the Purdue Proteomics Facility to run the sample. The raw data was used to check the 

sequence coverage using Mascot MS/MS Ion Query (matrixscience.com). The in-gel digestion 

resulted in a sequence coverage of 44% from the trypsin/Lys-C digestion and 53% coverage by 

the chymotrypsin digestion. The majority of the TMD 2 and 3 sequence, as well as much of the 

other transmembrane regions were not identified in the sample. It is likely the extraction of the 

peptides out of the SDS-PAGE gel was performed with a solution that was too polar to sufficiently 

dissolve the hydrophobic sections of Ste24, as the majority of the identified peptides were the 

charged, water exposed sections of Ste24. 

Then, an overnight in-solution digestion for both chymotrypsin and trypsin/Lys-C 

digestion was attempted. For initial in-solution digestion, 10 µg of purified wild-type Ste24 was 

precipitated using 4x volume of -20 °C acetone overnight. In the morning the supernatant was 

removed by centrifugation followed by heating at 65 °C for 10 minutes to remove any residual 

acetone. The protein pellet was dissolved in a solution of 10 mM DTT in 8 M urea. The DTT was 

used to reduce the cysteine residues while the 8 M urea aids in protein denaturation. The reduction 

reaction was incubated for one hour in the dark at 700 rpm and 37 °C. Then 10 µL of an alkylating 
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solution (2% Iodoethanol, IEtOH, 0.5% triethylphosphine, TEP, in ACN) and incubated for 

another hour at 700 rpm and 37 °C. The samples were then dried in a vacuum centrifuge. Then 4 

µg of either a trypsin/Lys-C enzyme cocktail or chymotrypsin enzyme dissolved in 25 mM ABC 

were added to the protein sample and the digests were first run in a barocylcer at 50 °C for 60 

cycles at 20 kpsi for 50 sec and atmospheric pressure for 10 seconds to aid in protein denaturation. 

An additional 0.5 µg of each digestion enzyme was then added to the respective samples and the 

digestion continued overnight at 37 °C. The peptides were extracted using an UltraMicroSpin C18 

Column (3-30 µg capacity) according to manufacturer instructions. The trypsin/Lys-C digestion 

resulted in ~75% coverage (Figure 3.1A) while the chymotrypsin digestion resulted in ~80% 

(Figure 3.1B). Taken together, both digestions resulted in about 93% sequence coverage of Ste24 

(Figure 3.1C). The topology diagram in Figure 3.2 displays the regions that were not identified 

by either digestion sample. Very small regions of the hydrophobic transmembrane regions are still 

unidentified. The short sequence in TMD 2 may provide digested peptides that are too small to be  

separated on the Q-Exactive C-trap instrument. The sections in the TMD 3, 4, and 5 that are 

unidentified are a part of long very hydrophobic sequences. Digestion with chymotrypsin would 

not allow for the presence of many charged residues while digestion with trypsin/Lys-C would 

likely create peptides that are too large for the Q-Exactive C-trap instrument. The two residues at 

the end of the Ste24 protein follow three lysine residues that were likely cleaved by the trypsin 

enzyme and resulted in a very short dipeptide. While full sequence coverage of Ste24 was not 

obtained, 93% coverage is very high and it was very likely it would be sufficient for this project. 

The goal of this project was to identify the direct site of photolabeling by C10-para-a-factor and 

with a nearly complete sequence coverage it was expected that this interaction would be within the 

identified region. 
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Figure 3.1: A 93% sequence coverage of Ste24 was obtained by in-solution digest with dual 

digestion reactions with trypsin/Lys-C and chymotrypsin. Purified wild-type Ste24 (20 µg) was 

reduced DTT, alkylated with iodoethanol, and then digested with a 5:1 ratio of Ste24 to either 

trypsin/Lys-C or chymotrypsin in a barocylcer followed by an overnight digestion at 37 °C. N-

terminal tags are displayed in blue and all identified amino acid sequences are in red. A) 

trypsin/Lys-C digestion resulted in a sequence coverage of 75% by using MS/MS Ion Search from 

Mascot Server. B) Chymotrypsin digestion resulted in a sequence coverage of 80% by using 

MS/MS Ion Search from Mascot Server. C) Combined results from both digestions resulted in a 

sequence coverage of 93% by using MS/MS Ion Search from Mascot Server.  
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Figure 3.2 Topology map of Ste24 displaying digestion sites and holes in sequence coverage from 

dual digestion with trypsin/Lys-C and chymotrypsin. 20 µg of purified wild-type Ste24 was 

reduced with DTT, alkylated with iodoethanol, and then digested with either trypsin/Lys-C or 

chymotrypsin. Combined results covered 93% of the Ste24 sequence. Red circles highlight areas 

that were not detected in either digestion sample. The red K and R residues display the location of 

trypsin/Lys-C digestion sites while the green F, L, W,Y, and M residues display the location of 

chymotrypsin digestion sites. 

3.3.2 Peptides were identified that contained the site of photolabeling using the C10-para-

a-factor probe 

Our next goal was to determine the site of photolabeling by the C10-para-a-factor probe 

(Figure 2.1B). Wild-type Ste24 (20 µg) was incubated with the C10-para-a-factor substrate and 

then split into two tubes. One group was kept in the dark as an unlabeled sample and the other was 

irradiated with UV light (365 nm) for 30 minutes to photolabel the protein. Both samples were 

reduced with DTT, alkylated with iodoethanol, then split in half. One half was digested with 

trypsin/Lys-C and the other with chymotrypsin. Then the digested peptides were combined and 
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isolated with C18 UltraSpin columns (3-30 µg) according to manufacturer instructions and run on 

a nanoESI- Q-Exactive High-Field (HF) Hybrid Quadrupole Orbitrap MS.  

The mass chromatogram for both the photolabeled and unlabeled samples are displayed in 

the combined graph in Figure 3.3A. As shown, there is very little variability between the two 

groups. There are slight differences at time points around 31 minutes and 43 minutes, but nothing 

initially stands out as a different peptide in the photolabeled sample. Because there were no 

changes easily identified by eye, PEAKS Studio X Pro was used to search for PTM modifications 

from the various C10-para additions (full probe, digestion proteolysis only, -aaXed only, both 

digestion proteolysis and -aaXed). An additional search for the same modifications with a -H2O 

loss was also used, as the benzophenone reaction can often result in the loss of water. The 

photolabeled sample resulted in 61% sequence coverage and the unlabeled sample had 71% 

sequence coverage. Of all the Ste24 peptides identified, 113 were found in both samples, 22 in the 

unlabeled alone and 33 in the photolabeled alone (Figure 3.3B).  

