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Abstract 

Protein and peptide prenylation is an essential biological process involved in many 

signal transduction pathways. In its most prevalent form, prenylation involves three 

enzymatic steps; transfer of an isoprenoid moiety by FTase or GGTaseI to the cysteine of 

a C-terminal CaaX sequence (where C is cysteine, a is an aliphatic amino acid, and X is a 

variable amino acid dictating whether a farnesyl or longer geranylgeranyl chain is added), 

proteolytic removal of the aaX sequence by ZMPSTE24 or RCE1, and finally 

carboxymethylation of the newly exposed C-terminal cysteine by ICMT enzyme. 

ZMPSTE24 also catalyzes a second cleavage step upstream of the CaaX site in prelamin 

A, and mutations abolishing this step lead to progeroid diseases. Ste24 is the yeast homolog 

of ZMPSTE24 and is the founding member of a unique class of integral membrane 

metalloproteases. Its precise mechanism of action has yet to be explored fully at the 

molecular level, and it is unique in that it performs two separate cleavage reactions 

sequentially at distinct sites in the same substrate molecule. The system historically used 

for studying prenylation is the mating pheromone a-Factor, a dodecameric peptide with a 

methyl ester C-terminal farnesylated cysteine. Producing this and other prenylated peptides 

presents four key challenges: the C-terminal cysteine is prone to epimerization, the terminal 

methyl ester is not readily available through traditional SPPS, the terminal cysteine has to 

be chemoselectively modified with a hydrophobic prenyl chain on the C-terminal cysteine, 

and often there are several cysteines in the sequence which necessitates additional 

orthogonal protecting group chemistry. In this work, various synthetic methodologies were 

developed in order to overcome these challenges, and then utilized for the production of a 

myriad of peptide probes based on the structure of a-Factor. These probes were used to 

study both cleavage steps of ZMPSTE24, as well as the other enzymes involved in the 

prenylation pathway.  
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Chapter 1. Introduction  
 

1. 1. Prenylation Pathway 

1. 1. 1. Protein Prenylation 

Protein prenylation is a ubiquitous post-translational modification where a 

hydrophobic isoprenoid chain is covalently attached to the thiol of a cysteine near the C-

terminus of certain cytosolic proteins (Figure 1.1).6–8 Prenylated proteins are initially 

shuttled to the ER membrane for further processing,9 then exported to the plasma 

membrane where they are anchored through the prenyl chain.10 In addition to membrane 

anchoring, the prenyl chain serves as a recognition site for other membrane bound 

proteins.8 Consequently, prenylated proteins are at the heart of several signal transduction 

pathways and cellular homeostasis regulation. It is estimated that around 2% of all 

mammalian proteins are prenylated, and the pathway have been shown to be involved in 

many major human ailments such as ALS, malaria, Alzheimer’s, and 30% of all known 

cancers.8,11–15  

1. 1. 2. Classical CaaX Processing  

The most common prenylation sequence is termed a “CaaX” box, where C is 

cysteine, a is an aliphatic amino acid, and X is a variable amino acid dictating whether a 

15-carbon farnesyl or a longer 20-carbon geranylgeranyl chain is added.6 The first step in 

protein prenylation is carried out in the cytosol by either farnesyl transferase (FTase)16–19 

or geranylgeranyltransferase types 1, 2, or 3 (GGTase I, II, or III).20,21 In this step, a farnesyl 

diphosphate or a geranylgeranyl diphosphate is transferred to the thiol of the CaaX cysteine 

in the CaaX sequence, forming a thioether bond (Figure 1.1). This protein is then shuttled 

to the ER membrane, where either Ras Converting Enzyme (RCE1)9,22 or the mammalian 

Zinc Metalloprotease Ste24 (ZMPSTE24)23,24 proteolytically cleave the “aaX” sequence, 

revealing a C-terminal isoprenylcysteine with a free carboxylic acid. This carboxylic acid 

is methylated by isoprenylcysteine carboxyl methyltransferase (ICMT).25–27 The 

prenylated and methylated protein is considered mature and is exported to the plasma 

membrane where it can carry out its biological function. 28 
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Figure 1.1 The most common form of the prenylation pathway.   

 

1. 2. Ste24 and ZMPSTE24 Represent a Unique Class of Metalloproteases 

1. 2. 1. Ste24 Family of Zinc Metalloproteases  

The aaX cleavage is redundantly carried out by either RCE1 or ZMPSTE24.9,22,29,30 

The reason behind this redundancy is unclear, but ZMPSTE24 structure is highly conserved 

amongst eukaryotic species.24,31. Despite this sequence conversion, ZMPSTE24 only has 

one bona fide substrate, prelamin A.32 Similarly, the budding yeast Saccharomyces 

cerevisiae homolog, Ste24, only has one bona fide substrate, the mating pheromone a-

factor.33 Yeast Ste24 was the first discovered member of this class of zinc 

metalloproteases.34 Yeast cell lacking Ste24 were found to be sterile, which is the origin of 

its name.35,36 The ZMPSTE24 gene in Ste24 yeast can rescue their mating ability, and 

both Ste24 and ZMPSTE24 can process each other’s substrates correctly.33,37 This has led 

to extensive use of yeast as a model system to study ZMPSTE24 disease alleles. 

Furthermore, while ZMPSTE24 and Ste24 share significant sequence identify and 

similarity, Ste24 is more amenable to purification and handling than ZMPSTE24.38 As a 

result, many insights into the function of the Ste24 family of metalloproteases were derived 

from the yeast homolog.39–43  
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1. 2. 2. Structural Features of Ste24 and ZMPSTE24 

Both ZMPSTE24 and Ste24 share significant structural homology.31,44,45 This can 

be seen in the overlay of the two protein structures (Figure 1.2). Ste24 is a unique multi-

spanning membrane bound zinc metalloprotease with many evocative features. It is 

composed of seven transmembrane α-helices than form a large cavity resembling a “barrel” 

that is embedded in the membrane and capped with an eighth helix.31,46–48 The interior of 

this cavity is large enough to accommodate 450 water molecules, or a 10 KDa protein. 

Catalysis takes place inside of this cavity through a zinc atom and the HExxH zinc 

metalloprotease consensus sequence,49 which is located near the cytosolic side. Not much 

is known regarding the substrate binding site within this cavity. As the native substrates 

are prenylated, it is presumed that there is a distinct binding sites for the hydrophobic prenyl 

chains as well as the peptide backbone. Substrates are believed to be directed to the 

enzyme’s active site through one of four entry/exit portal on the enzyme’s surface near the 

membrane-cytosol interface.31,48,50 

 

Figure 1.2. Overlay of ZMPSTE24 (cyan PDB accession 5SYT) and Ste24 (green, PDB 

accession 3IL3). Both enzymes share significant sequence similarity and identity. Both can 

complement each other’s substrates and process them correctly, indicating that insights 
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into Ste24’s function can be generalized to ZMPSTE24. Ste24 is however more amenable 

to purification and handling.  

1. 2. 3. Ste24 and ZMPSTE24 Carry Out Two Distinct Cleavage Steps 

As mentioned above, Ste24 and ZMPSTE24 each only have one bona fide 

substrate, even though they have been found to be localized to both ER membrane and the 

inner nuclear membrane.51 Additionally, in vivo studies showed that Ste24 and RCE1 have 

significantly overlapping substrate specificity.29 This suggests that other biological 

substrates could still exist. Curiously, in addition to proteolytically cleaving the aaX 

sequence in a CaaX box, each enzyme carries out a second upstream cleavage step on their 

respective substrates N-terminal to the prenylated cysteine.32,33,36,39,43,52,53 The removal of 

the aaX sequence is referred to as the C-terminal cleavage and is believed to occur first. 

The upstream cleavage is referred to as the N-terminal cleavage and is believed to occur 

after the ICMT methylation step. In humans, ZMPSTE24 cleaves the 74 kDa Prelamin A 

at a Y-I bond that is 14 amino acids away from the prenylated cysteine, releasing mature 

lamin A and a 15-mer fragment with an unknown function (Figure 1.3).24,32,53–55 In yeast, 

Ste24’s substrate is the 33mer precursor to the mating pheromone a-factor, where it cleaves 

at a T-A bond that is 25 residues away from the prenylated cysteine. The released 

prenylated peptide is then further cleaved again by Axl1, resulting in 12-mer mature a-

factor peptide.33,36,39,42,43,56,57 Surprisingly, Ste24 and ZMPSTE24 can both cleave each 

other’s substrates, even though they are remarkably different from one another. It was also 

shown that Ste24 can cleave both prenylated and unprenylated substrates, but the Km is 7-

fold slower for the unprenylated one. 58 
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Figure 1.3. Maturation of Prelamin A in humans and its counterpart, a-factor, in yeast. 

Prelamin A is the only bona fide substrate for human ZMPSTE24. a-Factor is analogously 

the only bona fide substrate for yeast homolog Ste24. Both substrates undergo similar 

processing: first, the three classic prenylation steps are carried out, followed by an 

additional upstream cleavage by either ZMPSTE24 or Ste24. Both enzymes can 

complement each other’s substrates. a-Factor undergoes a second cleavage step by Axl1 

before being exported for mating. The function of the analogous fragment in Prelamin A 

is still unknown.  

1. 3. Role of ZMPSTE24 Enzyme in Progeroid Disease 

1. 3. 1. Improper Lamin A Maturation Leads to Progeroid Diseases 

Mature nuclear intermediate filament protein lamin A is a key component of the 

nuclear lamina, giving it mechanical stability.59,60 In total, there are three types of lamin 

filament proteins comprising the nuclear lamina: lamin A, B, and C types.60 Lamin A and 

C are splice variants of the LMNA gene.60 Lamin A is the only one that requires N-terminal 

cleavage by ZMPSTE24.54 Nuclear lamina filaments are involved in many critical 

signaling pathways related to gene regulation, and so mutations in them can be detrimental 

to human health.61,62 Additionally, mutations in ZMPSTE24’s activity prevent maturation 

of prelamin A and are also detrimental to human health.37,54,63,64 These mutations are the 

main cause of a group of disease called laminopathies or progeroid diseases.24,65–67 These are 

characterized with lipodystrophy, skeletal abnormalities, joint ailments, and cardiovascular 

disease.59,68 The severity of the disease depends on extent of physiological N-terminal 

processing by ZMPSTE24.69 Errors in this step leads to retaining the farnesyl chain on prelamin 
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A, which remains membrane bound.55,64 In contrast, healthy mature lamin A is dynamically 

associated with the membrane as needed.60,61 Accumulation of farnesylated prelamin A is toxic 

and leads to deformed nuclear lamina that unable to respond to mechanical stress.55,59,66 

1. 3. 2. Types of Progeroid Disease 

There are three types of lamin A related progeroid disease, all of which are 

considered rare genetic disease.24 The first is Mandibuloacral Dysplasia (MAD).70 MAD 

occurs are a result of a mutation in either ZMPSTE24 or LMNA genes. There are two 

subtypes of MAD, MAD-A and MAD-B. In MAD-B, there is either a heterozygous 

mutation in one of the two ZMPSTE24 alleles rendering it completely inactive, or a 

homozygous mutation in that diminishes their activity.71,72 In both cases there is residual 

ZMPSTE24 activity for processing of prelamin A.71 This leads to only a moderate 

accumulation of farnesylated prelamin A. MAD-B patients exhibit mildly accelerated 

aging as well as mild generalized lipodystrophy and skeletal abnormalities, with an onset 

of around 4 years of age.72 In MAD-A, there are mutations in the LMNA gene that do not 

affect ZMPSTE24 N-terminal cleavage.73 MAD-A patients exhibit lipodystrophy that is 

concentrated in the extremities. 70 

The second type of progeroid disorders is Restrictive dermopathy (RD). In RD there 

is a complete loss of function for ZMPSTE24.74 This commonly results in death in utero, 

and if the fetus survives until birth dies shortly after.75 RD is caused by either recessive 

homozygous ZMPSTE24 mutations, or compound heterozygous mutations in 

ZMPSTE24.74,75 In both cases ZMPSTE24 is completely inactive.74,75 RD illustrates how 

critical ZMPSTE24 activity is.  

The final type of progeroid diseases is Hutchinson-Gilford Progeria Syndrome 

(HGPS). It is also commonly known as progeria. HGPS is caused by a specific mutation in 

one of the exons of the LMNA gene, C1824T.68 This leads to the creation of a new splice 

site that removes 50 amino acids from the prelamin A sequence, including the N-terminal 

cleavage site but not the CaaX sequence.66,76 Consequently, prelamin A gets farnesylated 

but not N-terminally cleaved to become mature lamin A.77 The buildup of farnesylated 

prelamin A is more severe than in MAD-A and MAD-B disease, and so HGPS symptoms 

are much more severe.68,76 Disease onset starts as early as 1 year and are defined by 

accelerated aging. Patients experience sever lipodystrophy, bone development 
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abnormalities, loss of hair, and cardiovascular disease.68,78 Afflicted patients rarely survive 

past their teens. Currently there’s only one FDA approved drug for the treatment of 

progeria, the FTase inhibitor (FTI) lonafarnib.79,80 By inhibiting FTase prelamin A does 

not get inhibited, and so mimics the function of mature lamin A. Lonafarnib was found to 

increase the lifespan of HGPS patients by a median of 2.2 years.80 While a promising 

treatment, there is still a need for a HGPS cure.  

1. 4. Newly Discovered Functions of ZMPSTE24  

In recent years, several new functions of ZMPSTE24 have been discovered. These 

functions cast doubt regarding ZMPSTE24 being characterized as a CaaX protease.81 

Instead it is possible that it is a much more generalized proteases, and one of its functions 

involve CaaX processing.  

1. 4. 1. Off Target Inhibition by HIV Protease Inhibitor  

Several inhibitor drugs targeting HIV aspartyl protease were found to lead to 

lipodystrophy symptoms  that were similar to HGPS patients.46,82 Common HIV aspartyl 

protease inhibitor drugs such as Atazanavir, Lopinavir, Ritonavir, and Tipranavir inhibited 

ZMPSTE24 in vivo.46,50,82–84 The mechanism of inhibition is still unclear, however. A better 

understanding of how these drugs interact with ZMPSTE24 as well as of the enzyme’s 

mechanism of action could help prevent similar future side effects.  

1. 4. 2. Translocon Declogger and Type II Diabetes  

Recent studies have suggested that ZMPSTE24 is a multifunctional component of 

the ER. 85A genetic screening in yeast identified Ste24 as potentially having a role in the 

ER’s unfolded protein response, as deleting it leads to increased ER stress.85 Another 

screen suggested that Ste24 is involved in clearing the ER translocon from aggregated islet 

amyloid polypeptide (IAPP).86 IAPP is secreted alongside insulin in the pancreas.87,88 An 

elevated level of expression leads to aggregates that “clog” the translocon, which leads to 

β-cell failure.87–89 Patients with type 2 diabetes have an elevated secretion level of insulin 

and IAPP, which increases their risk of IAPP aggregates.89 Ste24 yeast cells expressing 

IAPP oligomer have significantly reduced cell viability, which was rescued with Ste24 

transformation.86 Another study that utilized an engineered translocon “clogging” chimera 

protein that it used to test the unclogging ability of both Ste24 and ZMPSTE24.90 Ste24 

cells showed an increased level of clogged translocon, which was rescued by plasmid 
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expression of WT Ste24. It was also shown that Ste24 cleaves the clogged protein, and that 

in human cells inhibition of ZMPSTE24 leads to increased clogging of the translocon. 

Additionally, type II diabetes patients were found to have a higher propensity of 

ZMPSTE24 mutations.86 

1. 4. 3. Protection From Viral Infection 

An affinity purification experiments coupled to mass spectrometry showed that 

ZMPSTE24 interacts with interferon-induced transmembrane protein-3 (IFITM3).91 IFITM-3 

is part of the innate immune response and acts to prevent fusion of viral membranes with host 

membranes and injection of viral genetic material.92,93 A survey of the susceptibility of cells 

lacking ZMPSTE24 expression to viral infection showed an increased susceptibility to 

various infections.91 Influenza, singix, vaccinia, zika and cowpox all were identified as viral 

agents whose infectivity decreased upon overexpression of ZMPSTE24.91 As a result, 

ZMPSTE24 was labeled as broad-spectrum antiviral agent.94 This anti-viral activity was also 

demonstrated by catalytically inactive ZMPSTE24, suggesting a non-catalytic mechanism.91 

Moreover, another study showed that ZMPSTE24 can protect against the novel SARS-CoV-2 

virus responsible for COVID-19.95,96 Overexpression of ZMPSTE24 prevented viral membrane 

fusion with the host membrane and resulted in a reduced level of expressed ACE2 receptor, 

which is critical for SARS-CoV-2 cell entry.96 This was due to ZMPSTE24 mediated cleavage 

of the ACE2 ectodomain.95,96  This was suggested to explain the increased vulnerability to 

COVID-19 among the elderly, whose level of ZMPSTE24 expression is reduced.  

1. 5. Yeast as a Model System for Studying the Prenylation Pathway 

1. 5. 1. Yeast Mating  

Yeast can exist as either a haploid or a diploid. Haploids can be either MATα cells 

or MATa cells.33,56,97 Mating occurs when MATα cells fuse with MATa cells.98 The 

haploid cells find their partners through chemical signaling, where each type secrets a  

peptide mating pheromone that is detected by  the cell surface receptors on the opposite 

cell type.98,99 Upon detection, the cells will grow projections toward each other until they 

fuse together, leading to the formation of a diploid cell.100 MATα cells secrete the 13-mer 

mating pheromone, α-factor, which has the following sequence 

(WHWLQLKPGQPMY).98,100 MAT-1 cells secrete a-factor, which is a prenylated 12-mer 

peptide with the following sequence (YIIKGVFWSPAC(farnesyl)-OMe).101–103 Yeast cells 
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that are unable to express their mating pheromone only reproduce asexually, and this are 

dubbed sterile. 33,101,102 

1. 5. 2. Halo mating assay  

Yeast’s unique mating through the prenylated a-factor peptide has historically been 

crucial for discovering and studying the prenylation pathway.28,33–36,104–108 Perturbation in 

any of the prenylation enzymes responsible for processing a-factor prevent it from being 

recognized by MATα cells.33,101,109 This can be easily detected using a highly quantitative 

halo (growth arrest) assay.110–112 Here haploid MATα cells with a hypersensitizing 

mutation are co-plated with MATa. Upon sensing of mature a-factor, the MATα undergo 

a G1 growth arrest, resulting in an empty halo on the around the MATa cells.113 Genetic 

screenings in yeast allowed identifying gene products that render MATa cells sterile, thus 

prevent the formation of this halo. This gene products were then identified and 

characterized as essential enzymes in the prenylation pathway. 9,28,33–36,41,102,104–108,114–116  

1. 5. 3. Biogenesis of a-Factor  

Mature a-Factor is a hydrophobic dodecapeptide with a CaaX motif that is 

processed through the farnesylation pathway (Figure 1.3).33,36,56 It is first synthesized as a 

36-residue precursor with a C-terminal CaaX sequence, CVIA.33 The precursor’s C-

terminal cysteine is farnesylated by Ram1/Ram2, the yeast homolog of FTase.36,117,118 After 

farnesylation, the peptide is translocated to the ER where cleavage of the aaX sequence by 

RCE19,29,57 or Ste249,42 and carboxymethylation takes place.104,106,116,119  Ste24 will then 

catalyze the N-terminal cleavage step, truncating the N-terminus of the peptide by 7 

residues.9,39,41–43 The C-terminal peptide with the farnesylated cysteine is then further 

truncated on the N-terminus by Axl1,36,102 which cleaves the following 14 residues leading 

to the evolution of the mature 12mer peptide with a farnesylated C-terminal carboxymethyl 

cysteine. Mature a-factor is exported from MATa cells by Ste6 and is recognized by the 

receptor Ste3 on MATα cells, allowing for cell mating to occur.110,111,120 The farnesyl group 

is required for specific activity, but not biological activity, whereas the methyl ester on the 

other hand is essential of biological activity and specificity.120,121  
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1. 5. 4. A-Factor as a Chemical Biology Tool for Studying the Prenylation 

Pathway  

a-Factor has been extensively used as a model substrate for studying the prenylation 

pathway.122 There are two main reasons for this: The first is the ability to used it with the 

halo mating assay described above. The second is that due to its small size, it’s a lot easier 

to manipulate and characterize when compared to a full-length protein. It is also possible 

to synthetically modify it and introduce a broad range of non-natural functionalities. 

Various functionalities have been chemically introduced to the isoprenoid chain.56 These 

include fluorophores, photoaffinity labeling groups, alkyne and azide handles for click 

chemistry, and photocleavable protecting group.2,52,56,123–129 Each enabled a different type 

of chemical biology experiments that further elucidated the prenylation pathway.  

Similarly to ZMPSTE24 and prelamin A, a-factor is Ste24 only has one bona fide 

substrate.40 There is no nuclear lamina in yeast, so they lack lamin proteins.60 Because 

ZMPSTE24 can still process a-factor however, Ste24 yeast cells expressing ZMPSTE24 

have been used extensively to evaluate disease alleles of ZMPSTE24.32,37,50,63,69,130–

132Finally, halo assays and a-factor mutants with various amino acid substitutions in the 

CaaX sequence were used in an initial screening for Ste24 and RCE’s specificity. 29 

1. 6. Conclusion  

ZMPSTE24 and Ste24 are unique zinc metalloproteases with an evocative structure 

and functionality. Their ability to cleave two distinct sites within the same substrate 

remains poorly understood. Even more enigmatic is their ability to correctly cleave 

substantially different substrates, a-factor and prelamin A, at their respective N-terminal 

cleavage sites which also bear no resemblance to each other. A better understanding of 

their binding sites and catalytic mechanism is clearly needed to explain this broad 

reactivity. This will also help prevent future off-target inhibition effects for future drugs 

such as was observed with HIV aspartyl protease inhibitors. Another mystery surrounding 

ZMPSTE24 and Ste24 is their redundant aaXing activity with RCE1. A more detailed 

survey of their substrate specificity could help identify more specific CaaX substrates.  

Furthermore, their prevalence and highly conserved sequence indicate that they are 

vital to healthy physiological function. The newly emergent functionalities of ZMPSTE24 

and Ste24 suggest that there is much more to be learned regarding this class of 
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metalloproteases. Their roles as broad-spectrum antiviral agents and translocon declogger 

show that are much more consequential to human health than previously thought. They 

also cast doubt regarding its classification as a CaaX protease. Additionally, it has been 

suggested that reduced ZMPSTE24 activity is related to the aging process. This is 

demonstrated in the lamin related progeroid disorders, were inability to correctly process 

Prelamin A leads to accelerated aging symptoms.  

While ZMPSTE24 is the human metalloprotease, it is difficult to express and purify in 

an active form and in sufficient yields for biochemical experiments. Ste24 is a functional 

homolog of ZMPSTE24 with very similar structure but is much more amenable to 

expression and purification in high yields. As a result, Ste24 is a very useful model for 

studying this class of zinc metalloproteases. A complementary tool is the yeast mating 

pheromone, a-factor. It’s small size allow access to a broad range of chemical biology tools 

to create useful chemical probes for studying the prenylation pathway.  

In this work, I will discuss the use of various synthetic techniques as well as solid phase 

peptide synthesis (SPPS) to produce a myriad of peptide probes based the structure of a-

factor. I will also discuss how those probes were used to study some of the unanswered 

questions regarding Ste24.  
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Chapter 2. Synthesis and NMR Characterization of the Prenylated 

Peptide, a-Factor 

2. 1. Introduction  

Protein and peptide prenylation is an essential biological process involved in many 

signal transduction pathways.133 It involves the covalent attachment of an isoprenoid 

moiety to the cysteine residue of a C-terminal CaaX box sequence via a thioester linkage.134 

The attached isoprenoid unit can be either a 15-carbon farnesyl group or a 20-carbon 

geranylgeranyl group, and facilitates anchoring in the lipid membrane.133 Prenylated 

proteins and changes in the levels thereof are at the heart of many significant human 

ailments including malaria,135,136 Alzheimer’s disease,137 amyotrophic lateral sclerosis 

(ALS),138 as well as many different cancers.139 One noteworthy lipidated protein is the 

oncogenic Ras protein, which is involved in more than 30% of all human cancers. As such, 

understanding and inhibiting the prenylation pathway has been a prime research target.139 

The prenylation of the Ras protein (as well as other prenylated proteins) with an isoprenoid 

group typically involves a three-step pathway and three distinct enzymatic activities. It 

begins in the cytosol where protein farnesyltransferase (PFTase) recognizes the CaaX 

sequence and attaches a farnesyl group to the cysteine’s thiol.  This leads to anchoring in 

the lipid bilayer of the endoplasmic reticulum, where a membrane-attached protease 

proteolytically cleaves off the “aaX” sequence. Finally, the cysteine’s newly exposed C-

terminal carboxylate becomes methylated by a membrane-bound carboxymethyl 

transferase to yield the final fully modified protein.140  

Significant strides in understanding the prenylation pathway have emerged as a 

result of studying the S. cerevisiae mating pheromone a-factor.122 a-Factor is a hydrophobic 

dodecapeptide that is processed through the prenylation pathway.141 The small size of a-

factor makes it an attractive system to probe various aspects of the prenylation pathway. 

However, availability of a-factor has traditionally been limited due to its significant 

hydrophobicity as well as having an esterified C-terminus, which complicates its synthesis 

using standard Fmoc based solid phase peptide synthesis (SPPS). Earlier strategies for a-

factor synthesis involved solution state fragment condensation or HF based SPPS 

methods.140 Additionally, while in Vitro enzymatic farnesylation of CaaX substrates has 

been described previously,142–144 we were not able to find evidence of such a reaction 
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applied to a-factor, likely due to the hydrophobic nature of the peptides. Our group has 

developed more streamlined methods for the synthesis of a-factor, first using hydrazine-

containing resin followed by oxidative resin cleavage,145 and then more recently by side-

chain anchoring to trityl chloride resin.112,146 The later method showed greater versatility 

and marked increases in yield with minimal epimerization147 observed after prolonged 

exposure to basic conditions mimicking extended rounds of SPPS coupling deprotection, 

and hence that procedure is described here. In brief, Fmoc-Cys-OMe is synthesized and 

coupled to a trityl-chloride resin via its thiol side-chain. The peptide is next extended via 

standard Fmoc chemistry and is then cleaved from resin and side-chain-deprotected using 

acidic conditions. The resulting peptide is subsequently purified and farnesylated in 

solution, followed by HPLC purification to homogeneity. This methodology has been 

employed to synthesize a-factor analogs and incorporate farnesylated peptides with C-

terminal methyl esters into whole proteins using native chemical ligation.148  

Once the final peptide is obtained and purified, it can be further analyzed using 

mass spectrometry and NMR. Here, MALDI was used for mass spectrometric analysis, as 

it resulted in better ionization of the peptide and simpler spectra relative to ESI. In fact, 

MALDI typically produces singly charged species and more predictable adducts 149. Next, 

NMR was used to study the chemical structure of a-factor at the atomic level. Previous 

NMR studies showed that a-factor adopts a predominantly disordered conformation in 

DMSO, which is largely unaffected by farnesylation 117. Therefore, the NMR experiments 

presented here focus on the characterization of the a-factor peptide using J coupling 

experiments to validate the chemical structure of a-factor and its analogues.  140,146,150. The 

experiments and the methods described here can be used in structural studies of other 

prenylated peptides of biological importance. 

2. 2. Results and Discussion  

2. 2. 1. Fmoc-Cys-OMe Synthesis 

The first step in the synthesis of a-factor is to obtain Fmoc protected cysteine with 

a free side-chain thiol and C-terminal methyl ester. This can be achieved through an acid 

catalyzed reaction of commercially available Fmoc-L-Cys hydrate with methanol, as 

outlined in Scheme 2.1. This reaction has also been employed to produce other alkyl esters 

of a-factor.113 The reaction is highly robust and typically results in 99% yield without the 
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need for further purification. It is worth noting that the final product should be stored at 2–

8 °C under nitrogen prior to use. Also, the reaction can be scaled up or down as needed. It 

was successfully carried out under the same conditions described here on a 0.1, 0.2, 0.4, 4, 

and 10 mmol scales. 15 Drops HCl were used when carried out on 4 and 10 mmol scales. 

 

Scheme 2.1 Synthesis of Fmoc-L-Cys-OCH3. 

2. 2. 2. Loading of Trityl Chloride Resin 

Once Fmoc-L-CysOMe is obtained, it can be side-chain anchored to trityl chloride 

resin through a nucleophilic reaction as shown in Scheme 2.2. Trityl chloride resin is 

chosen for two reasons; it offers high yields,113,146 and little cysteine epimerization is 

observed during loading.151 It is worth noting that the amount of resin used will vary from 

batch to batch depending on the resin substitution. Also, unmodified trityl chloride resin 

should be stored at 2–8 °C under nitrogen. Failure to do so can lead to hydrolysis of the 

chloride, which will lead to lower coupling efficiencies. If significant chloride hydrolysis 

occurs, the resin can be regenerated using HCl, acetyl chloride, or SOCl2.152 Furthermore, 

loadings of Fmoc-L-CysOMe in the range of 0.7–1.2mmol/g were obtained. While it is 

possible to obtain even higher loadings (up to 1.8 mmol/g) with extended coupling times, 

this procedure is undesired as it leads to decreased yields during subsequent peptide 

synthesis and side-product formation due to aggregation of the peptide on resin surface.  

 

 

Scheme 2.2 Loading of Fmoc-Cys-OCH3 onto trityl chloride resin. 
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2. 2. 3. Quantification of Loading Using Fmoc-Assay 

 Once the resin loaded with Fmoc-Cys-OMe is obtained, it is important to quantify 

the loading efficiency to be able to proceed with SPPS, as it is the basis for all subsequent 

calculations such as amount of resin to use as well as amounts of amino acids and coupling 

reagent. The most prevalent method relies on a cuvette-based quantitative Fmoc assay 

where the Fmoc group on the loaded amino acid is deprotected using piperidine, and the 

resulting dibenzofulvene-piperidine adduct is quantified using a known molar absorptivity 

constant (ε) value.153,154 This method, however, was found to give inconsistent results. To 

address that issue, a more accurate standard-curve-based assay was developed and used 

here. In brief, a small amount of resin was Fmoc-deprotected in triplicate using 20% 

piperidine in DMF. The resulting solution containing the dibenzofulvene-piperidine adduct 

is diluted in EtOH, and the adduct concentration is determined by measuring the 

absorbance at 301 nm in a 96-well-plate and comparing to an Fmoc-OSu standard.   

2. 2. 4. SPPS of a-Factor Precursor 

With the loaded trityl resin in hand, the rest of the peptide (YIIKGVFWDPAC-

OMe) can be extended using standard Fmoc-chemistry as seen in Scheme 2.3. A potential 

consideration in this process is epimerization of the C-terminal cysteine due to repeated 

exposure to piperidine during the synthesis.147 However, using the side-chain anchoring 

methodology described here, negligible amount of epimerization was observed.155 The 

synthesis was carried out using an automated peptide synthesizer and Fmoc/HCTU 

chemistry (PS3, Protein Technologies Inc., Memphis, TN). Single 30 min couplings were 

used. The coupling reagent was HCTU, and the activator base was 0.4M 

(diisopropylethylamine) DIPEA in DMF. After each coupling Fmoc group was removed 

by treatment with 20% piperidine in DMF for 10 min twice. The synthesis was also 

performed using a microwave-assisted synthesizer (CEM Liberty/Discover microwave 

synthesizer). In this case double couplings were used. The coupling reagent was HBTU, 

and the activator base was 35% v/v DIPEA in NMM. The synthesis with the CEM 

microwave synthesizer gave similar results to the PS3 synthesizer. It is also worth 

mentioning that very little epimerization of the C-terminal cysteine residue was observed 

as determined by NMR integration (<5%). Based on these results, different types of 

automated synthesizers or manual synthesis and Fmoc/HCTU chemistry should also give 
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similar results. Once the final peptide is assembled the resin was swelled in CH2Cl2 before 

cleavage and global side chain deprotection using reagent K for 2 hours. The final peptide 

is obtained as a white powder after ether precipitation 3 times then lyophilizing from a 

suspension in water. Sufficiently high yields were obtained using the conditions described 

(>95% for crude peptide). 

 

Scheme 2.3 Synthesis of a-factor precursor peptide via standard solid phase peptide 

synthesis starting with Fmoc-Cys-OCH3 anchored to trityl resin. 

2. 2. 5. HPLC Purification of Unfarnesylated a-Factor 

The crude a-factor precursor peptide has low solubility in aqueous solutions and 

many organic solvents. This can be due, in part, to adventitious disulfide bond formation. 

Additionally, the solubilized peptide tends to precipitate out remarkably fast, likely due to 

nonsolubilized material acting as nucleation sites. A method has been developed here to 

solubilize the peptide completely and reduce any disulfide bonds using DTT. One issue 

that was encountered was that the peptide requires acidic conditions to dissolve, but DTT 

is more reactive for disulfide reduction under basic conditions. This issue was overcome 

by employing stepwise addition of organic solvents to a NaHCO3 buffered aqueous DTT 

solution with extended sonication in between, followed by the addition of TFA. After the 

peptide was solubilized, it was diluted two-fold in a mixture of 50:50 CH3CN and H2O 

with 0.1% TFA and HPLC purified using a semi-prep column (Figure 2.1). One important 

consideration is the extended period at beginning of the run where buffer B remains 

constant at 1%. This helps remove all the solvent, DTT, and salts in the mixtures before 

beginning the gradient, which leads to better separation of the peptides. Monitoring was 

done at 254nm wavelength as aromatic groups absorb at this wavelength. This simplifies 

the chromatogram and prevent oversaturating the detector. The gradient was then run and 
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all material around 40% B was collected in discrete fractions. Fractions exhibiting the 

correct m/z ratios (as measured by MALDI-MS) are pooled based on desired purity as 

determined by analytical HPLC integration (>90% required for NMR analysis, and >70% 

is required for farnesylation reaction). For analytical HPLC, monitoring was done at 220nm 

wavelength as amide bonds absorbs in this region of the spectrum, hence most possible 

contaminants will be observed. Once pooled, the free thiol concentration was accurately 

determined by Ellman’s assay using previously published procedure.156 The peptide was 

finally lyophilized before proceeding to the next step.  
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Figure 2.1 HPLC traces of a-factor precursor. (A) Crude semipreparative chromatogram 

of a-factor precursor peptide. The absorbance was monitored at 254 nm to observe aromatic 

groups only and thus increase the resolution. A flow rate of 3 mL/min was used. Gradient 

increased from 1% to 100% buffer B over 100 min with 10-min delay at the beginning of 

method. Fractions were collected between 40 and 60min at 1-min intervals. (B) Analytical 
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chromatogram of purified a-factor precursor. The absorbance was monitored at 220nm to 

show all contaminants and a flow rate of 1mL/min was used. Gradient increased from 1% 

to 100% buffer B over 25min with 5-min delay at the beginning of method.  