The PTM search revealed several sites that could potentially contain the photolabeling site 

of the trypsinized and -aaXed, minus water, addition of the C10-para-a-factor probe. As shown in 

Figure 3.4A, the only modification identified with confidence from PEAKS Studio was the 

addition of the C10-para at the K278 location. This 278 position is the position on the N-terminal 

His10-HA3-tagged Ste24 protein and corresponds to the lysine 234 (K234) residue in the native 

protein. This modification was identified exclusively in the photolabeled sample, and the annotated 

MS2 spectrum is shown in Figure 3.5A. It is important to note that the spectra shown is the data 

refined spectra and the analysis is based off an average of surrounding ions in the spectra, not just 

of the one scan. Therefore, ions such as the labeled Y15+ ion was not visible in the one spectra but 

was located in surrounding MS2 spectra. This modification was identified when the default FDR 

setting was used (all peptides included). 
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Figure 3.3: Comparison of the MS chromatogram between the photolabeled and unlabeled samples 

offers little into insight of newly labeled species. A) The refined chromatograms of the 

photolabeled sample (top) and unlabeled sample (bottom) graphed as retention time versus ion 

intensity. B) Venn Diagram prepared by PEAKS Studio X Pro showing the number of peptides 

found in either or both samples.  
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Figure 3.4: Statistical determination of the location of the photolabeling site by PEAKS Studio 

analysis. A) By utilizing PEAKS Studio and searching for possible PTM modifications of C10-

para-addition, and by comparing between both a photolabeled and sample, the PEAKs studio 

software obtained 71% sequence coverage in the photolabeled sample and 74% sequence coverage 

in the unlabeled sample (default FDR settings used, utilizing all identified peptides). Blue bands 

indicate spectra that were statistically matched to the Ste24 protein while gray bars indicate De 

Novo sequencing peptides that also obtained the same sequence as the Ste24 protein. The 

carbamidomethylation was a fixed modification of cysteine residues resulting from sample workup, 

adding an alkyl group with iodoethanol, and the orange C boxes indicate possible sites of C10-para 

addition where the probe had been trypsinized and cleaved of the –aaX residues. Location K278 

here was the only location scored with a “high confidence” score, where the modification site 

confidence cutoff value was set at 5% minimal ion intensity (default). It should be noted that K278 

in this Fasta sequence correlates to K234 in the native protein, that does not contain the His10 and 

HA3 N-terminal tags and this labeling site was identified only in the photolabeled sample. B) By 

reducing the FDR to 1%, the sequence coverage by the photolabeled sample was reduced to 61% 

and the unlabeled to 71%. Only one possible site of photolabeling remains at position E401 (E357 

in the native protein). This modification was found only in the unlabeled protein sample. 
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A more well accepted FDR rate is 1% and when this was applied the only C10-para addition 

was identified at the glutamate 401 (E401) residue in the N-terminally tagged Ste24, corresponding 

to the glutamate 357 (E357) residue in the native protein that does not contain the N-terminal tags. 

This modification was found with a lack of confidence in exclusively the unlabeled sample (Figure 

3.4B). The total sequence coverage was also reduced slightly to 61% in the photolabeled sample 

and 71% in the unlabeled sample. The annotated MS2 spectra found with this peptide is shown in 

Figure 3.5B and contains more of the predicted y ion series of the Ste24 peptide. It is possible that 

there is some background photolabeling in the absence of UV light and that this happened to appear 

in this unlabeled sample.  

The MS2 spectra of both identified photolabeled spectra shown in Figure 3.5 do lack any 

b ions of the C10-para probe. It would be expected that one could see the b ion series of the probe 

to identify that it is also present. Most ions in both spectra are low in intensity, so it could also be 

possible that the intensity is just too low to be detected. Also, the data in the MS2 scan had 

undergone data refinement under default settings in the mass spectrometry search program and 

displays a spectrum averaging all nearby MS2 scans, causing some of the peaks in the spectrum to 

be omitted. Likely, the majority of the positive charge lies on the Ste24 peptide due to the higher 

frequency of chargeable amino acids. Most fragment ions in the MS2 spectrum are detectable due 

to the transferable protons down the peptide backbone. However, because of the large hydrophobic 

group connecting the Ste24 peptide and probe peptide, through the photoactivatable benzophenone 

group, it is likely the protons cannot be transferred to the probe peptide sequence. Another problem 

with the spectra in Figure 3.5 was that most MS2 spectra display a y ion series on the right-hand 

side of the precursor ion, towards the higher m/z axis. In the spectra in Figure 3.5 all the y ions 

identified were on the lower m/z scale than the precursor ion. While this does not disprove the 

Ste24 peptide is present, it does provide a cause for concern in the data interpretation. 
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Figure 3.5: Fragmentation ion assignment by PEAKS Studio recognizes a few ions within the 

assigned MS2 spectra. Diagram created by PEAKS Studio and assignment of peaks was performed 

by default settings with the addition of a-ion annotations and after data refinement (spectral 

averaging). A) MS2 spectrum annotated for the modification found in the photolabeled sample at 

position K278 (K234 in native protein). The mass error for each assigned peak is in the graph 

below the spectrum. B) MS2 spectrum annotated for the modification found in the unlabeled 

sample at position E401 (E357 in native protein). The mass error for each assigned peak is in the 

graph below the spectrum.
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The K234 residue is of particular interest. As shown in Figure 3.6A and Figure 3.6B, the 

K234 residue lies at the bottom of a very large, hydrophobic cavity inside the Ste24 protein. C10-

para-a-factor typically labels the α-carbons of amino acids, so with the K234 side chain facing 

outward, this puts the α-carbon facing into this hydrophobic pocket. The α-carbon is approximately 

21 Å from the catalytic zinc enzyme, making it close enough to be labeled by the benzophenone 

functional group that was about 18 Å from the cysteine. This hydrophobic pocket also lies just 

below the portal in the side of the protein. The portals within the Ste24 chamber were discovered 

when the crystal structure was solved and present a possible entry and exit site for the substrate 

(28,29). There were several possible portals identified, but the largest lies between TMD V and 

VI. This portal site is positioned near the catalytic site and opens into the proposed peptide binding 

site explored in Chapter 2. Based on the position, it is possible that the a-factor substrate enters 

through the portal site  and positions the farnesyl group in this large hydrophobic area close to the 

K234 residue, thus positioning the peptide near the catalytic site. This would also allow a close 

exit site, being close to the portal, to leave and be methylated before the secondary cleavage. 

The E357 residue is a little less intuitive. Although it was identified with stricter search 

requirements, with a False Discovery Rate of 1%, it was not identified with confidence by PEAKS 

Studio X Pro. This program defines “confidence” to be evidence that there are y or b ions found 

on both the N-terminal and C-terminal side of the modification side of the modified amino acid. 

In this case, the modification is on the N-terminal amino acid so there can only be ions identified 

from the C-terminal side of the modification. The α-carbon of the E357 residue is also facing into 

a very hydrophobic region, not too far from the hydrophobic patch observed in Chapter 2 (Figure 

3.6C and Figure 3.6D), about 45 Å from the zinc ion. This hydrophobic patch is where the farnesyl 

group is suspected to bind during the N-terminal cleavage. Since this sample was not photolabeled, 

it is possible this was just a background signal that came through under the search criteria. On the 

other hand, it could be that the substrate is also capable of entering in such a way as to orient itself 

for the N-terminal cleavage. It has been proposed in previous studies that the CaaX processing is 

more-or-less a by-product of the a-factor maturation and is not actually required by Ste24 to 

perform this secondary cleavage (130,145). Without identification of a strong signal from the C10-

para probe, this may all be speculation, and the aid of an enrichment step may improve the support 

for these photolabeling results. 
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Figure 3.6: Structural analysis of the identified photolabeling sites. A) The full Ste24 protein is 

colored by electrostatics (negative is red, blue is positive and all hydrophobic residues are shown 

in gray. The portal site is highlighted with magenta sticks and the peptide binding site in green 

sticks. K234 is labeled on the protein. Internal cavities or pockets are shown as a dark gray surface. 

B) Close up of the location of K234, coloring as described in A. C) E357 is highlighted as a cyan 

stick on the top part of the protein, otherwise coloring is the same as A. D) Close up of E357 

residue and including residues F87, F92 and F93, that indicates part of the hydrophobic pocket 

discussed in Chapter 2.  
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3.3.3 Raney nickel reduced the C10-para probe, allowing for the introduction of an 

enrichment step for PAL proteomics techniques 

The problem identified in Section 3.3.3 was that the photolabeling site of Ste24 was not 

identified with high confidence likely due to the low efficiency of photolabeling. Because most of 

the protein, and thereby most of the digested peptides, are not photolabeled, it will be difficult to 

detect the photolabeled Ste24 fragment. By use of an enrichment step, only the photolabeled 

protein could be isolated from the photolabeled sample and thereby increase the relative abundance 

of the photolabeled fragment. The higher relative abundance of the photolabeled fragment would 

then increase the chance that it would be detected and identified by proteomics search software. 

First, I wanted to have an approximation of the photolabeling efficiency of C10-para. 

Separate reactions of 20 µg of wild-type Ste24 were photolabeled for different amounts of time 

and then a pulldown was performed with NeutrAvidin® Resin to isolate any photolabeled protein 

while any unlabeled protein was expected to remain in the supernatant. The first time point was at 

0-min and was used as a starting point of the reaction. Then samples were taken at 1-, 5-, 10-, 20-

, 30- and 40-minute time points. The unlabeled protein in the supernatant was isolated using a TCA 

precipitation, then re-dissolved in 2x SDS. The photolabeled protein in the resin was eluted in 2x 

SDS. Both the photolabeled and unlabeled samples were run on separate 10% SDS-PAGE gels 

followed by analysis by immunoblots using mouse α-HA primary antibody and goat α-mouse-

HRP secondary antibody. The band intensities were determined using ImageJ. 

As shown in Figure 3.7A, as more protein becomes photolabeled the amount of protein 

remaining unlabeled decreases. This results in more protein pulled down with the NeutrAvidin® 

Resin. While quantification by ImageJ showed that the amount of retained protein at the 30- and 

40-minute mark was 67.6% and 21.5% respectively, visually there was not a large change in 

protein intensity at any of the time points. The band intensities across most of the timepoints were 

only slightly lighter than that seen at the 0-minute timepoint. The amount of photolabeled protein 

isolated by the pulldown appeared to be maximized around 30 minutes (Figure 3.7B). The 

difference in the supernatant sample between the 30 minute and 40-minute timepoints in Figure 

3.7A may be due to variability of the TCA precipitation and aspiration performed to isolate the 

protein. The amount on unlabeled protein, determined by ImageJ, is highest at the 10-minute 

timepoint appears to be higher than the other timepoints even though the band intensity from the 

resin in Figure 3.7B continues to increase. These data indicate that any fluctuation in the 
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supernatant samples is more likely due to variability in the workup. Even if there is 80% of the 

protein left, this would mean that the photolabeling efficiency is 20%, that is quite high for the 

photoaffinity labeling of proteins. As high as 40% is considered very efficient labeling, depending 

on the probe and photoactivatable group (151). Due to low efficiency of labeling, there is a strong 

need for an enrichment technique to identify the photolabeled peptide in the sample.  

Figure 3.7: Photolabeling efficiency of Ste24 does not get significantly reduced within about 40 

minutes. Photolabeled samples were harvested at the given timepoints and pulled down with 50 

µL of a 1:1 slurry of Neutravidin®-Agarose Resin. A) The supernatant was used as a control for 

unlabeled protein. The protein was precipitated with TCA and re-dissolved in 2x SDS. B) The 

resin was washed three times with RIPA/SDS/I and then suspended in 50 µL SDS. 
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The other problem that arises in the proteomics search is that most proteomics software 

aims to identify the y and b ion series of an individual peptide, but when the C10-para-a-factor 

probe photolabels Ste24 you are left with two peptide sequences that are linked together through 

the photolabeling reaction. Most proteomics software programs are not capable of determining the 

presence of two different peptide sequences in one MS2 spectra. To use the proteomics software, 

I needed to separate both peptides in between the photolabeling step and the ESI-MS-MS analysis.  

Ideally, the enrichment step would be able to aid in both problems, the enrichment of the 

photolabeled peptide and the separation of the probe and protein sequences. One option for this 

enrichment would be to pulldown the photolabeled Ste24 protein with NeutrAvidin® Agarose 

resin followed by incubation with raney nickel. Raney nickel is a catalyst capable of hydrogenating 

thioether bonds. The C10-para probe consists of two thioether bonds, one in the biotin handle and 

one connecting the photoactivatable benzophenone to the peptide sequence via the cysteine in the 

CaaX motif. After the pulldown with NeutrAvidin® Agarose Resin, incubation with raney nickel 

would be predicted to hydrogenate both sulfur functional groups, thereby releasing the isolated 

samples from the resin and separating the C10-para peptide sequence from the photoactivatable 

group, and in doing so releasing the covalently bound Ste24 sequence.  

Preliminary experiments showed that the probe is modified by the raney nickel reaction. 

For enrichment experiments, a total of 260 µg of WT Ste24 was photolabeled in 20 µL aliquots. 

The samples were then combined and pulled down with NeutrAvidin® Agarose resin for two hours 

at 4 °C. The supernatant of the pulldown was considered unlabeled as it was not bound to the resin 

and was added to a reaction flask containing 200 mg of raney nickel in phosphate buffered saline 

(PBS) pH 7.5. The resin was washed twice and then added to a separate reaction flask with 200 

mg of raney nickel in PBS. Both reactions were incubated under a H2 atmosphere overnight. Then 

the His10-tag of Ste24 was eluted from the nickel in the catalyst using 1 M imidazole followed by 

concentration steps to remove the added imidazole. The sample was dried in a vacuum centrifuge, 

then digest, alkylated and digested with trypsin/Lys-C as discussed in Section 3.3.2. No 

chymotrypsin digest was performed here as I wanted to see if this enrichment step would provide 

enough of a protein signal to pursue further with an additional digestion reaction. 

Without the enrichment step, the mass chromatograms show very large peptide peaks in 

both the unlabeled and photolabeled samples from only a 20 µg sample (Figure 3.8A and Figure 

3.8B). When the enrichment step was incorporated, however, the signal of peptides were greatly 
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diminished (Figure 3.8C and Figure 3.8D) despite the large increase in amount of protein used. 