2. 2. 6. Farnesylation of a-Factor 

This step is performed after the peptide synthesis and resin cleavage, since the 

highly acidic conditions required for global peptide side chain deprotection and cleavage 

cause isomerization and degradation of the isoprenoid group.56 The reaction employed here 

uses zinc acetate dihydride to facilitate the nucleophilic reaction between the cysteinyl thiol 

moiety and the alkyl halide of trans,trans-farnesyl bromide (Scheme 2.4). To overcome 

solubility problems and their effects on alkylation rate, a degassed solvent blend (4:2:1 

DMF/1-BuOH/0.1% aqueous TFA) was used. 113 Those conditions along with the use of 

partially purified a-factor precursor allowed the reaction to proceed efficiently. Degassing 

the solvent was essential to prevent disulfide formation upon the activation of the peptide’s 

thiol. The reaction was monitored by retention time shift in analytical HPLC and judged 

complete once >90% conversion was observed. Once the farnesylation reaction was judged 

to be complete, the farnesylated peptide was purified using semi-prep column as outlined 

before. The peptide elutes at arounds 80% buffer B (Figure 2.2). 

 

Scheme 2.4 Farnesylation of a factor precursor peptide to yield a-factor. 
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Figure 2.2 HPLC traces of prenylated a-factor. (A) Crude semipreparative chromatogram 

of the farnesylation reaction. The absorbance was monitored at 254 nm to observe aromatic 

groups only and thus increase the resolution. A flow rate of 2 mL/min was used. Fractions 

were collected between 80 and 100 min at 1-min intervals. (B) Analytical chromatogram 

of purified a-factor precursor. The absorbance was monitored at 220 nm to show all 

contaminants with a flow rate of 1 mL/min. 
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2. 2. 7. MALDI-MS Analysis 

MALDI-MS allows the presence of the desired compound to be determined in a 

reliable manner. MALDI was chosen over ESI for two reasons; first, it generally affords 

monocharged species, which simplifies the analysis, especially when disulfide bonds were 

present.157 Second, MALDI-MS tends to give more reproducible ionization of a-factor 

(compared with ESI). a-Factor and precursor peptide were found to ionize best with α-

Cyano-4-hydroxycinnamic acid matrix (CCA) in positive reflector mode. It typically 

appeared as a mixture of [M + H]+, [M + Na]+, and [M + K]+ ions. Other ions may be 

observed however including [M + CH3OH + H]+, [M + CH3CN + H]+, [M + 2Na - H]+, and 

[M + CH3CN + Na]+. Sample MALDI-MS spectra of purified unfarnesylated and 

farnesylated a-factor are shown in Figure 2.3. Additionally, a calibrant should always be 

used to ensure accurate measurements. The following calibration mixture was used: 

Leucine enkephalin ([M + H]+ m/z = 556.2771), Bradykinin 2-9 ([M + H]+ m/z = 904.4680 

), Angiotensin I ([M + H]+ m/z = 1296.6850), Glu-fibrinogen ([M + H]+ m/z = 1570.6770), 

and ACTH 18-39 ([M + H]+ m/z = 2465.1990). The matrix solution itself can be stored on 

the benchtop and reused. However, a blank MALDI-MS spectrum of the matrix solution 

alone should be acquired each time to ensure that it has not been contaminated, and also to 

compare to the peptide’s spectrum to avoid misidentifying the matrix peaks as 

contaminants. Special care should be taken to avoid labeling matrix clusters as 

contaminations.158 In the case of DTT reduction, the crude peptide spectrum will show the 

[M + Na]+ ion as the predominant species while the other two ([M + H]+ and [M + K]+) 

may not be observed or only be observed at low levels. A good practice is to spot each 

sample twice (at different locations on the plate) and acquire spectra of both. This is to 

prevent false negative results where some compounds fail to ionize due to inconstant co-

crystallization with the matrix. 
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Figure 2.3 MALDI spectra of a-factor peptide and precursor. (A) Example MALDI 

spectrum of purified a factor precursor. (B) Example MALDI spectrum of purified 

farnesylated a factor. Notice the ionic charged states. 

2. 2. 8. NMR Analysis of a-Factor Peptide  

For the complete chemical characterization of the peptide, four homonuclear 

(1H,1H) and heteronuclear (1H,13C) 2D NMR experiments were necessary in addition to the 

basic 1H 1D experiment. COSY and TOCSY were used to analyze the short and long range 

1H-1H coupled spin systems, while HSQC and HMBC were used to analyze the short and 

long range 1H-13C coupled spin systems. The full assignment of farnesylated a-factor was 

achieved, allowing unambiguous structural analysis of a-factor and a-factor precursors 

including specific stereochemical properties. For example, the TOCSY experiment allows 

for analysis and rough quantification of the extent of epimerization of the C-terminal 

cysteine residue,155 as the presence of L and D cysteine gives rise to significantly different 

chemical shifts. As little as 2% epimerization was detected at 1 mM peptide concentration.  

The first spectrum collected was a one dimensional 1H NMR (1D 1H NMR), which 

can be extremely useful as a quick analytical tool, since it can be compared to known 

spectra to judge the quality of the sample before acquiring more time-consuming two-

dimensional experiments. A sample 1H 1D NMR spectrum is shown in Figure 2.4. 

Assignment of the 1H 1D spectrum of a-factor has been previously reported,117 as well as 

the 1H 1D spectrum of the farnesyl moiety bonded to a factor.159 
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Figure 2.4 1D 1H NMR spectrum of farnesylated a factor in DMSO-d6. The water peak is 

observed at 3.33, and DMSO peak is observed at 2.5 and was used for all calibrations.  

Comparison to known 1D spectra offer a quick and reliable analytical method for 

determining the presence of correct peptide as well as purity. Spectra were acquired with 

64 scans using 1 s recycle delay, 30° pulse, 3.1 s acquisition time with a sweep width of 15 

ppm. Data were Fourier transformed with 0.3 Hz line broadening applied and manually 

phase-corrected. All acquisitions were done on a Bruker Avance 700-MHz spectrometer 

with a 5 mm TXI cryoprobe. 

 

 The next spectrum collected was a COSY spectrum to gain primary assignment of 

1H-1H coupled spin systems. The COSY spectrum will only show proton-proton coupled 

signals through less than three bonds. The assigned spectrum of a-factor is shown in Figure 

2.5. The parameters used in the experiment are provided in the figure legend. Assignments 

are based on the 1D 1H spectrum. 

Following the successful assignment of the COSY spectrum, a TOCSY spectrum 

was used to observe long range 1H-1H coupling (Figure 2.6).160 The TOCSY experiment 

shows long range interactions between coupled spins up to 5 continuous bonds depending 
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on mixing times. Assignments are based on the COSY spectrum and the 1D 1H spectrum. 

The parameters used in the experiment are described in the figure legend. 

In order to gain primary assignment of the backbone, phase sensitive 1H-13C HSQC 

was acquired using Echo\Antiecho-TPPI gradient selection. 161,162 This type of experiment 

only observes one bond carbon-hydrogen coupling.163 Peaks arising from CH1 or CH3 

groups appear in the positive region, while peaks from CH2 appear in the negative region. 

The spectrum can be manually phased. The assignments are based on the 1D 1H spectrum 

and assisted by the 13C chemical shift values predicted using ChemDraw. The assigned 

spectrum of a-factor is shown in Figure 2.7. The parameters used for the data acquisition 

are described in the figure legend. 

Finally, phase sensitive HMBC was acquired using an echo/antiecho gradient selection 

with a three-fold low pass J-filter to suppress single bond correlations and obtain long range 

interactions. 164 In this experiment, coupled spin systems up to three continuous carbon-

carbon bonds were observed. The assignments are based on the 1D 1H and HSQC spectra. 

An assigned spectrum of a-factor is shown in Figure 2.8. The parameters used in the 

experiment are described in the figure legend. 

2. 3. Summary  

Using the side-chain anchoring method described here, it is possible to obtain a-

factor in good yield and high purity. Most of the difficulties in the process arise from poor 

solubility, due to the presence of impurities and disulfide-linked dimers in the crude a-

factor precursor. Sequential treatment with DTT and appropriate solvents as well as excess 

of TFA can be used to reduce the disulfide bond and keep the peptide solubilized for partial 

purification using HPLC. The excess TFA used, however, does interfere with adsorption 

of the peptide on the HPLC column. Sample dilution with aqueous solvent prior to 

injection, extended column equilibration, and an aqueous hold period all help ensure proper 

binding for purification. Partially purified a-factor precursor can then be farnesylated under 

mildly acidic conditions using farnesyl bromide and Zn(OAc)2. Solubility here is again 

problematic, as farnesyl bromide is soluble only in organic solvents, while Zn(OAc)2 

requires aqueous conditions. Here a DMF/BuOH/aqueous TFA solvent blend is used to 

maintain a homogeneous mixture while pre-solubilized reactants are added sequentially. 

Finally, once a-factor has been farnesylated, it can be purified to homogeneity via multiple 
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cycles of HPLC. Throughout the synthesis, MALDI-MS can be used to identify the 

presence of the correct products, as well as supplementing analytical HPLC for determining 

purity. MALDI-MS was chosen over ESI-MS methods as it simplified the analysis due to 

the production of singly charged species, as well as better ionization of a-factor and 

precursor. Once purified peptide is obtained, 2D NMR analysis provides an unambiguous 

analytical tool that can be used to inspect a-factor on the atomic level. COSY and TOCSY 

experiments provide the assignment of 1H-1H coupled spin systems, while HSQC and 

HMBC provide the assignments of 1H-13C coupled spin systems. While the methods 

described here are specifically for the preparation and characterization of a-factor, they can 

be used to prepare essentially any peptide that includes a C-terminal prenylated cysteine.  
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Figure 2.5 2D COSY NMR spectrum of farnesylated a factor in DMSO-d6. Spectrum is 

showing 1H-1H short range coupled spins (i.e., three bonds or less). Assignments are shown 

for each peak in the spectrum. Peaks labeled with asterisk are shown at a twofold to 
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fourfold higher contour level. A: assigned aliphatic region. B: assigned backbone region. 

Two signals are observed for proline, likely due to cis-trans isomerization. spectrum was 

acquired using 64 scans/increment, 16 dummy scans, 0.8 s recycle delay, and a spectral 

widths of 15 ppm. 6300 × 256 points were collected in the direct and indirect dimensions, 

respectively. Data were zero-filled with 8192 x 1024 points and Fourier-transformed with 

a shifted sine-bell squared function with 1.00 x 0.30 Hz line broadening applied. 2× linear 

prediction was applied in the indirect dimension. Sine bell shift was 0 x 0 and gaussian 

max position 0 x 0.1. 
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Figure 2.6 2D TOCSY NMR spectrum of farnesylated a factor in DMSO-d6. Spectrum is 

showing 1H-1H long range coupled spins (up to five bonds). Assignments are shown 

adjacent to each peak. Peaks labeled with asterisk are shown at a twofold to fourfold higher 
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contour level. A: assigned aliphatic region. B: assigned backbone region. ROESY peaks 

appear as negative resonances and are are omitted from the spectrum for clarity. Spectral 

parameters were identical to the COSY spectrum except that the sine bell shit was 2 x 2 

and the gaussian max position was 1 x 1. 
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Figure 2.7 2D 1H, 13C-HSQC NMR spectrum of farnesylated a factor in DMSO-d6.  

Spectrum is showing 13C-1H short range coupled spin systems (via single bond). 

Assignments are shown adjacent to each peak. Peaks labeled with asterisk are shown at a 

twofold to fourfold higher contour level. Peaks with positive phasing (black) indicate a 

CH3 or CH1 moiety, while peaks with negative phasing (red) indicate a CH2 moiety. A: 

assigned aliphatic region. B: assigned backbone region. C: assigned aromatic region. 

Spectrum was acquired using 32 scans/increment, 32 dummy scans, 1.5 s recycle delay, 

and a spectral widths of 15 ppm x 165 ppm. 2048 × 1024 points were collected in the 

directly and indirectly detected dimensions, respectively. Data were zero-filled with 4096 

x 2048 points and Fourier-transformed with a shifted sine-bell squared function with 1.00 

x 0.30 Hz line broadening applied. 3× linear prediction was applied in the indirect 

dimension. Sine bell shift was 2 x 2 and gaussian max position 0 x 0.1. 
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Figure 2.8. 2D 1H,13C HMBC NMR spectrum of farnesylated a factor in DMSO-d6. 

Spectrum is showing 13C-1H long range coupled spin systems (up to five bonds). 

Assignments are shown adjacent to each peak. A: assigned aliphatic region. B: assigned 
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backbone region. The spectrum was acquired using 32 scans/increment, 16 dummy scans, 

0.8 s recycle delay, and a spectral widths of 15 ppm x 222 ppm. 5594 × 265 points were 

collected in the directly and indirectly detected dimensions, respectively. Data were zero-

filled with 16384 x 2048 points and Fourier-transformed with a shifted sine-bell squared 

function with 1.00 x 1.00 Hz line broadening applied. 3× linear prediction was applied in 

the indirect dimension. Sine bell shift was 4 x 4 and gaussian max position 0.5 x 0.5. 

2. 4. Experimental Section  

2. 4. 1. Fmoc-Cys-OMe Synthesis  

361 mg (1.00 mmol) of Fmoc-L-cysteine hydrate was dissolved in 10.0 mL 

methanol. Solution was clear colorless. 6 – 10 drops of concentrated HCl were added and 

the solution was stirred overnight with a magnetic stir bar. After 24 hours a white paste 

suspended in a slurry was observed. Reaction completion was confirmed using a silica TLC 

plate developed using 50:50 hexane/ethyl acetate and visualized under UV light. The Rf of 

Fmoc-L-CysOMe is 0.9, while the corresponding value for Fmoc-L-Cys•H2O is 0.3.  The 

slurry was diluted with acetone until a clear, colorless solution was observed. The solvent 

was then removed in vacuo using a rotary evaporator at 30 °C. The resulting white powder 

was further dried under high vacuum for several hours. 1H 1D NMR in CDCl3 with TMS 

as an internal standard confirmed the identity of the product (Table 2.1). 340 mg of pure 

material was obtained (99% yield).  
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Table 2.1 1H  NMR assignment of Fmoc-L-CysOMe in CDCl3 was carried out with 

TMS as an internal standard 

1H Chemical Shift 

δ (ppm) 
Integration Multiplicity 

JH-H 

(Hz) 

Assignment (from 

Scheme 2.1) 

1.39 1 t 8.65 H4 

3.03 2 d 7.87 H3 

3.83 3 s - H1 

4.26 1 t 6.85 H6 

4.44 2 d 6.30 H5 

4.67 1 t 3.71 H2 

5.71 1 b - NH 

7.35 2 t 7.20 H8 

7.44 2 t 7.48 H9 

7.64 2 d 7.48 H7 

7.8 2 d 7.6 H10 

 

2. 4. 2. Loading of trityl chloride resin.  

0.2 mmol of trt-cl resin was placed in a polypropylene fritted syringe, then washed 

with 5 mL DMF for 2 min x 3 times, followed by a wash with 5 mL CH2Cl2 for 5 min x 3 

times. 286 mg (4.00 molar equivalents) of Fmoc-L-CysOMe was dissolved in 3 mL CH2Cl2 

and 140 µL (4.00 molar equivalents) of DIPEA was added to the solution. The mixture was 

added to the resin and placed overnight on rotating mixer. The next day, 200 µL of 

methanol was added to the syringe containing the reaction, and place on the rotating mixer 

for 15 min. This was to cap any unreacted sites on the resin. The solution was drained and 

the resin was washed with 5 mL DMF for 2 min x 3 times followed by 5 mL CH2Cl2 for 2 

min x 3 times. The resin was dried by pulling vacuum through the syringe for several hours, 

and then stored at -20 °C. 

2. 4. 3. Quantification of loading using Fmoc-Assay 

In triplicate, ~10 mg resin aliquots were weighed accurately in glass vials. Using a 

Hamilton syringe, 0.5 mL 20% piperidine in DMF was added to each vial which were then 
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incubated for 30 min at RT to deprotect Fmoc groups from Fmoc-L-CysOMe on resin. 

Meanwhile, a stock of 1 mM Fmoc-OSu in ethanol was prepared, and subsequently diluted 

in volumetric flasks as described in Table 2.2 to make a series of standards and a standard 

blank. Also, a sample blank consisting of 0.5 mL 20% piperidine in DMF and diluted to 

25 mL in ethanol was prepared. After 30 mins, ethanol was used to dilute the deprotected 

samples to 25 mL in volumetric flasks. In triplicate, 150 µL of each sample, sample blank, 

and standard was placed into a 96-well plate. The absorbance was then measured at 301 

nm. A standard curve was constructed and used to calculate mmols of Fmoc present in each 

sample. This was used to calculate resin loading according to Equation 2.1.  

Table 2.2 Dilutions of Fmoc-OSu in ethanol used for Fmoc quantitative assay 

Standard 

Amount of 

standard to add 

(µL) 

Source 

Amount of 

ethanol to add 

(µL) 

Final 

Concentration 

(mM) 

A 300 1 mM Stock 0 1 

B 200 1 mM Stock 100 0.75 

C 300 1 mM Stock 300 0.5 

D 300 C 300 0.25 

E 300 D 300 0.125 

F 300 E 300 0.063 

G 300 F 300 0.031 

H 0 - 300 0 

 

Equation 2.1 𝒓𝒆𝒔𝒊𝒏 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 (𝒎𝒎𝒐𝒍
𝒈⁄ ) =  

𝑭𝒎𝒐𝒄 𝑪𝒐𝒏𝒄𝒆𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒎𝑴×𝟎.𝟎𝟐𝟓𝑳 

𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒓𝒆𝒔𝒊𝒏 𝒄𝒍𝒆𝒂𝒗𝒆𝒈 (𝒈)
.  

2. 4. 4. SPPS of a-factor precursor 

The synthesis was carried out on a 0.1 mmol scale using a PS3 automated peptide 

synthesizer (Gyros Protein Technologies Inc., Memphis, TN).). The resin was first swelled 

in DMF for 10 minutes. The peptide was extended using single couplings with 4.0 

equivalents of HCTU activator and amino acids at 100 mM in activator base (0.4 M DIPEA 

in DMF). Each coupling step was allowed to proceed for 30 minutes. Fmoc groups were 

deprotect by treatment with 20% piperidine in DMF for 10 min twice. Once the peptide 
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chain was fully elongated, the resin was washed with 5 mL DMF x 3 times, followed by 

CH2Cl2 x 3 times. Half of the resin was then transferred to a polypropylene syringe with a 

polypropylene cap. 10 mL N2 sparged Reagent K (8.25 mL TFA, 500 mg phenol, 500 µL 

H2O, 500 µL Anisole, 250 µL 1,2 ethanedithiol) was added to resin and placed on rotary 

mixer for 2 hours to cleave peptide and carry out the global side chain deprotection. After 

2 hours, the solution was slowly added to 30 mL ice cold ether in a falcon tube to precipitate 

the peptide. The resin was washed with 5 mL more TFA and added to the ether solution, 

which was diluted to 50 mL and cooled further in an acetone/dry ice bath. The tube was 

centrifuged at 4000 RPM for 5 min to pellet the peptide. The ether was decanted, and the 

procedure was repeated two more times. The peptide was then allowed to dry in a fume 

hood for one hour.  Once fully dry, 5 mL methanol was used to suspend the peptide and 

transfer to pre-weighed glass vial. The suspension was afterwards diluted with an equal 

amount of H2O. The methanol and remaining ether were evaporated using a gentle stream 

of nitrogen until ~5 mL of solution remained, which was afterwards flash frozen using 

liquid nitrogen and placed on a lyophilizer overnight.   

2. 4. 5. HPLC purification of unfarnesylated a-factor 

10 mg of crude peptide was dissolved in 1 mL of HPLC grade water buffered to pH 

8.0 with NaHCO3 and 30 µL 0.5 M DTT solution. 1 mL of HPLC grade CH3CN and 1 mL 

HPLC grade methanol were added, and the solution was sonicated for 15 minutes. 100 µL 

of TFA was added to the solution, causing it to become a clear. The solution was 

centrifuged at 4000 RPM for 5 min before diluted two-fold in a 50:50 solution of 

H2O/CH3CN with 0.1 TFA. The peptide was then purified over two runs by injecting 4 mL 

into a Semi-prep RP C-18 HPLC column (9.4 x 250 mm column) equilibrated with 1% 

buffer B (CH3CN with 0.1% TFA) and 99% Buffer A (H2O with 0.1% TFA). The 

absorbance was monitored at 254 nm to observe aromatic groups and a flow rate of 3 

mL/min. Gradient increased from 1% to 100% buffer B over 100 min with 10-min delay 

at the beginning of method. Fractions were collected between 40 and 60min at 1-min 

intervals. MALDI-MS and analytical HPLC was then used to confirm identity and purity 

of collected fractions. RP C-18 HPLC column (4.6 x 250 mm) was used. 20 µL peptide 

solution diluted to 100 µL in 50:50 buffer was injected into the equilibrated column. The 

absorbance was monitored at 220 nm to show all contaminants and a flow rate of 1 mL/min 
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was used. Gradient increased from 1% to 100% buffer B over 25 min with 5-min delay at 

the beginning of method. Once the fractions containing the pure peptide were pooled the 

organic solvent and TFA were removed using a stream of N2 and the remaining solution 

was flash frozen and lyophilized.  

2. 4. 6. Farnesylation of a-factor 

10 mg (7.0 µmol) of purified a-Factor was dissolved in 7 mL N2 sparged 4:2:1 

DMF/1-BuOH/0.1% aqueous TFA of solvent blend for a final concentration of 1 mM. 

Ellman’s free thiol reagent was then used to determine the exact concentration.156  6.5 mg 

(5.0 equivalents) of Zn(OAc)2•H2O in 0.5 mL H2O containing 0.1% TFA was added to the 

peptide solution.  9.5 µL (5.0) equivalents of farnesyl bromide was subsequently diluted in 

0.5 mL of DMF, and added dropwise to the above solution while stirring. The mixture was 

stirred under nitrogen for 4 hours. Reaction completion was confirmed using analytical 

HPLC.  

2. 4. 7. HPLC purification of farnesylated a-factor 

Using a Falcon tube, the crude reaction mixture was diluted twofold with a 50:50 Buffer 

A/B mixture. The tube was then centrifuged at 4000 RPM for 5 min to remove any 

particulates in the reaction mixture. Afterwards, the solution was purified using the same 

method outlined above.   

2. 4. 8. MALDI MS analysis of a-Factor 

In a microcentrifuge tube, a saturated solution of CCA matrix in 50:50 buffer 

A/buffer B mixture was prepared, then centrifuged for 3 min at maximum speed. 0.5 µL of 

the matrix solution was spotted onto a MALDI-MS plate followed by 0.5 µL of peptide 

solution. Pipetting mixing was done repeatedly until small crystals were observed. The 

plate was then left to dry before acquiring the MALDI MS spectrum using positive reflector 

mode and a scan range of 500 – 3000 m/z. The following calibration mixture was used: 

Leucine enkephalin ([M + H]+ m/z = 556.2771), Bradykinin 2-9 ([M + H]+ m/z = 904.4680 

), Angiotensin I ([M + H]+ m/z = 1296.6850), Glu-fibrinogen ([M + H]+ m/z = 1570.6770), 

and ACTH 18-39 ([M + H]+ m/z = 2465.1990). 

2. 4. 9. NMR analysis of a-Factor  

1.5 mg of peptide was dissolved in 300 µL DMSO-d6 for a final concentration of 

3 mM. The solution was then placed in a DMSO-d6 matched Shigemi NMR tube before 
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running the appropriate NMR experiments. All acquisition for the experiments reported 

here was done using a Bruker Avance 700-MHz spectrometer with 5 mm 1H-13C-15N TXI 

cryoprobe. TopSpin was used to analyze all spectra. 
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Chapter 3. Photoswitchable Isoprenoid Lipids Enable Optical Control of Peptide 

Lipidation 

3. 1. Introduction 

 Approximately 10 to 20% of all mammalian proteins are thought to undergo 

protein lipidation.165 Among the most common types of posttranslational modifications are 

fatty acylation and isoprenylation.166 The latter consists of the attachment of an isoprenoid 

lipid with 3 isoprene repeats (farnesylation, 15 carbons) or 4 isoprene repeats 

(geranylgeranylation, 20 carbons) by either protein farnesyltransferase (FTase), or types 1, 

2 or 3 geranylgeranyltransferase (GGTase I, II or III) to specific protein substrates. These 

groups are linked via a thioether bond to one or two cysteine residues positioned near the 

C-terminus of a target protein.8 This step is followed by removal of a C-terminal tripeptide 

sequence by either Ste24 or Ras Converting CAAX Endopeptidase 1 (RCE1) 

enzymes,167,168 and finally methylation of the newly exposed carboxyl cysteine by Protein-

S-isoprenylcysteine O-methyltransferase (ICMT).104 Combined, these modifications 

generate the functional/active states of the lipidated protein through modulation of their 

cellular localization and/or protein-protein interactions .169  

 Several chemical probes have been developed to study and inhibit protein 

isoprenylation as a means to disrupt the processing of CaaX proteins implicated in disease 

pathways.170 Farnesyltransferase inhibitors (FTIs) have been explored in several trials for 

cancer therapy171 and have recently been approved for the treatment of hepatitis D virus 

infections, progeria, and progeroid laminopathies.79 To allow for improved spatiotemporal 

control of protein farnesylation, we have previously synthesized FTIs with photocleavable 

protecting groups that enable the UVA light-triggered activation of these caged 

molecules.172 However, this light-induced inhibition of farnesyltransferase (FTase) is an 

indirect method to control the function of isoprenylated proteins and it does not allow for 

reversibility or activation of the process. We envisioned that reversible control of the 

structure of the isoprenoid lipid and, in turn its function, could be achieved through 

incorporation of a reversibly photoswitchable moiety, such as a hydrophobic azobenzene, 

into an isoprenoid substrate.  

 In recent years, this approach has been extensively explored for 

photoswitchable sphingolipids and glycerolipids.173 These photolipids have been used to 
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control biological targets of signaling lipids, including GPCRs,174–176 ion channels,177–179 

enzymes,180–182 nuclear hormone receptors,183,184 and immunoreceptors,185 and as a means 

to control membrane biophysics in model membranes186–188 and cells.188 However, to date, 

this approach has not been extended to other important classes of lipids, such as steroids 

or isoprenoids. The development of photoswitchable isoprenoid lipids was further 

motivated by previously reported arene-rich analogs that proved to be efficient substrates 

for FTase (Figure 3.4A).189 These included a benzyl phenyl ether, which is a structural 

isostere (‘azostere’190,191) of azobenzenes. Photoswitchable analogs could, in principle, 

allow for the optical control of substrate prenylation, processing, and bioactivity (Figure 

3.4B). Herein, we systematically explore the use of photoswitchable FPP analogs, termed 

AzoFPPs, for the optical control of protein isoprenylation, the subsequent processing of 

isoprenylated peptides, and the bioactivity of a prenylated fully processed, bioactive 

peptide (Figure 3.4C). Each enzymatic step in the CaaX pathway was explored with a 

peptide substrate in either the trans- or cis-forms to probe the relative sensitivity of lipid 

structure on the protein isoprenylation processing steps. Lastly, the bioactivity of the 

mature, fully processed, peptide a-factor containing the photoswitchable lipid moiety was 

assessed using a yeast growth arrest assay. Our results suggest, that AzoFPPs enable 

optical control of the isoprenylation step catalyzed by FTases without significantly 

affecting subsequent processing steps.  
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Figure 3.1 Design of photoswitchable FPP analogs and optical probing of prenylation 

processing. (A) ‘Azologization’ of FPP and arene-rich analog. (B) Schematic illustration 

of protein farnesylation and subsequent processing. (C) Schematic representation of optical 

probing of peptide prenylation and processing with photoswitchable FPP analogs.  
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3. 2. Results and Discussion 

3. 2. 1. Design, Synthesis, and Photophysical Characterization of 

Photoswitchable FPP Analogs. 

Initially, two photoswitchable analogs of FPP (Figure 3.2A) were designed and 

synthesized (see Figure S 3.1 for the synthetic routes). The first analog, AzoFPP-1, was 

based on direct incorporation of an azobenzene into an isoprenoid-like allylic scaffold. The 

second analog, AzoFPP-2, was inspired by a previously reported Aryl-FPP derivative 

developed by Spielmann et al. that shows better steady-state kinetic parameters for 

isoprenylating an H-Ras sequence compared with FPP, the physiological substrate.189 This 

Aryl-FPP analog allowed for straight-forward azologization190,191 to obtain a 

photoswitchable analog. Briefly, 3-hydroxy azobenzene (2) was coupled to a prenol-

derived alcohol (1) via a Mitsunobu reaction, followed by deprotection, which was then 

transformed into a chloride under Appel conditions.192 This allowed for the introduction of 

the diphosphate functionality into 4. Ion exchange chromatography and further purification 

gave AzoFPP-1 (5). The azobenzene precursor 6 for AzoFPP-2 (7) was generated under 

Baeyer-Mills conditions193,194 followed by a similar reaction sequence to yield the 

diphosphate (Figure 3.2A). UV-Vis spectroscopy showed that AzoFPP-1 behaved 

similarly to an unsubstituted azobenzene (Figure 3.2B). Isomerization from the 

thermodynamically favored trans-configuration to the cis-form was triggered with UV 

irradiation (l = 365 nm), as evidenced by monitoring via reversed-phase HPLC (Figure S 

3.2). This process was reversible using blue light (l = 460 nm) over multiple cycles (Figure 

3.2C). Both compounds underwent slow thermal relaxation to the trans-isomer with 

t1/2 = 25 h for Azo-FPP-1 and t1/2 = 29 h for Azo-FPP-2, measured in PBS buffer at 37 °C.  
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Figure 3.2 Synthesis, photophysical characterization, and molecular docking of 

photoswitchable farnesyl diphosphate analogs. (A) Chemical synthesis of AzoFPP-1 and 

AzoFPP-2.  (B) The UV-Vis spectra of AzoFPP-1 in varying wavelength-adapted 

photostationary states obtained using 50 μM AzoFPP-1 in PBS. (C) Reversible cycling 

between photoisomers with alternating illumination at the two distinct wavelengths, 365 

nm and 460 nm, demonstrated the rapid rate of isomerization. The reactions were 

performed using 50 μM AzoFPP-1 in PBS. (D) Crystal structure of FTase (grey) bound to 

farnesyl diphosphate (green) and peptide substrate (grey sticks). Spheres shown for the 

leucine residue in the CVLS substrate sequence. PDB 1JCR (E) Molecular docking of 

AzoFPP-1 in trans (cyan) and cis (purple) into FTase. Spheres shown for the leucine 

residue in the CVLS substrate sequence.  
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3. 2. 2. Optical control of peptide farnesylation 

Molecular docking studies of the photoswitchable FPP analogs into the structure of 

Rattus norvegicus FTase (rFTase, PDB 1JCR) suggested that the trans isomer of the 

analogs would be accepted by the enzyme better than the cis isomer. Notably, we found 

that trans-AzoFPP-1 (Figure 3.2E) exhibited a similar binding pose relative to the peptide 

substrate compared to endogenous FPP (Figure 3.2 2D), while cis-AzoFPP-1 exhibited 

some visible steric clash with leucine of the substrate peptide CVLS, suggesting that this 

photoisomer may be a less effective substrate for transfer by interfering with the binding 

of the peptide substrate, the second step in the kinetic mechanism of the enzyme after 

farnesyl diphosphate (FPP) binding.18,195,196  

Based on these promising docking results, the in vitro farnesylation of a model 

peptide (8a) with AzoFPP-1 by yeast farnesyltransferase (yFTase) was explored (Figure 

3.3A & B). The model peptide contained a dansyl fluorophore (lex = 335 nm; lem = 518 nm) 

for visualization, an RAG sequence to increase solubility and ionization in mass 

spectrometry, and a CVIA sequence derived from the precursor to the prenylated yeast 

mating pheromone a-factor. The ratio of 8a to the corresponding farnesylated peptide 8b 

(with FPP) or 8c/d (with AzoFPP-1) was monitored by LC-MS. While the substrate 8a 

exhibited a single peak with a retention time of 27.9 min in the absence of enzyme, 

incubation with yFTase and FPP resulted in formation of a new peak with a longer retention 

time of 58.8 min and a mass consistent with the formation of the farnesylated product 8b 

(Figure 3.3C). Similarly, in the presence of yFTase and AzoFPP-1, a new product eluting 

at 55.1 min and with a mass consistent with the formation of 8c was observed (Figure 

3.3D). At saturating substrate concentrations (22 µM FPP, 2.4 uM peptide), 63% of 8a was 

converted to 8b, and this conversion was not significantly affected by irradiation with UV-

A light (Figure 3.3E). For comparison, 51% of 8a was converted to 8c under the same 

conditions with AzoFPP-1. Thus, AzoFPP-1 appears to be an efficient substrate for 

yFTase, reacting at approximately 80% the rate observed with FPP. Most importantly, upon 

irradiation with UV-A light prior to enzyme addition, the conversion to product was 

markedly reduced from 51% to 10% (5-fold), demonstrating that trans-AzoFPP-1 

undergoes significantly more effective transfer to the peptide substrate allowing for optical 

control of substrate farnesylation. It is important to note that the reaction mixtures 
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containing AzoFPP-1 were allowed to relax for 12 hours after quenching and prior to 

analysis, thus only 8c was observed and not 8d. This step simplified the analysis because 

while 8d has a distinct retention time that can be detected, it slowly converts to 8c; allowing 

complete relaxation eliminated the need to analyze the enzymatic reactions immediately 

upon completion. To examine whether this marked reduction in rate manifested by cis-

AzoFPP-1 was attributable to an effect on KM or kcat, similar experiments were performed 

at lower isoprenoid concentrations near KM. Under those conditions, trans-AzoFPP-1 

again yielded 5-fold greater conversion than cis-AzoFPP-1 (Figure S 3.3). Since the rates 

measured at high substrate concentration should reflect differences in kcat while the rates 

observed at low substrate concentrations can reflect effects on both kcat and KM, these 

results suggest that the major impact of isomerization is on kcat. Parallel experiments 

performed with a mammalian farnesyltransferase (R. norvegicus, rFTase) exhibited a 

similar preference for the trans-AzoFPP-1 isomer (Figure S 3.4 and Figure S 3.5). 