There are a few things that could have happened here. One is that the nickel in the raney nickel 

could be binding to the His10-tag in the Ste24 protein, however imidazole had been added after the 

reaction to try to diminish this effect. Another problem could be that in typically pulldown assays 

are performed in the presence of detergent, in the case of methods herein RIPA/SDS/I buffer. The 

detergents help keep the protein in solution and properly denatured. But in preparation for the ESI-

MS/MS detergents are normally avoided for downstream compatibility with the proteomics 

instruments. Preliminary experiments showed that performing a pulldown with PBS buffer worked 

sufficiently when compared with RIPA/SDS/I buffer (data not shown), but when it comes to 

harvesting the protein at the end of the raney nickel experiments, this lack of detergent could have 

caused the very hydrophobic Ste24 protein to aggregate and precipitate, resulting in a large loss of 

protein. Future studies will be performed to optimize the transition of solubilizing the Ste24 protein 

after enrichment for the ESI-MS/MS experimentation. 

Despite the lack of protein in the enriched samples, PEAKS Studio X Pro recognized a few 

peptides in the sample, indicating some of the protein was still present. The pulled down, 

photolabeled sample showed a sequence coverage of 9%  and the unlabeled (supernatant) 

contained 13% coverage. Four peptides appeared in both samples, 15 exclusively in the unlabeled 

and only one exclusively in the photolabeled sample. Unfortunately, no confident assignments 

were made for the addition of the C10-para substrate. 
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Figure 3.8: Raney nickel reactions greatly reduce the available protein for LC-MS/MS 

experimentations. The mass chromatograms for: A) Unlabeled sample utilized in Section 3.3.4, B) 

photolabeled sample utilized in Section 3.3.4, C) unlabeled, or supernatant Ste24 after 

NeutrAvidin resin pulldown and treatment with raney nickel according to Section 3.2.10, D) 

photolabeled Ste24 pulled down by NeutrAvidin Resin prepared as described in Section 3.2.10   
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3.4 Conclusion 

Near full sequence coverage was obtained for the Ste24 protein using ESI-MS-MS and dual 

protease digests. In-gel digestion with only a trypsin/Lys-C cocktail digestion only obtained a 

sequence coverage of 44%. By incorporating a chymotrypsin digestion as well as switching to an 

overnight in-solution digestion the sequence coverage was increased to 64%. Finally, by utilizing 

a barocylcer digestion followed by an overnight digestion with both trypsin/Lys-C and 

chymotrypsin the sequence coverage of Ste24 by ESI-MS-MS was obtained at 93%.  

The enrichment of the photolabeled Ste24 followed by hydrogenation with raney nickel was 

partially successful but is still in need of optimization. The photolabeled sample was pulled down 

by the NeutrAvidin® Agarose resin and hydrogenated by raney nickel. This sample did show a 

few identified peptides in the Peaks Studio X Pro, but the signals were low. The unlabeled and 

photolabeled samples also did not show a strong signal intensity in the mass chromatogram even 

though 260 µg of Ste24 protein was used. This was likely due to issues with solubility during the 

raney nickel reaction causing a loss of a significant amount of protein. 

Despite the low signal intensity, there were a couple sites identified that potentially could 

contain the photolabeling site of C10-para. K234 was identified with high confidence as being one 

of these sites. The location of this photolabeling site does intuitively make sense as the α-carbon 

is positioned towards a large hydrophobic cavity near the active site and portal in the side chamber. 

Unfortunately, no ions were identified by de novo sequencing that match the peptide sequence of 

the C10-para sequence.  

3.5 Future directions 

1) Perform the pulldown and raney nickel isolation steps in the presence of Sodium 

deoxycholate, then perform a TCA precipitation followed by subsequent acetone washes 

to remove the detergent 

2) Perform western blot analysis on the supernatant and resin of the raney nickel reaction to 

determine where the Ste24 protein was being lost during the reaction 

3) Determine specific ions of benzophenone fragmentation which could be used to isolate 

the MS2 spectra that are likely to contain photolabeled fragments  
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CHAPTER 4. STE24 SUBSTRATE-BINDING ANALYSES PROVIDED 

INSIGHTS INTO THE MECHANISM OF INHIBITION OF STE24 BY HIV 

PROTEASE INHIBITORS 

4.1 Introduction 

ZMPSTE24 inhibition has been implicated as a possible contributing cause of the side 

effects of several medications used to treat patients with Human Immunodeficiency Virus (HIV, 

Figure 1.4A) (30,36,116,117). These medications, such as lopinavir and ritonavir, are designed to 

target the aspartyl protease of HIV and it is currently unclear why these drugs have an inhibitory 

effect on the zinc metalloprotease ZMPSTE24. Unlike mammalian aspartyl proteases, the HIV 

enzyme can cleave between F/P and Y/P bonds (118,119,152). Because of this unique specificity, 

most HIV drugs target the aspartyl protease by mimicking the structure of a phenylalanine-proline 

substrate (118,119).  

The HIV aspartyl protease inhibitors were designed to be highly specific towards the viral 

protease, as they tend to mimic dipeptide substrates that are not cleavable by mammalian aspartyl 

proteases. However, strong evidence has arisen that these drugs are capable of competitively 

inhibiting ZMPSTE24/Ste24 proteins to various extents (30). Patients who are taking these drugs 

typically start to display the hallmark progeroid disease symptom lipodystrophy (153,154). 

Furthermore, cell lines treated with HIV protease inhibitors start to accumulate high levels of 

prelamin A (117,154,155). These effects arose at drug concentrations comparable to those seen in 

patients prescribed the drugs daily (30,117). While many studies have shown that the HIV protease 

inhibitors bind in a competitive fashion to ZMPSTE24/Ste24, no precise location of the drug 

binding interaction has been obtained(30).   

HIV protease inhibitors are designed to interact with aspartate residues within the active 

site of the HIV aspartyl protease, not to zinc metalloprotease motifs including histidine and 

glutamic acids. Upon inspecting the structures, it remains unclear how these drugs interact and 

inhibit ZMPSTE24/Ste24. The work presented in this chapter contains preliminary experiments 

that aim to explore the effects of the highly conserved aspartic acid residues found in the 

ZMPSTE24/Ste24 structures to gain insight into how the HIV drugs bind to these zinc 

metalloproteases. 
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4.2 Methods and Materials 

4.2.1 Plasmids and yeast strains 

All plasmids were created from the starting pCH1283 plasmid, made by prior Hrycyna lab 

graduates. This plasmid contains a His10-HA3 tag on the N-terminus of the Ste24 gene (2µ URA3 

PPGK-His10-HA3-Ste24). Mutant plasmids were made by traditional cloning methods (135) or by 

Q5-site directed mutagenesis kit ® (New England Biolabs) using the primers displayed in Table 

4.1 to make the corresponding plasmids shown in Table 4.2. Plasmids were transformed into the 

yeast strain SM3614, containing a double deletion for endogenous Rce1 and Ste24 (MATa trp1 

leu2 ura3 his4 can1 ste24Δ::LEU2 rce1Δ::TRP1) (44). For the Ste14 protein used for activity 

assays, this was expressed in a pCH2733 (2µ URA3 PPGK-His10-Myc3-Ste14) also transformed in 

the SM3614 strain.  