Substrate AzoFPP-2 did not undergo detectable yFTase- or rFTase-catalyzed transfer to a 

peptide substrate and was therefore not further pursued in this study. 
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Figure 3.3 Optical control of peptide farnesylation. (A) Schematic representation of model 

peptide substrate farnesylation with AzoFPP-1 in the trans and cis form. (B) Chemical 

structure of peptide substrate for FTase (8) and a-factor variants (9-11) with various 

functionalizations (a-d). (C & D) HPLC chromatograms showing conversion of 8a to 8b 

(C) or 8c (D) upon incubation of 8a with FPP and yFTase in the dark (top) or after UV-A 

irradiation (bottom). Substrate concentrations were at saturating levels. Absorbance was 

monitored at 220 nm. (E) Quantification of (C) and (D). Error bars represent SEM.   
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3. 2. 3. Optical probing of prenylation processing 

Given the substantial (5-fold) optical control of the prenyltransferase-catalyzed 

reaction obtained with AzoFPP-1, we then decided to investigate the subsequent steps in 

the isoprenylation processing pathway including proteolysis and carboxyl methylation, and 

the bioactivity of peptides containing the photoswitchable isoprenoid group. For this 

purpose, the yeast mating pheromone a-factor was employed because it is a well-

established substrate for these enzymes and it has a simple bioactive cellular assay. a-

Factor has been extensively studied for its three posttranslational modifications 

(isoprenylation, proteolysis and carboxyl methylation) that are required for proper mating 

between two haploid yeast (S. cerevisae) cells.109,128,129,197,198 a-Factor precursors 9a and 

10a containing VIA and Cys-COOH C-termini were synthesized by standard solid phase 

peptide synthetic methods. a-Factor precursor 11a with a C-terminal methyl ester was 

prepared using a side chain anchoring methodology where Fmoc-Cys-OMe linked to trityl 

resin via its thiol group (Figure S 3.7) was employed for subsequent solid phase peptide 

synthesis.199,200 Subsequent peptides were then prenylated chemically with trans,trans-

farnesyl bromide or the corresponding chloride precursor used to prepare AzoFPP-1 at pH 

5.0 in the presence of Zn(OAc)2 and NaI. These conditions were optimized (Figure S 3.8) 

based on previously reported procedures.128,199,201,202 Peptides containing a VIA (9b and 

9c), Cys-COOH (10b and 10c), or Cys-COMe (11b and 11c) termini were obtained in this 

manner. Using these model peptides, each processing enzyme was assayed for activity with 

its respective a-factor substrate in either the trans-form (dark) or cis-form (after UV-A 

irradiation) for light-dependent conversion. Compounds 9b and 9c were used in 

experiments with the proteases Rce1 and Ste24 and 10b and 10c were used with the 

isoprenylcysteine carboxyl methyltransferase, Ste14, the Icmt from S. cerevisiae (Figure 

3.4A). To accomplish this, samples were irradiated using using our Cell DISCO 

system203,204 (5 ms irradiation every 15 s at 370 nm). Generally, azobenzene-containing 

peptides were converted to products at rates similar to their farnesylated counterpart in 

each of the enzymatic steps studied, except in the case of Rce1 where a 2-fold decrease 

was observed with the photolipid-containing peptide (Figure 3.4B). Each enzyme 

exhibited only minimal light-dependent activity differences when treated with saturating 

concentrations of substrate (Figure 3.4B). These enzymes were further tested at substrate 
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concentrations nearer to the KM to test for possible KM effects, such as changes in binding 

affinity between the two isoprenoid conformations (Figure S 3.8). No significant 

differences were observed suggesting that cis/trans isomerization of the diazo-arene had 

little effect on these enzymatic transformations. 

Finally, the bioactivity of the “fully processed” peptides 11b (a-factor), 11c, and 

11d was assessed in a yeast growth arrest halo assay employing the DISCO system adapted 

to a 24 well format (Figure 3.4C).129,205 All three peptides were found to be active in this 

receptor-mediated growth arrest assay and exhibited similar potencies. These data suggest 

that the bioactivity of a-factor is not sensitive to the structural prenyl-group variations 

explored. Overall, the optical probing of the prenylation processing pathway reported here 

suggests that the photoswitchable analog permits selective control of peptide lipidation by 

farnesyltransferase but exhibits little effect on the subsequent processing steps.  
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Figure 3.4 Optical probing of prenylation processing pathway.  (A) Schematic 

representation of prenylation processing with photoswitchable a-factor analogs in the trans 

and cis form. (B) Quantification with and without UV-A irradiation of Rce1 and Ste24 

activity with compounds 9b and 9c/d (15 µM), and Ste14 activity with compounds 10b and 

10c/d (25 µM). (C) Yeast growth arrest halo assay with and without UV-A irradiation of 

compounds 11b and 11c/d. The amount of substrate spotted is listed in table above with 

solution controls, ddH2O, YPD and the YPD/BSA mixture used to dilute and make the 

compound solution, are in the first row.  Quantified growth end-point values listed in table 

below. Error bars represent SEM.  
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3. 3. Concluding Remarks 

Here, we show that isoprenoid lipids can be modified to contain a molecular 

photoswitch to function as photoswitchable substrates for peptide lipidation by 

farnesyltransferase. This work enlarges the classes of lipids that can be modified with 

photoswitches to isoprenoids, which have not been previously investigated using this 

approach.173,206 The development of the photoswitchable FPP analog AzoFPP-1 and its 

integration into a series of photoswitchable a-factor analogs enabled us to systematically 

test the utility of these compounds for optical control of various steps in the CaaX 

processing pathway, including protein isoprenylation, proteolytic processing, carboxyl 

methylation, and a-factor bioactivity. This study demonstrated that peptide lipidation with 

AzoFPP-1 could be effectively modulated through switching between its trans and cis 

form, while proteolysis, carboxymethylation, and bioactivity were not sensitive to 

photoisomerization. These findings suggest that the initial lipidation step is more tightly 

controlled by lipid structure than the subsequent processing steps and that the tool 

developed here enables selective optical control of this initial step. Given the importance 

of isoprenylated proteins in signal transduction pathways, these photoswitchable 

isoprenoids could be particularly useful for decelerating protein prenylation in a temporally 

controllable manner or for probing cellular signaling processes that sense or are tightly 

controlled by isoprenoid structure.8,207,208 

To date, 2213 isoprenoid lipids have been described (LIPID MAPS209,210). Many of 

these exhibit linear isoprenoid chains that could be functionalized with an azobenzene in 

an analogous fashion to yield optical control of their function. Linear isoprenoid lipids with 

interesting bioactivity include the tocotrienols (Vitamin E),211 cannabinoids (cannabigerol 

or cannabigerolic acid),212 the moenomycin antibiotics,213 or other natural products such as 

auraptene and umbelliprenin.214 Isoprenoid lipids have further been used in the design of 

synthetic pharmacophores, such as the Ras inhibitor Salirasib.215,216 Future efforts will 

address the development of photoswitchable isoprenoids based on these and other bioactive 

metabolites to assess how modular the described approach is for the class of isoprenoid 

lipids.   
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3. 4. Materials and Methods 

3. 4. 1. Photophysical Characterization of AzoFPP-1 and AzoFPP-2 

UV-Vis spectra were recorded using a Varian Cary 50 Bio UV-Visible 

Spectrophotometer. Photoswitching was achieved using 365 nm or 460 nm LED light 

sources. The LEDs were pointed directly onto the top of the sample cuvette with 

photoswitch (50 µM in DMSO). An initial spectrum was recorded (dark-adapted state, 

black) and then again following illumination at 365 nm for 30 s (cis-adapted state, gray). 

A third spectrum was recorded after irradiation at 470 nm for 30 s (trans-adapted state, 

blue). Absorption at 340 nm was recorded over several switching cycles whilst alternating 

illumination at 365 nm and 460 nm with. The light source was directly pointed onto the top 

of the sample cuvette.  

3. 4. 2. Molecular Docking 

For modeling of AzoFPP1 in cis and trans confirmations into the active site of 

PFTase (pdb file 1JCR), docking was performed using MacroModel v #9.9 and its program 

Glide. The FTase crystal structure was prepared and minimized using the default settings 

in the protein preparation wizard as part of the Maestro (Schrodinger Release 2021 - 03, 

Maestro Version 12.9.137package. Prime function was used to fill in missing loops and 

side chains. Afterwards, a receptor grid large enough to encompass the entire binding site 

for AzoFPP1 was generated from the prepared PFTase enzyme. An extra precision docking 

parameter was set and 10 000 ligand poses per docking were run per AzoFPP1 

confirmation. The conformations with the overall highest binding score were chosen for 

display here. 

3. 4. 3. yFTase Mediated Prenylation of Peptide Dns-CVIA peptide with 

AzoFPP-1 and AzoFPP-2 

yFTase was expressed and purified as previously described.17,217 To test if yFTase 

would process AzoFPP-1, a solution of 2.4 µM 8a was prepared in yFTase prenylation 

buffer (50 mM Tris Ph 7.5, 15 mM DTT, 10 mM MgCl2, 50 µM ZnCl2, 20 mM KCl) along 

with either AzoFPP-1 or AzoFPP-2 at 22 µM and placed in a low adhesion 

microcentrifuge tube. Afterwards the enzymatic reactions were initiated by adding yFTase 

to a final enzyme concentration of 0.100 mM and a final volume of 250 µL, then incubating 

at RT for 20 h. The reactions were quenched by the addition of 50 µL of glacial CH3COOH 

before subjecting to LCMS analysis. LCMS analysis was performed on an Agilent 1200 
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series system (Windows 10, ChemStation Software, G1322A Degasser, G1312A binary 

pump, G1329A autosampler, G1315B diode array detector, 6130 quadrupole) equipped 

with a C18 column (Agilent ZORBAX 300-SB-C18, 5 μM, 4.6 X 250 mm). Samples were 

not filtered as filtration caused the observation of no peptide products.  

3. 4. 4. Kinetic analysis to determine reactivity of trans- and cis-Azo-FPP1 

with yFTase  

A solution of 2.4 µM 8a was prepared in yFTase prenylation buffer along with 

either farnesyl diphosphate (FPP) or AzoFPP-1 at 22 µM (high concentration) or 1 µM 

(low concentration). UV irradiation of select samples was done by placing the solution in 

round quartz tubes (10 × 50 mm) with 1 mm wall thickness and irradiating in a Rayonet 

reactor using 3 × 350 nm bulbs (14 W, RPR-3500 Å) for 2 min. To confirm that Azo-FPP-

1 was completely isomerized after 2 min and had not relaxed within the timeframe required 

to carry out the enzymatic reaction, a solution containing only AzoFPP-1 at 22 µM in 

prenylation buffer was analyzed by LCMS before and after irradiation with incubation at 

RT for one h. Complete shift in retention time was observed (Figure S 3.2). Afterwards 

the enzymatic reactions were carried out in low adhesion microcentrifuge tubes, and 

initiated by adding yFTase to a final enzyme concentration of 0.175 µM and a final volume 

of 450 µL, then incubating at RT for 15 min. The reactions were quenched by the addition 

of 50 µL of glacial CH3COOH before subjecting to LCMS analysis. LCMS analysis was 

performed on an Agilent 1200 series system (Windows 10, ChemStation Software, 

G1322A Degasser, G1312A binary pump, G1329A autosampler, G1315B diode array 

detector, 6130 quadrupole) equipped with a C18 column (Agilent ZORBAX 300-SB-C18, 

5 μM, 4.6 X 250 mm). Samples were not filtered as filtration caused the observation of no 

peptide products. All reactions were run in triplicates. Extent of enzymatic conversion was 

determined by integration of the starting material and product peaks in 220 nm absorbance 

chromatograms. This assumes that 8a and 8c have a similar e220 since all the amide bonds 

as well as the Dansyl group exhibit absorbance at that wavelength. To confirm the validity 

of this assumption, a master mix containing all the reaction component except the enzyme 

was prepared (2.4 µM 8a, 22 µM, 50 mM Tris Ph 7.5, 15 mM DTT, 10 mM MgCl2, 50 µM 

ZnCl2, 20 mM KCl). This solution was split into two equal aliquots each in two low 

adhesion microcentrifuge tubes. One aliquot received yFTase enzyme in Tris buffer to a 

final concentration of 0.175 µM and a final volume of 450 µL, while the other received 
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equal volume of only Tris buffer. After incubating at RT until ~50% conversion was 

observed each solution received 50 µL of glacial CH3COOH and both were subjected to 

LC-MS analysis. The integrated 220 nm absorbance of the 8a peak in the case of the no 

enzyme solution was 1765.3 units, while the sum of the integrated areas of 8a and 8c peak 

was 1735.2 units in the case of the sample with yFTase enzyme, which are within 2% of 

each other.  

3. 4. 5. rFTase Mediated Prenylation of Peptide Dns-CVIS peptide with 

AzoFPP-1 and AzoFPP-2 

To ascertain if mammalian FTase would process Azo-FPP-1 and AzoFPP-2, Rattus 

norvegicus FTase (rFTase) was expressed and purified as previously described.218,219 dns-

CVLS peptide, representing the native sequence of the enzyme with the addition of a 

Dansyl fluorophore for detection and quantification, was incubated at 3 μM in an rFTase 

prenylation buffer (50 mM HEPPSO-NaOH, pH 7.8, 5 mM TCEP, and 5 mM MgCl2) (50 

μL total) for 20 minutes in 0.65 mL low-adhesion Eppendorf tubes. 50 μL of an enzyme 

solution containing 100 nM rFTase and either 10 μM AzoFPP-1 or AzoFPP-2 was then 

incubated at RT for 16 hours before adding an equal volume of 20% CH3COOH in 

(CH3)2CHOH and subjecting to HPLC analysis. HPLC analysis was performed at ambient 

temperature on an Agilent 1260 HPLC system with auto-sampler, UV-Vis, and 

fluorescence detection using a C18 reversed-phase analytical column (Zorbax XDB-C18). 

a linear gradient from 30% acetonitrile in 25 mM ammonium acetate to 100% acetonitrile 

flowing at 1 mL/min over 30 minutes was used. Peptides and products were detected by 

fluorescence (λex 340 nm, λem 496 nm). In the case of AzoFPP-1, complete conversion was 

observed. In the case of AzoFPP-2, no conversion was observed (data not shown).  

3. 4. 6. Kinetic analysis to determine reactivity of trans- and cis-Azo-FPP1 

with rFTase 

To test if there would be a difference in the rate of processing of tras-AziFPP-1 vs 

cis-AzoFPP-1 by rFTase, solutions of 3 μM of Dns-GCVLS peptide in rFTase prenylation 

buffer were incubated for 20 minutes in 0.65 mL low-adhesion Eppendorf tubes. These 

solutions were then either non-illuminated (trans isomer) or illuminated with 365 nm LED 

light (cis isomer) for 3 minutes in the dark. To initiate the reaction, 50 μL solutions 

containing 100 nM rFTase and 10 μM AzoFPP-1 in rFTase prenylation buffer were added 

to each tube. Reactions were incubated at RT for different time points; 30 minutes, 60 
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minutes, 120 minutes, 240 minutes, or 360 minutes before quenching and running HPLC 

analysis as described above. Reaction progress, expressed as % conversion, was calculated 

by dividing the product integral by the sum of the product and substrate integrals followed 

my multiplication by 100.  

3. 4. 7. Growth Arrest Assay  

Growth arrest assays were performed as previously described with 

modifications.129,205 Briefly, supersensitive, ss2 MATα cells (strain SM2375) were grown 

overnight at 30ºC in yeast peptone dextrose (YPD) media.  Cells were pelleted at 2,000 x 

g and washed twice with ddH2O prior to resuspension in ddH2O at 1x106 cells/mL and 

combined with Bacto agar (1.1% in YPD) for a final concentration of 250,000 cells/mL. 

Cells were spread onto solid YPD medium in each well of a 24-well plate to form a lawn 

of MATα cells at 20,000 cells/well. Dilutions of FPP (11b) and AzoFPP-1 (11c/d) a-factor 

analogs were prepared in 0.5% bovine serum albumin (BSA)/YPD. UV-treated samples 

were irradiated for 2 min at 365 nm.  For all samples, 2.5 µL of diluted a-factor analog 

were spotted onto the lawn in 3000, 300, 30, 15, 7.5 and 3.8 pg amounts.  Plates were 

incubated for 24 hrs at 30 ºC in the dark or under UV-A irradiation using the Cell DISCO 

system (5 ms irradiation every 15s at 370 nm).203,204 The assay end point was determined 

for each a-factor analog and UV treatment condition to be the lowest concentration at 

which agar clearance was detectable.  Each experiment was performed in triplicate. 

3. 4. 8. Protease and Methyltransferase Assays 

Proteolytic and methylation assays were performed using crude membrane 

preparations as previously described.220,221 Briefly, proteolysis by Rce1 and Ste24 were 

measured using a coupled proteolysis/methylation assay in which crude membrane 

preparations from S. cerevisiae overexpressing Rce1 or Ste24 (5 µg) were combined with 

excess amounts of Ste14 overexpressing crude membranes (10 ug per condition).  FPP (9b) 

or AzoFPP-1 (9c/d) a-factor analogs were assayed at saturating (maximal velocity, Vmax) 

conditions of 15 µM (Figure 3.4B).  These compounds were also tested below established 

KM values for the enzymes (Figure S 3.7).129 Samples were pre-irradiated with UV-A (370 

nm) light for 2 min. Subsequently, 20 µM of S-adensoyl [14C-methyl]-L-Methionine (52.6 

mCi/mmol) (PerkinElmer, USA) in 100 mM Tris-HCl, pH 7.5 was added to the reaction.  

Reactions were incubated at 30ºC for 30 min under dark or UV-A conditions using the Cell 

DISCO, as described above. Reactions were terminated with the addition of 50 µL of 1M 
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NaOH/ 1% SDS.  Reaction mixtures were spotted onto filter paper, which was placed in 

the neck of a closed vial above 10 mL of scintillation fluid.  [14C]-methanol vapors were 

allowed to diffuse into the scintillation fluid for 3 h at RT and subsequently quantified by 

liquid scintillation counting. Sample counts were corrected using background in the 

absence of enzyme.  For the evaluation of methylation by Ste14, similar conditions were 

used, with FPP (10b) or AzoFPP-1 (10c/d) a-factor analogs at saturating (maximal 

velocity, Vmax) conditions of 25 µM (Figure 3.4B).129 5 µM substrate was used for 

conditions below KM of Ste14 (Figure S 3.7). Each reaction was performed in duplicate 

and counted three times.  Assays were repeated in triplicate.  Enzyme specific activity is 

reported as pmol methyl groups transferred per min per mg of enzyme.  
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3. 6. Supporting Information  

 

 

Figure S 3.1 Schemes for the synthesis of AzoFPP-1 and AzoFPP-2. (A) Chemical 

synthesis of AzoFPP-1, reagents and conditions: (a) DHP, PPTS, THF, 20 °C, 8 h, 64%. 

(b) t-BuOOH, H2SeO3, salicylic acid, CH2Cl2, 20 °C, 36 h, 19%. (c) Nitrosobenzene, 

CH3COOH, 35 °C, 16 h. (d) H2O2, CH3OH, 20 °C, 1 h, 18% (2 steps). (e) 1, DEAD, PPh3, 

THF, 0 °C to 20 °C, 36 h, 80%. (f) PPTS, CH3OH, 55 °C, 90 min, 87%. (g) Ph3PCl2, 

CH3CN, 0 °C to 20 °C, 3 h. (h) [(n-Bu)4N]3HP2O7, CH3CN, 0 °C to 20 °C, 3 h, 43% (2 

steps) (B) Chemical synthesis of AzoFPP-2, reagents and conditions: (i) Oxone®, CH2Cl2, 

H2O, 20 °C, 16 h. (j) 3-Phenoxyaniline, CH3COOH, 20 °C, 16 h, 59% (2 steps). (k) 

Ph3PCl2, CH3CN, 0 °C to 20 °C, 3 h. (l) [(n-Bu)4N]3HP2O7, CH3CN, 0 °C to 20 °C, 3 h, 

10% (2 steps).  

A

B
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Figure S 3.2 HPLC chromatograms of trans-AzoFPP–1 and cis-AzoFPP-1. HPLC 

chromatograms of AzoFPP-1 before (A) and after (B) UV irradiation and incubation at RT 

for 1 h, showing that the compound had not relaxed in the time required to run the 

enzymatic reactions. Gradient was as follows: 1-5 min hold at 1% B, 25 min ramp to 100% 

B, 5 min hold at 100% B (column wash), 1 min ramp down to 1% B, 10 min hold at 1% B 

(equilibration). Absorbance was monitored at 220 nm. 
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Figure S 3.3 Optical control of peptide farnesylation by yFTase at low prenyl diphosphate 

concentration. Representative HPLC chromatograms showing the conversion of 8a to 8b 

(A) or 8c (B) conversion upon incubation of 8a with FPP (A) or AzoFPP1 (B) and yFTase 

in the dark (top) or after UV-A irradiation (bottom).  Diphosphate concentrations were at 

1 µM. HPLC gradient was as follows: 1-5 min ramp from 1% B to 10% B, 80 min ramp to 

75% B, 1 min ramp to 100% B, 5 min hold at 100% B (column wash),1 min ramp down to 

1% B, 10 min hold at 1% B (equilibration). Absorbance was monitored at 220 nm. Each 

sample was run in triplicate. (C) Quantification of (A) and (B). (D) Corresponding full-

length chromatograms and negative control without 8a (0.175 µM yFTase, 50 mM Tris Ph 

7.5, 15 mM DTT, 10 mM MgCl2, 50 µM ZnCl2, 20 mM KCl, and 22 µM AzoFPP-1). 

C

D
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Figure S 3.4 RP-HPLC detection of peptide Dns-GCVLS modified with Azo-FPP-1 at 

various time points using rFTase. (A) Structures of starting Dns-GCVLS peptide with free 

thiol (SM) and product peptide with either trans-AzoFPP1 (trans-product) or cis-AzoFPP1 

(cis-product) modified cysteine after enzymatic reaction with rFTAse. (B) Chromatograms 

of enzymatic reaction at various time points without illumination with 365 nm light. C. 

with illumination. Detection was done using fluorescence (lex 340 nm, lem 496 nm). A linear 

gradient from 30% CH3CN in 25 mM NH4OAc to 100% CH3CN flowing at 1 mL/min over 

30 min was used.  
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Figure S 3.5 Time course for rFTase-catalyzed modification of Dns-CVLS by both photo-

isomers of Azo-FPP1. Data reflect integration of substrate and product peaks shown in 

Figure S4. Reactions with the trans-isomer are represented with black circles, while the 

cis-isomer reactions are shown with white diamonds. 
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Figure S 3.6 Absorbance Scans of unprenylated peptide Dns-RAG-C(SH) and AzoFPP-

prenylated peptide DNS-RAG-C(AzoFPP1)-VIA. Data indicates comparable absorption at 

 = 220 nm which is used for quantification.  
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Figure S 3.7 Scheme for the synthesis of Fmoc-CysOMe and loading onto Trt-Cl resin. 

Reagents and conditions: (a) CH3OH, HCl, 20 °C, 24 h, 99%. (b) DIPEA, CH2Cl2, 20 °C, 

24 h.   
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Figure S 3.8 Optimization of chemical prenylation reaction. HPLC chromatograms of 

peptide 11a after subjecting it to various chemical prenylation conditions with farnesyl 

bromide. Extent of conversion was evaluated based on integration of peak areas of 11a and 

11b (the farnesylated product). Condition 1 (A) was run in DMF and under basic conditions 

mediated by DIPEA. Conditions 2-4 were under basic conditions with thiol nucleophilicity 

mediated by an excess of Zn(OAc)2.H2O. Condition 2 (B) was run in 9:1 DMF/H2O with 

0.1% CF3CO2H. Condition 3 (C) was run in 4:2:1 DMF/butanol/H2O with 0.1% CF3CO2H. 

Condition 4 (D) was buffered at pH 5.0 in aqueous 2 M NaOAc, and final solvent 

composition was 5:1 DMF to NaOAc solution. Condition 4 showed the most amount of 

conversion. HPLC gradient was as follows: 1-5 min hold at 1% B, 25 min ramp to 100% 

B, 5 min hold at 100% B (column wash),1 min ramp down to 1% B, 10 min hold at 1% B 

(equilibration). Absorbance was monitored at 220 nm. 
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Figure S 3.9 Processing of peptides prenylated with Azo-FPP-1, by Rce1, Ste24 and Ste14, 

performed at low peptide concentrations. Quantification with and without UV-A 

irradiation of Rce1 and Ste24 activity with compounds 9b and 9c/d (2 µM), and Ste14 

activity with compounds 10b and 10c/d (5 µM).  



65 

 

3. 6. 1. Reagents and Instrumentation for Synthesis of AzoFPP-1 and 

AzoFPP-2  

All reagents and solvents were purchased from commercial sources (Acros 

Organics, Alfa Aesar, Cayman, Combi-Blocks, ChemImpex, Oakwood, Sigma Aldrich, 

TCI, TRC, etc.) and were used without further purification. Solvents were obtained from 

Fisher Scientific. Reactions were monitored by thin layer chromatography (TLC) on glass 

plates precoated with silica gel (0.25 mm, 60 Å pore size, Merck). The plates were 

visualized by exposure to UV light (254 nm). Flash silica gel chromatography was 

performed on a CombiFlash EZ PrepTM using silica gel (SiO2, particle size 40-63 μm) 

purchased from SiliCycle. NMR spectra were measured on a Bruker AV-III HD 400 MHz 

(equipped with a CryoProbeTM) (operating at 400 MHz for 1H and 100 MHz for 13C) or on 

a Bruker Advance New 500 NMR Spectrometer (500 MHz for 1H and 125 MHz for 13C). 

Multiplicities in the following experimental procedures are abbreviated as follows: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet. 1H chemical shifts are expressed 

in parts per million (ppm, δ scale). The residual protium in the deuterated solvent was used 

as internal reference (CH3OD: δ = 7.26 or CDCl3: δ = 77.16). 13C chemical shifts are 

expressed in ppm (δ scale) and are referenced to the carbon resonance of the NMR solvent 

(CH3OD: δ = 49.00 or CDCl3: δ = 77.16). Structural analysis was conducted with 1H- and 

13C-NMR spectra with the aid of additional 2D spectra (COSY, HMBC, HSQC). Spectral 

analysis was conducted with the software MestReNova. NOTE: Due to the trans/cis 

isomerization of some compounds containing an azobenzene functionality, more signals 

were observed in the 1H and 13C spectra than would be expected for the pure trans-isomer. 

Only signals for the major trans-isomer are reported. High-Resolution Mass Spectra 

(HRMS) were recorded on an Agilent 6224 Accurate-Mass TOF/LC/MS using an 

electrospray ionization source (ESI). LCMS analysis was performed on an LCMS 1260 

Infinity II Agilent Technologies system (Windows 10, OpenLabs CDS Chemstation 

Software, 6120 Quadrupole LC/MS G7111B quaternary pump, G7129A Infinity II vial 

sampler, thermostated column compartment, G7117C 1260 diode array detector) with an 

LC Kinetex column 2.6 μm C18 (50 x 3 mm). Runs were performed at a flow-rate of 1 

mL/min with a run-time of 5 min, and a solvent gradient of 0-100% CH3CN in H2O, 

containing 0.1% HCO2H.  

 



66 

 

 

3. 6. 2. (E)-2-methyl-4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-en-1-ol (1) 

 

Compound 1 (165 mg, 0.89 mmol) was synthesized in 2 steps from 3-methylbut-2-

en-1-ol according to a published procedure.222 1H NMR (400 MHz, CDCl3): δ 5.71 – 5.60 

(m, 1H), 4.68 – 4.60 (m, 1H), 4.36 – 4.26 (m, 1H), 4.11 – 4.01 (m, 3H), 3.93 – 3.85 (m, 

1H), 3.60 – 3.48 (m, 1H), 1.89 – 1.75 (m, 1H), 1.72 (s, 3H), 1.64 – 1.49 (m, 5H). 

 

3. 6. 3.  (E)-3-(phenyldiazenyl)phenol (2) 

 

Nitrosobenzene (1.56 g, 14.6 mmol) and 3-Aminophenylboronic acid (2.00 g, 

14.6 mmol) were dissolved in CH3COOH (133 mL) and the mixture was stirred for 16 h at 

RT. After the removal of CH3COOH under reduced pressure, the residue was taken up in 

EtOAc and filtered over silica gel, the eluent was concentrated under reduced pressure. The 

obtained intermediate (1.28 g, 5.66 mmol) was dissolved in MeOH (19 mL), H2O2 (30% 

in H2O, 0.46 mL, 5.66 mmol) was added dropwise and the resulting mixture was stirred 

for 1 h at RT. The solvent was removed under reduced pressure and the residue was 

purified by flash column chromatography (hexanes to 20% EtOAc:hexanes) to yield 2 

(522 mg, 2.63 mmol, 18%) as a yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 9.86 (s, 

1H), 7.89 – 7.85 (m, 2H), 7.63 – 7.54 (m, 3H), 7.44 – 7.36 (m, 2H), 7.28 – 7.25 (m, 1H), 

6.97 (dt, J = 7.0, 2.4 Hz, 1H). 13C NMR (100 MHz, DMSO-d6): δ 158.22, 153.19, 151.86, 

131.44, 130.19, 129.46, 122.49, 118.76, 115.42, 107.17. HRMS (APCI+): m/z calcd. for 

[C12H11N2O]+: 199.0866, found: 199.0867 ([M+H]+). 
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3. 6. 4. (E)-1-(3-(((E)-2-methyl-4-((tetrahydro-2H-pyran-2-yl)oxy)but-2-en-1-

yl)oxy)phenyl)-2-phenyldiazene (3) 

 

Compound 1 (208 mg, 1.05 mmol), 2 (163 mg, 0.88 mmol) and PPh3 (276 mg, 

1.05 mmol) were dissolved in THF (7.3 mL). DEAD (40% in toluene, 0.41 mL, 

1.05 mmol) was added dropwise at 0 °C and the mixture was stirred for 1 h, then it was 

allowed to warm to RT and stirred for 36 h. The reaction mixture was diluted with a 

saturated NaHCO3 solution (15 mL), concentrated under reduced pressure and extracted 

with CH2Cl2 (2 x 15 mL). The combined organic phases were dried over anhydrous 

Na2SO4, filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (hexanes to 10% EtOAc:hexanes) gave 3 (257 mg, 0.70 mmol, 80%) as 

an orange solid. 1H NMR (400 MHz, CDCl3): δ 7.97 – 7.86 (m, 2H), 7.62 – 7.36 (m, 6H), 

7.06 (ddd, J = 8.1, 2.6, 1.0 Hz, 1H), 5.86 – 5.77 (m, 1H), 4.66 – 4.58 (m, 1H), 4.53 (s, 2H), 

4.37 – 4.29 (m, 1H), 4.18 – 4.10 (m, 1H), 3.93 – 3.83 (m, 1H), 3.57 – 3.45 (m, 1H), 1.82 

(s, 3H), 1.76 – 1.67 (m, 1H), 1.62 – 1.49 (m, 5H). 13C NMR (100 MHz, CDCl3): δ 159.60, 

153.98, 152.72, 134.89, 131.18, 129.91, 129.23, 124.72, 123.03, 118.57, 117.34, 107.01, 

98.11, 73.39, 63.28, 62.44, 30.79, 25.61, 19.66, 14.29. HRMS (APCI+): m/z calcd. for 

[C22H27N2O3]+: 367.2016, found: 367.2013 ([M+H]+). 

 

3. 6. 5. (E)-3-methyl-4-(3-((E)-phenyldiazenyl)phenoxy)but-2-en-1-ol 

 

3 (257 mg, 0.70 mmol) and PPTS (17.6 mg, 0.07 mmol) were dissolved in MeOH 

(7 mL) and stirred for 90 min at 55 °C. The reaction mixture was concentrated under 

reduced pressure, and dissolved in EtOAc (15 mL). The organic phase was washed with a 

saturated NaHCO3 solution (15 mL) and brine (15 mL), dried over anhydrous Na2SO4, 

filtered and concentrated under reduced pressure. Purification by flash column 

chromatography (hexanes to 25% EtOAc:hexanes) gave 4 (172 mg, 0.61 mmol, 87%) as 
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an orange solid. 1H NMR (400 MHz, CDCl3) δ 7.95 – 7.89 (m, 2H), 7.59 – 7.40 (m, 6H), 

7.06 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H), 5.88 – 5.82 (m, 1H), 4.52 (s, 2H), 4.28 (d, J = 6.7 Hz, 

2H), 1.82 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 159.54, 153.99, 152.71, 134.37, 131.21, 

129.96, 129.25, 127.06, 123.03, 118.54, 117.55, 106.81, 73.28, 59.24, 14.20. HRMS 

(APCI+): m/z calcd. for [C17H19N2O2]+: 283.1441, found: 283.1449 ([M+H]+). 

 

3. 6. 6. (E)-3-methyl-4-(3-((E)-phenyldiazenyl)phenoxy)but-2-en-1-yl 

diphosphate [Azo-FPP-1 (5)] 

 

Ph3PCl2 (371 mg, 1.11 mmol) in CH3CN was added dropwise to a solution of 4 

(157 mg, 0.56 mmol) in CH3CN (5 mL) at 0 °C. The mixture was allowed to warm to RT 

and stirred for 3 h. After that it was concentrated under reduced pressure and filtered 

through a pad of silica gel. The obtained chloride was used without further purification for 

the following reaction. [(n-Bu)4N]3HP2O7 (1.34 g, 1.48 mmol) in CH3CN (2.8 mL) was 

added dropwise to a solution of the chlorides (89.0 mg, 0.30 mmol) in CH3CN (0.5 mL) at 

0 °C. The mixture was allowed to warm to RT and stirred for 3 h. After concentration under 

reduced pressure the residue was suspended in ion exchange buffer [25 mM NH4HCO3 in 

2% (v/v) i-PrOH/H2O]. The mixture was loaded on a 3.5 cm x 15 cm pre-equilibrated 

Dowex®50WX8 (50-100 mesh) cation exchange resin column (NH4
+ form) and eluted with 

exchange buffer. The collected eluent was then lyophilized to yield an orange solid. 

Purification by reversed-phase flash column chromatography (H2O to 10% CH3CN:H2O) 

followed by lyophilization gave Azo-FPP-1 (5) (62.2 mg, 0.13 mmol, 43%) as an orange 

solid. 1H NMR (400 MHz, D2O): δ 7.92 – 7.88 (m, 2H), 7.70 – 7.48 (m, 6H), 7.27 – 7.24 

(m, 1H), 5.92 – 5.85 (m, 1H), 4.68 (s, 2H), 4.58 (t, J = 6.8 Hz, 2H), 1.85 (s, 3H). 13C NMR 

(100 MHz, D2O): δ 158.80, 153.39, 152.07, 135.49, 131.82, 130.51, 129.54, 124.55, 

122.41, 118.81, 116.83, 107.32, 73.45, 62.02, 13.35. 31P NMR (162 MHz, D2O): δ -7.13 

(d, J = 22.2 Hz, 1P), -10.55 (d, J = 22.2 Hz, 1P). HRMS (ESI-): m/z calcd. for 

[C17H19N2O8P2]-: 441.0622, found: 441.0626 ([M-3NH4+2H]-). 
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3. 6. 7. (E)-(3-((3-phenoxyphenyl)diazenyl)phenyl)methanol 

 

 

3-Phenoxyaniline (1.00 g, 5.40 mmol) was dissolved in CH2Cl2 (100 mL). 

Oxone® (9.95 g, 32.4 mmol) was dissolved in H2O (100 mL) and was added to the above 

solution. The biphasic mixture was stirred vigorously at RT for 16 h. The aqueous phase 

was extracted with CH2Cl2 (2 x 50 mL). The combined organic phases were washed with 

1 M HCl (100 mL), a saturated NaHCO3 solution (100 mL) and H2O (100 mL), dried over 

anhydrous Na2SO4 and filtered. 3-Aminophenylmethanol (493 mg, 3.60 mmol) and 

CH3COOH (40 mL) were added and CH2Cl2 was removed under reduced pressure. The 

solution was stirred at RT for 16 h. CH3COOH was removed under reduced pressure and 

the reaction mixture was dissolved in CH2Cl2 (100 mL). It was washed with 1 M NaOH 

(100 mL), a saturated NaHCO3 solution (100 mL) and H2O (100 mL), dried over 

anhydrous Na2SO4, filtered and concentrated under reduced pressure. Purification by flash 

column chromatography (hexanes to 1:1 EtOAc:hexanes) gave 6 (963 mg, 3.16 mmol, 

59%) as viscous orange liquid. 1H NMR (500 MHz, CDCl3): δ 7.91 – 7.87 (m, 1H), 7.83 

(dt, J = 6.9, 2.2 Hz, 1H), 7.68 (ddd, J = 7.9, 1.8, 1.0 Hz, 1H), 7.56 – 7.54 (m, 1H), 7.55 – 

7.45 (m, 3H), 7.42 – 7.34 (m, 2H), 7.18 – 7.12 (m, 2H), 7.12 – 7.06 (m, 2H), 4.80 (s, 2H). 

13C NMR (125 MHz, CDCl3): δ 158.35, 156.90, 154.13, 152.83, 142.19, 130.27, 130.04, 

129.68, 129.46, 123.85, 122.89, 121.41, 120.79, 119.39, 118.71, 112.15, 65.07. HRMS 

(APCI+): m/z calcd. for [C19H17N2O2]+: 305.1285, found: 305.1288 ([M+H]+). 

3. 6. 8. (E)-3-((3-phenoxyphenyl)diazenyl)benzyl diphosphate [Azo-FPP-2 (7)] 

 

Ph3PCl2 (974 mg, 2.92 mmol) in CH3CN was added dropwise to a solution of 6 

(445 mg, 1.46 mmol) in CH3CN (15 mL) at 0 °C. The mixture was allowed to warm to RT 

and stirred for 3 h. After that it was concentrated under reduced pressure and filtered 

through a pad of silica gel. The resulting chloride was used without further purification for 
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the following reaction. [(n-Bu)4N]3HP2O7 (1.63 g, 1.81 mmol) in CH3CN (3.4 mL) was 

added dropwise to a solution of the chloride (117 mg, 0.36 mmol) in CH3CN (0.6 mL) at 

0 °C. The mixture was allowed to warm to RT and stirred for 3 h. After concentration under 

reduced pressure the residue was suspended in ion exchange buffer [25 mM NH4HCO3 in 

2% (v/v) i-PrOH/H2O]. The mixture was loaded on a 3.5 cm x 15 cm pre-equilibrated 

Dowex®50WX8 (50-100 mesh) cation exchange resin column (NH4
+ form) and eluated 

with exchange buffer. The collected eluent was then lyophilized to yield an orange solid. 

Purification by reversed-phase flash column chromatography (H2O to 10% CH3CN:H2O) 

followed by lyophilization gave Azo-FPP-2 (7) (18.2 mg, 0.04 mmol, 10%) as an orange 

solid. 1H NMR (400 MHz, D2O): δ 7.93 – 7.90 (m, 1H), 7.80 – 7.75 (m, 1H), 7.72 – 7.66 

(m, 2H), 7.61 (td, J = 7.9, 3.2 Hz, 2H), 7.50 – 7.44 (m, 3H), 7.29 – 7.23 (m, 2H), 7.18 – 

7.13 (m, 2H), 5.11 (d, J = 6.7 Hz, 2H). 13C NMR (100 MHz, D2O): δ 157.88, 156.18, 

153.48, 152.07, 139.53, 130.81, 130.20, 129.66, 124.29, 121.90, 121.58, 121.27, 119.29, 

118.93, 110.78, 66.86. 31P NMR (162 MHz, D2O): δ -7.10 (d, J = 22.2 Hz, 1P), -10.75 (d, 

J = 22.0 Hz, 1P). HRMS (ESI-): m/z calcd. for [C19H17N2O8P2]-: 463.0466, found: 463.0460 

([M-3NH4+2H]-). 
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3. 6. 9. Reagents and Instrumentation for Peptide Synthesis   

HPLC grade H2O and CH3CN, sequencing grade dimethyl formamide (DMF), and 

1-Hydroxy-7-azabenzotriazole (HOAt) were purchased from Fisher Scientific. Protected 

amino acids, resins, O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HCTU), and 6-Chloro-1-hydroxybenzotriazole (Cl-HOBt) were 

purchased from Chem-Impex International. (7-Azabenzotriazol-1-

yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyAOP) was purchased from 

EMD Millipore. 820 mg C-18 reverse phase Sep-Paks with 55-105 µm particle size were 

purchased from waters. All other reagents were purchased from Sigma-Aldrich and were 

used without further purification.  

LCMS analysis was performed on an Agilent 1200 series system (Windows 10, 

ChemStation Software, G1322A Degasser, G1312A binary pump, G1329A autosampler, 

G1315B diode array detector, 6130 quadrupole) equipped with a C18 column (Agilent 

ZORBAX 300-SB-C18, 5 μM, 4.6 X 250 mm). Runs were performed at a flow-rate of 1 

mL/min. An H2O/CH3CN solvent system containing 0.1% CF3CO2H was used, consisting 

of solvent A (H2O with 0.1% CF3CO2H) and solvent B (CH3CN with 0.1% CF3CO2H ). 

Samples were filtered through a 0.2 µm GHP filter before injecting into the instrument. 

Gradient used was sample dependent. High resolution mass spectra were acquired on a 

Bruker BioTOF II ESI/TOF-MS. HPLC purification was performed using an Agilent 1100 

series system (windows 7, ChemStation Software, G1312A binary pump, G1329A 

autosampler, G1315B diode array detector, Telodyne Foxy R1 fraction collector). Samples 

were filtered through a 0.2 µm GHP filter before injecting into the instrument. Purification 

was performed first on a prep scale (10 - 20 mg peptide per injection, Agilent Pursuit C18 

5 μM 250 × 21.2 mm) with 5 mL/min flow-rate and using the same solvent A/Solvent B 

system described above. Gradient was as follows: 1-10 min hold at 30% B, 10-70 min ramp 

to 90% B, 70-80 min hold at 100% B (column wash), 80-81 min ramp down to 30% B, 81-

95 min hold at 30% B (equilibration). If LCMS analysis showed purity >95% based on 

integration in 220 nm absorbance then peptides were used as is. If peptides showed purity 

<95% based on integration in 220 nm absorbance then they were purified again on a semi-

prep scale (2 - 10 mg peptide per injection, Agilent ZORBAX 300SB-C18 5 μM 9.4 × 250 

mm) with 4 mL/min flow-rate and using the same solvent A/Solvent B system described 
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above. Gradient was as follows: 1-10 min hold at 1% B, 50 min ramp to 100% B, 10 min 

hold at 100% B (column wash),1 min ramp down to 1% B, 15 min hold at 1% B 

(equilibration).  

3. 6. 10. General Procedure for Automated Solid-Phase Peptide Synthesis 

Standard peptide sequences were synthesized using an automated peptide 

synthesizer (PS3, Protein Technologies Inc., Memphis, TN) employing Fmoc/HCTU-

based chemistry. Resin (0.15 mmol of the appropriate resin) was placed in the reaction 

vessel and swelled in DMF for 10 min three times. The Fmoc group on the first amino acid 

was then deprotected using 20% piperidine in DMF for 5 min twice. Four equivalents of 

the subsequent amino acid were activated with four equivalents of HCTU in 2 mL DMF 

with 800 mM diisopropyl ethylamine (DIPEA) and 300 mM Cl-HOBt for three min. This 

solution was then transferred to resin and 2 mL of DMF was used to wash the amino acid 

vial before also being transferred to the reaction vessel, resulting in amino acid/HCTU/Cl-

HOBt concentration of 150 mM, and DIPEA concentration of 400 mM. The coupling was 

carried out for either 20, 45, or 60 min with N2 mediated mixing for 1 s every 10 s. P, G, 

and Y were coupled for 60 min. D was coupled for 45 min. All other amino acids were 

coupled for 20 min. After all amino acids were coupled, a final Fmoc deprotection step was 

carried out. Once complete, the resin was washed with CH2Cl2 for 5 min three times and 

then dried in vacuo.  

3. 6. 11. General Procedure for Peptide Cleavage and Global Deprotection  

Once the peptide bearing resins were fully dry, peptide cleavage and global side 

chain deprotection was carried out by first placing an aliquot of 0.075 mmol of the peptide 

on resin in a polypropylene filter syringe with a polypropylene Luer cap. 10 mL of reagent 

K (82.% CF3CO2H, 2.5% ethanedithiol, 5% thioanisole, 5% phenol, and 5% H2O ) was 

added to the syringe to cleave the peptide from resin and remove side chain protecting 

groups with rotation for 2 h. After 2 h the solution was drained into a 50 mL polypropylene 

centrifuge tube and 10 mL more of CF3CO2H was used to wash the resin in 2 mL batches. 

A gentle N2 stream was used to evaporate excess CF3CO2H over the course of an additional 

h until around 2 mL of solution remained. The peptide was then precipitated by the slow 

addition of Et2O to the 50 mL mark and cooling in a dry ice/ i-PrOH bath. The peptide was 

then pelleted by centrifugation at 4000 RPM for 5 min. This procedure was repeated two 

more times, with resuspension of the peptide in fresh Et2O through vortexing for 2 min. 
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After the third Et2O precipitation, the tube was placed uncovered in a fume hood for 1 h to 

dry. Next, 2 mL of glacial CH3COOH was added to the peptide and gentle rotation was 

used to dissolve it over the course of another 1 h. Once fully dissolved, the solution was 

diluted to 10 mL with H2O, flash frozen in liquid N2, and then lyophilized. This 

solubilization and lyophilization step was crucial for two reasons: First, it facilitated the 

complete deprotection of the tryptophan side chain Boc protecting groups, which in our 

experience is sluggish and results in the observation of a +44 mass unit side product 

believed to be undecarboxylated carbamic acid. Second, this procedure improved the 

solubility of the peptides in DMF or 50:50 mixture of CH3CN and H2O with 0.1% 

CF3CO2H.  

3. 6. 12. Synthesis of Methyl Ester C-terminal Cysteine Resin Through Side 

Chain Anchoring for the Production of Peptide 11a 

Peptide 11a was obtained through side chain anchoring methodology developed by 

the Distefano lab (Figure S 3.7).2–4 Fmoc-L-cysteine hydrate (1 g, 2.77 mmol) was 

dissolved in 15 mL CH3OH along with 6 drops of concentrated HCl. The solution was 

stirred for 24 h, affording a white slurry that was redissolved in acetone. The solvent was 

then removed by a rotary evaporation at 25 °C, and then dried under vacuo for 5 h yielding 

Fmoc-Cysteine methyl ester (12, 0.979 g, 99% yield) with free thiol side chain as a white 

solid. 

To load 12 onto solid support, 0.8212 g (1.44 mmol) of trityl-chloride resin with 

1.75mmol/g loading was placed in a polypropylene filter syringe and washed with CH2Cl2 

for one min three times. 2.044 g (5.723 mmol) 12 was then dissolved in 9 mL CH2Cl2 (600 

mM) along with 995 µL (5.723 mmol, 300 mM) DIPEA and added to resin and placed on 

a rotator for 24 h. After 24 h unreacted positions on the resin were capped by adding 1 mL 

CH3OH to the solution and allowing it to rotate for 30 min. The resin was then washed 

with CH2Cl2 for one min three times and dried under vacuo. To quantify resin loading three 

samples each consisting of 10 mg were accurately weighed and then placed in a filter 

syringe. Each sample was Fmoc deprotected with 1mL 20% piperidine in DMF for 30 min. 

These solutions were then transferred to 25 mL volumetric flasks and EtOH was used to 

wash the resins in 5 mL batches then transferred to the same flasks until the fill lines were 

reached. A standard curve was then constructed consisting of Fmoc-OSu in EtOH at 1 mM, 

0.75 mM, 0.5 mM, 0.25 mM, 0.125 mM, and 0.0625 mM concentrations. The absorbance 
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of the standard curve and samples were all read in triplicates at 301 nm. Resin loading of 

0.4 mmol/g was obtained. Resin was then used as described in the section titled “General 

Procedure for Automated Solid-Phase Peptide Synthesis”. 

 

3. 6. 13. Optimization of Chemical Prenylation Reaction 

The Distefano lab has employed chemical prenylation of cysteine with prenyl 

halides extensively over the years, but our experience with this reaction is that it suffers 

from poor reproducibility. To overcome this, the chemical farnesylation of peptide 11a 

with farnesyl bromide was tested under various conditions derived from reported 

methods.199,201,223,224 

Condition 1 was under basic conditions.201,223,224 A Sep-pak was first activated by 

flowing 10 mL of CH3CN with 25 mM NH4HCO3 through it, then equilibrated by flowing 

10 mL of H2O with 25 mM NH4HCO3. 1.5 µmol peptide 11a was applied to the Sep-Pak, 

followed by 10 more mL of H2O with 25 mM NH4HCO3. The peptide was then eluted 

using 2 mL DMF, resulting in 1 mM peptide concentration (confirmed by Ellman’s assay). 

Solution was then cooled in an ice bath, and 5 equivalents of farnesyl bromide diluted 10-

fold in DMF was added dropwise (5 mM final concentration). The reaction was initiated 

by adding DIPEA to a final concentration of 14 mM. After stirring for 30 min the reaction 

was quenched by the addition of 30 equivalents of DTT, followed by glacial CH3COOH to 

a final concentration of 10% v/v.  

Condition 2 was run on a 0.75 µmol peptide scale. The 11a was dissolved in 9:1 

DMF/ H2O with 0.1% CF3CO2H to a final peptide concentration of 1 mM, and 5 molar 

equivalents of Zn(OAc)2.H2O were added from a freshly prepared 30 mM stock in H2O 

with 0.1% CF3CO2H. The reaction was then initiated by the dropwise addition of 5-

equivalents of Farnesyl bromide diluted 10-fold in DMF with vigorous stirring. The 

reaction was run for 2 h before quenching by the addition of 30 equivalents of DTT, 

followed by glacial CH3COOH to a final concentration of 10% v/v.  

Condition 3 was identical to condition 2, except that the solvent composition was 

4:2:1 DMF/butanol/H2O with 0.1% CF3CO2H instead of 9:1 DMF/H2O with 0.1% 

CF3CO2H.  
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Condition 4 was derived from previously published results in the Distefano lab.7 

The reaction was run on the same scale as conditions 2 and 3. The peptide was dissolved 

in DMF to a concentration of 1 mM, and 5 molar equivalents of farnesyl bromide were 

diluted 10-fold in DMF and added stepwise with vigorous stirring. 5 equivalents of 

Zn(OAc)2H2O were then dissolved in enough aqueous 2 M NaOAc pH 5.0 solution to result 

in a solvent composition of 5:1 DMF to NaOAc solution when combined with the peptide 

solution. The reaction was initiated by the combination of those two solutions and was 

stirred for 2 h before quenching as before.  

 

After each reaction the solution was diluted threefold in 50:50 mixture of CH3CN 

and H2O with 0.1% CF3CO2H and subjected to LCMS analysis. Extent of conversion was 

evaluated based on integration of the starting material and product peaks in 220 nm 

absorbance chromatograms. The most amount of conversion observed was under condition 

4 (Figure SI4). This condition was then used to test the reaction with 2 molar equivalents 

of AzoFCl-1, but only 70% conversion was observed after 24 h. Repeating the reaction 

with 0.05% NaI led to complete conversion to alkylated product, likely as a result of halide 

displacement between Cl- and the better leaving group I-. Moving forward, condition 4 

amended with the addition of 0.05% NaI was used for all prenylation reactions described 

in this work. It is also worth noting that all the solvents used were deoxygenated by 

sparging with dry N2 for at least three h. Failure to follow this step consistently resulted in 

the over-production of disulfide bonded peptide instead of the prenylated product. 

3. 6. 14. Peptide 8a  

The standard sequence of peptide 8a (RAGCVIA) was synthesized using the 

general procedure for automated peptide synthesis outlined above. Afterwards, 2 molar 

equivalents each of Dansyl Glycine, PyAOP, and HOAt were dissolved in a DMF solution 

containing 400 mM DIPEA to a final concentration of 100 mM of each amino acid and 

coupling reagents. This solution was added to the resin in a polypropylene filter syringe 

with an HDPE stopcock and allowed to rotate for 12 h before washing the resin with DMF 

for 1 min three times and CH2Cl2 for 1 min three times, and then drying under vacuo. Once 

dried, the peptide was cleaved and side chain deprotected using the procedure described 

above. After lyophilization, the peptide was dissolved in DMF and purified first on a prep 
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and then on a semi-prep scale as outlined in the “Reagents and Instrumentation For Peptide 

Synthesis” section. Once a pure sample was obtained the amount of free thiols in the pooled 

HPLC fractions was quantified using Ellman’s reagent in a 96-well plate with a standard 

curve composed of cysteine in a mixture of 50:50 CH3CN and H2O with 0.1% CF3CO2H, 

using the peptide with no Ellman’s reagent as a sample blank, and 0 mM cysteine solution 

as standard curve blank.225 The pure sample was lyophilized, then redissolved in DMSO to 

a concentration of 1.4 mM, which was confirmed using Ellman’s assay again as described 

above. ESI-MS: for C42H67N12O11S2
+ [M + H+]+; calcd 979.4489, found 979.4473. Purity 

(HPLC): 99% 

3. 6. 15. Peptide 9b 

Peptide 9a was synthesized on an automated peptide synthesizer and cleaved from 

resin as described above. After lyophilization the peptide was prenylated using optimized 

prenylation conditions and HPLC purified using a prep column followed by semi-prep 

column. Pooled HPLC fractions were lyophilized and then redissolved in DMSO. 

Concentration was measured by diluting the peptide in 6 M guanidinium. HCl, 0.02 M 

phosphate buffer, pH 6.5 and measuring absorbance at 280 nm (ɛ280 = 7,090 M-1cm-1).226 

ESI-MS: for C98H149N17O19S2+ [M + H+]+; calcd 950.5480, found 950.5492. Purity 

(HPLC): 97% 

3. 6. 16. Peptide 9c 

Peptide 9b was converted to 9c using the same procedure used to obtain 9b, with 

the difference that AzoF-Cl was used instead of farnesyl bromide. Final purified and 

DMSO reconstituted peptide was quantified by measuring absorbance at 320 nm and using 

ɛ350 = 6060 M-1cm-1. ESI-MS: for C100H141N19O20S2+ [M + H+]+; calcd 980.5172, found 

980.5189. Purity (HPLC): 99% 

3. 6. 17. Peptide 10b 

Peptide 10b was synthesized using the same procedure used to obtain peptide 9b. 

ESI-MS: for C84H124N14O16S2+ [M + H+]+; calcd 808.4515, found 808.4531. Purity 

(HPLC): 97% 

3. 6. 18. Peptide 10c 

Peptide 10c was synthesized using the same procedure used to obtain peptide 9c. 

ESI-MS: for C86H116N16O17S2+ [M + H+]+; calcd 838.4207, found 838.4229. Purity 

(HPLC): 98% 
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3. 6. 19. Peptide 11b 

Using resin loaded with cysteine methyl ester, peptide 11b was synthesized using 

the same procedure as peptide 9b. ESI-MS: for C85H126N14O16S2+ [M + H+]+; calcd 

815.4593, found 815.4582. Purity (HPLC): 95% 

3. 6. 20. Peptide 11c 

Using resin loaded with cysteine methyl ester, peptide 11c was synthesized using 

the same procedure as peptide 9c. ESI-MS: for C87H118N16O17S2+ [M + H+]+; calcd 

845.4286, found 845.4303. Purity (HPLC): 96%  
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3. 6. 21. 1H,13C, 31P NMR Spectra and HPLC Chromatograms 

 

 

Figure S 3.10 1H NMR of Compound 1 (400 MHz) 
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Figure S 3.11 1H NMR of Compound 2 (400 MHz) 

 

 

Figure S 3.12 13C NMR of Compound 2 (100 MHz) 
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Figure S 3.13 1H NMR of Compound (400 MHz) 

 

 

Figure S 3.14 13C NMR of Compound (100 MHz) 
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Figure S 3.15 1H NMR of Compound 4 (400 MHz) 

 

Figure S 3.16 13C NMR of Compound 4 (100 MHz) 
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Figure S 3.17 1H NMR of Azo-FPP-1 (5) (400 MHz) 

 

Figure S 3.18 13C NMR of Azo-FPP-1 (5) (100 MHz) 
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Figure S 3.19 31P NMR of Azo-FPP-1 (5) (162 MHz) 
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Figure S 3.20 1H NMR of Compound 6 (500 MHz) 

 

Figure S 3.21 13C NMR of Compound 6 (125 MHz) 
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Figure S 3.22 1H NMR of Azo-FPP-2 (7) (400 MHz) 

 

Figure S 3.23 13C NMR of Azo-FPP-2 (7) (100 MHz) 
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Figure S 3.24 13C NMR of Azo-FPP-2 (7) (162 MHz) 

 

Figure S 3.25 HPLC chromatogram of peptide 8a after HPLC purification.  Gradient was 

as follows: 1-5 min hold at 1% B, 50 min ramp to 100% B, 5 min hold at 100% B (column 

wash),1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). Absorbance was 

monitored at 220 nm.  

 



87 

 

 

Figure S 3.26 HPLC chromatogram of peptide 9b after HPLC purification. Gradient was 

as follows: 1-5 min hold at 1% B, 25 min ramp to 100% B, 5 min hold at 100% B (column 

wash),1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). Absorbance was 

monitored at 220 nm.   

 

Figure S 3.27 HPLC chromatogram of peptide 9c after HPLC purification. Gradient was 

as follows: 1-5 min hold at 1% B, 50 min ramp to 100% B, 5 min hold at 100% B (column 

wash),1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). Absorbance was 

monitored at 220 nm.  
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Figure S 3.28 HPLC chromatogram of peptide 10b after HPLC purification. Gradient was 

as follows: 1-5 min hold at 1% B, 25 min ramp to 100% B, 5 min hold at 100% B (column 

wash),1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). Absorbance was 

monitored at 220 nm.  

 

Figure S 3.29 HPLC chromatogram of peptide 10c after HPLC purification. Gradient was 

as follows: 1-5 min hold at 1% B, 50 min ramp to 100% B, 5 min hold at 100% B (column 

wash),1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). Absorbance was 

monitored at 220 nm.  
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Figure S 3.30 HPLC chromatogram of peptide 11b after HPLC purification. Gradient was 

as follows: 1-5 min hold at 1% B, 25 min ramp to 100% B, 5 min hold at 100% B (column 

wash),1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). Absorbance was 

monitored at 220 nm.  

 

Figure S 3.31 HPLC chromatogram of peptide 11c after HPLC purification. Gradient was 

as follows: 1-5 min hold at 1% B, 25 min ramp to 100% B, 5 min hold at 100% B (column 

wash),1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). Absorbance was 

monitored at 220 nm.  
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Chapter 4. Synthesis of An Epimerization Free a-Factor 33mer 

Precursor Peptide Allows the Assessment Ste24’s Second Cleavage 

Step  

4. 1. Introduction  

Protein prenylation is a post-translational modification that appends specific 

cytosolic proteins with a hydrophobic isoprenoid lipid that then anchors them in the plasma 

membrane.6,170 It is an essential process that is involved in many signal transduction 

pathways7,12,169,227 and in its simplest form, involves three enzymatic steps (Scheme 4.1). 

The first step is the transfer of an isoprenoid moiety to the cysteine of a C-terminal CaaX 

sequence (C is cysteine, a is an aliphatic amino acid, and X is a variable amino acid 

dictating the type of isoprenoid added).8 This can be either a farnesyl (3 isoprene repeats, 

15 carbons) or longer geranylgeranyl (4 isoprene repeats, 20 carbons) chain, which are 

added by either protein farnesyltransferase (FTase) or types 1, 2, or 3 

geranylgeranyltransferase (GGTase I, II or III) respectively.6,170 The second step is the 

endoproteolytic removal of the aaX sequence by ZMPSTE24 or Ras Converting CAAX 

Endopeptidase 1.29,167,168 The final step is carboxymethylation of the newly exposed C-

terminal cysteine by ICMT Protein-S-isoprenylcysteine O-methyltransferase (ICMT). The 

fully processed proteins are then shuttled to the plasma membrane to carry out their 

biological function.104 

 

Scheme 4.1 Simple representation of the prenylation pathway. 



91 

 

ZMPSTE24 is a unique membrane-bound zinc metalloprotease localized to the 

endoplasmic reticulum and the inner nuclear membrane.9,51 In addition to being redundant 

to RCE1 in carrying out the endoproteolytic step,9,30 it also catalyzes a site-specific second 

cleavage upstream from the prenylated cysteine.228 The mechanism behind this dual 

functionality is poorly understood yet incredibly consequential to human health. The only 

bona fide human substrate of ZMPSTE24 is the prenylated protein prelamin A.32,53,63,229 

ZMPSTE24 second cleavage leads to the release of a 15-residue prenylated peptide from 

the C-terminus and the mature nuclear scaffold protein Lamin A (Figure 4.1). The function 

of the 15-residue prenylated peptide is unknown, whereas Lamin A is essential for properly 

forming the nuclear lamina and giving it mechanical stability.229 Mutations in either 

Prelamin A or ZMPSTE24 that prevent the second cleavage result in accelerated aging 

progeroid diseases.66,80,230,231 In their most severe form, they develop into Hutchinson 

Gilford Progeria, which is characterized by rapid aging, lipodystrophy, and early onset 

death at around 18 years of age.68,232 A better understanding of ZMPSTE24’s mechanism 

would be helpful in both the development of treatments for progeroid diseases and a better 

understanding of human aging. Additionally, in recent years new functions have been 

assigned to ZMPSTE24, such as a “translocon unclogger”; clearing misfolded proteins 

from the translocon during signal recognition-particle-independent protein 

translocation.86,90 It was observed that ZMPSTE24 could clear misfolded human islet 

amyloid polypeptide, which is common in patients with type 2 diabetes.86 This has led to 

the suggestion that ZMPSTE24 plays a critical role in the ER-associated degradation 

pathway,233 and as a result, it’s downstream substrates be druggable targets.81 Even more 

surprisingly, evidence exists to suggest that ZMPSTE24 serves as an “intrinsic broad-

spectrum antiviral protein” that is recruited to prevent the fusion of antiviral membranes 

and endosomal membranes,234 thus protecting against viral infections such as influenza and 

even SARS-CoV-2.91,96 These results casts doubt on its primary function being a CaaX 

protease.81 A better mechanistic understanding of this enzyme could help understand those 

new emergent functions beyond the traditional CaaX endoprotease role. 
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Figure 4.1 Maturation of Prelamin A in humans and its counterpart, a-factor, in yeast. 

Prelamin A is the only bona fide substrate for human ZMPSTE24. a-Factor is analogously 

the only bona fide substrate for yeast homolog Ste24. Both substrates undergo similar 

processing: first, the three classic prenylation steps are carried out, followed by an 

additional upstream cleavage by either ZMPSTE24 or Ste24. Both enzymes can 

complement each other’s substrates. a-Factor undergoes a second cleavage step by Axl1 

before being exported for mating. The function of the analogous fragment in Prelamin A 

is still unknown.  

ZMPSTE24 has several evocative structural features. It consists of seven 

transmembrane (TM) α-helices that together form a novel “α-barrel,” which includes a 

large (> 12,000 Å3) chamber which can fit >450 water molecules (Figure 4.2).235 Substrate 

binding and catalysis take place within this chamber. The enzyme substrates are believed 

to be threaded through one of four entry fenestrations on the enzyme for proteolysis before 

exiting through either the same or a different fenestration (Figure 4.3). The inner surface 

of this chamber has a significant negative electrostatic potential, the purpose of which is 

unknown.81 Proteolytic activity is carried out through the HExxH zinc metalloproteases 

consensus sequence, where the two histidines and the glutamic acid bind a catalytic zinc 

atom (Figure 4.2).49,235 This motif is oriented at the interface between the membrane and 

the cytosol, where the prenylated proteins are located.235 This core sequence, as well as 38 

other residues representing 8% of the total ZMPSTE24 sequence, are absolutely conserved 

amongst the 58 known ZMPSTE24 orthologs.45   
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Figure 4.2 Structure of ZMPSTE24 and the HExxH consensus sequence. ZMPSTE24 

(PDB 5SYT) with its seven transmembrane helices is shown here. These helices together 

form a larger “barrel” like structure that is large enough to fit 450 water molecules. 

Proteolysis occurs inside this chamber through a Zn(II) atom (magenta) bound to E415 and 

the highly conserved HExxH sequence highlighted in the insert. Helices are color coded 

for clarity and for matching to Figure 4.3. Helix 1 is in dark blue. Helix 2 is light blue. 

Helix 3 is in light green. Helix 4 and 5 are in dark green. Helix 6 is in light orange. Helix 

7 is in dark orange. Helix 8 is in red.  
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Figure 4.3. The four fenestrations that form the postulated entry/exist substrate portals on 

ZMPSTE24. It is believed that the substrate enters ZMPSTE24 (PDB 5SYT) through one 

of the four indicated fenestrations (indicated by square boxes), likely the largest one (first 

on the left). After catalysis, the substrate would exist through either the same or a different 

portal. Helices are color coded for clarity and for matching to Figure 4.2. Helix 1 is in dark 

blue. Helix 2 is light blue. Helix 3 is in light green. Helices 4 and 5 are in dark green. Helix 

6 is in light orange. Helix 7 is in dark orange. Helix 8 is in red. 

 

 

Currently, it is postulated that the endoproteolytic cleavage of the aaX motif and 

carboxymethylation by ICMT occur before the upstream cleavage step, which involves the 

substrate entering, leaving, and reentering the enzyme’s reaction chamber (Figure 

4.4).34,36,39–41,51,102,228 However, to date, there has not been any conclusive evidence for the 

validity of this model. If carboxymethylation is a prerequisite to the upstream cleavage 

step, then inhibition of ICMT would lead to laminopathy symptoms similar to progeroid 

diseases. ICMT inhibition is a potential therapeutic target for Ras-based cancers,236,237 and 

so it is essential to assess this model to prevent unwanted side effects. There is a precedent 

for this with HIV aspartyl protease inhibitor drugs, which were found to cause 

lipodystrophy through off-target inhibition of ZMPSTE24, thus leading to the 

accumulation of farnesylated prelamin A.46,50,238,239 



95 

 

  

Figure 4.4 Current working model of Ste24/ZMPSTE24 processing. The model predicts 

that prenylated substrates enter either Ste24 or ZMPSTE24 through one of the four 

fenestrations for the proteolytic removal of the aaX motif. The substrate is then believed to 

be threaded out for methylation by ICMT before being threaded back for the second 

upstream cleavage step.  

 

 

Ste24 is the yeast functional homolog of ZMPSTE24.40,81 The two enzymes share 

significant sequence and structural similarity (Figure 4.5),45,235,240 yet Ste24 is more 

amiable to purification and functional assays.241,242 Ste24’s only bona fide substrate in yeast 

is the mating pheromone a-factor,9,39,41,43,243 which undergoes similar processing to 

Prelamin A (Figure 4.1). This peptide has been an important simple system for studying 

the prenylation pathway.33,198 Studying Ste24 and its native substrate, a-factor provides a 

simplified model to understand ZMPSTE24, thanks to the ease of synthesizing and 

handling smaller peptides compared to a 72 kDa protein. In addition to structural 

similarities between ZMPSTE24 and Ste24,44,235 both enzymes can correctly process each 

other’s substrates, and ZMPSTE24 has been found to rescue the function of yeast mutants 

lacking Ste24 activity.228 Building upon that complimentary nature, this work describes the 

synthesis of various peptide probes based on the sequence of an a-factor 33mer precursor, 

followed by using them to assay the dependence of Ste24 on the carboxymethylation step 

by ICMT.   



96 

 

 

Figure 4.5 Overlay of ZMPSTE24 (cyan PDB accession 5SYT) and Ste24 (green, PDB 

accession 3IL3). Both enzymes share significant sequence similarity and identity. Both can 

complement each other’s substrates and process them correctly, indicating that insights 

into Ste24’s function can be generalized to ZMPSTE24. Ste24 is however more amenable 

to purification and handling.   