For traditional cloning methods, mutant primers were designed to introduce single point 

mutations in the Ste24 gene (Table 4.1) in the pCH1283 plasmid (135). GoTaq® Green Master 

Mix (Promega) was used, by kit instructions, to perform a two-step PCR procedure to introduce 

the mutation of interest into the gene. The products of each PCR reaction were purified using the 

QIAquick PCR Purification Kit (Qiagen). After the final PCR step, both the purified PCR products 

and the pCH1283 vector were digested with EagI restriction enzyme and separated on a 1% 

agarose gel. The bands of interest were excised and purified using the QIAquick Gel Extraction 

Kit (Qiagen). The Rapid DNA Ligation Kit (Invitrogen) was then used to ligate the purified 

products. The ligated plasmids were then transformed into E. coli DH5α competent cells 

(Invitrogen) according to manufacturer instructions. Single colonies obtained from the 

transformation were used to grow miniprep cultures by selecting single colonies and growing them 

in 5 mL of Luria-Bertani (LB) broth containing 100 µg/mL ampicillin overnight at 37 ⁰C. The 

plasmids were harvested using QIAprep Spin Miniprep Kit (Qiagen), and the sequences were 

verified using bi-directional dye-terminator sequencing (BigDye® Terminator v3.1) by Purdue 

University Genomics Facility, or by GeneWiz sequencing center, using Sanger sequencing. The 

plasmids were then transformed into SM3614 cells using the Elble protocol (136) and grown at 30 

⁰C for two days on synthetic complete medium without uracil (SC-URA).  

Alternatively, mutant plasmids were created using the Q5-site directed mutagenesis kit ® 

according to provided instructions and primers listed in Table 4.1. Briefly, end to end primers 

were designed and used to amplify linear versions of the mutated plasmid. Then the KLD enzyme 



 

112 

mix (kinase, ligase, DPNase) provided by the kit was used. The kinase adds a phosphate group to 

the 5’-end of the DNA strand, allowing the ligase to form circular plasmids. The DPNase then 

chews up the methylated template DNA and leaves only the mutated plasmids that were then 

transformed into DH5α cells (Invitrogen) where the DNA was collected by the QIAprep Spin 

Miniprep Kit (Qiagen) as described in the traditional cloning techniques. The sequences were 

verified using bi-directional dye-terminator sequencing (BigDye® Terminator v3.1) by Purdue 

University Genomics Facility, or by GeneWiz sequencing center, using Sanger sequencing. The 

plasmids were then transformed into SM3614 cells using the Elble protocol (136) and grown at 30 

⁰C for two days on synthetic complete medium without uracil (SC-URA). 

Table 4.1: List of primers used to create mutations in pCH1283 WT Ste24 plasmid 
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Table 4.2: List of plasmids used from the Ste24 plasmid library 

 

4.2.2 Crude membrane preparation 

Crude membrane preparation was started by first inoculating a small, SC-URA culture with 

the desired Ste24 (or Ste14) strain that was grown overnight at 30 ⁰C. Then 15 mL was used to 

inoculate a larger, 1 L SC-URA flask and was grown to log phase (OD600 = 300-500) then 

harvested at 4000 xg. Lysis of the cells was performed using a yeast sorbitol lysis buffer (0.3 M 

sorbitol, 0.1 M NaCl, 12 mM MgCl2, 1% aprotinin, 3 mM AEBSF, 1 mM DTT, 10 mM Tris-HCl, 

pH 7.5) at a ratio of 1 mL lysis buffer to 800 OD600 cells. The lysis buffer was added to the cell 

pellet in a 50 mL conical tube that was then vortexed and left on ice for 15 minutes to allow the 

cells to swell. The suspension was then flash frozen in liquid nitrogen and thawed in a 29 ⁰C water 

bath, twice. Then a french press was used to further lyse and break up the membrane fractions 

using 18,000 psi twice. The resulting suspension was first centrifuged twice at 500 xg for 10 

minutes to remove cellular debris then centrifuged at 100,000 xg for 1 hour at 4 ⁰C. After the final 

centrifugation step, the supernatant was removed, and the membrane pellet was resuspended in 10 

mM Tris-HCl, pH 7.5. Protein concentration was determined using a coomassie protein assay 

using a known concentration of bovine serum albumin (BSA) as the standard curve (137). 

4.2.3 Membrane protein purification 

To purify, the crude membrane proteins were first solubilized in buffer A (0.3 M sorbitol, 

0.1 M NaCl, 6 mM MgCl2, 10 mM Tris, pH 7.5, 10% glycerol, 1% aprotinin, 2 mM AEBSF) 

supplemented with 20 mM imidazole and 1% n-Dodecyl-B-D-maltopyranoside (DDM; Anatrace) 

with rocking at 4 ⁰C for 1 hour. The suspension was then centrifuged at 100,000 xg for 45 minutes 
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to remove the insoluble fractions, and the supernatant was added to Talon® Metal Affinity Resin 

(Clontech). The resin mixture was rocked at 4 ⁰C for 1 hour, then washed with five column volumes 

of buffer B (40 mM imidazole and 1% DDM in buffer A) twice, buffer C (40 mM Imidazole, 1% 

DDM and 0.5 M KCl in buffer A) once, and buffer D (40 mM imidazole, 0.1% DDM and 0.5 M 

KCl in buffer A) once. The protein was then eluted from the resin with buffer E (250 mM 

Imidazole, 0.1% DDM in buffer A). The elution was then concentrated using Amicon® Ultra 

Centrifugal Filter 30,000 MWCO (Millipore) at 4,000 xg for 20-30 minutes at 4 ⁰C  until desired 

volume was reached. Protein concentration was determined using the amido black protein assay 

using BSA as a standard curve (138). 

4.2.4 Radioactive methyltransferase-coupled diffusion assay 

The C-terminal, or -aaXing, cleavage activity of Ste24 wild-type and mutant proteins were 

determined using an in-vitro radioactive methyltransferase-coupled diffusion assay, as previously 

described (100,139). First, 0.24 µg Ste14, 0.12 µg Ste24 and farnesylated 15-mer a-factor (final 

concentration 50 µM, Figure 2.1A) were added to 40 µg E. coli Polar Lipid Extracts. Then a rapid 

dilution was performed with Tris-HCl, pH 7.5 to dilute the fractions 1:8 (final 100 mM Tris-HCl). 

To start the reaction, S-adenosyl-[14C-methyl]-L-methionine (SAM) (Perkin Elmer) was added to 

a final concentration of 20 µM and the reaction mixtures were incubated at 30 ⁰C for 30 minutes. 