 

4. 2. Results 

4. 2. 1. Substrate Design for Testing Ste24’s Dependence on 

Carboxymethylation  

Three peptide analogues from the sequence of a-factor’s 33mer precursor were 

designed for discerning whether carboxymethylation by Ste14 is required for the second 

Ste24 catalyzed cleavage and, by extension, confirm the postulated order of processing 

within the prenylation pathway (Figure 4.6). The first peptide analogue (1a) contained a 

methyl ester C-terminus, representing the native substrate for Ste24. The second peptide 

analogue (2a) had a carboxy C-terminus, representing the unmethylated precursor. The 

final peptide analogue (3a) contained an unnatural amide C-terminus. If 
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carboxymethylation is required for Ste24 N-terminal cleavage, then the methyl ester 

peptide would be a significantly more active Ste24 substrate than the other analogues. On 

the other hand, if carboxymethylation is not a prerequisite, then each of these peptides 

could have a similar reactivity with Ste24. To measure the activity of the peptides, each 

one contained an Abz/Dnp donor-quencher FRET pair flanking the N-terminal cleavage 

site. After Ste24 N-terminal cleavage, two peptide fragments would be liberated, one with 

the Dnp-quencher and another with the unquenched Abz fluorophore, thus causing an 

increase in fluorescence, allowing an accurate determination of the enzyme’s activity 

(Scheme 4.2) 

 

Figure 4.6 Synthetic 33mer peptides and their corresponding trypsin digest fragments. 

Three peptides were designed based on the structure of an a-factor 33mer precursor, but 

with varying C-termini. These peptides were used to study Ste24’s dependence on the 

preceding carboxymethylation. The methyl ester containing analogue (1) represents the 

native 33mer precursor. The carboxylic acid containing analogue (2) represents the 

unmethylated native precursor. The amide containing analogue (3) represents an 

intermediate between the two, having a neutral charge similar to analogue (1) but a similar 

size to analogue (2). The corresponding trypsin digest fragments are also shown. These 

fragments have a much better chromatographic resolution between the L and D Cys 

isoforms, allowing accurate quantitation of epimerization. Asterisks represents 

epimerization prone site.  
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Scheme 4.2 Substrate-based Ste24 activity assay. Here, 2-aminobenzoic acid (Abz) is a 

fluorophore (ex = 320 nm, em = 420 nm) that is quenched when in proximity to the 2, 4 

dinitrophenyl (Dnp) group, which is the case in the parent peptide. Cleavage by Ste24 

uncouples the fluorophore from the quencher, resulting in a detectable increase in 

fluorescence that can be used to measure the activity of Ste24. 

4. 2. 2. Synthesis of a-Factor’s 33mer Precursor 1a with Methyl Ester C-terminus  

To synthesize the methyl ester-containing peptide analogue 1a, a side-chain-anchoring 

methodology first developed by George Barany151 and then optimized in the Distefano lab  

was utilized (Scheme 4.3)5,128,129,198–200. In brief, the carboxylic acid of Fmoc-L-cysteine 

hydrate 7a was methylated in methanol catalyzed by HCl, resulting in the methyl ester 8a 

with a free side chain thiol. Next, this thiol was anchored to trityl chloride (trt-Cl) resin 

through a nucleophilic reaction carried out in the presence of N, N-diisopropylethylamine 

(DIPEA), resulting in amino acid loaded resin 9a suitable for solid phase peptide synthesis 

(SPPS). Next, the full peptide chain was elongated on a Gyros PS3 automated peptide 

synthesizer using standard HCTU/Fmoc chemistry. Single couplings (20 min) were used 

for all positions except D, G, N, P, Y, K(Dnp), and Abz, which were coupled for 60 mins. 

Cl-HOBt was added during the coupling to suppress epimerization.147,244,245 It is important 

to note that repeated exposure to HCTU can cause the development of life-threatening 

anaphylaxis, and so it should be handled with either a respirator or in a well-ventilated 

fume hood.246 Additionally, Cl-HOBt can be explosive under certain conditions and as a 
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result should also be handled with care. 247,248 Once the complete peptide chain was 

assembled, the peptide was cleaved and globally deprotected using reagent K, yielding the 

C-terminal methyl ester-containing peptide 10a with a free thiol (Figure 4.7). This peptide 

was then prenylated with trans, trans-farnesyl bromide under mildly acidic conditions, 

where the nucleophilicity of the cysteine’s thiol was enhanced with Zn(OAc)2 (Figure S 

4.1).224,249,250 A critical consideration for this step is to deoxygenate the solvents properly 

through N2 sparging to prevent disulfide formation. Additionally, earlier reports used a 

solvent blend containing 0.1% TFA113,124,128,250; this was found to lower the amount of 

conversion to product, likely due to over-acidification of the reaction and the associated 

decrease of the nucleophilicity of the cysteine-Zn adduct. The original description of this 

reaction used 0.025% TFA, not 0.1%.249 Improved results were observed when buffering 

the reaction at pH 5.0 with sodium acetate.5,224,251 With prenylated peptide 1a in hand, it 

was purified by HPLC using a two-stage process; first on a preparative scale using a broad 

range gradient, which resulted in purity of around 70% based on 220 nm integration in 

analytical LC-MS. This peptide was further purified to >95% on a semi-preparative scale 

using a targeted gradient ranging from 45-55% solvent B over 20 min (Table 4.1, Figure 

S 4.4) 
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Scheme 4.3 Synthesis 33mer peptides with a C-terminal methyl ester. Asterisks 

represents epimerization prone site. 

 

4. 2. 3. Synthesis of analogues 2a and 3a of a-Factor’s 33mer Precursor 

Peptide (2a) was synthesized using identical conditions to a peptide 1a but starting with 

Fmoc-cysteine on Wang resin. Peptide 3a was synthesized using a Gyros Chorus 

automated peptide synthesizer on unloaded Rink MBHA amide resin using the same 

HCTU/Fmoc chemistry but without Cl-HOBt, as it was found to lower crude peptide purity 

due to decreasing the coupling efficiency.245,252 20 min double couplings were used instead 

of single couplings for all positions except C, K(Dnp), and Abz, which were all coupled 

manually for 60 min to allow monitoring of the reaction’s completion using the Ninhydrin 

test.253,254 Also, an acetic anhydride capping step was added between each coupling cycle 

to prevent truncated side products that would further complicate the HPLC purification. 

Cleavage from resin (Figure 4.7), prenylation (Figure S 4.2, Figure S 4.3), and preparative 

HPLC purification (Figure S 4.5, Figure S 4.6) were identical to peptide 1a. Semi-prep 

HPLC purification was similar, but the targeted gradient spanned 40-50% B due to the 

increased polarity of analogues 2 and 3 (Figure S 4.5, Figure S 4.6). The best crude purity 
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obtained was for peptide 1a synthesized through side chain anchoring methodology, 

followed closely by peptide 3a, and with peptide 2a having the lowest crude purity (Table 

4.1, Figure 4.7B and C). 
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Figure 4.7 LC-MS chromatograms of 

crude 33mer peptides after resin 

cleavage and global deprotection. LC-

MS chromatograms highlighting the 

crude purity of the unprenylated 

precursors of the three 33mer 

analogues used in this study prior to 

prenylation. (A) precursor to the 

methyl ester C-terminal peptide 1a. 

(B) precursor to the carboxylic acid C-

terminal peptide 2a. (C) precursor to 

the amide C-terminal peptide 3b. 

Peptide 1a precursor produced 

through the side chain anchoring 

methodology had the highest crude 

purity, even surpassing peptide 3a 

precursor, which used double coupling 

for all amino acid positions and acetic 

anhydride capping. UV absorbance 

was monitored at 220 nm. The 

gradient used was as follows: 1-10 

min, hold at 1% B. 10-35 min, gradient 

to 100% B. 35-40, hold at 100% B 

(column wash). 40-41, ramp to 1% B. 

41-51, hold at 1% B (column 

equilibration). 
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Table 4.1 Purification of 33mer peptides. 

Peptide 
% Crude 

Purity 

% Epimerization 

in Crude 

% Purity After 

Prep Purification 

% Purity After Semi-

Prep Purification 

% Epimerization 

After Purification 

1 31 5 70 97 2 

2 20 36 73 95 4 

3 27 <1 75 99 <1 

 

4. 2. 4. Testing Epimerization of a-Factor’s 33mer Precursor and Analogues 

Before testing the peptides for activity with the Ste24 enzyme, it was essential to determine if they were enantiomerically pure. C-

terminal cysteines are prone to epimerization,147,255 and it is unknown if the D isomer will have the same reactivity as the L isomer with 

Ste24. Due to the size of the peptides, there is unlikely to be a significant retention time difference between the two isomers in LC-MS 

analysis. Thus, each of the three peptides was subjected to trypsin digestion, resulting in much shorter 8-mer fragments containing the 

prenylated cysteines. These fragments are easier to resolve via LC-MS analysis. To confirm this, authentic D-cysteine-containing 

standards were synthesized. Peptide 4b was synthesized using the same procedure required to obtain peptide 1a but using Fmoc-D-

cysteine hydrate. Peptide 5b was produced by hydrolyzing the methyl ester of peptide 4b through a simple saponification reaction with 

NaOH. Peptide 6b was synthesized using the same procedure as peptide 3 but also using Fmoc-D-cysteine hydrate. Trypsin digested 

peptides 1a, 2a, and 3a showed a single dominant peak in the LC-MS chromatogram, with a minor isobaric peak that integrated at most 

for 4%. Upon co-injection with the authentic standard, however, the second isobaric peak grew significantly in size, indicating that all 

three peptides were enantiomerically pure (Figure 4.8). Note that the limit of detection is 1%.  
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Figure 4.8 Trypsin digest of purified 33mer peptides to test enantiomeric purity. In order 

to determine the enantiomeric purity of the final purified peptides, each of them was 

digested with trypsin and then analyzed by LC-MS. The resulting 8-mer fragment resulting 

from cleavage at the K-G site is much more resolved than the full length 33mer. Each of 

the three peptides displayed less the 4% epimerization (top chromatograms). To confirm 

that the epimers are chromatographically resolved, the corresponding authentic standards 

were synthesized and co-injected with the trypsin-digested peptides (bottom 

chromatograms). In each case, the postulated D-isomer peak significantly increased in size. 

(A) LC-MS chromatograms of peptide 1a after trypsin digest before (top) and after 

(bottom) adding of authentic standard. (B) LC-MS chromatograms of peptide 2a after 

trypsin digest before (top) and after (bottom) adding of authentic standard. (C) LC-MS 

chromatograms of peptide 3a after trypsin digest before (top) and after (bottom) adding of 

authentic standard. UV absorbance was monitored at 220 nm. 1-5 min, hold at 1% B. 5-55 

min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, ramp to 1% B. 61-

71, hold at 1% B (column equilibration). 

 

To determine if the enantiomeric purity of the purified peptide was a function of the 

synthesis or the subsequent HPLC purification, the crude peptides were also subjected to 

the same trypsin digest analysis following the prenylation reaction without the HPLC 

purification. Instead, the reaction solvent and non-peptide reactants were removed through 

Sep-Pak solid phase extraction to preserve the trypsin activity. Through isocratic washes 
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of the Sep-Pak columns at 0% and 30% solvent B, followed by isocratic elution at 70% 

solvent B, it was possible to retain all the peptides in the reaction mixture without any other 

reactants or solvents. Subjecting these crude peptides to the trypsin digest analysis showed 

that for the methyl ester containing peptide 1a, there was <5% epimerization in the crude 

peptide (Figure 4.9, Table 4.1). This was similar to the value observed for the amide 

containing peptide 3a. Conversely, crude carboxylic acid containing peptide 2 displayed 

two peaks, one corresponding to 5a integrating for 64%, and a peak corresponding to the 

epimer 5b integrating for 36%. This highlights the advantage of the side-chain anchoring 

methodology over traditional Wang resin, especially considering the ease of hydrolyzing 

the methyl ester to the corresponding carboxylic acid through the saponification reaction 

such as was done to obtain peptide 5b. In fact, peptide 2a was also prepared in this manner 

from peptide 1a after only 1 h of incubation with NaOH at room temperature, followed by 

neutralization with glacial acetic acid (Figure 4.10).   



106 

 

 

Figure 4.9 Trypsin digest of crude 33mer peptides to test enantiomeric purity. In order to 

determine the enantiomeric purity of the crude peptides prior to HPLC-purification, each 

peptide was isolated using a Sep-Pak disposable cartridge instead of the two-stage HPLC 

purification. This allowed retaining all the peptides without any of the reactants and 

solvents present in the prenylation reaction mixture. These peptides were then trypsin 

digested and analyzed as before. Peptides 1a and 3a each showed > 5% epimerization (A 

and B, top). Co-injections with the authentic standards confirmed this (A and C, bottom). 

Peptide 2a however had 36% epimerization (B, top), which was confirmed upon co-

injection with the authentic standard (B, bottom). UV absorbance was monitored at 220 

nm. 1-5 min, hold at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column 

wash). 60-61, ramp to 1% B. 61-71, hold at 1% B (column equilibration).  
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Figure 4.10 Saponification reaction of peptide 1a to obtain 2a. In light of the significant 

amount of epimerization observed when producing the C-terminal cysteine containing 

peptide 2a, and the minimal amount observed when producing the methyl ester analogue 

1a, a simple saponification reaction with NaOH was used to hydrolyze the methyl ester 

and convert it to the corresponding carboxylic acid with no epimerization within 1 h. 

Glacial acetic acid was then used to quench the reaction and prevent any base-mediated 

epimerization. (A) shows the LC-MS chromatogram of peptide 1a before the reaction. (B) 
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shows the LC-MS chromatogram of purified peptide 2a. (C) shows the LC-MS 

chromatogram of 1a after the saponification reaction. Both RT and observed mass 

correspond to the peptide 2a. UV absorbance was monitored at 220 nm. The gradient used 

was as follows: 1-5 min, hold at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% 

B (column wash). 60-61, ramp to 1% B. 61-71, hold at 1% B (column equilibration). 

 

4. 2. 5. Testing reactivity with Ste24 

Once it was confirmed that the purified peptides were enantiomerically pure, they were 

subjected to Ste24 for processing. First, to determine if each peptide would be cleaved by 

Ste24 at the correct cleavage site, they were incubated with Ste24 for 10 min at 30 ˚C, then 

subjected to LC-MS analysis. The predicted cleavage products were observed (Figure 

4.11, Figure S 4.10, Figure S 4.11, Figure S 4.12). Next, Km and Vmax parameters were 

determined by varying the peptide concentration and measuring the initial reaction rate 

through the increase in fluorescence of the Abz group as the Dnp quencher was removed.  

 

 

Figure 4.11. Cleavage product after reaction of peptides 1a, 2a, and 3a with Ste24. The 

upstream cleavage by Ste24 liberates two peptide fragments. The N-terminal fragment is 

identical for all peptides, but the C-terminal fragment is unique for each analogue.  
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After confirming that the peptides are indeed substrates for Ste24, previously 

established method was used to measure the initial velocity of Ste24 cleavage at different 

peptide concentrations was measured based on the increase of fluorescence of the liberated 

Abz containing product (Scheme 4.2).52 Due to peptide precipitation at higher 

concentrations (>40 µM) the initial velocities were not obtained at higher concentrations, 

causing some uncertainty in the data obtained. Efforts are underway to overcome this issue. 

Nevertheless Michaelis-Menten plots (Figure 4.12) were constructed based on the 

available data and used to calculate Vmax and Km values (Table 4.2). Peptide 1 had the 

lowest Vmax in the series (119.1 pmol/min vs 191.8 pmol/min for peptide 3), but had the 

lowest Km value, 5-fold higher than peptide 2. Peptide 3, which is intermediate between 

peptides 1 and 3 as it is neutrally charged like peptide 1 but similar in size to peptide 2 had 

an intermediate Km value of 13.22 µM, 2.5-fold higher than peptide 1. The difference in 

Vmax on the other hand was less than 2-fold for the studied peptides. Considering that only 

one replicate was used, and that saturation was not achieved this difference was not 

considered to be significant until better data can be obtained. These results are consistent 

with the current prenylation model where the methylation first occurs first prior to the N-

terminal cleavage step.   
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Figure 4.12  Michaelis-Menten plots for peptides 1-3. (A) Plot for peptide 1. (B) Plot for 

peptide 2. (C) Plot for peptide 3. (D) calibration curve using peptides 11 and 12 used to 

convert fluorescence values to mmols released product. While Peptide concentrations up 

to 100 µM were tested, peptide precipitation above 40 µM prevented using them in the 

analysis. Vmax and Km values were calculated by extrapolating the curves obtained from the 

available data points, but these values are only approximations as saturating peptide 

concentrations were not reached.  Also, data only ran in singlets so there are no error values.  

 

Table 4.2 Km and Vmax parameters obtained form initial Michaelis-Menten plots. These 

values are only an approximation as saturating conditions were not met due to peptide 

precipitation.  

Peptide Km (µM) Vmax (pmol/min) 

1 5.154 119.1 

2 27.22 135.1 

3 13.22 191.8 
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4. 3. Conclusions 

Long hydrophobic peptide sequences are generally challenging to synthesize and 

manipulate. In the case of the analogues synthesized here, this was even more challenging 

due to the presence of C-terminal cysteines, which are known to be epimerization prone 

during the repeated piperidine treatments used for Fmoc deprotection during SPPS.147 This 

was observed during the epimerization test of the crude peptides. Peptide 2, which was 

synthesized using standard Wang resin had 36% epimerization. And while it was possible 

to obtain an enantiomerically pure peptide in the end, this does represent the loss of over a 

third of the material synthesized. The side chain anchoring methodology described here on 

the other hand had only 5% epimerization prior to HPLC purification and offers simple 

access to the carboxylic acid C-terminal peptides using a simple saponification reaction. 

This strategy also had the advantage of having the highest crude purity, even when 

compared to the amide containing peptide 3, which was synthesized using an optimized 

method on a more modern instrument with double coupling and acetic anhydride capping, 

again showing the advantage of the side chain anchoring methodology.  

Initial kinetic testing with peptides 1-3 corroborated the current model for Ste24 based 

processing, where methylation takes place prior to the N-terminal cleavage step, as peptide 

1 had the highest affinity for the enzyme, while peptide 2 the lowest (5-fold difference). 

Peptide 3 having an intermediate affinity (2.5-fold lower than 1) between the two peptides 

due to combing elements of peptides 1 and 3 further confirms these conclusions. Better 

kinetic measurements are required however to validate these claims. Increasing the amount 

of DDM detergent or lipids in the reaction mixture could help overcome this challenge.  

4. 4. Materials and Methods 

4. 4. 1. Reagents  

HPLC grade H2O and CH3CN, and sequencing grade dimethyl formamide (DMF), 

were purchased from Fisher Scientific. Protected amino acids, resins, O-(1H-6-

Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU), and 

6-Chloro-1-hydroxybenzotriazole (Cl-HOBt) were purchased from Chem-Impex 

International. 820 mg C-18 reverse phase Sep-Paks with 55-105 µm particle size were 

purchased from Waters corporation. Sequencing-grade Trypsin was purchased from 

Promega and reconstituted according to the manufacturer’s specifications. Bulk E. coli 

polar lipids were purchased from Avanti Polar Lipids. n-Dodecyl-B-D-maltopyranoside 
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(DDM) was purchased from Anatrace. TALON metal affinity resin was purchased from 

Clontech. Amicon® Ultra Centrifugal Filter 30,000 MWCO were purchased from 

Millipore. All other reagents were purchased from Sigma-Aldrich and were used without 

further purification.  

4. 4. 2. Synthesis of Fmoc-L-Cys-OMe 7a 

Fmoc- L-cysteine hydrate (7a, 2 g, 5.54 mmol) was dissolved in 15 mL CH3OH, 

and six drops of concentrated HCl were added to catalyze the reaction. The solution was 

stirred for 24 h, affording a white slurry that was dissolved with acetone. The solvent was 

then removed by rotary evaporation at 25 °C, and the material was dried under vacuum for 

5 h yielding Fmoc- L-cysteine methyl ester (8a, 1.96 g, 99% yield) with a free thiol side 

chain as a white solid. The correct structure was confirmed using 1H NMR in CDCl3, as 

previously described.1,113 

4. 4. 3. Synthesis of Fmoc-D-Cys-OMe 7b 

Fmoc- L-cysteine hydrate (7b, 1 g, 2.77 mmol) was dissolved in 15 mL CH3OH, 

and six drops of concentrated HCl were added to catalyze the reaction. The solution was 

stirred for 24 h, affording a white slurry that was redissolved in acetone. The solvent was 

then removed by rotary evaporation at 25 °C, and the material was dried under vacuum for 

5 h yielding Fmoc-D-Cysteine methyl ester (8b, 0.97 g, 99% yield) with a free thiol side 

chain as a white solid. The correct structure was confirmed using 1H NMR in CDCl3, as 

previously described.1,113 

4. 4. 4. Resin loading for the production of peptides with L-Cys-OMe C-

terminus 9a 

To load 8a onto a solid support, 0.82 g (1.44 mmol) of trityl-chloride resin 100-200 

mesh with 1.75 mmol/g loading was placed in a polypropylene filter syringe and washed 

with CH2Cl2 for 1 min three times. 1.96 g (5.48 mmol) 8a was then dissolved in 9 mL 

CH2Cl2 (600 mM) along with 995 µL (5.74 mmol, 600 mM) DIPEA and added to resin 

which was placed on a rotator for 24 h. After 24 h, unreacted positions on the resin were 

capped by adding 1 mL CH3OH to the solution and allowing it to rotate for 15 min. The 

resin was subsequently washed with CH2Cl2 for 2 min three times and dried under a 

vacuum. To quantify resin loading, three samples of 10 mg were accurately weighed and 

then placed in a filter syringe. Each sample was Fmoc deprotected with 1mL 20% 

piperidine in DMF for 30 min. These solutions were then transferred to 25 mL volumetric 
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flasks, and EtOH was used to wash the resins in 5 mL batches and then transferred to the 

same flasks until the fill lines were reached. A standard curve was then constructed 

consisting of Fmoc-OSu in EtOH at 1 mM, 0.75 mM, 0.5 mM, 0.25 mM, 0.125 mM, and 

0.0625 mM concentrations. The absorbance of the standard curve and samples were all 

read in triplicates at 301 nm. A resin loading of 0.12 mmol/g was obtained.  

4. 4. 5. Resin loading for the production of peptides with D-Cys-OMe C-

terminal 9b 

To load 8b onto a solid support, 0.17 g (0.323 mmol) of trityl-chloride resin 100-

200 mesh with 1.90 mmol/g loading was placed in a polypropylene filter syringe and 

washed with CH2Cl2 for one min three times. 0.22g g (0.616 mmol) 8b was then dissolved 

in 2 mL CH2Cl2 (final concentration 300 mM) along with 220 µL (1.263 mmol, final 

concentration 300 mM) DIPEA and added to resin which was placed on a rotator for 24 h. 

After 24 h, unreacted positions on the resin were capped by adding 0.5 mL CH3OH to the 

solution and allowing it to rotate for 15 min. The resin was subsequently washed with 

CH2Cl2 for 2 min three times and dried under a vacuum. The resin was quantified in the 

same manner as 9a. A resin loading of 1.49 mmol/g was obtained.  

4. 4. 6. General Procedure for Peptide Synthesis on Gyros PS3 automated 

synthesizer 

Peptides 1 and 2 were synthesized using a Gyros PS3 automated peptide synthesizer 

employing Fmoc/HCTU-based chemistry. Resin (0.15 mmol) for the appropriate peptide 

(Fmoc-Cys-OMe trt resin for peptide 1, or Fmoc-Cys(Trt)-OH wang resin 100-200 mesh 

for peptide 2 was placed in a reaction vessel, and swelled in DMF for 10 min three times. 

The Fmoc group on the first amino acid was then removed using 20% piperidine in DMF 

for 5 min twice. Four equivalents of the subsequent amino acid were activated with an 

equimolar amount of HCTU in 2 mL DMF with 800 mM DIPEA and 300 mM Cl-HOBt 

for 3 min. This solution was then transferred to the resin, and 2 mL of DMF was used to 

wash the amino acid vial before being transferred to the reaction vessel, resulting in an 

amino acid/HCTU/Cl-HOBt concentration of 150 mM and a DIPEA concentration of 400 

mM. The coupling was carried out for either 20 or 60 min with N2-mediated mixing for 1 

s every 10 s. D, G, N, P, Y, K(Dnp), and Abz were coupled for 60 min. All other amino 

acids were coupled for 20 min. After all amino acids were coupled, a final Fmoc 
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deprotection step was carried out. Once complete, the resin was washed with CH2Cl2 for 5 

min three times and then dried in vacuo.  

4. 4. 7. General Procedure for Peptide Synthesis on Gyros Chorus automated 

synthesizer  

Peptide 3 was prepared using a Gyros Chorus automated peptide synthesizer. 0.2 

mmol of low-loading rink amide MBHA 100-200 mesh resin was placed in a 

polypropylene syringe with a stopcock and swelled in 5 mL DMF for 10 min three times. 

The Fmoc group was removed from the resin by incubating with 5 mL 20% piperidine in 

DMF for 5 min twice, then washed with 5 mL DMF for 2 min three times. 468 mg (0.8 

mmol, four equivalents) of Cys(Trt)-OH and 331 mg (0.8 mmol, four equivalents) of 

HCTU were dissolved in 5 mL of 400 mM M DIPEA (150 mM) and added to the resin. 

The resin was placed on a rotator and allowed to react for 1 h, after which the Ninhydrin 

test showed complete consumption of the amine.253,254 The resin was washed with DMF as 

above and placed in the instrument’s reaction vessel. The resin was then swelled in 10 mL 

DMF for 10 min three times. The Fmoc group was removed using 10 mL 20% piperidine 

in DMF for 5 min, twice. Five equivalents of the subsequent amino acid were activated 

with an equimolar amount of HCTU in 400 mM DIPEA at 150 mM and added to the resin. 

The coupling was carried out for 20 min, after which the resin was washed with 10 mL for 

30 secs three times, then the coupling was repeated, and the resin was washed again. After 

the coupling, any unreacted positions were capped using a solution containing a final 

concentration of 50 % acetic anhydride in 400 mM DIPEA for 15 min before washing 

again with DMF. The Fmoc group was then removed using 10 mL of 20% piperidine for 5 

min twice before washing with DMF. K(Dnp) and Abz were also coupled manually using 

the same procedure as the first amino acid, and each required 1 h for reaction completion. 

After all amino acids were coupled, a final Fmoc deprotection step was carried out. Once 

complete, the resin was washed with CH2Cl2 for 1 min six times and then dried in vacuo.  

4. 4. 8. General Procedure for Peptide Cleavage  

Once the peptide-bearing resins were fully dry, peptide cleavage and global side 

chain deprotection were carried out by first placing an aliquot of 0.075 – 0.1 mmol of the 

peptide on-resin in a polypropylene filter syringe with a polypropylene Luer cap. 10 mL of 

reagent K (82.% TFA, 2.5% ethanedithiol, 5% thioanisole, 5% phenol, and 5% H2O ) was 

added to the syringe to cleave the peptide from the resin and remove side chain protecting 
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groups with rotation for 2 h. Next, the solution was drained into a 50 mL polypropylene 

centrifuge tube, and 10 mL more of TFA was used to wash the resin in 2 mL batches. A 

gentle N2 stream was used to evaporate excess TFA over an additional h until around 2 mL 

of solution remained. The peptide was then precipitated by adding Et2O to the 50 mL mark 

and cooling in a dry ice/i-PrOH bath. The peptide was then pelleted by centrifugation at 

3,000xg for 5 min. This procedure was repeated twice, with resuspension of the solid 

peptide in fresh Et2O through vortexing for 2 min. After the third Et2O precipitation, the 

tube was placed uncovered in a fume hood for 1 h to dry. Next, 3 mL of glacial acetic acid 

and 2 mL of H2O were added to the peptide, and it was allowed to incubate at room 

temperature for 10 min until all of the solid was dissolved. Once fully dissolved, the 

solution was diluted to 10 mL with H2O, flash-frozen in liquid N2, and then lyophilized. 

This solubilization and lyophilization step were crucial for two reasons: First, it facilitated 

the complete deprotection of the tryptophan side chain Boc protecting groups, which in our 

experience is sluggish and results in the observation of a +44-mass unit side product 

believed to be a carbamic acid intermediate. Second, this procedure improved the solubility 

of the peptides in DMF for the subsequent prenylation step. 

4. 4. 9. General Procedure for Peptide Prenylation 

All the solvents used in this procedure were sparged with N2 for 3 h to deoxygenate 

them and prevent disulfide formation. DMF was added to the lyophilized peptide to 

dissolve it, then Ellman’s assay was used to quantify the amount of free thiol in the 

solution.156,225 If the concentration was significantly higher than 1 mM, then it was adjusted 

to that concentration with more DMF. LC-MS analysis was used to confirm the presence 

of the peptide before proceeding with the reaction. Once confirmed, 5 equivalents of 

farnesyl bromide were diluted 10-fold v/v in DMF and then added dropwise to the peptide 

solution. The centrifuge tube was then vortexed for 30 sec fully dissolve the farnesyl 

bromide. Five equivalents of Zn(OAc)2.H2O were dissolved in a buffer solution containing 

2 M NaOAc, pH. 5.0. The buffer volume was determined based on the volume of DMF 

used so that the final solvent composition was 9:1 DMF/2M NaOAc buffer. Once the 

Zn(OAc)2.H2O was fully dissolved, it was added to the peptide solution, and the tube was 

vortexed for 30 sec before being placed on a rotator overnight. The next day, LC-MS was 

used to confirm the completion of the reaction (>90% conversion). Once complete, 5% 
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glacial acetic acid was added to the solution to both quench the reaction and help maintain 

the peptide's solubility. The solution was then filtered through a 0.2 µm GHP syringe filter 

and purified by HPLC. It is essential to do this step promptly, or the peptide will precipitate 

out of the solution.  

4. 4. 10. General Method for LC-MS analysis 

LCMS analysis was performed using an Agilent 1200 series system (Windows 10, 

ChemStation Software, G1322A Degasser, G1312A binary pump, G1329A autosampler, 

G1315B diode array detector, 6130 quadrupole) equipped with a C18 column (Agilent 

ZORBAX 300-SB-C18, 5 μM, 4.6 X 250 mm). Runs were performed at a flow rate of 1 

mL/min. One H2O/CH3CN solvent system containing 0.1% TFA was used, consisting of 

solvent A (H2O with 0.1% TFA) and solvent B (CH3CN with 0.1% TFA). Samples were 

filtered through a 0.2 µm GHP filter before injecting into the instrument. The gradient used 

was sample dependent and is shown in the figure legend. Note that in samples containing 

DMF, a 10 min hold at 1% B at the beginning of the method before starting the gradient 

significantly enhanced the resolution.  

4. 4. 11. General Method for Two-Stage HPLC purification  

HPLC purification was performed using an Agilent 1100 series system (Windows 

7, ChemStation Software, G1312A binary pump, G1329A autosampler, G1315B diode 

array detector, Teledyne Foxy R1 fraction collector). Samples were filtered through a 0.2 

µm GHP syringe filter before injecting into the instrument. Purification was performed first 

on a preparative scale (10 - 20 mg peptide per injection, Agilent Pursuit C18 5 μM 250 × 

21.2 mm) with a 5 mL/min flow rate and using the same Solvent A/Solvent B system 

described above. The gradient was as follows: 1-10 min hold at 30% B, 10-70 min ramp to 

90% B, 70-80 min hold at 100% B (column wash), 80-81 min ramp down to 30% B, 81-

95 min hold at 30% B (equilibration). Peptides 1-3 were then further purified on a semi-

preparative scale (2 - 10 mg peptide per injection, Agilent ZORBAX 300SB-C18 5 μM 9.4 

× 250 mm) with 4 mL/min flow-rate and using the same solvent A/Solvent B system 

described above. The gradient for peptide 1a was as follows: 1-5 min hold at 20% B, 10 

min ramp to 45% B, 20 min ramp to 55% B, 1 min ramp to 100% B, 5 min hold at 100% 

B (column wash), 1 min ramp down to 1% B, 10 min hold at 1% B (equilibration). The 

gradient for peptides 2a and 3a was as follows: 1-5 min hold at 20% B, 10 min ramp to 
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40% B, 20 min ramp to 50% B, 1 min ramp to 100% B, 5 min hold at 100% B (column 

wash), 1 min ramp down to 1% B, 10 min hold at 1% B (equilibration).  

4. 4. 12. General Method for Sep-Pak Purification of Peptides 1, 2, and 3 

In order to purify all the peptide products after running the prenylation reaction, a 

simple Sep-Pak solid phase extraction was utilized. The cartridges were first conditioned 

using 10 mL of 100% solvent B, followed by equilibration with 10 mL of 100% solvent A. 

5 mL of the prenylation reaction mixtures containing peptides 1, 2, or 3 were then diluted 

5-fold with solvent A, and loaded onto the cartridges. The cartridges were then washed 

using 10 mL of 100% solvent A and 10 mL of 30% solvent B, before eluting the peptide 

using 10 mL of 80% solvent B. The organic solvent was then removed using a gentle stream 

of N2 before lyophilizing the peptides and redissolving in DMSO.   

4. 4. 13. Synthesis of Peptide 1 

Peptide 1 was synthesized using a PS3 automated peptide synthesizer and cleaved 

from the resin, prenylated, and purified by HPLC as described above. Pooled HPLC 

fractions were lyophilized and then redissolved in DMSO. Concentration was measured by 

diluting the peptide in 6 M guanidinium. HCl, 0.02 M phosphate buffer, pH 6.5, and 

measuring absorbance at 360 nm (ɛ360 = 17,500 M-1cm-1).256 ESI-MS: for 

C190H289N44O56S2
3+ [M + 3H+]3+; calcd. 1383.0204, found 1383.0203.  

4. 4. 14. Synthesis of Peptide 2 

Peptide 2 was synthesized using a PS3 automated peptide synthesizer and cleaved 

from the resin, prenylated, and purified by HPLC as described above. Pooled HPLC 

fractions were lyophilized and then redissolved in DMSO. Concentration was measured by 

diluting the peptide in 6 M guanidinium. HCl, 0.02 M phosphate buffer, pH 6.5, and 

measuring absorbance at 360 nm (ɛ360 = 17,500 M-1cm-1).256 ESI-MS: for 

C189H287N44O56S2
3+ [M + 3H+]3+; calcd. 1378.3485, found 1378.3499.  