The reactions were stopped by addition of a 1 M NaOH/1% SDS mixture (final 450 µM NaOH, 

0.5% SDS), then the samples were spread onto a pleated filter paper and placed in the neck of a 

scintillation vial filled with 10 mL of Biosafe II scintillation fluid (RPI). The vial was capped and 

left for 3 hours to allow time for the [14C]-methanol, released by the addition of NaOH to stop the 

reaction, to diffuse into the scintillation fluid. The filter paper was then removed, and the 

radioactivity was quantified using a Packard TriCarb Scintillation counter. The specific activity 

was calculated from the counts per minute (CPM) and converted into pmol of -aaX residues 

cleaved per minute per mg of Ste24 protease. Reactions were set up as duplicates, and each set of 

duplicates was run in triplicate experiments. 
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4.2.5 SDS-PAGE and immunoblot assays 

For immunoblot analysis of purified Ste24, 0.05 µg pure protein (diluted in 2x SDS loading 

dye) was loaded onto a 4% stacking, 10% separating SDS-PAGE gel. The samples were stacked 

at 85 V, followed by separating at 165 V for 40 minutes. The proteins were then transferred to a 

0.45 µm nitrocellulose membrane (Cytiva Amersham ™ Protran ™ NC Nitrocellulose) at 100 V 

for 90 minutes. The membranes were then blocked overnight in 20% milk in PBST (1x PBS buffer, 

0.1% Tween-20) at 4 ⁰C, followed by 2 hours in primary antibody (mouse, α-HA at 1:15,000) in 

5% milk in PBST, then 1 hour in secondary antibody (goat-α-mouse-HRP, 1:4,000) in 4% milk in 

PBST. The bands were then visualized on a GeneGnome XRQ (SynGene) using SuperSignal™ 

West Pico PLUS Chemiluminescent Substrate (Thermo Scientific). 

To determine purity of the Ste24 proteins, pure proteins were diluted in 2x SDS, then 1 µg 

total protein was loaded onto a 4% stacking, 10% separating SDS-PAGE gel. The running 

conditions were identical to the immunoblot SDS-PAGE described above. The gel was then 

stained overnight in Coomassie Brilliant Blue (0.3 M Coomassie Brilliant Blue, 10% acetic acid, 

40% methanol) at room temperature, then destained with 10% acetic acid / 30% methanol to 

remove background. 

4.2.6 Photolabeling assays 

First, 0.5 µg of the purified Ste24 protein was added to 125 µg of E. coli Polar Lipid Extract 

(Avanti) and incubated on ice for 10 minutes. Then, a solution of buffer, DTT and photolabeling 

probe, C10-para (Figure 2.1B) was added to dilute the protein reconstitution by 1:6, resulting in a 

final concentration of 1 mM DTT, 50 µM probe and 100 mM Tris-HCl, pH 7.5. This was left to 

incubate on ice another 10 minutes, in the dark. Then 65 µL was added to a 96-well plate sitting 

on ice under a UV lamp (365 nm), serving as the +UV, or photolabeled, sample. Then another 65 

µL was added to a fresh tube, kept on ice but left in the dark for a -UV, unlabeled, sample. The 

samples were crosslinked under UV light (365 nm) for 30 minutes, and then 60 µL of both the -

UV and +UV samples were added to 50 µL of a 1:1 slurry of NeutrAvidin® Agarose Resin 

(Thermo Scientific) in 800 µL RIPA/SDS/I buffer (25 mM tris-HCl, pH 7.5, 150 mM NaCl, 1% 

Triton X-100, 1% sodium deoxycholate, 1% sodium dodecyl sulfate, 1% aprotinin, 2 mM AEBSF, 

50 U/mL micrococcal nuclease, 1 mM CaCl2, and 1 mM DTT). The protein reactions and resin 
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were left rocking for two hours at 4 ⁰C. The resin was then pelleted at 10,000 xg for 2 minutes and 

washed three times with 800 µL fresh RIPA/SDS/I buffer. The beads were then resuspended in 50 

µL 2x SDS loading buffer, heated at 65 ⁰C for 30 minutes, then 10 µL was run on an SDS-PAGE 

followed by an immunoblot, as described above. 

Quantification was performed using ImageJ as described in published methods 

(http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf). Briefly, rectangular bands were 

created that fit all bands in an immunoblot and the pixel measurements were counted. The pixel 

density (X) was inverted (255-X) for each of the -UV and +UV samples. The inverted -UV samples 

were then subtracted from the +UV samples to express the net values of the photolabeling signal. 

The net photolabeling signal was normalized to the photolabeling signal of the WT Ste24 sample. 

4.2.7 MST assay for substrate binding 

The Cy5-labeled isostere form of a-factor (Figure 2.7) was used to perform binding 

analysis utilizing the MST Nanotemper Monolith NT .115 instrument. Samples were prepared as 

generated by the Monolith NT .115 software. Briefly, 20 µL of the Ste24 stock solutions was used 

to perform 16 1:1 serial dilutions of 10 µL each. Then 10 µL of the Cy5-isostere a-factor was used 

added to a final concentration of 20 nM totaling a reaction volume of 20 µL. Two separate MST 

runs were performed for each set of dilutions. When using lopinavir, this was added along with 

the Cy5-isostere to a final concentration of 40 nM. 

4.2.8 Tycho NT.6 for protein stability 

Purified Ste24 mutants were loaded from their stock tubes directly into Tycho NT.6 

capillaries from Nanotemper and loaded into the Tycho NT.6 instrument. The fluorescence ratio 

of 350 nm/330 nm was measured across temperatures from 30 °C up to 95 ° C. The inflection point 

(Tm) was determined by the Tycho NT.6 software. 

4.2.9 PyMOL analysis 

Structural analysis was performed by utilizing The PyMOL Molecular Graphics System, 

Version 2.0 Schrödinger, LLC. and analyzing the smSte24 (PDB: 4IL3). The zinc ion was colored 

in orange. Residues were selected as they became of interest and colors were modified from there. 

http://www.yorku.ca/yisheng/Internal/Protocols/ImageJ.pdf
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Hydrogen bonds were determined using the “ActionFindpolar contactsto other atoms in 

object”. Further analysis will be discussed in the legends of the figures. 

4.3 Results and Discussion 

4.3.1 Activity levels of conserved aspartate residues in Ste24 revealed the importance of 

these residues in proper enzymatic function 

The Ste24 family of zinc metalloproteases all share a conserved set of aspartate residues. 

In the yeast protein, the residues are D55, D164, D280 and D394. These residues all lie close to 

the Ste24 active site where they could potentially be involved in Ste24 binding to a-factor (Figure 

4.2A). D164 and D280 residues are thought to hydrogen bond with other residues in the substrate 

binding site (Figure 2.3C), but the direct roles these aspartate residues play in Ste24 function is 

still unclear.  

The conserved aspartate residues were mutated separately to alanine to determine the effect 

they had on Ste24 activity and substrate binding. The C-terminal cleavage activity levels retained 

by the conserved aspartate mutants was first assessed by using the well-established 

methyltransferase-coupled diffusion assay. Mutation of each of these residues resulted in Ste24 

mutants with severely decreased catalytic activity (Figure 4.2B). D55A retained 50% activity and 

the other three demonstrated a complete loss of activity. As shown in Figure 4.2C, this was not 

due to a decreased expression level in most, although D394 did degrade upon purification. The 

retention of partial function of the D55A mutant could be because this residue lies further from the 

active site and may not have as strong of an interaction with the substrate as the others. As was 

shown in Figure 2.4C, the D164 and D280 residues appear to be important for forming hydrogen 

bonds with the side chains of a several of the residues in the substrate binding region, including 

S256 and R258. The disruption of these hydrogen bonds may interrupt proper Ste24 activity. The 

D394A mutation did show some degradation in both the immunoblot and coomassie stain, and this 

lack of stability may be at least partially responsible for the lack of activity.  

It is interesting to note that previous studies have crystallized ZMPSTE24 in the presence 

of various HIV inhibitors (lopinavir and tipranavir) (30). In these crystal structures, an exact 

location of the drugs was not defined. It was suggested that the drugs may be binding to multiple 

sites (multiple aspartates) to inhibit the protein. The HIV protease drugs are designed to bind to 

the active site of the HIV aspartyl protease consisting of a DTG motif at the dimer interface (119). 
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Both monomers of the protease contain this DTG within the active site, bringing the two aspartate 

residues of the separate monomers close together to interact with the substrate. In the Ste24 

structure, as shown in Figures 2.3C and 4.2A, the D164 and D280 residues are close together and 

form hydrogen bonds with important residues in the peptide binding region. Disruption of the 

interactions between these highly conserved aspartate mutants with their hydrogen binding 

partners appears to be detrimental in function and binding of an inhibitor to either residue would 

additionally disrupt these important interactions.  
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Figure 4.1: Mutating any of the conserved aspartate residues resulted in a significance decrease in 

activity relative to the wild-type Ste24 protein. A) Location of the conserved aspartates are 

depicted as green sticks. B) Methyltransferase-coupled diffusion assay results of purified 

conserved aspartate mutants. Bars indicate the mean of triplicate experiments; error bars depict the 

standard deviation and dots represent the relative activity levels of each individual experiment. (*) 

indicates statistical significance (p<0.05). C) Immunoblot (0.05 µg protein) and coomassie gels (1 

µg protein) of purified conserved aspartate mutants. Immunoblot was incubated with the primary 

mouse α-HA (1:15,000) and the secondary goat α-mouse (1:4000). 
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4.3.2 Protein stability of conserved aspartate mutants 

To determine whether the changes in activity were due to protein stability, a Nanotemper 

Tycho NT1.6 was used to measure changes in the fluorescence ratio between 350/330 nm over a 

range of temperatures. The 330 and 350 nm wavelengths correspond to the fluorescence of 

tryptophan and tyrosine in a non-hydrated (folded protein) or hydrated (protein unfolded) state, 

respectively. As proteins denature, more tryptophan residues become hydrated due to the higher 

exposure to the water in the solvent, so the ratio increases in a sigmoidal fashion. The inflection 

point of this sigmoidal curve can then be used to determine the melting temperature, or Tm , of the 

protein. More stable proteins tend to have a higher Tm as it requires more energy to denature them. 

The aspartate mutants of Ste24 showed a statistically significant decrease in Tm. The 

strongest decrease is seen with the D55A, D164A and D280A mutants (45.4 °C, 45.3 °C, and 47.8 

°C, respectively, compared to wild-type at 50.7 °C, Figure 4.3). The change in Tm, while moderate, 

does indicate a loss in protein stability with a ΔTm of over 5 °C indicates a significant change in 

protein stability. Often, changes over 2 °C is considered a significant change in terms of protein 

stability (142,143).  The hydrogen bonds formed between the proposed binding site (Chapter 2) 

with the aspartate residues D164 and D280 may be a stabilizing interaction, and loss of these 

aspartate side chains could cause denaturation or instability. The D394A trace (yellow line) does 

not follow the normal sigmoidal curve found by thermal instability changes, similar to that seen in 

the buffer (black line), indicating that variant is not as stable as the wildtype. This is further 

supported by the degradation seen in the immunoblot and coomassie gels (Figure 4.2B). Before 

purification, the D394A mutant still showed a complete knockdown of activity in crude samples, 

despite there being no degradation present (data not shown). These data suggest that the 

degradation is not the cause of inactivity. In all, the effects of the conserved aspartate mutants do 

not appear to be due to the stability of the protein.
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Figure 4.2: Purified aspartate mutations showed statistically significant, mild stability changes 

compared to the purified WT Ste24 protein. A) Thermostability measurements of purified 

conserved aspartate Ste24 mutants obtained from the Nanotemper Tycho NT 1.6. Curves represent 

average curves of two. B) Tm values of purified conserved aspartate Ste24 mutants obtained from 

the software of the Nanotemper Tycho N1.6, indicative of the inflection point of the curve. Dots 

represent values of individual replicates. * Indicates statistical significance (p<0.05).
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4.3.3 All conserved aspartate mutants showed similar levels of photolabeling with the C10-

para-a-factor substrate compared to wild-type Ste24 

To determine whether the Ste24 aspartate variants disrupted substrate binding, a 

photolabeling assay was performed, similar to that discussed in Section 2.3.2. Photolabeling assay 

analysis with C10-para of the conserved aspartate residues was performed to determine if these 

residues affected substrate binding. As shown in Figure 4.4, the photolabeling signal intensities 

were all quite similar to the WT protein. Statistical analyses were not performed as the experiment 

was performed only once. The D55A and D280A mutations were relatively similar in the 

photolabeling signal to that of WT. The D55A mutation did retain partial activity in the activity 

assays so it is possible that it would still photolabel in a similar fashion. The D280 residue was 

shown in the crystal structure in Figure 2.3C to form a hydrogen bond with other residues in the 

Ste24 structure (Chapter 2). The hydrogen bond formed could be crucial in protein activity, but 

the loss of such may not be enough to fully prevent substrate binding. The D394A mutation was 

the only one that showed a decrease in photolabeling signal compared to the WT Ste24 protein. 

Due to the degradation seen in the expression blots, this result was not necessarily surprising as 

this means there was not as much intact Ste24 protein to begin. Finally, the D164A mutation 

showed almost a doubling of the photolabeling signal as compared to wildtype Ste24. As D164 

lies near the proposed binding site of Ste24, mutation of the aspartate residue to a smaller alanine 

could open the binding site and allow more room for the bulky, photolabeling benzophenone group 

on the C10-para probe. It could also be that a slight change in substrate orientation that allowed the 

benzophenone to photolabel more residues. 

One important thing to keep in mind with photoaffinity labeling is that it is a great tool 

when monitoring large changes in substrate binding. Small changes are less detectable as the 

benzophenone group is highly reactive towards any nearby C-H bonds next to heteroatoms. This 

means that slight changes in the substrate orientation may not fully prevent photolabeling. It could 

be the photolabeling bond is labeling a different residue than the WT protein. Especially since the 

C10-para substrate contains the benzophenone at the end of a highly flexible region, small changes 

in substrate binding likely are not preventing the photolabeling reaction.  