4. 4. 15. Synthesis of Peptide 3 

Peptide 3 was synthesized using a Chorus automated peptide synthesizer and 

cleaved from the resin, prenylated, and purified by HPLC as described above. Pooled 

HPLC fractions were lyophilized and then redissolved in DMSO. Concentration was 

measured by diluting the peptide in 6 M guanidinium. HCl, 0.02 M phosphate buffer, pH 

6.5, and measuring absorbance at 360 nm (ɛ360 = 17,500 M-1cm-1).256 ESI-MS: for 

C189H289N45O55S2
3+ [M + 3H+]3+; calcd .1378.0205, found 1378.0190.  
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4. 4. 16. Synthesis of Peptide 4 

Peptide 4 was synthesized using a PS3 automated peptide synthesizer and cleaved 

from the resin, prenylated, and HPLC purified as described above. Pooled HPLC fractions 

were lyophilized and then redissolved in DMSO. Concentration was measured by diluting 

the peptide in 6 M guanidinium. HCl, 0.02 M phosphate buffer, pH 6.5, and measuring 

absorbance at 280 nm (ɛ280 = 5,810 M-1cm-1).226 ESI-MS: for C58H82N9O11S+ [M + H+]+; 

calcd. 1112.5850, found 1112.5831.  

4. 4. 17. Synthesis of Peptide 5 

Peptide 5 was synthesized by hydrolysis of the methyl ester of peptide 4 as 

described below. After hydrolysis and reaction quenching, the concentration was measured 

by diluting the peptide in 6 M guanidinium. HCl, 0.02 M phosphate buffer, pH 6.5, and 

measuring absorbance at 280 nm (ɛ280 = 5,810 M-1cm-1).226 ESI-MS: for C57H80N9O11S+ 

[M + H+]+; calcd. 1098.2693, found 1098.2714.  

4. 4. 18. Synthesis of Peptide 6 

Peptide 6 was synthesized using a Chorus automated peptide synthesizer and 

cleaved from the resin, prenylated, and HPLC purified as described above. Pooled HPLC 

fractions were lyophilized and then redissolved in DMSO. Concentration was measured by 

diluting the peptide in 6 M guanidinium. HCl, 0.02 M phosphate buffer, pH 6.5, and 

measuring absorbance at 280 nm (ɛ280 = 5,810 M-1cm-1).226 ESI-MS: for C57H81N10O10S+ 

[M + H+]+; calcd. 1097.5853, found 1097.5868.  

4. 4. 19. Synthesis of Peptide 11 

Peptide 11 was synthesized using a PS3 automated peptide synthesizer and 

cleaved from the resin and prep HPLC purified as described above. Pooled HPLC 

fractions were lyophilized and then redissolved in DMSO. Concentration was measured 

by diluting the peptide in 6 M guanidinium. HCl, 0.02 M phosphate buffer, pH 6.5, and 

measuring absorbance at 310 nm (ɛ310 = 2,400 M-1cm-1).257 ESI-MS: for C36H55N9O13S+ 

[M + H+]+; calcd. 853.3640, found 853.3642. 

4. 4. 20. MS-MS analysis of 33mer peptides  

In order to confirm correct peptide sequence MS-MS analysis was carried out using 

ThermoFisher Orbitrap Fusion Lumos Tribrid Mass Spectrometer. To prevent loss of the  

the farnesyl chain in the MS2 fragmentation step, data-dependent Electron Transfer 

Dissociation (ETD) activation was used along with EThcD collision energy type. 
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Chromatographic separation was performed using a nano-flow 300-angstrom pore size C3 

column with a 1µL/min flow rate. The gradient used was as follows: 1-5 min, hold at 30% 

B. 5-15 min, ramp to 90% B. 15-17 min, hold at 100% B (column wash). 17-25 min, hold 

at 1% B (column equilibration). +3, +4, and +5 parent ions were used to find all possible 

fragments. The majority of the fragments observed were z and c ions. Data summarized in 

Table S 4.1, Table S 4.2, and Table S 4.3. 

4. 4. 21. Methyl Ester Peptide Hydrolysis  

Peptides 1 and 4 were each hydrolyzed to their corresponding carboxylic acids 

through saponification reactions. The peptide was incubated at 100 µM concentration in 

0.5 M NaOH with 50% v/v CH3CN for 1 h at room temperature. The reaction was then 

quenched by adding 20% glacial acetic acid, which also neutralized the base and prevented 

any subsequent epimerization.  

4. 4. 22. Trypsin Digestion 

Three aliquots of 140 µL of 50 mM ammonium bicarbonate solutions and 40 µL of 

CH3CN were prepared in 1.5 low-adhesion microcentrifuge tubes. Peptides 1, 2, or 3 were 

added from DMSO stocks to a final concentration of 0.1 mM. Trypsin stock solution (15 

µL of a 20 µg/mL stock) was added to each tube to yield a final concentration of 1.5 µg/mL. 

The tubes were incubated at 37 ˚C overnight with rotation before subjecting to LC-MS 

analysis with and without the addition of the appropriate authentic standard peptides 4-6. 

4. 4. 23. Purification of Ste24 From Crude Membranes  

Crude membrane fractions containing Ste24 were obtained as previously described.238 

Ste24 protein was then further purified by first solubilizing the membranes in a sorbitol-

based buffer (0.3 M sorbitol, 0.1 M NaCl, 6 mM MgCl2, 10 mM Tris, pH 7.5, 10% glycerol, 

1% aprotinin, 2 mM AEBSF) containing 20 mM imidazole and 1% DDM. This solution 

was rocked at 4C for 1 h before centrifugation at 100,000xg for 45 min to separate 

insoluble material. The supernatant was incubated with TALON metal affinity resin at 

4C for 1 h before being washed and then eluted using 250 mM imidazole buffer. That 

fraction was concentrated using an Amicon® Ultra Centrifugal Filter 30,000 MWCO at 

4,000xg for 20-30 min at 4C until. Protein concentration was determined using an Amido 

Black protein assay. 
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4. 4. 24. Preparation of Small Unilamellar Vesicles (SUV) for Ste24 

Enzymatic Activity Assay Monitored by LC-MS. 

A stock of bulk E. coli lipids in chloroform was placed in a glass scintillation vial, and 

the chloroform was removed under vacuum in a rotary evaporator at 30 ˚C. Afterward, 150 

mM Tris buffer, pH 7.5, was added for a final 10 mg/mL volume in order to hydrate the 

lipids. The water bath of the rotary evaporator was afterward heated to 70 ˚C with rotation 

but no vacuum for 30 mins to fully suspend the lipids, leading to the formation of 

multilamellar vesicles. The vesicles were afterward disrupted by sonication for 30 mins. 

This solution was stored at -20 ˚C until before usage, when it was further diluted to 0.625 

mg/mL in Tris buffer.  

4. 4. 25. Ste24 Activity Assay for LC-MS Analysis 

A stock solution of Ste24 enzyme in DDM was diluted to 0.15 µg/µL in 10 mM 

Tris Buffer, pH 7.5. 40 µL of this solution was added to 80 µL of 0.625 mg/mL lipid 

suspension solution. Afterward, 520 µL of 150 mM Tris buffer, pH 7.5 solution was added 

to break the detergent vesicles and translocate the enzyme into the lipid vesicles. This 

solution was incubated on ice for 10 min before aliquoting 160 µL into three low-adhesion 

microcentrifuge tubes and incubating at 30 ˚C for 5 min. Meanwhile, three peptide 

solutions containing peptides 1-3 at 0.15 mM in 150 mM Tris buffer pH 7.5 were prepared. 

40 µL of this solution was added to the enzyme solution, and the mixture was incubated at 

30 ˚C for 10 min. After 10 min, 50 µL of glacial acetic acid was added to quench the 

reaction, and 100 µL of CH3CN was added to help fully solubilize the reaction mixture. 

Each solution was subjected to LC-MS analysis without filtration.  

4. 4. 26. Preparation of Small Unilamellar Vesicles (SUV) for Fluorescence-

based activity assay. 

A stock of bulk E. coli lipids in chloroform was placed in a glass scintillation vial, and 

the chloroform was removed using a gentle nitrogen stream. Afterward, 2 mM 2-

mercaptoethanol and water solution were added for a final lipid concentration of 0.625 

mg/mL. The vesicles were disrupted by sonication for 10 mins. This solution was stored at 

-20 ˚C until prior to usage. 

4. 4. 27. Ste24 Fluorescence-based activity assay 

A stock solution of Ste24 enzyme in DDM was diluted to 0.15 µg/µL in 10 mM 

Tris buffer, pH 7.5. 40 µL of this solution was added to 80 µL of 0.625 mg/mL lipid 

suspension solution. Afterward, 520 µL of 150 mM Tris buffer, pH 7.5 solution was added 
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to break the detergent vesicles and translocate the enzyme to the lipid vesicles. This 

solution was incubated on ice for 10 min, followed by 30 ˚C for 5 min before aliquoting 

80 µL into the wells of a 96-well plate. The plate was further incubated at 30 ˚C in a 

microplate reader. 20 µL of the appropriate peptide solution was added to each well to 

initiate the reaction. The plate was mixed for 30 sec before monitoring the fluorescence 

increase (ex = 320 nm, em = 420 nm) for 1 h.  

4. 4. 28. Data Analysis for N-terminal Assay  

Fluorescence values were converted to concentrations using a standard calibration 

assay. Fluorescence was first plotted against various concentrations of peptide 11 and used 

to calculate an extinction coefficient (ε). The extinction coefficient (ε) obtained from the 

standard curve (Abz only) was then used to convert from relative fluorescence units (RFU) 

to specific activity of each peptide at the chosen concentrations. A correction factor (C) for 

the inner filter effect was calculated at each concentration of peptide used in the assay using 

the following equation: 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐶) =  
𝐹(𝐴𝑏𝑧)

𝐹(𝐴𝑏𝑧 + 𝐷𝑛𝑝)
 

The specific activity for each peptide was calculated using the following equation:  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝜌𝑚𝑜𝑙 𝑚𝑔 min ) =  ⁄ 𝑅𝑎𝑡𝑒 (
𝑅𝐹𝑈

𝑚𝑖𝑛
) × 𝐶 ×

1

𝜀(𝑅𝐹𝑈 𝜇𝑀)⁄
×

106(𝜌𝑚𝑜𝑙 𝜇𝑚𝑜𝑙)⁄

104(𝐿)
×

1

0.0075 𝑚𝑔
⁄  

 

The rate used in the above equation was obtained by plotting RFU vs time using first 

10 min of the assay. Once the specific activity at each concentration of peptide was 

obtained, the peptide concentration versus specific activity was plotted in Graphpad prism 

and then analyzed using the Michaelis-Menten equation to obtain Km and Vmax. 
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4. 5. Supplementary Information  

 

 

Figure S 4.1 Prenylation of peptide (1a) using Zn(OAc)2 mediated reaction and farnesyl 

bromide. Zn(OAc)2 coordinates with the thiol at pH 5.0, modulating its nucleophilicity to 

be able to react with farnesyl bromide and displace the halide. (A) Shows LC-MS 

chromatogram of the precursor to peptide (1a) with free thiol. (B) shows LC-MS 

chromatogram of the peptide after prenylation, affording peptide (1a). Characteristic 

retention time shift and MS confirmed the correct product. UV absorbance was monitored 

at 220 nm. The gradient used was as follows: The gradient used was as follows: 1-10 min, 

hold at 1% B. 10-35 min, gradient to 100% B. 35-40, hold at 100% B (column wash). 40-

41, ramp to 1% B. 41-51, hold at 1% B (column equilibration). The increased hold time at 

the beginning of the method was essential to remove the DMF fully, enhancing the 

resolution. 
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Figure S 4.2 Prenylation of peptide (2a) using Zn(OAc)2 mediated reaction and farnesyl 

bromide. Zn(OAc)2 coordinates with the thiol at pH 5.0, modulating its nucleophilicity to 

be able to react with farnesyl bromide and displace the halide. (A) Shows LC-MS 

chromatogram of the precursor to peptide (2a) with free thiol. (B) shows LC-MS 

chromatogram of the peptide after prenylation, affording peptide (2a). Characteristic 

retention time shift and MS confirmed the correct product. UV absorbance was monitored 

at 220 nm. The gradient used was as follows: The gradient used was as follows: 1-10 min, 

hold at 1% B. 10-35 min, gradient to 100% B. 35-40, hold at 100% B (column wash). 40-

41, ramp to 1% B. 41-51, hold at 1% B (column equilibration). The increased hold time at 

the beginning of the method was essential to remove the DMF fully, enhancing the 

resolution. 
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Figure S 4.3 Prenylation of peptide (3a) using Zn(OAc)2 mediated reaction and farnesyl 

bromide. Zn(OAc)2 coordinates with the thiol at pH 5.0, modulating its nucleophilicity to 

be able to react with farnesyl bromide and displace the halide. (A) Shows LC-MS 

chromatogram of the precursor to peptide (3a) with free thiol. (B) shows LC-MS 

chromatogram of the peptide after prenylation, affording peptide (3a). Characteristic 

retention time shift and MS confirmed the correct product. UV absorbance was monitored 

at 220 nm. The gradient used was as follows: 1-10 min, hold at 1% B. 10-35 min, gradient 

to 100% B. 35-40, hold at 100% B (column wash). 40-41, ramp to 1% B. 41-51, hold at 

1% B (column equilibration). The increased hold time at the beginning of the method was 

essential to remove the DMF fully, enhancing the resolution. 
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Figure S 4.4 Two-stage purification of peptide (1a). (A) Prep purification of peptide (1a). 

This initial stage helped concentrate the desired peptide. 73% purity was obtained 

afterwards. (B) Semi-prep purification using targeted gradient. This stage helped bring the 

purity to > 95%. This the shallow gradient helped improve the separation between closely 

eluting truncated peptide materials. UV absorbance was monitored at 280 nm, which 

helped improve the observed resolution. 
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Figure S 4.5 Two-stage purification of peptide (2a). (A) Prep purification of peptide (3a). 

This initial stage helped concentrate the desired peptide. 73% purity was obtained 

afterwards. (B) Semi-prep purification using targeted gradient. This stage helped bring the 

purity to > 95%. This the shallow gradient helped improve the separation between closely 

eluting truncated peptide materials. UV absorbance was monitored at 280 nm, which 

helped improve the observed resolution. 

 



127 

 

 

Figure S 4.6 Two-stage purification of peptide (3a). (A) Prep purification of peptide (3a). 

This initial stage helped concentrate the desired peptide. 75% purity was obtained 

afterwards. (B) Semi-prep purification using targeted gradient. This stage helped bring the 

purity to > 95%. This the shallow gradient helped improve the separation between closely 

eluting truncated peptide materials. UV absorbance was monitored at 280 nm, which 

helped improve the observed resolution.  
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Figure S 4.7 LC-MS chromatogram of peptide 1a after two-stage HPLC purification. UV 

absorbance was monitored at 220 nm. The gradient was as follows: 1-5 min, hold at 1% B. 

5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, ramp to 1% 

B. 61-71, hold at 1% B (column equilibration). 
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Figure S 4.8 LC-MS chromatogram of peptide 2a after two-stage HPLC purification. UV 

absorbance was monitored at 220 nm. The gradient was as follows: 1-5 min, hold at 1% B. 

5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, ramp to 1% 

B. 61-71, hold at 1% B (column equilibration). 
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Figure S 4.9 LC-MS chromatogram of peptide 3a after two-stage HPLC purification. UV 

absorbance was monitored at 220 nm. The gradient was as follows: 1-5 min, hold at 1% B. 

5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, ramp to 1% 

B. 61-71, hold at 1% B (column equilibration). 
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Figure S 4.10. LC-MS chromatogram of peptide (1a) after reaction with Ste24. 

Chromatogram shows extracted ions for peptide (1a) as well as the two cleavage products 

(12) and (11) obtained after reacting with Ste24. The gradient was as follows: 1-5 min, 

hold at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-

61, ramp to 1% B. 61-71, hold at 1% B (column equilibration). 
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Figure S 4.11 LC-MS chromatogram of peptide (2a) after reaction with Ste24. 

Chromatogram shows extracted ions for peptide (2a) as well as the two cleavage products 

(13) and (11) obtained after reacting with Ste24. The gradient was as follows: 1-5 min, 

hold at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-

61, ramp to 1% B. 61-71, hold at 1% B (column equilibration). 
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Figure S 4.12 LC-MS chromatogram of peptide (3a) after reaction with Ste24. 

Chromatogram shows extracted ions for peptide (3a) as well as the two cleavage products 

(14) and (11) obtained after reacting with Ste24. The gradient was as follows: 1-5 min, 

hold at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-

61, ramp to 1% B. 61-71, hold at 1% B (column equilibration). 
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Table S 4.1 Observed MS-MS fragments for peptide (1a) using ETD MS-MS analysis. 

fragment  charge 

calculated 

m/z found m/z fragment  charge 

calculated 

m/z found m/z 

x33 3 1351.6667 1351.6469 c33 3 1275.2871 1275.2817 

z32 3 1293.6512 1293.6636 c32 3 1251.6080 1256.6365 

z31 3 1251.6369 1251.6285 c31 3 1219.2571 1219.5892 

z30 3 1218.6141 1218.9320 c30 3 1180.9148 1180.9123 

z29 3 1189.6034 1189.5773 c29 3 1118.8883 1118.8800 

z28 3 1155.9209 1155.9145 c28 3 1069.8655 1069.8551 

z27 3 1132.2418 1132.2164 c27 3 1036.8427 1036.8409 

x26 3 1112.8945 1112.5811 b26 3 1017.1601 1012.4920 

z25 2 1611.8167 1611.7800 c25 3 975.1373 975.1588 

z24 2 1584.8114 1584.8103 c24 3 937.4426 937.8064 

z23 3 1018.8503 1018.8635 c23 3 899.7479 899.4418 

z22 3 920.8181 920.4513 c22 3 845.3934 845.3934 

z21 3 892.1392 892.4178 c21 3 807.3791 807.3916 

z20 3 835.1056 835.1660 c20 2 1144.5383 1144.2338 

z19 2 1201.6310 1201.5565 c19 2 1088.5024 1088.5235 

z18 2 1158.1150 1158.5679 c18 2 1024.4549 1024.5090 

z17 2 1114.5989 1114.5592 c17 3 640.2915 640.2961 

z16 2 1050.0776 1050.1871 c16 2 907.9043 907.9564 

z15 2 986.0302 986.2214 c15 3 582.2702 582.2886 

z14 2 943.4855 943.4625 c14 2 799.8670 799.8987 

z13 2 863.9675 863.6716 c13 2 735.8195 735.3139 

z12 2 806.9461 806.6434 c12 2 693.8090 693.3177 

z11 2 725.4143 725.3608 c11 1 1092.5144 1092.5599 

z10 1 1353.7640 1353.7672 c10 1 978.4349 978.4332 

z9 1 1223.6534 1223.9624 c9 1 924.4244 924.4443 

z8 1 1112.5850 1112.5812 c8 1 836.3608 836.3578 

z7 1 1038.5369 1038.4952 c7 1 761.3396 761.3874 

z6 2 470.2379 470.2047 c6 2 341.1550 341.2342 

z5 2 396.7037 396.1880 c5 1 563.2283 563.2313 

z4 1 606.3206 606.2656 c4 2 247.1150 247.1150 

z3 1 493.3094 493.2411 c3 2 198.5887 198.1238 

z2 1 411.2675 411.2724 c2 1 268.1114 268.1297 

z1 1 323.2040 323.2017 c1 1 137.0708 137.0708 
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Table S 4.2 Observed MS-MS fragments for peptide (2a) using ETD MS-MS 

analysis. 

fragment  charge 

Calculated 

m/z found m/z fragment  charge 

calculated 

m/z found m/z 

z33 3 1332.6595 1332.6552 33     

Not 

Observed 

z32 3 1288.9793 1288.9802 c32 3 1251.6080 1251.6304 

z31 3 1246.9650 1246.6320 c31 3 1219.2571 1219.6144 

z30 2 1820.4097 1820.3731 c30 3 1180.9148 1180.9124 

z29 3 1184.9315 1184.9051 c29 3 1118.8883 1118.8619 

z28 3 1151.2490 1151.5435 c28 3 1069.8655 1069.5129 

z27 2 1690.8512 1690.3446 b27 3 1031.1672 1031.1693 

y26 3 1099.5629 1099.5432 b26 2 1517.7365 1517.7223 

z25 3 1070.2083 1070.5002 c25 3 975.1373 975.1600 

z24 2 1569.2903 1569.2776 c24 3 937.4426 937.4934 

z23 3 1014.1784 1014.5152 c23 3 899.7479 899.3314 

z22 3 916.1462 916.1950 c22 3 839.7179 839.9102 

z21 3 887.4673 887.4362 c21 3 807.3791 807.4041 

z20 2 1245.1469 1245.6198 b20 2 1144.5383 1144.5688 

z19     

Not 

Observed c19 2 1088.5024 1088.5303 

z18 2 1151.1071 1151.2599 c18 2 1024.4549 1024.5078 

z17 2 1107.5911 1107.5679 c17 2 959.9336 959.5426 

z16 2 1043.0698 1043.1793 c16 2 916.4176 916.4473 

y15 2 987.5356 987.5142 c15 2 872.9017 872.7761 

z14 3 609.9845 609.3318 a14 1 1598.7268 1598.7678 

y13 1 1729.9386 1729.9228 a13 1 1470.6319 1470.7355 

z12 1 1598.8691 1598.7678 12     

Not 

Observed 

z11 2 718.4065 718.3020 c11 1 1092.5144 1092.5540 

z10 3 441.5788 441.2156 b10 1 978.4350 978.4345 

z9 1 1209.6377 1209.5897 b9 1 907.3979 907.3953 

z8 1 1081.5428 1081.5272 c8 1 853.3874 853.4198 

z7 1 1024.5212 1024.5081 c7 1 761.3396 761.3654 

y6 1 942.4794 942.4792 b6 1 664.2760 664.2719 

y5 1 795.4110 795.4091 b5 1 563.2283 564.2758 

z4 1 592.3049 592.2218 c4 1 493.2227 493.2413 

y3 1 494.3048 494.3051 c3 1 396.1700 396.1877 

z2 1 380.2253 380.1505 c2 1 268.1114 268.1289 

y1 1 326.2149 326.2131 c1 1 137.0708 137.1320 

 

Table S 4.3 Observed MS-MS fragments for peptide (3a) using ETD MS-MS 

analysis. 

fragment  charge 

calculated 

m/z found m/z fragment  charge 

calculated 

m/z found m/z 
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z33 3 1332.3315 1332.1702 b33 3 1269.6115 1269.6300 

z32 3 1288.6513 1288.6543 c32 3 1251.6080 1251.6386 

z31 3 1246.6370 1246.6324 c31 3 1219.2571 1219.3054 

z30 3 1213.6142 1213.6151 c30 3 1180.9148 1180.9154 

z29 3 1184.6035 1184.5802 c29 3 1118.8883 1118.8682 

z28 3 1150.9210 1150.8749 c28 2 1604.2946 1604.3367 

z27 2 1690.3592 1690.3324 b27 3 1031.1672 1031.1912 

y26 3 1099.2349 1099.5608 c26 3 1017.8356 1017.5219 

z25 2 1604.3168 1604.3367 c25 3 975.1373 975.1573 

z24 2 1568.7983 1568.7910 c24 2 1397.1469 1397.6271 

z22 3 915.8182 915.7011 c23 3 899.7479 899.4703 

z21 3 887.1393 887.4221 b22 3 839.7179 839.9160 

x20 3 844.4410 846.4503 c21 3 807.3791 807.4004 

x19 3 810.7584 810.9002 b20 2 1144.5383 1144.5738 

z18 2 1150.6151 1150.5683 c19 2 1088.5024 1088.5258 

z17 2 1107.0991 1107.0703 c18 2 1024.4549 1024.5184 

z16 2 1042.5778 1042.8577 c17 3 640.2915 646.2666 

z15 2 978.5303 978.4321 c16 2 916.4176 916.4459 

x14 2 935.9857 935.8061 c14 2 822.3778 1822.3585 

z13 2 856.4677 856.6807 a13 2 735.8196 735.3171 

z12 1 1597.8851 1597.7700 12   

Not 

Observed 

y11 1 1451.8484 1451.7880 b11 1 1075.4878 1075.5293 

z10 1 1321.7378 1321.6433 b10 1 978.4350 978.4321 

z9 1 1208.6537 1208.5967 c9 1 924.4244 924.4667 

z8 1 1080.5588 1081.5489 c8 1 853.3874 853.6814 

z7 1 1023.5372 1023.5142 b7 1 735.3131 735.3171 

z6 1 924.4688 941.4904 b6 1 664.2760 664.2754 

z5 1 777.4004 777.3747 b5 1 563.2283 563.3242 

z4 1 591.3209 591.3246 c4 1 493.2227 493.3217 

z3 1 478.3097 478.1025 c3 1 396.1700 396.1892 

z2 1 379.2413 379.1461 c2 1 268.1114 268.1291 

z1 1 322.2200 322.1765 c1 1 137.0708 137.1320 
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Chapter 5. Studying Ste24 Specificity Through Peptide Libraries 
5. 1. Introduction 

Protein Prenylation is a process by which the cysteine of a C-terminal four amino acid 

consensus sequence is modified by a multi-isoprene prenyl chain.6,8,170 The sequence is 

referred to as a CaaX sequence, where C is cysteine, a is an aliphatic amino acid, and X is 

a variable amino acid dictating the length of the prenyl chain added.6 After cysteine 

modification, the “aaX” portion of the sequence is proteolytically removed by either Ste24 

(ZMPSTE24 in humans)23,39,81,258 or Ras Converting CAAX Endopeptidase 1 (RCE1),259 

followed by methylation of the newly exposed carboxycysteine by Protein-S-

isoprenylcysteine O-methyltransferase (ICMT). 260,261 

The reason for the redundancy of the enzymes responsible for the proteolytic removal 

of the aaX sequence remains a mystery. Significant studies have been devoted to 

understanding RCE1,22,30 while Ste24 is not as well studied. This is despite Ste24 

containing many evocative features. It is a membrane-bound metalloprotease243 with a 

barrel-like structure, inside which proteolytic activity occurs.45,81,240 The enzyme is 

localized to both the ER and inner nuclear membrane and has two distinct proteolytic 

activities that occur at two distinct positions of a polypeptide substrate. 9,51  

The historical model for studying protein prenylation is Saccharomyces cerevisiae 

(baker’s yeast). 33,118,198,262–264 In yeast, Ste24 has one bona fide substrate, the yeast mating 

pheromone, a-factor. 33,101,197,198,262 Yeast mutants lacking the Ste24p gene are sterile, hence 

the naming of the enzyme. Similar to yeast, the human homolog, ZMPSTE24, has only one 

bona fide substrate; prelamin A,32,53 that is processed to mature lamin A, a key component 

of the nuclear lamina.63,229 No analogous substrate has been discovered in yeast, yet 

ZMPSTE24 can rescue the sterility of yeasts lacking the Ste24p gene.228 Additionally, 

yeast cells lacking either Ste24 or RCE1 can still proteolytically remove the aaX sequence, 

but not cells lacking both.102,228,265 In vivo experiments based on the yeast’s ability to mate 

after maturation of a-factor peptide indicated that there is a significant overlap in function 

between RCE1 and Ste24. Still, it showed that there exist specific sequences for each 

protease.266 This type of analysis is limited, however, in that it is predicated on efficient 

prenylation by yeast farnesyltransferase prior to proteolysis, and only allows for indirect, 

qualitative assessment of the proteases activity.  
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A better understanding of the specificity of Ste24 is valuable for two reasons: First, it 

offers mechanistic insights into the function of a protease that defines an entirely new class 

of metalloenzymes. Second, it opens the door for identifying new therapeutic drug targets. 

Several studies have indicated that Ste24 could act as an upstream activator of several 

essential pathways related to the unfolded protein response,86,90 cell wall chitin synthesis,267 

and immunogenic response.96,234,268 Identifying Ste24-specific substrates could further 

elaborate the aforementioned functions and reveal new ones. 40  

Several methods used for monitoring the endoproteolytic activity of Ste24 have been 

used in the past. These included HPLC detection of radiolabeled products,108 fluorescence-

based HPLC detection of the products,269 release of radiolabeled aaX motif from resin-

bound precursors and monitoring through scintillation,270,271 direct monitoring of 

fluorescence enhancement caused by the release of quenched fluorogenic peptide 

substrates,272 and use of mass spectroscopy.33 None of these methods were utilized for a 

true high throughput analysis of Ste24’s specificity, however. In this work, a simple 

synthetic approach was used to generate various peptide libraries based on the CaaX 

sequence of a-factor, CVIA. These libraries were chemically prenylated and purified using 

a simple solid phase extraction workup (SPE), then subjected to Ste24 incubation. LC-MS 

analysis was then used to quantify the extent of conversion by Ste24 in a higher throughput 

manner than previous methods. Several interesting sequences were identified, and the 

methodology described here can be expanded upon for a more comprehensive analysis of 

RCE1 and Ste24 specificity.  

5. 2. Results  

5. 2. 1. Library Design  

The initial library design was based on the CVIA prenylation sequence in yeast (Figure 

5.1). Two libraries were synthesized and tested independently for each amino acid position 

C-terminal to the cysteine. This was done to distinguish between isobaric isoleucine and 

leucine, as well as between lysine and glutamine, which appear isobaric on the low-

resolution single quadrupole mass spectrometer used here. None of the libraries included 

cysteine within the aaX sequence, as the chemical prenylation reaction used post-peptide 

synthesis would modify any thiol present (Scheme 5.1). To overcome this issue, orthogonal 

protecting groups and extra synthetic steps would have been required, which would not 
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have been compatible with the high throughput approach adopted here. An RAG sequence 

was added N-terminal to the cysteine to enhance the solubility and ionization efficiency of 

the peptides used.273 Finally, a dansylglycine fluorophore (Dns-Gly-gly) was added to aid 

in visualizing and quantifying the peptides.274  

 

Figure 5.1 Peptide library design. Testing was based on the sequence of Ste24’s bona fide 

substrate (a-factor), CVIA. For each of the V, I, and A positions two libraries were 

synthesized and tested. Isoleucine and Leucine were separated, as well as glutamine and 

lysine. An RAG sequence was added to aid in ionization efficiency and solubility, followed 

by a Dns-Gly-gly fluorophore to aid in visualization and quantification.274 

5. 2. 2. Synthesis of Peptide Libraries  

The peptide libraries were synthesized in parallel on a MultiPep 1TM peptide 

synthesizer using Fmoc/HCTU chemistry. Double couplings (20 min) were used with 

acetic anhydride capping. The dansylglycine moiety was coupled for 12 hours due to its 

low coupling efficiency. After synthesis, the appropriate peptide resins were combined and 

subjected to cleavage and global side chain deprotection using reagent K. The cleaved 

peptides were isolated using ether precipitation before being redissolved in a mixture of 

acetic acid and water. This solution was then flash-frozen and lyophilized. This step was 

crucial to improving the solubility of the peptides. After lyophilizing, the peptides were 

dissolved in deoxygenated 9:1 DMF/2M NaOAc, pH 5.0 and all the thiols were chemically 

prenylated using farnesyl bromide. The cysteine’s thiol, which is usually not nucleophilic 
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at pH 5.0, was activated using Zn(OAc)2.H2O, which induces the formation of a 

nucleophilic thiolate complex that can displace the allylic bromide in farnesyl bromide 

(Scheme 5.1).1,2,5,224,249,275 

 

Scheme 5.1 Synthesis of peptide libraries.  

 

 Once the prenylation reaction was deemed complete (>90% conversion by LC-MS 

analysis, Figure 5.2 A and B), the prenylated peptides were isolated from the reaction 

mixture and separated from unprenylated precursors using solid-phase extractions with 

Waters reverse phase Sep-Pak cartridges. The prenylation solution was diluted 5-fold with 

water before applying it to the cartridges. The cartridges were then washed using 100% 

Solvent A (removes solvent and salts) and 30% Solvent B (removes unprenylated 

peptides). The prenylated peptides were selectively eluted using 70% Solvent B, which 

retained the farnesyl bromide on the column. The eluted peptides were lyophilized before 

dissolving in DMSO, and quantifying based on the Dns-Gly extinction coefficient.274 This 
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procedure allowed purification of all the desired peptides in a high throughput manner 

(Figure 5.2C). 

 

Figure 5.2 Example of prenylation and SepPak purification of peptide libraries. (A) LC-

MS chromatogram of peptide library Dns-Gly-Gly-RAG-C(SH)-Xa-I-A. (B) LC-MS 

chromatogram of the same library after the prenylation reaction. (C) LC-MS 

chromatogram after Sep-Pak purification, showing that all the prenylated peptides were 

retained. Fluorescence monitoring was used (ex = 220, em = 495). The gradient used was 



142 

 

as follows: 1-10 min, isocratic at 1% B. 10-60 min, gradient to 100% B. 65-65, isocratic at 

100% B (column wash). 65-66, ramp to 1% B. 66-73, isocratic at 1% B (column 

equilibration). 

5. 2. 1. Testing Ste24 Specificity Through Peptide Libraries  

With the desired libraries in hand, they were subjected to Ste24-mediated 

proteolysis (Scheme 5.2). As the product of any sequence proteolysis is identical, it was 

decided to monitor the disappearance of the starting material instead. This had the added 

benefit of eliminating any differences in ionization efficiency between starting materials 

and product. The two libraries constructed for each position were tested simultaneously. A 

master mixture containing the appropriate peptide library and concentrated bulk E.coli lipid 

solution was constructed, and an equal volume was aliquoted into six low-adhesion 

microcentrifuge tubes. Three tubes received purified Ste24 enzyme in DDM, and the other 

three received an equal volume of Tris buffer. Each solution was then rapidly diluted with 

Tris buffer, which brought the DDM concentration to below the critical micellular 

concentration (CMC), causing the detergent micelles to burst and translocating the enzyme 

to the lipid vesicles. The reaction was allowed to proceed for 20 hours at RT before 

quenching the reaction with glacial acetic acid and subjecting it to LC-MS analysis. 

Extracted ion chromatograms were used to quantify the amount of each remaining peptide 

in the reaction samples compared to the control samples and calculate percent conversion. 

The obtained values are summarized in Table 5.1, Table 5.2, and Table 5.3. 
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Scheme 5.2 Ste24 reaction with peptide libraries. Libraries were constructed for the X1, 

X2, and X3 positions while keeping the other positions constant within the sequence V-I-

A. 
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Table 5.1 Ste24 Processing of Dns-Gly-RAG-C(Far)-X- IA Library. Reduced conversion 

was observed when x1 was either aromatic or Ile. Interesting sequences for validation are 

highlighted in green.  

Sequence %Conversion %Error 
Hits in 

Nature 

Species Reported in Vivo 

Processing by Ste24266 

Dns-Gly-RAG-C(Far)-PIA 88 1    

Dns-Gly-RAG-C(Far)-NIA 87.7 0.3    

Dns-Gly-RAG-C(Far)-RIA 82.2 0.4    

Dns-Gly-RAG-C(Far)-SIA 80.2 0.8 1 E. canis  

Dns-Gly-RAG-C(Far)-QIA 79 1    

Dns-Gly-RAG-C(Far)-GIA 79 3 1 A. thaliana  

Dns-Gly-RAG-C(Far)-KIA 76 1    

Dns-Gly-RAG-C(Far)-HIA 75 1    

Dns-Gly-RAG-C(Far)-AIA 73.6 0.5   yes 

Dns-Gly-RAG-C(Far)-TIA 73 3 
2 C. elegans 

S. pombe 

 

Dns-Gly-RAG-C(Far)-DIA 70.1 0.4    

Dns-Gly-RAG-C(Far)-LIA 67 2 1 U. maydis yes 

Dns-Gly-RAG-C(Far)-VIA 64 3 

6 S. cerevisiae 

C. elegans 

S. pombe 

C. cinerea 

Yes 

Dns-Gly-RAG-C(Far)-EIA 59 4 1 T. erythraeum  

Dns-Gly-RAG-C(Far)-MIA 56 1   yes 

Dns-Gly-RAG-C(Far)-YIA 47 5 1 H. crunogenus  

Dns-Gly-RAG-C(Far)-IIA 32 1 2 S. pombe yes 

Dns-Gly-RAG-C(Far)-FIA 13.2 0.8   Yes 

Dns-Gly-RAG-C(Far)-WIA 5 6    
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Table 5.2 Ste24 reaction with CVXA library. Reduced conversion was observed for most amino acids. Interesting sequences for 

validation are highlighted in green. 

Sequence %Conversion %Error 
Hits In 

Nature 

Species Reported in Vivo 

Processing by Ste24266 

% Prenylation 

by rFTase276 

% Prenylation by 

yFTase276 

Dns-Gly-RAG-C(Far)-VMA 90.9 0.9    3 3 

Dns-Gly-RAG-C(Far)-VTA 84.7 0.6 1 A. thaliana Yes 38 51 

Dns-Gly-RAG-C(Far)-VVA 77 1 

5 S. commune 

U. maydis 

G. lamblia virus 

C. violaceum 

M. flagellatus 

Yes 91 100 

Dns-Gly-RAG-C(Far)-VIA 64.9 0.6 

6 S. cerevisiae 

C. elegans 

S. pombe 

C. cinerea 

Yes 73 77 

Dns-Gly-RAG-C(Far)-VEA 49.7 2.2    1 2 

Dns-Gly-RAG-C(Far)-VWA 27 2   Yes 2 3 

Dns-Gly-RAG-C(Far)-VRA 26 4    3 2 

Dns-Gly-RAG-C(Far)-VQA 23 3 1 E. nidulans Yes 2 6 

Dns-Gly-RAG-C(Far)-VAA 17 1   Yes 4 6 

Dns-Gly-RAG-C(Far)-VLA 17 2 

3 H. Sapiens 

A. fabrum 

P. stutzeri 

Yes 5 39 

Dns-Gly-RAG-C(Far)-VHA 17 3   Yes 6 14 

Dns-Gly-RAG-C(Far)-VSA 16 2 
2 N. fumigate 

S. lycopersicum 

Yes 3 3 

Dns-Gly-RAG-C(Far)-VFA 14 1   Yes 26 37 

Dns-Gly-RAG-C(Far)-VGA 11 3 
2 H. Sapiens 

M. musculus 

 1 5 

Dns-Gly-RAG-C(Far)-VYA 9 4   Yes 4 21 

Dns-Gly-RAG-C(Far)-VNA 9 2 

3 bronchiseptica 

parapertussis 

B. pertussis 

 3 5 
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Dns-Gly-RAG-C(Far)-VDA 4 3    2 2 

Dns-Gly-RAG-C(Far)-VPA -0.1 0.4 

6 S. paratyphi C 

R. meliloti 

S. fredii 

R. palustris 

S. paratyphi C 

S. typhimurium 

 2 3 

Dns-Gly-RAG-C(Far)-VKA -0.2 2.0 

5 E. coli 

A. terreus 

C. hainanus 

C. schmidti 

C. hainanus 

 3 3 

 

Table 5.3 Ste24 reaction with CVIX Library, Even more reduced conversion was observed for all amino acid residues except CVIA. 

Interesting sequences for validation are highlighted in green. 

Sequence %Conversion %Error 
Hits In 

Nature 

Species Reported in Vivo 

Processing by Ste24266 

%Prenylation 

by rFTase276 

%Prenylation by 

yFTase276 

Dns-Gly-RAG-C(Far)-VIA 

55.5 0.7 

6 S. cerevisiae 

C. elegans 

S. pombe 

C. cinerea 

Yes 73 77 

Dns-Gly-RAG-C(Far)-VID 41 2   Yes 3 13 

Dns-Gly-RAG-C(Far)-VIS 

34 2 

24 H. Sapiens 

M. musculus 

S. cerevisiae 

R. norvegicus 

B. taurus 

C. lupus 

Y. lipolytica 

S. pombe 

P. furiosus 

C. briggsae 

C. elegans 

Yes 90 105 
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Dns-Gly-RAG-C(Far)-VIP 34 2      

Dns-Gly-RAG-C(Far)-VII 30 1 1 T. castaneum  Yes 6 38 

Dns-Gly-RAG-C(Far)-VIV 27 5 1 C. albicans Yes 32 73 

Dns-Gly-RAG-C(Far)-VIG 
23 4 

2 H. sapiens 

C. pennaceus  

Yes 43 46 

Dns-Gly-RAG-C(Far)-VIL 

14 1 

25 O. sativa 

C. albicans 

B.  taurus 

H. sapines 

M. musculus 

P. abelii  

C. elegans 

S. scrofa 

R. norvegicus 

M.  oryzae 

S. pompe 

S. cerevisiae 

Yes 5 32 

Dns-Gly-RAG-C(Far)-VIK 

9 5 

3 D. dadantii 

B. brevis 

A.  aeolicus 

Yes 6 12 

Dns-Gly-RAG-C(Far)-VIH 9 5   Yes 51 60 

Dns-Gly-RAG-C(Far)-VIQ 
9 8 

2 H. Sapiens 

M. musculus 

Yes 82 83 

Dns-Gly-RAG-C(Far)-VIN 8 4   Yes 53 89 

Dns-Gly-RAG-C(Far)-VIM 

8 2 

17 H. Sapiens 

M. fascicularis 

P. abelii 

C. vicina 

D. melanogaster 

A. thaliana  

H. exemplaris  

L. major 

C. elegans 

M. musculus 

Yes 65 90 
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Kirsten murine 

sarcoma virus 

R. norvegicus 

S. cerevisiae 

A. transmontanus 

S. pomb 

Dns-Gly-RAG-C(Far)-VIT 7 1   Yes 4 13 

Dns-Gly-RAG-C(Far)-VIF 

5 2 

11 H. Sapiens 

M. musculus 

S. aureus 

 

Yes 17 52 

Dns-Gly-RAG-C(Far)-VIE 1 2 1 A.  mellifera Yes 2 12 

Dns-Gly-RAG-C(Far)-VIR 1 1 1 C. melanogaster  1 3 

Dns-Gly-RAG-C(Far)-VIW 0 5   Yes 3 2 

Dns-Gly-RAG-C(Far)-VIY 0 2   Yes 21 61 
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The WT CVIA sequence was present in all libraries analyzed and was relied upon 

to ensure that the obtained data for all the libraries was comparable.  For the X1 position, 

it was observed that Ste24 is surprisingly tolerant of the amino acid identity. The only 

substitutions that appeared to be not well tolerated were either aromatic amino acids or 

isoleucine. For the X2 position, however, only M, T, and V substitutions were tolerable, 

while all the other amino acids showed diminished conversion relative to CVIA. The X3 

position was the most sensitive to substitutions, as every single amino acid position had a 

lower conversion than the WT CVIA sequence. This is consistent with the X3 position 

being the determinant in which prenyl transferase acts on the aaX sequence, and similarly 

could be the determinant in distinguishing between RCE1 and Ste24 specificity. It should 

be noted that these results contrast with the earlier reports indicating that Ste24 tolerates 

almost all the substitutions at this position.266  One possible explanation for this trend is that 

the CVIX libraries contain an inhibitory sequence that is affecting the turnover of the other 

sequences. The control CVIA sequence did display the lowest conversion in this case. 

Another explanation is that while diminished activity is reported here, the amount of 

processed peptide in vivo could still be biologically viable to induce mating in the halo 

assay used in these experiments.  By comparing previously reported data on processing by 

Ste24,266 yFTase, 276 and rFTase,276 as well as searching for existence in nature, several 

interesting hits were identified and are highlighted with green shading.  

5. 2. 2. Ste24 Processing of Unprenylated Peptides  

Considering reports indicating that ZMPSTE24 can process unprenylated 

substrates, a similar test was done with Ste24. Prenylated and unprenylated Dns-Gly-RAG-

CVIA peptides (1 and 3) were tested for proteolysis while in the same tube. It was observed 

that the enzyme could indeed process the unprenylated substrate, but it does preferentially 

act on the respective prenylated one (Figure 5.3, 72.3% conversion for prenylated vs 

39.5%). Curiously, the product in the case of the unprenylated peptide was disulfide 

bonded (4), while all the starting material (3) had a free thiol, indicating that the disulfide 

bond formation maybe facilitated by the enzyme.  
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Figure 5.3 Ste24 processing of prenylated vs unprenylated CVIA peptides in the same 

tube. (A) peptides tested for processing (1 and 3) and their corresponding observed 

products (2 and 4). (B) LC-MS chromatogram of the enzymatic reaction with prenylated 

(1) and unprenylated (3) peptide in the same tube. The reaction was allowed to proceed for 

20 hours. In the case of the prenylated peptide 1, 72.3% conversion to 2 was observed 

based on 220 nm area integration. In the case of the unprenylated peptide 3, 39.5% 

conversion to the disulfide bonded peptide 4 was observed based on 220 nm area 

integration. No disulfide bonded starting material or free thiol containing product was 

observed. UV monitoring was done at 220 nm. Gradient was as follows: 1-5 min, isocratic 
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at 1% B. 5-55 min, gradient to 100% B. 55-60, isocratic at 100% B (column wash). 60-61, 

ramp to 1% B. 61-71, isocratic at 1% B (column equilibration). 

5. 2. 3. Ste24 and Ste14 Processing of Extended CaaaX Peptides  

Additionally, in recent years the classical definition of the CaaX consensus 

sequence has been extended to include CaaaX substrates,219,273 which can be efficiently 

prenylated by FTase. The sequence CMIIM, which was previously identified as an efficient 

extended CaaaX substrate for yFTase and rFTase,219,273 was tested for proteolysis, and it 

was found that the enzyme cleaves at the M-I site, not C-M (Figure 5.4). Similar results 

were obtained with the CSLMQ sequence, which was also identified as an efficient 

extended CaaaX substrate.273 Both of those substrates were also tested for methylation by 

Ste14 through an enzyme-coupled assay as previously described. The CSLMQ peptide 

resulted in less than 0.1% conversion compared to WT a-factor, while CMIIM resulted in 

23% conversion (data not shown).  
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Figure 5.4 Ste24 processing of extended CaaaX peptides. (A) peptides tested for 

processing (5 and 7) and their corresponding observed products (6 and 8). (B) LC-MS 

chromatogram of the enzymatic reaction with CMIIM peptide (5). (C) LC-MS 

chromatogram of the enzymatic reaction with CSLMQ peptide (7). The reactions were 

allowed to proceed for 20 hours. In both cases, the removal of three amino acids was 

observed, with the resulting fragment having a C-a1-COOH sequence rather than C-COOH 

as determined by mass spec. UV monitoring was done at 220 nm. The gradient was as 

follows: 1-5 min, isocratic at 1% B. 5-30 min, gradient to 100% B. 30-35, isocratic at 100% 

B (column wash). 35-36, ramp to 1% B. 36-42, isocratic at 1% B (column equilibration). 
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5. 3. Conclusions 

This work described a method for higher throughput analysis of Ste24’s specificity. By 

taking advantage of parallel SPPS, it was possible to produce peptide libraries 

incorporating all the natural amino acids simultaneously. Relying on chemical prenylation 

rather than an enzymatic method meant expanding the scope of possible sequences to assay 

without being limited by the specificity of prenyltransferases. Traditionally, HPLC 

purification tends to be the biggest bottleneck in peptide production. However, relying on 

SPE made it possible to enrich the desired prenylated peptides in a very short time. Finally, 

by using LC-MS analysis instead of cell-based assays, it was possible to obtain more 

quantitative data regarding substrate preference within a much shorter time frame. 

 The data presented in Table 5.1, Table 5.2, and Table 5.3 showed that Ste24 is 

very tolerant of substitutions at the X1 position. Substitutions at the X2 and X3 positions, 

however, were less tolerated. No clear consensus sequence appeared in the data shown. It 

is also worth mentioning that the data shown here was obtained at a significantly higher 

peptide concentration than the enzyme. As a result, an inhibitory sequence could 

complicate the analysis. The presence of the control sequence CVIA in the analysis helps 

ameliorate that risk. Comparing the data presented here with a database search of identified 

sequences in nature, it was possible to identify several hits that would be worth validating 

and comparing for activity with RCE1. Additionally, substrates that had low conversion 

but had previously been identified as processed by Ste24266 are worth validating 

individually. Finally, substrates identified as being highly prenylated276 but poorly 

proteolyzed are also worth validating, as they could represent RCE1-specific substrates. In 

addition to validation, future work should utilize the methodology described here to expand 

the scope of sequences assayed. The prelamin A sequence, CSIM, would be a good starting 

point. Additionally, this methodology could be applied to studying RCE1’s specificity. A 

side-by-side comparison of the two proteases using the same method would be invaluable 

for interrogating their sequence specificity, which could lead to discovering new inhibitors 

(and possible drugs) or proteolytic functions of Ste24.  

The experiments showing that Ste24 can proteolyze unprenylated sequences are also 

interesting in the context of Ste24 not being a true CaaX protease.81 The slew of Ste24 

functionalities that have recently been reported86,90,96,267,277 casts doubt on Ste24’s 
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classification, especially when combined with the perplexing redundancy with RCE1. The 

observation that the only observed product is disulfide bonded, while all the remaining 

starting peptides had a free thiol, is also worth further exploring. It is possible that the 

environment inside the proteases is oxidative in nature. Conversely, it is possible that the 

enzyme has an unexplained oxidative functionality. Finally, the expanded C-a1-a2-a3-X 

sequence was cleaved at the a1-a2 position, not the expected C-a1. This, in turn, prevented 

subsequent processing by ICMT. Three possible explanations exist: The first is that C-a1-

a2-a3-X sequences are only prenylated and are not selected for further processing. The 

second is that processing is only done until the proteolytic step, which could serve to 

distinguish CaaaX sequences from classical CaaX sequences. The third explanation is that 

RCE1 could cleave at the position adjacent to the Cys in extended CaaaX sequences, but 

not Ste24, which would lend further credence to Ste24 not being a classical CaaX protease. 

Testing CMIIM and CSLMQ peptides with RCE1 would clarify this.  

Overall, the results reported here indicate that there is still much to be learned about 

Ste24, even though it has been more than three decades since its initial discovery.28 More 

experimentation is needed to define its function and mechanism clearly. It will also be 

useful to classify it unequivocally as either a CaaX protease or not. The methodology 

developed here allows for a higher throughput analysis of its specificity and shedding more 

light on those questions.   

5. 4. Experimental Section  

5. 4. 1. Reagents  

HPLC grade H2O and CH3CN, and sequencing grade dimethyl formamide (DMF), 

were purchased from Fisher Scientific. Protected amino acids, resins, O-(1H-6-

Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) was 

purchased from Chem-Impex International. Dansylglycine was purchased from TCI 

chemicals. (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 

(PyAOP) and Amicon® Ultra Centrifugal Filters 30,000 MWCO were purchased from 

EMD Millipore. 820 mg C-18 reverse phase Sep-Paks with 55-105 µm particle size were 

purchased from waters corporation. Bulk E. coli polar lipids were purchased from Avanti 

Polar Lipids. n-Dodecyl-B-D-maltopyranoside (DDM) was purchased from Anatrace. 
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TALON metal affinity resin was purchased from Clontech. All other reagents were 

purchased from Sigma-Aldrich and were used without further purification.  

5. 4. 2. General Procedure for LC-MS Analysis 

LC-MS analysis was performed with an Agilent 1200 series system (Windows 10, 

ChemStation Software, G1322A Degasser, G1312A binary pump, G1329A autosampler, 

G1315B diode array detector, 6130 quadrupole) equipped with a C18 column (Agilent 

ZORBAX 300-SB-C18, 5 μM, 4.6 X 250 mm). Runs were performed at a flow rate of 1 

mL/min.  H2O/CH3CN solvent system containing 0.1% TFA was used, consisting of 

Solvent A (H2O with 0.1% TFA) and Solvent B (CH3CN with 0.1% TFA ). Samples were 

filtered through a 0.2 µm wwPTFE filter before injecting into the instrument. The gradient 

used was sample dependent and is shown in the respective figure legends. Note that for 

samples containing DMF, a 10 min isocratic hold at 1% at the beginning of the method 

before starting the gradient significantly enhanced the resolution.  

5. 4. 3. General Procedure for Peptide Synthesis of Peptide Libraries  

Peptide libraries were synthesized using a MultiPep 1TM automated peptide 

synthesizer on a 0.01 mmol scale. The appropriate resins were placed in individual reaction 

vessels and swelled by washing with 200 µL DMF for 10 min three times. The Fmoc group 

on the first amino acid was removed by adding 200 µL of 20% piperidine in DMF and 

incubated for 5 min twice. The resins were washed with 200 µL DMF for 30 sec three 

times. For the couplings, four molar equivalents of the appropriate amino acid and HCTU 

at 150 mM in DMF with 400 mM DIPEA were added to the resins and allowed to react for 

10 min. This procedure was repeated for a total of two couplings, followed by adding 200 

µL of 50:50 acetic anhydride in CH2Cl2 and incubating for 5 min to cap any unreacted 

amines. The resins were then washed with DMF six times, and the process was repeated 

until all the amino acids were coupled. Dansylglycine was coupled using a single 12 h 

coupling and two molar equivalents instead of four. After the synthesis was complete, the 

resins were washed with 200 µL CH2Cl2 for 30 sec six times and combined according to 

which library they belonged to. Two libraries were synthesized for each amino acid 

position in the VIA sequence: “a” and “b”. Library a contained A, S, P, I, N, D, K, F, and 

W. Library b contained G, V, T, L, Q, E, M, H, R, and Y.  
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5. 4. 4. General Procedure for Synthesis of Individual Peptides 

Peptides 1, 3, 5, and 7 were synthesized using a Gyros PS3 automated peptide 

synthesizer employing Fmoc/HCTU-based chemistry. Appropriate resin (0.15 mmol) was 

placed in the reaction vessel and swelled in DMF for 10 min three times. The Fmoc group 

on the first amino acid was then removed using 20% piperidine in DMF for 5 min twice, 

followed by washing with 10 mL of DMF for 30 sec three times. Four equivalents of the 

subsequent amino acid were activated with an equimolar amount of HCTU in 2 mL DMF 

with 800 mM DIPEA and 300 mM Cl-HOBt for three min. This solution was then 

transferred to resin, and 2 mL of DMF was used to wash the amino acid vial before being 

transferred to the reaction vessel, resulting in an amino acid/HCTU/Cl-HOBt concentration 

of 150 mM each, and a DIPEA concentration of 400 mM. The coupling was carried out for 

20 min with N2-mediated mixing for 1 s every 10 s. After all amino acids were coupled, a 

final Fmoc deprotection step was carried out. Once complete, the resin was transferred to 

a polypropylene filter syringe with a stopcock using DMF. Dansylglycine (92.5 mg, 0.3 

mmol, 2 equivalents) was then dissolved in 2 mL DMF with 0.4 M DIEA (150 mM 

dansylglycine) along with 156 mg PyAOP (0.3 mmol, 2 equivalents) and 41 mg HOAt (0.3 

mmol, 2 equivalents). This solution was added to the resin and placed on a rotator for 12 

h. Afterward, the resin was washed with CH2Cl2 for 2 min three times and then dried in 

vacuo. 

5. 4. 5. General Procedure for Global Deprotection and Cleavage from Resin  

Once the peptide-bearing resins were fully dry, peptide cleavage and global side 

chain deprotection were carried out by first placing 0.1 mmol of peptide on-resin in a 

polypropylene filter syringe with a polypropylene Luer cap. In the case of the peptide 

libraries, the individual peptides within each library were combined in a single syringe. 

Reagent K (10 mL, 82.% TFA, 2.5% ethanedithiol, 5% thioanisole, 5% phenol, and 5% 

H2O ) was added to the syringe to cleave the peptide from the resin and remove side chain 

protecting groups with rotation for 3 h. Afterward, the solution was drained into a 50 mL 

polypropylene centrifuge tube, and 10 additional mL of TFA was used to wash the resin in 

2 mL batches. A gentle N2 stream evaporated excess TFA over an additional 1 h until 

around 2 mL of solution remained. The peptide was then precipitated by adding Et2O to 

the 50 mL mark and cooling in a dry ice/i-PrOH bath. The peptide was pelleted by 
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centrifugation at 4000 RPM for 5 min. This procedure was repeated twice, with 

resuspension of the peptide in fresh Et2O through vortexing for 2 min. After the third Et2O 

precipitation, the tube was placed uncovered in a fume hood for 1 h to dry. Next, 3 mL of 

glacial acetic acid and 2 mL of H2O were added to the peptide, and it was allowed to 

incubate at room temperature for 10 min, after which all the solid was dissolved. Once fully 

dissolved, the solution was diluted to 10 mL with H2O, flash-frozen in liquid N2, and then 

lyophilized. This solubilization and lyophilization step were crucial for two reasons: First, 

it facilitated the complete deprotection of the tryptophan side chain Boc protecting groups, 

which in our experience is sluggish and results in the observation of a +44-mass unit side 

product believed to be un-decarboxylated carbamic acid. Second, this procedure improved 

the solubility of the peptides in DMF for the subsequent prenylation step. 

5. 4. 6. General Procedure for Prenylation Reaction  

All the solvents used in this procedure were N2 sparged for 3 h to deoxygenate them 

and prevent disulfide formation. DMF was added to the lyophilized peptide to dissolve it, 

then Ellman’s assay was used to quantify the amount of free thiol in the solution.156,225 If 

the concentration was significantly higher than 1 mM, then it was adjusted to that 

concentration with more DMF. LC-MS analysis was used to confirm the presence of the 

reduced peptide before proceeding with the reaction. Once confirmed, 5 equivalents of 

farnesyl bromide were diluted 10-fold in DMF (v/v) and then added dropwise to the peptide 

solution. The centrifuge tube was then vortexed for 30 sec to fully dissolve the bromide. 

Once the farnesyl bromide was fully dissolved, five equivalents of Zn(OAc)2•H2O were 

dissolved in a buffer solution containing 2 M NaOAc, pH. 5.0. The buffer volume was 

determined based on the volume of DMF used so that the final solvent composition was 

9:1 DMF/2M NaOAc buffer (v/v). Once the Zn(OAc)2•H2O was fully dissolved, it was 

added to the peptide solution, and the tube was vortexed for 30 sec before being placed on 

a rotator overnight. The next day LC-MS was used to confirm the completion of the 

reaction (>90% conversion). Once complete, the library samples were subjected to Sep-

Pak solid phase extraction, while individual peptides 1, 3, 5, and 7 were subjected to HPLC 

purification. Before HPLC purification, 5% v/v glacial acetic acid was added to the solution 

to both quench the reaction and help maintain the peptide's solubility. The solution was 
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then filtered through a 0.2 µm wwPTFE syringe filter and purified by HPLC. It is essential 

to start the purification promptly, or the peptide will precipitate out of the solution.   

5. 4. 7. HPLC purification of Individual Peptides  

HPLC purification of peptides 1, 3, 5, and 7, was performed using an Agilent 1100 

series system (Windows 7, ChemStation Software, G1312A binary pump, G1329A 

autosampler, G1315B diode array detector, Telodyne Foxy R1 fraction collector). 

Purification was performed on a preparative scale (10 - 20 mg peptide per injection, Agilent 

Pursuit C18 5 μM 250 × 21.2 mm) with a 5 mL/min flow rate and using the same Solvent 

A/Solvent B system described above. The gradient was as follows: 1-10 min isocratic at 

30% B, 10-70 min ramp to 90% B, 70-80 min isocratic at 100% B (column wash), 80-81 

min ramp down to 30% B, 81-95 min isocratic at 30% B (equilibration). 

5. 4. 8. Solid Phase Extraction of Peptide Libraries  

In order to purify all the peptide products after running the prenylation reaction, a 

simple Sep-Pak solid phase extraction was utilized. The cartridges were first conditioned 

using 10 mL of 100% Solvent B, followed by equilibration with 10 mL of 100% Solvent 

A. 5 mL of the prenylation reaction mixtures containing the peptide libraries were then 

diluted 5-fold with Solvent A, and loaded onto the cartridges. The cartridges were then 

washed using 10 mL of 100% Solvent A and 10 mL of 30% Solvent B, before eluting the 

peptide using 10 mL of 70% Solvent B. The organic solvent was then removed using a 

gentle stream of nitrogen before lyophilizing the peptides and reconstituting them in 

DMSO. Once in DMSO, the peptides were diluted 50-fold in 6.0 M guanidinium•HCl, 0.02 

M phosphate buffer, pH 6.5, and the absorbance was measured at 338 nm on a Cary 50 

Bio-UV-Visible spectrophotometer. Beer-Lambert’s law and 338 = 4,300 cm-1 M-1 was 

then used to measure peptide concentration.274 Peptides were stored at -20 °C prior to use.  

5. 4. 9. Purification of Ste24 Enzyme from Crude Membranes 

Crude membranes containing Ste24 were obtained as previously described.39,238 

Ste24 protein was then further purified by first solubilizing the membranes in a sorbitol-

based buffer (0.3 M sorbitol, 0.1 M NaCl, 6 mM MgCl2, 10 mM Tris, pH 7.5, 10% glycerol, 

1% aprotinin, 2 mM AEBSF) containing 20 mM imidazole and 1% DDM. This solution 

was rocked at 4C for 1 h before centrifugation at 100,000 x g for 45 min to remove the 

insoluble fraction. The supernatant was incubated with TALON metal affinity resin at 
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4C for 1 h before being washed and then eluted using 250 mM imidazole buffer, pH 7.5. 

The fraction was concentrated using Amicon® Ultra Centrifugal Filters 30,000 MWCO at 

4,000 x g for 20-30 min at 4C until the desired volume was obtained. Protein concentration 

was determined using an Amido Black protein assay. 

5. 4. 10. Preparation of Small Unilamellar Vesicles (SUV) 

A stock of bulk E. coli lipids in chloroform was placed in a glass scintillation vial, and 

the chloroform was removed under vacuum using a rotary evaporator at 30 ˚C. Afterward, 

150 mM Tris buffer, pH 7.5, was added for a final 10 mg/mL volume to hydrate the lipids. 

The water bath of the rotary evaporator was then heated to 70 ˚C with rotation but no 

vacuum for 30 min to fully suspend the lipids, leading to the formation of multilamellar 

vesicles. The vesicles were then disrupted by sonication for 30 min. This solution was 

stored at -20 ˚C until before usage.  

5. 4. 11. Ste24 Enzymatic Reaction with Peptide Libraries  

Lipid solution (196 µL of a 10 mg/mL stock) was combined with 20-30 µL of peptide 

solution depending on stock concentration (the final peptide concentration after dilution 

was 30 µM). Equal aliquots were placed in six low-adhesion microcentrifuge tubes and 

kept on ice. Meanwhile, a stock solution of Ste24 enzyme in DDM was diluted to 0.1 µg/µL 

in 10 mM Tris Buffer pH 7.5 and incubated on ice for 5 min. Afterward, 8 µL of this 

enzyme solution or 10 mM Tris Buffer was added to the aforementioned microcentrifuge 

tubes for a total of three controls and three enzymatic reactions. The tubes were incubated 

on ice for 5 min followed by the addition of 360 µL of 100 mM Tris Buffer pH 7.5 to each 

tube to dilute the detergent below its critical micellular concentration (CMC), thus 

disturbing their micelles and translocating Ste24 to the lipid vesicles. The tubes were then 

placed on a rotator and incubated at room temperature for 20 h. Once complete, the samples 

were filtered through a 0.2 µm wwPTFE syringe filter. To ensure quantitative recovery of 

the peptides and quench the reaction, each filter was washed using 200 µL glacial acetic 

acid and 200 µL 50:50 Solvent A/Solvent B mixture. A 500 µL aliquot of the resulting 

solution was then subjected to LC-MS analysis. The gradient used was as follows: 0-5 min, 

isocratic at 30% Solvent B. 5-40 min, ramp to 60% Solvent B. 40-41 min, ramp to 100% 

Solvent B. 41-45 min, isocratic at 100% Solvent B (column wash). 45-46 min, ramp to 1%  

Solvent B. 46-53 min, isocratic at 1% Solvent B (column equilibration). The extent of 
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conversion was calculated by comparing the integrated area of extracted M+H+ ions for 

each of the peptides in the proteolyzed samples vs the same peptide in the control reactions 

and representing them as a percentage.  

5. 4. 12. Ste24 Enzymatic Reaction with Individual Peptide Samples  

In a low-adhesion microcentrifuge tube, 28 µL of 10 mg/mL lipid solution was 

combined with 3-10 µL of peptide solution, depending on the stock concentration. The 

final desired concentration after dilution was 30 µM. In the case of peptides 1 and 3 in the 

same tube, the desired concentration of each peptide was 15 µM, for a total peptide 

concentration of 30 µM. The tube was placed on ice, and meanwhile, a stock solution of 

Ste24 enzyme in DDM was diluted to 0.1 µg/µL in 10 mM Tris Buffer pH 7.5 and 

incubated on ice for 5 min. Enzyme solution (8 µL) was added to the peptide solution, and 

the tube was incubated on ice for 5 min. Afterward, enough 100 mM Tris Buffer pH 7.5 

was added for a final volume of 400 µL. The final lipid concentration was 0.7 mg/mL, 

while the final enzyme concentration was 2 ng/µL. Once diluted, the tubes were placed on 

a rotator, and the reaction was allowed to proceed for 20 h after which time they were 

filtered through a 0.2 µm wwPTFE syringe filter. To ensure quantitative recovery of the 

peptides and quench the reaction, each filter was washed using 100 µL glacial acetic acid 

and 100 µL 50:50 Solvent A/Solvent B mixture and the entire sample subjected to LC-MS 

analysis. 

5. 4. 13. Database Search for Tested Sequences  

The ScanProsite tool of Expasy was used to scan the UniProtKB for known protein 

sequences that include the tested substrates (https://prosite.expasy. org/scanprosite/) 

(accessed on 10 January 2023). The search was limited to C-terminal sequences 

representative of the tested libraries; the queries searched were CXIA, CVXA, and CVIX, 

where any amino acid was allowed in the varied X positions. The scan was performed as a 

motif search against the UniProtKB, including isoforms.  

https://prosite.expasy/
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Chapter 6. Synthesis of a-Factor Analogs for Structural Analysis of Ste24 

First Cleavage Step 
 

6. 1. Introduction  

The publication of Ste24 and ZMPSTE24 X-ray structures has elucidated many 

interesting features regarding this class of membrane-bound zinc proteases.31,44,48,50,235 The 

two enzymes have highly conserved structures (Figure 1.2), which explains their ability to 

complement each other’s substrates.40 Proteolysis occurs within a large intermembrane 

chamber through a highly conserved catalytic HExxH motif and a zinc atom bound to 

glutamic acid (E390 in Ste24) (Figure 6.1).24,49 This motif is also found in other zinc 

metalloproteases such as thermolysin.49,278 In thermolysin, the zinc ion plays a crucial role 

in catalyzing the hydrolysis of the amide bond of a bound substrate.278 The zinc ion 

polarizes the carbonyl of the amide bond at the cleavage site, rendering it susceptible to 

nucleophilic attack.278,279 It also facilitates the deprotection of a trapped water molecule in 

the active site, which then undergoes a nucleophilic addition to the polarized amide bond, 

initiating its hydrolysis.278–280 After the attack, the zinc ion coordinates with the resulting 

oxyanion transition state, thus stabilizing it and accelerating the hydrolysis reaction.278–281  
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Figure 6.1 Structure of Ste24 (PDB 4IL3) with critical residues highlighted. Zinc atom is 

shown as a sphere in magenta. Nitrogen atoms are shown in blue, and oxygen atoms are 

shown in red. HExxh motif is shown in green. Zinc coordinating E390 is shown in yellow. 

Residues postulated to be responsible for peptide backbone binding (G255-F266) are 

shown in cyan. Residues postulated to be responsible for binding of farnesyl chain prior to 

C-terminal cleavage (L405-L441) are shown in dark orange, while residues responsible for 

farnesyl chain binding prior to N-terminal cleavage step (Y79, L81, L85, V86, F87, I88, 

F93 and L139) are shown in light orange. (A) Full protein shown as cartoon with critical 

residues as space filling spheres. (B) Catalytic HExxH motif and zinc coordinating E390 

residues. Mutating any of these residues completely abolishes activity. (C and D) side view 

of active site with critical residues shown as sticks (C) or space filling spheres (B). (E and 

F) ) bottom view of active site with critical residues shown as sticks (E) or space filling 

spheres (F). 

 

 For the aaX proteolytic cleavage step to take place, the substrate must first enter 

the enzyme’s inner chamber.31,40,235,240 The crystal structures revealed four possible 
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entry/exit fenestrations on the enzyme’s surface (Figure 6.2). The substrate is believed to 

be threaded into the enzyme through one of these fenestrations.31,44,45,81 Once inside the 

chamber, the substrate must bind in the correct orientation for hydrolysis. It is unclear 

which residues are involved in binding or how the substrate is oriented during binding. 