To really observe the effects of the HIV aspartyl protease inhibitors with the Ste24 protein 

requires a direct measurement of substrate binding. As discussed in Chapter 2, a binding assay 

would allow the detection of smaller binding adjustments than the photolabeling assays presented 
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in this chapter. Then the addition of the HIV aspartyl protease inhibitors to the binding assay could 

reveal the site or sites of drug binding. If the drug specifically binds to one of the aspartate residues, 

then mutation of this residue would thereby prevent the drug from binding. Activity assays are 

only able to show protein inhibition, but when a mutation already causes the protein to be inactive, 

then adding an inhibitor will not show any effect. While these data are very preliminary, the 

development of a proper binding assay for Ste24 will significantly enhance the knowledge of how 

the Ste24 protein binds to substrates as well as small molecule inhibitors like the HIV protease 

drugs.
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Figure 4.3: Photolabeling of the conserved aspartate mutants shows little variability from the wild-

type. A) Photolabeling immunoblots of conserved aspartate mutants. B) Quantification of 

photolabeling signal from a single photolabeling analysis of conserved aspartate residues.
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4.3.4 Binding analysis by MST allowed for the observation of changes in binding affinity, 

KD, of wild-type Ste24 in the presence of the HIV aspartate inhibitor, lopinavir 

With the development of a Ste24 binding assay (Chapter 2), the binding analysis of the 

conserved aspartate mutants could be performed. Using microscale thermophoresis (MST) with 

the Nanotemper Monolith 1.15 instrument and software, the KD values of the aspartate mutants 

were calculated. The D55A, D280A and D394A concentrations, unfortunately, were not large 

enough to obtain a sufficient binding curve for the KD values (Figure 4.5). But the D164A 

displayed a KD value of 0.06 µM (Table 4.3). These were the result of two subsequent experiments. 

While the KD values do differ between the WT and D164A, with the standard deviation given, they 

are not significantly different. These data suggest that the D164A mutation is still capable of 

binding to the substrate, that is also supported by the photolabeling results in Figure 4.4. 
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Figure 4.4: Binding analysis of the conserved aspartates revealed likely a higher KD value for most 

of these mutations. Both best-fit curves were derived by the MST instrument, Nanotemper 

Monolith NT 1.16 software. The dots represent the average value of duplicate samples. A) Fnorm 

of the conserved aspartate mutants. B) Fraction bound transformation of the binding curves of WT 

and D164A from (A). 
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Table 4.3: KD values of WT and D164A from Figure 4.5 

 

 The HIV aspartate inhibitor lopinavir is capable of inhibiting Ste24 (36,116,117). In 2016, 

Mehmood et al showed, by mass spectrometry analysis, that the HIV protease inhibitors lopinavir 

and ritonavir were able to bind to the human ZMPSTE24 protein (145). This binding of the 

inhibitor also showed a decrease in the binding and catalysis of ZMPSTE24 in the maturation of 

the prelamin A substrate (145). While Mehmood et al did show that binding of the inhibitor 

lopinavir can stabilize the ZMPSTE24 structure and prevent binding of the prelamin A substrate, 

it remains unclear whether the inhibition models a competitive or non-competitive inhibitor.  

By utilizing MST, the addition of lopinavir to the WT Ste24 protein caused a drastic change 

in the binding curve (Figure 4.6A). While there was a full binding curve for the WT without the 

lopinavir, the addition of this drug flattened out the curve substantially and did not show any 

detectable binding to the Cy5-a-factor substrate. This discovery is in support of the 2016 study 

that showed that lopinavir binding to mammalian ZMPSTE24 prevented binding of the prelamin 

A substrate (145). The drug was added at 40 nM and the Cy5-isostere was only at 20 nM. Due to 

the higher concentration of the drug, it was likely that the binding site of Ste24 was fully saturated 

and may have required a much higher concentration of protein to overcome the inhibitory effect. 

The addition of lopinavir to the D164A mutant Ste24 also increased the apparent KD of the D164A 

mutation (from 0.06 µM without and 0.2 µM with lopinavir). The curve had not been as drastically 

changed as with the WT protein, however.  

It has been suggested that the HIV aspartyl protease inhibitors could bind to more than one 

location within Ste24, as there have been attempts to crystalize ZMPSTE24 in the presence of the 

drugs without a specific binding site being discovered (30). While they were able to obtain crystal 

structures of the protein they could not determine the location of the HIV protease inhibitors (29). 

Based on the KD values presented here, while the KD values are different, the effect of lopinavir 

addition does not change the binding curve as drastically as it does with the WT protein. If the 
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binding site of the drug was altered, thereby preventing the drug from binding, it would be 

hypothesized that there would not be a difference between the KD in the presence or absence of the 

HIV drug. As this was the case with D164A it could be this is at least one binding site of lopinavir. 

 

Figure 4.5: Binding assays in the presence of the inhibitor lopinavir (LPV) alters the binding curve 

of Ste24 WT and D164A, indicating possible competitive binding. Best-fit curves were derived by 

the MST instrument, Nanotemper Monolith NT 1.16 software. The dots represent the average 

value of duplicate samples. A) Fnorm of the WT Ste24 protein with and without 40 nM LPV. B) 

Fraction bound curves of D164A with and without 40 nM LPV. 
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Table 4.4: KD values for the D164A mutant with and without lopinavir from Figure 4.6B 

 

 

The KD values of the other conserved aspartate mutations, and the WT protein with 

lopinavir, were unable to be determined at these concentrations. Future studies will follow up these 

experiments with higher concentrations of Ste24 proteins. In addition, triplicate samples will be 

obtained. From these future experiments it should be possible to determine which residues are 

being bound by lopinavir, thereby allowing future drug design to be more selective against this 

site within Ste24. 

4.4 Conclusion 

These preliminary experiments provide some insight into the importance of conserved 

aspartate residues in proper Ste24 function. Mutations of these residues greatly reduced activity 

without changes in thermal stability. The photolabeling ability by the C10-para probe was also not 

greatly affected by the presence of the mutations. The addition of HIV protease inhibitors to this 

analysis would be very interesting in determination of the direct role of these drugs on the 

inhibition of Ste24 and ZMPSTE24. Performing competitive photolabeling experiments within the 

presence of HIV aspartyl protease inhibitors would be interesting to see if the removal of any of 

the conserved aspartates could prevent the competitive binding/inhibition effect of these drugs.  

Also, the development of a direct binding assay provides some insight into the mechanism 

of inhibition by the HIV protease inhibitors. Photolabeling analysis is a great technique when 

determining large changes in substrate binding. When the binding changes are small, differences 

in binding of the photolabeling probe can be too subtle to be detected. On the other end of the 

spectrum, because photolabeling is dependent on proximity of the photoactivatable group to 
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nearby C-H bonds, small changes in one area of the substrate can lead to large changes in the 

photolabeling efficiency of the probe. So, a substrate could still be binding just as well as WT, but 

the mutation may move the photoactivatable group just outside of the proximity required to form 

the covalent bond. 

4.5 Future directions 

1) Increase the concentration of the purified aspartate mutant proteins through use of a better 

expression system, likely a baculovirus expression system 

2) Repeat the MST  and Tm experiments in triplicate to determine changes that are statistically 

significant 

3) Run the MST experiments in the presence of different HIV aspartyl protease inhibitors, 

including ritonavir as it was shown to be a strong inhibitor of Ste24, lopinavir and darunavir. 

The darunavir was not shown to be an inhibitor of Ste24, so may act as a negative control 

4) Perform the MST experiments with the aspartate mutants and the various HIV protease 

inhibitors to determine how the replacement of each aspartate affects the binding of the 

protease inhibitors, allowing a possible drug binding location to be obtained 
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