Furthermore, it is still unknown how the enzyme can bind and cleave two distinct positions 

within the same substrate, as is the case with a-factor and prelamin A.32,33,42,53,63 The large 

inner chamber provides several possible substrate binding sites for the peptide backbone 

and the hydrophobic farnesyl chain.38,44,45,81 The amino acids surrounding the active site 

(G255-F266 in Ste24) are all suspected to be involved in proper peptide backbone 

orientation (Figure 6.1). A crystal structure of catalytically inactive ZMPSTE24 E336A 

mutant included the CaaX sequence of Prelamin A, CSIM, which gave some indication of 

residues important for binding.31 However, the short peptide did not include the farnesyl 

chain and was bound in an incorrect orientation, with the zinc ions positioned toward the 

S-I bond instead of the C-S. 

 

 

Figure 6.2 The four fenestrations that form the postulated entry/exist substrate portals on 

Ste24. It is believed that the substrate enters Ste24 (PDB 4IL3) through one of the four 

indicated fenestrations (indicated by square boxes), likely the largest one (first on the left). 

After catalysis, the substrate would exist through either the same or a different portal. 

Helices are color coded for clarity. Helix 1 is in dark blue. Helix 2 is light blue. Helix 3 is 

in light green. Helices 4 and 5 are in dark green. Helix 6 is in light orange. Helix 7 is in 

dark orange. Helix 8 is in red. 
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 For the farnesyl chain, on the other hand, it was previously shown that while the 

enzyme can process unfarnesylated substrates, their Km was 7-fold higher than the 

farnesylated counterpart.58 Furthermore, in vivo processing is done on farnesylated 

substrates.33,36,51 This indicates that there is a binding pocket for the chain within the 

enzyme’s inner membrane. It is hypothesized to bind in a hydrophobic region between 

L405 and L441 before the C-terminal cleavage step and to the hydrophobic patch around 

Y79, L81, L85, V86, F87, I88, F93 and L139 before the second cleavage step (Figure 

6.2).38,40,282  

 This project aims to synthesize peptide probes that allow accurate determination of 

the Ste24 residues involved in substrate binding prior to the C-terminal cleavage step. A 

well-established method to map enzymes binding sites relies on using photoaffinity 

labeling experiments.283–287 In photoaffinity labeling, a photoactivatable moiety is 

introduced into the structure of the enzyme’s substrate. The two partners are combined, 

and then the enzymatic reaction is UV-irradiated. This in turns activated the photoaffinity 

label, which forms a covalent bond with any neighboring residues. To identify the labeled 

residues, a combination of enzymatic digestion and enrichment steps are used to isolate the 

labeled residues as peptide fragments that are then identified using LC-MS-

MS.283,284,286,288–292 In this study, a prenyl chain containing a photoaffinity labeling 

benzophenone moiety was synthesized and introduced to a-factor precursor peptide that 

retained the VIA moiety. The N-terminus of the peptide was tagged with a biotin group for 

enrichment and western blot visualization (Figure 6.3). This peptide probe (2) was used to 

map the active site of Ste24 after crosslinking using LC-MS-MS analysis. It was also used 

in conjunction with various Ste24 alanine mutants to test for loss of photoaffinity labeling 

function, which helped identify residues important in binding the farnesyl chain.  



165 

 

 

Figure 6.3 Design of photoaffinity peptide probe. (A) Peptide sequence used as a template 

for probe design. The peptide is based on the mature a-factor sequence, with the N-terminus 

fully processed. However, the C-terminus still retains the VIA moiety, which allows for 

using the probe to assay Ste24’s C-terminal cleavage step only. Ste24 cleavage site is 

indicated on the figure. (B) Comparison of native C15 farnesyl chain and C10-para-

Benzophenone photoaffinity probe. The probe contains most of the native farnesyl 

structure, allowing it to bind the same site. The flexible ether linker allows more rotational 

freedom, thus increasing the chance of successful crosslinking reactions. (C) The peptide 

probe combing the sequence of peptide 1 with the C10-para-benzophneone photoaffinity 
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probe. The N-terminus of the peptide is tagged with a flexible PEG4 linker, followed by a 

biotin handle. The biotin moiety allows enrichment of the peptide from complex mixtures 

through NeutrAvidin® Agarose resin, as well as visualization on SDS-Page gels through 

western blotting. (D) Benzophenone activation and crosslinking. Upon UV irradiation, the 

benzophenone absorbs photon energy transitions to an excited state, which then collapses 

to a highly reactive diradical. This diradical abstracts a hydrogen from a neighboring C-H 

bond, forming a new covalent C-C bond and a hydroxyl group.217,284,293   

 

 

The second set of peptide probes designed aimed to take advantage of the emergent 

microscale thermophoresis technology (MST).294–296 This technology allows accurate 

determination of KD of binding between two partners on a very small scale, compatible 

with low expression proteins such as Ste24, and in complex lipid/detergent mixtures such 

as required by Ste24 for proper function.23,39,41 The only requirement is that one of the 

binding partners is fluorescent, which in this case was the a-factor based peptide probe 3. 

This probe has the same sequence as the benzophenone containing peptide but was 

prenylated with a native farnesyl chain and was N-terminally tagged with a 5-

carboxyfluorescein (5-Fam) fluorophore (Figure 6.4). Initial data was promising, but 

complicated by enzymatic turnover of the probe. Consequently, the amide bond at the C-

V cleavage site was replaced with a non-hydrolyzable  CH2NH isostere bond. After 

testing for enzymatic activity however, but this peptide led to the discovery of a new non-

canonical cleavage previously unreported. Further testing showed that this cleavage is 

independent of the fluorophore and the  CH2NH isostere bond, as peptide 1 was also non-

canonically cleaved. Testing with 33mer peptide precursors showed a similar trend but a 

much slower rate.  
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Figure 6.4 Probe design for MST experiments. (A) the same a-factor derived sequence as 

the photoaffinity labeling probe was utilized here. (B) initial probe design for MST 

experiments. a 5-Fam fluorophore was coupled to the N-terminus of peptide 1 through a 

PEG4 linker. While traditional MST relies on labeling the protein, low solubility of the 

prenylated peptide probe prevented binding measurements at saturating substrate 

concentrations. To overcome this issue, the peptide was fluorescently labeled, and its 

concentration was kept constant, while the concentration of Ste24 was varied. (C) While 

peptide 3 was useful as proof of concept it was still a substrate for Ste24, complicating the 

KD measurements. To overcome this, a non-hydrolyzable y CH2NH isostere bond replaced 

the C-V site. The 5-Fam fluorophore was also replaced with red shifted Cy5, which 

minimized background interference from components of the enzyme purification buffer.  
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6. 2. Results  

6. 2. 1. Design of benzophenone containing photoaffinity labeling peptide 

probe 

Photoaffinity labeling experiments were utilized to map the binding site of Ste24 

prior to the first cleavage step. Peptide 1, which was derived from the sequence of mature 

a-factor was used as the basis for probe design (Figure 6.3A). The N-terminus of the 

peptide was fully processed, while the C-terminus contained a prenylated cysteine followed 

by the VIA sequence. This tetrapeptide structure represents Ste24’s minimal native 

substrate for the C-terminal cleavage.43 By including only the C-terminal cleavage 

substrate but not the N-terminal portion it was possible to study Ste24’s C-terminal 

cleavage step only. For the photoaffinity labeling moiety, benzophenone was chosen as it 

has been extensively used in mapping the farnesyl binding sites of the other enzymes 

involved in the prenylation pathway,125,217,283–293,297 including the other CaaX protease, 

RCE1.126,298 The benzophenone was linked to a C10 prenyl chain containing two 

isoprenoid units. This chain provided structural similarity to the native farnesyl chain, 

allowing binding to the same site (Figure 6.3B). Ether linkage was used as it provided 

rotational freedom for the benzophenone moiety, allowing it to crosslink with more 

residues.299 It’s also significantly more stable than an ester or amide linkage (Figure 

6.3B).299 The fully assembled photoaffinity labeling prenyl chain (C10-BP) was attached 

to the cystine of peptide 2, thus replacing the farnesyl chain from peptide 1 (Figure 6.3C). 

The N-terminus of this peptide was extended with a biotin handle attached through a 

flexible PEG4 linker to help in subsequent biotin recognition. This handle was used for 

enrichment after crosslinking using NeutrAvidin® Agarose resin, as well as visualization 

of crosslinked enzyme after separating on an SDS-Page gel and western blotting (Figure 

6.3C). Once peptide probe 2 was assembled, it was possible to combine it with Ste24 then 

UV irradiate the mixture to label the enzyme. Upon irradiation, the carbonyl of the 

benzophenone is converted to a 1,2-diradical that can react with any C-H bonds of nearby 

residues, forming a covalent C-C bond (Figure 6.3D).217,284,293 This crosslinked enzyme 

can then be enriched and proteolytically digested into smaller peptide fragments, which are 

subjected to LC-MS-MS analysis. Comparing MS1 of irradiated vs unirradiated sample can 
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identify mass shifted peptide fragments due to crosslinking, then MS2 would identify the 

peptide sequence and exact modified residue.  

6. 2. 2. Synthesis of benzophenone containing photoaffinity labeling peptide 

probe  

 The synthesis of the photoaffinity labeling peptide probe 2 started with Fmoc-Ala 

on wang resin. Automated solid phase peptide synthesis using standard HCTU/Fmoc 

chemistry on a PS3 automated peptide synthesizer was used to extend the peptide and 

obtain the core a-factor derivative sequence 5 on resin (Scheme 6.1). PEG4 and Biotin 

were manually coupled, and reaction completion was confirmed using ninhydrin test.253,254 

Once the full sequence was assembled, the peptide was cleaved from resin and globally 

deprotection using N2 sparged reagent K, resulting in peptide 6 with a free thiol. A prenyl-

bromide chain bonded to a benzophenone at the para position using an ether linkage (C10-

BP-Br) was synthesized as previously described,*299 then used to modify the thiol of the 

peptide’s cysteine using a Zn(OAc)2.H2O mediated nucleophilic reaction under acidic 

conditions. Once the reaction was complete, as judged by LC-MS analysis, the final peptide 

probe was HPLC purified and used for photoaffinity labeling experiments (Figure S 6.2). 

Peptide 1 was also synthesized in a similar manner using farnesyl bromide to be used as a 

control (Figure S 6.1).  

 

 
* Probe synthesized by Dr. Riki Das, a previous post-doctoral researcher of the Distefano lab.  
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Scheme 6.1 Synthesis of photoaffinity labeling peptide probe 2. PG = acid labile protecting 

group. For Y it was tBu. For D it was OtBu. For K and W it was Boc. 

6. 2. 3. Using C10-BP peptide probe to map the active site of Ste24 through 

photoaffinity labeling experiments and LC-MS-MS analysis† 

With peptide 2 in hand, our collaborator at Purdue, then graduate student Dr. Chelsea 

Theisen under the direction of Dr. Christine Hrycyna, used a previously reported ICMT 

coupled assay42,69 to measure the Km and Vmax of peptides 1 and 2 They found that peptide 1 

had a Km of 8.3 ± 3 μM and Vmax 7814 ± 1043 pmol/min/mg. This was comparable with the 

values obtained for the C10-BP peptide probe 2, which had a Km of 6.4 ± 1.8 μM and a Vmax = 

3500 ±334 pmol/min/mg. The similar Km values indicate similar affinity, while the difference 

in Vmax is either due to improper orientation of the substrate in the enzyme’s active site, or 

slower entry/exist of the enzyme’s catalytic chamber. The activity assay also indicated that 

peptide 2 is a substrate for Ste24. Competition experiments between peptides 1 and 2 showed 

that they both bind at the same site. 

Once it was confirmed that peptide 2 is recognized by Ste24 and binds at the active site, 

photoaffinity labeling experiments were carried with the enzyme to crosslink the C10-BP 

moiety with the enzyme. The crosslinked enzyme was then digested with either trypsin/Lys-C 

 
†The results described in this section were derived from experiments run by then Dr. Chelsea St. Germain 

as part of her graduate work under the direction of Dr. Christine Hrycyna at Purdue University. This work 

is part of an active collaboration between the Distefano and Hrycyna groups.38 
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or chymotrypsin, which allowed 93% total sequence coverage. The digested fragments were 

subjected to LC-MS-MS analysis and compared to an unlabeled control. Although some unique 

peptides were identified in the irradiated vs. the unirradiated samples, the MS2 results of those 

peptide were inconclusive. This was largely due to two factors: the first is that crosslinked 

peptide fragments are modified with a relatively large peptide (2.5 KDa), which can also be 

cleaved at different sites by both Ste24, and the digestion enzymes used (Scheme 6.2). 

Additionally, while the thioether bond is chemically stable, it has been observed to fragment 

during HCD mediated MS2 analysis which further complicates data interpretation even when 

sophisticated computer algorithms are used.  

 To overcome the issue of complicated MS-MS fragmentation patterns, Raney 

nickel catalyst was used to cleave the thioether bonds between cysteine and the C10-BP 

moiety through hydrogenation (Scheme 6.2)300–302 The crosslinked protein was first 

enriched using NeutrAvidin® Agarose resin, then the Raney nickel catalyzed 

hydrogenation was used to cleave the thioether bond from the cysteine of peptide 2, which 

simultaneously released the protein from resin. The resulting crosslinked protein was 

trypsin digested before running LC-MS-MS analysis. Unfortunately, very week signal was 

observed, and no confident hits were identified. Further optimization of the reaction is 

underway.   

 

Scheme 6.2 Release of crosslinked C10-BP moiety from peptide sequence by 

hydrogenation of the thioether bond with Raney Nickel catalyst.   
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6. 2. 4. Using C10-BP peptide probe to map the active site of Ste24 through 

photoaffinity labeling experiments combined with site-directed-

mutagenesis‡ 

While the direct identification of the enzyme’s binding site was not initially successful, 

it was possible to obtain structural insights into Ste24 by combining site-directed-

mutagenesis with photoaffinity labeling experiments as well as the ICMT coupled activity 

assay. Rational design based on crystal structures of Ste24 and ZMSPTE24 as well as other 

HExxH containing Zn metalloproteases highlighted several residues that could be crucial 

for catalysis and substrate binding (Figure 6.1).31,44,45,48,50,278–281 Site-directed-mutagenesis 

was used to mutate these residues to alanine, and their activity was measured using the 

ICMT coupled activity assay with peptide 1. The observed activity was compared to WT 

Ste24. Diminished activity was indicative of residues that are critical for either catalysis, 

protein stability, or substrate binding. Protein thermal stability experiments helped 

distinguish residues important for protein stability. To determine roles in catalysis vs 

binding, photoaffinity labeling experiments were carried with each mutant and compared 

to WT Ste24. Both enzymes were then separated on an SDS-Page gel, and the labeled 

protein was visualized using western blots developed against the biotin group. Image J was 

used to quantify the ratio between amount of photolabeled WT protein vs mutant. 

Mutations that diminished photoaffinity labeling efficiency were deemed to be critical for 

binding. Mutants that did not affect the photoaffinity labeling efficiency were deemed to 

be important for catalysis. For example, E390A mutants was shown to be inactive, as E390 

is essential for coordination of the catalytic Zn, yet mutant had double the photoaffinity 

labeling efficiency when compared to WT Ste24.  

While E390A is a clear example of a residue that is essential for catalysis, the improved 

photoaffinity labeling efficiency has multiple possible explanations: That the substrate has 

an increased dwell time in the enzyme’s catalytic chamber due to no turnover, that the C10-

BP moiety binds in an orientation that is more conducive to crosslinking, or that it the 

peptide substrate does indeed bind better to E390A mutant than WT. Additionally, there 

 
‡ The results described in this section were derived from experiments run by then Dr. Chelsea St. Germain 

as part of her graduate work under the direction of Dr. Christine Hrycyna at Purdue University. This work 

is part of an active collaboration between the Distefano and Hrycyna groups.38 
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was a high degree of uncertainty in the data due to low quantification accuracy. To further 

explore the results observed from photoaffinity labeling experiments, a quantitative 

binding assay was needed.  

6. 2. 5. First generation of fluorescence peptide probe to measure KD of 

binding to Ste24  

To overcome the issues outlined in the previous section, MST was chosen to 

measure the KD of binding between an a-factor derived substrate and Ste24 mutants, 

resulting in a more quantitative data. For MST experiments, one of the two partners needed 

to be fluorescently labeled.294–296 Traditionally, this technique relies on labeling the enzyme 

of interest while varying the concentration of the smaller binding partner. In initial attempts 

Ste24 was fluorescently labeled and the concentration of peptide 1 was varied. However, 

the peptide precipitated at higher concentrations (> 40 µM), thus preventing analysis. To 

overcome this issue, the peptide partner was labeled instead of the enzyme. 5-Fam was 

chosen due to its relatively low cost. This fluorophore was added to the N-terminus of a-

factor’s -VIA precursors with a PEG4 spacer, similar to peptide 2 (Figure 6.4). Automated 

synthesis of Peptide 5 on-resin and Fmoc-PEG4-COOH coupling were done using the same 

HCTU chemistry employed for photoaffinity labeling peptide probe 2, producing 7 

(Scheme 6.3). The initial attempt to couple 5-Fam to the free amine of peptide 7 using 

HCTU resulted in very poor coupling efficiency as determined by LC-MS analysis of a test 

peptide cleavage. Increasing the reaction time resulted in observing guanidinium-capped 

peptide rather than the fluorescence peptide (Figure 6.5A). This prompted replacing the 

uronium based HCTU with phosphonium based PyAOP and HAOt. Coupling using 

PyAOP and HOAt in 0.8 M DIPEA for 2 h resulted in 49% coupling efficiency (Figure 

6.5B). Coupling for 12 h did not improve the efficiency, but increased amount of side 

products (Figure 6.5C). The reason behind the limit on conversion is unclear but is 

consistent with previous reports.303,304 Nevertheless, 50% conversion was deemed 

sufficient to obtain enough peptide for biological experiments, especially at the scale on 

which the synthesis was carried out. Once the peptide was assembled, cleavage from resin 

and global deprotection was carried out using reagent K, followed by chemical prenylation 

with farnesyl bromide using the same Zn(OAc)2.H2O methodology described above. After 
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the reaction was complete, the final peptide was HPLC purified and used for the MST 

experiments.  
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Scheme 6.3 Synthesis of peptide 3 for MST experiments.  
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Figure 6.5 On resin 5-Fam coupling to peptide 7. (A) LC-MS chromatogram of peptide 

obtained after coupling with HCTU for 24 h. Very little of the desired product was 

obtained. Instead, the major species with guanidinium capped peptide 8, which is the result 

of increased exposure to HCTU.244,252 Note that the gradient used here is shorter than the 

following two chromatograms, resulting in an earlier elution from the column (B) LC-MS 

chromatogram of the coupling using PyAOP instead of HCTU. Phosphonium reagents do 
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not suffer from guanidinium capping side reaction, and the triazole moiety of PyAOP has 

an anomeric nitrogen that significantly enhances coupling efficiency.244,245,252 (C) LC-MS 

chromatogram of the same peptide as B but after coupling with PyAOP for 12 h. No 

significant increase in coupling efficiency was observed, but the amount of side products 

developed. UV absorbance was monitored at 220 nm. The gradient used for A was as 

follows: 1-5 min, hold at 1% B. 5-15 min, gradient to 100% B. 15-20, hold at 100% B 

(column wash). 20-21, ramp to 1% B. 21-28, hold at 1% B (column equilibration).  The 

gradient used for B and C was as follows: 1-10 min, hold at 1% B. 10-35 min, gradient to 

100% B. 35-40, hold at 100% B (column wash). 40-41, ramp to 1% B. 41-48 hold at 1% B 

(column equilibration). 

  



178 

 

6. 2. 6. MST Experiments with Fluorescent Tagged Peptide Probe 34 

With the final purified peptide in hand (Figure S 6.3), MST experiments with WT 

Ste24 were ready to be carried out. First, the kinetic parameters of fluorescent peptide probe 

3 were measured using the ICMT coupled assay. It was found to have Km value of 2.3 µM 

± 0.7 µM and Vmax = 3932 pmol/min/mg ± 410 pmol/min/mg. This was comparable with 

peptide 1, which had a Km of 8.3 µM ± 2.2 µM and a Vmax of 7814 pmol/min/mg ± 867 

pmol/min/mg. The reduced Vmax of peptide 3 could be explained by increased binding 

affinity, which could slow product release. Next, MST was used to measure the KD of WT 

Ste24 and E390A mutant Ste24. WT Ste24 had a KD of 3.2 µM ± 1.1 µM, while E390A 

Ste24 had a KD of 0.1 µM ± 0.1 µM. A possible explanation of the difference between the 

two values is that the measured KD is a combination of substrate and product binding. 

Generally enzymatic products tend to have a lower KD to promote turnover. As E390A is 

catalytically inactive the measured KD is only for the substrate binding, thus would appear 

to have better binding affinity than WT Ste24.  

To be able to get more accurate binding data uncomplicated by substrate turnover, 

a peptide with a non-hydrolyzable bond at the C-V position was needed. Additionally, the 

inhibitors aprotinin and AEBSF used to purify Ste24 were fluorescent in the same 

excitation/emission range as 5-Fam (ex = 490 nm, em = 514), leading to significant 

background fluorescence. The blue laser equipped on the Nanotemper Monolith .115 MST 

instrument used here has a bandwidth of 450 nm to 500 nm for excitation, and a bandwidth 

of 510 nm to 560 nm for the emission, so it was not possible to select a wavelength that 

only excite 5-fam. However, those protease inhibitors did not show any signal when using 

the instrument’s red laser, which has an excitation bandwidth between 600 nm and 650 nm 

and an emission bandwidth of 670 nm to 720 nm   

  

 
4 The results described in this section were derived from experiments run by then Dr. Chelsea St. Germain 

as part of her graduate work under the direction of Dr. Christine Hrycyna at Purdue University. This work 

is part of an active collaboration between the Distefano and Hrycyna groups.38 
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6. 2. 7. Synthesis of non-hydrolyzable  CH3NH isostere fluorescent peptide 

probes to study KD of binding to Ste24 

To prevent Ste24-mediated hydrolysis without significantly altering the peptide 

backbone,  CH3NH isostere bonding was chosen to replace the amide bond at the C-V 

site (Figure 6.4).305 To synthesize the isostere, Fmoc-Cys(trt)-COOH was converted to 

Weinreb amide 11 through HCTU coupling, followed by reduction to aldehyde 12 using 

LiAlH4 (Scheme 6.1). The aldehyde was then coupled to NH2-VIA on resin using reductive 

amination with NaBH3CN to obtain peptide 13 on resin.305,306 The resulting secondary 

amine is still able to participate in amide coupling, so it was boc protected using boc 

anhydride, resulting in the protected peptide 14 on resin. This peptide was extended 

through SPPS with HCTU/Fmoc chemistry on an automated peptide synthesizer. To 

obviate the background fluorescence issue, 5-Fam fluorophore was replaced with red-

shifted Cy5. While significantly more expensive, the coupling efficiency of Cy5 is much 

higher than 5-Fam, allowing 100% conversion to the correct product using only 1.3 

equivalents rather than 50% conversion using 4 equivalents with 5-Fam. Once the peptide 

was fully assembled, it was cleaved from the resin and globally deprotected using reagent 

K, farnesylated with farnesyl bromide and Zn(OAc)2.H2O under acidic conditions, and 

finally, HPLC purified as previously described (Figure S 6.4). 

 

Scheme 6.4 Synthesis of peptide 4 with non-hydrolyzable  CH3NH isostere bond at the 

C-V site, and Cy5 fluorophore on the N-terminus.  
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6. 2. 8. Non-canonical cleavage of  CH2NH isostere containing peptides 

To test if the isostere is indeed non-hydrolyzable, the conditions for the MST 

experiment were replicated, and then LC-MS was used to analyze the mixture. 

Surprisingly, it was revealed that the peptide was cleaved at the Y-I bond resulting in 

peptide fragments 16 and 17, as well as at the G-V bond resulting in peptide fragments 18 

and 19 (Figure 6.6A and B). To test if this cleavage was a function of the Cy5 fluorophore, 

or due to the isostere, the analogous peptide 20 with 5-Fam fluorophore on the N-terminus 

and the isostere bond at the C-V position was synthesized and tested for ste24 cleavage 

(Figure 6.6C, Figure S 6.5). Again, it was revealed that the enzyme cleaves at the Y-I 

bond resulting in peptide fragments 18 and 22, and at the G-V bond resulting in peptide 

fragments 16 and 21 (Figure 6.6C and D), indicating that the cleavage was a not due to 

the fluorophore. 
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Figure 6.6. Non-canonical cleavage of isostere peptides. (A) Upon testing of peptide 4 for 

Ste24 cleavage, it was observed that while there was no cleavage at the canonical C-V site 

as predicted, non-canonical cleavage was observed at the Y-I and G-V sites. (B) LC-MS 

analysis confirmed the identity of each of the resulting fragments (16-19). (C) To test if 

this non-canonical cleavage was the result of the Cy5 fluorophore or the non-hydrolyzable 

 CH2NH isostere bond at the C-V position, an analogous isostere peptide with 5-Fam 

instead of Cy5 was synthesized and tested for non-canonical cleavage with Ste24. Just as 

with peptide 4 cleavage occurred at the G-V and Y-I sites, indicating that the cause of this 

non-canonical cleavage was not the fluorophore. (D) LC-MS analysis confirmed the 

identity of the resulting fragments (16, 18, 21, and 22). UV absorbance was monitored at 

220 nm. The gradient used was as follows: The gradient used was as follows: 1-5 min, hold 
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at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, 

ramp to 1% B. 61-68, hold at 1% B (column equilibration).    

 

 

6. 2. 9. Non-canonical cleavage of a-factor-C(Far)-VIA peptide 

precursors  

To confirm if the non-canonical cleavage is indeed a result of the isostere bond at 

the C-V position, an enzymatic reaction between Ste24 peptide 1 was carried out. The 

reaction was subjected to LC-MS analysis after 2, 3, 4, and 5 h. The observed products 

were not all chromatographically separated from the parent peptide, so quantification using 

UV-based integration was not possible. Instead, the observed ions corresponding to the 

mass of each of the resulting fragments (Figure 6.7) were extracted and integrated (Figure 

6.8). To our surprise, non-canonical cleavage was still observed, indicating that the cause 

was not the isostere either. The observed fragments corresponded to cleavage occurring at 

the canonical C-V site resulting in fragment 22, cleavage at both the canonical C-V site 

and non-canonical Y-I site resulting in fragments 23 and tyrosine, and cleavage at both the 

canonical C-V site and the non-canonical G-V site resulting in fragments 24 and 25 (Figure 

6.7). Masses corresponding to cleavage at only the non-canonical cleavage site were not 

observed, indicating that cleavage occurs the canonical C-V site first. The integrated values 

for the extracted ions of the prenyl containing fragments 22, 23, and 24 were used to 

calculate the percentage of each cleavage products at different time points (Figure 6.9). 

The calculated percent amount of each peptide was plotted as a function of time. Only a 

linear curve was able to be fitted to the evolution of canonical fragment 22 and non-

canonical fragment 23. Both had a similar slope value (2.37 for 22 vs 3.22 for 24) showing 

that the non-canonical cleavage at the G-V site is comparable to the canonical cleavage. 

Fragment 23 on the other hand appeared to increase in amount initially then decrease over 

time. One possible explanation for this trend is that cleavage takes place at the Y-I site first, 

resulting in fragment 23, which can be cleaved again at the G-V site, resulting in fragments 

24 and 25. 
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Figure 6.7 Non-canonical cleavage of peptide 1. Peptide without isostere bond at the C-V 

position was subjected to Ste24 analysis. The masses of the resulting fragments 

corresponded to the shown fragments, which represent cleavage at the canonical site only 

or at a combination of the canonical and the non-canonical sites. No masses were observed 

for cleavage at either of the non-canonical sites, indicating that cleavage at the C-V bond 

occurs first.  
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Figure 6.8 Sample Extracted ion 

chromatograms of all the observed 

fragment after reaction between 

Ste24 and peptide 1 for 5 h. As the 

fragments were not separated 

enough for UV quantification, the 

masses corresponding to each 

fragment were extracted and 

integrated. The integrated values 

were used to calculate the percent 

amount of each of the fragments. 

Similar chromatograms were 

generated after 2, 3, and 4 hours. 

Note that chromatograms are not on 

the same scale. The gradient used 

was as follows: The gradient used 

was as follows: 1-5 min, hold at 1% 

B. 5-55 min, gradient to 100% B. 

55-60, hold at 100% B (column 

wash). 60-61, ramp to 1% B. 61-68, 

hold at 1% B (column 

equilibration). 
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Figure 6.9 Percent area of 

observed peptide fragments after 

enzymatic reaction between 

peptide 1 and Ste24 as a function 

of time. The observed ions for 

each fragment were extracted 

and integrated. The integrated 

values were then used to 

calculate the percent area of 

each fragment. (A) shows full 

plot with decay of parent peptide 

1 as well as evolution of peptide 

fragments 22, 23, and 24. (B) 

shows an expanded view of only 

the resulting fragments. An 

exponential growth curve could 

not be fit to the data, likely due 

to the low percentage generated 

and the uncertainty stemming 

from a complex cleavage 

behavior. The slope of the linear 

fit for canonical fragment 22 

was 2.37 while the slope for the 

doubly cleaved non-canonical 

fragment 24 was 3.22. This 

shows that the two cleavage 

processes occur at similar rates. 

For fragment 23, the initial 

growth in percent area followed by decreasing amount could mean that the enzyme cleaves 

at this position first, then at the G-V position.  
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6. 2. 10. Non-Canonical Cleavage of a-Factor’s 33mer Peptide Precursors 

To further investigate the non-canonical cleavage, two more peptides were tested for 

Ste24 cleavage. These represented a-factor’s native 33mer precursors following the first 

Ste24’s C-terminal cleavage (Figure 6.10, peptide 26a) and carboxymethylation by ICMT 

(Figure 6.10, peptide 26b), but prior to the N-terminal cleavage step. The reaction was run 

for 1, 2, 3, and 4 h then analyzed by LC-MS. Using the same methodology as for peptide 

1, it was observed that cleavage takes place at the canonical N-terminal cleavage site, T-

A, resulting in peptide fragments 27 and 28, as well as at the non-canonical G-V site 

resulting in the C-terminal fragment 29 and 30. Curiously however, peptide 31 representing 

cleavage at both sites was not observed. Cleavage at the Y-I site was not observed either. 

Similarly to peptide 1, the resulting fragments were not chromatographically separable and 

were analyzed using the same methodology of extracting the chromatograms of the 

observed ions, then using integrated values to calculate fragments percent area over time 

(Figure 6.11). A linear curve was fitted to the evolution of the fragments resulting from 

cleavage at the canonical or non-canonical sites. For methyl ester peptide 26a, the slope 

for the canonical cleavage was 10.6 vs 2.0 for the non-canonical cleavage, 5.3-fold higher. 

For the acid peptide 26b, the slope was 4.9 for the canonical cleavage vs. 2.0 for the non-

canonical cleavage, a 2.45-fold difference. These results indicate that for Ste24’s more 

native substrate, canonical cleavage is more favorable than the non-canonical one. Finally, 

it is worth noting that in the case of the acid 33mer, several unidentified products were 

observed after 20 h incubation with the enzyme (Figure 6.12B). These products were not 

observed in the case of the methyl ester peptide (Figure 6.12A). This could indicate that 

carboxymethylation by ICMT protects the precursor peptide from degradation. This is 

consistent with the predicted order of processing, where carboxymethylation takes place 

prior to the second cleavage step.  
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Figure 6.10 Non-canonical cleavage of 33mer peptide resembling Ste24’s native substrate. 

The masses of fragments resulting from cleavage at the canon N-terminal cleavage site, T-

A were observed for both peptides 26a and 26b. Fragments resulting from cleavage at the 

non-canonical G-V site were also observed. No cleavage at the Y-I site, or doubly cleaved 

products were observed.   
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Figure 6.11. Percent area of observed peptide fragments after enzymatic reaction between 

33mer peptides 26a and 26b and Ste24 as a function of time. The observed ions for each 

fragment were extracted and integrated. The integrated values were then used to calculate 

the percent area of each fragment. (A) shows extent of canonical cleavage vs non-canonical 

in the case of the methyl ester containing 33mer peptide 26a over time. (B) shows extent 

of canonical cleavage vs non-canonical in the case of the carboxylic acid containg3 3mer 

peptide 26b over time. Exponential growth curves could not be fit to the data, so a linear 

curve was used instead. For 26a canonical cleavage had a value of 10.6 vs 2.0 for the non-

canonical cleavage, 5.3-fold higher. For the acid peptide 26b, the slope was 4.9 for the 

canonical cleavage vs. 2.0 for the non-canonical cleavage, and 2.45-fold difference. This 

indicates that canonical cleavage is more favorable in the case of the native methyl ester 

than the acid.  
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Figure 6.12 LC-MS analysis of  33mer peptides 26a and 26b after 20 h incubation with 

Ste24. (A) After overnight incubation between methyl ester containing 33mer peptide 26a 

the only dominate peak observed corresponds to the parent and truncated peptides (co-

eluted). (B) In the case of carboxylic acid containing peptide 26b however several new and 

unidentified peaks emerged. UV absorbance was monitored at 220 nm. The gradient used 

was as follows: The gradient used was as follows: 1-5 min, hold at 1% B. 5-55 min, gradient 

to 100% B. 55-60, hold at 100% B (column wash). 60-61, ramp to 1% B. 61-68, hold at 

1% B (column equilibration). 

 

6. 3. Conclusions  

This work described the synthesis of two classes of peptide probes to map the binding 

site of Ste24. These peptides were based on the structure of mature a-factor, but contained 

only the C-terminal cleavage sequence, VIA. The first class of peptide probes (peptide 2) 

was prenylated with a farnesyl chain mimetic containing a photoaffinity labeling 

benzophenone moiety. This peptide was shown to be a substrate for Ste24 and competed 

for the binding site with the WT counterpart (peptide 1). Initial photolabeling experiments 

aimed to crosslink peptide 2 with the residues responsible for binding the farnesyl chain, 

then identify those residues using LC-MS-MS analysis.  While good enzyme sequence 

coverage was obtained by using a combination of trypsin/Lys-C and chymotrypsin, 

identifying crosslinked residues proved challenging due to the size of the probe. initial 

attempts to cleave the thioether linkage using Raney nickel also proved challenging. Future 
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work should focus on optimizing the Raney nickel reaction on the peptide by itself fist, 

which can be more easily analyzed by LC-MS.  

Some structural information was still obtainable however by testing a series of Ste24 

Ala mutants for loss of enzymatic activity, then comparing  photolabeling efficiency with 

WT enzyme by western plotting on an SDS-Page gel. Mutated residues that diminished 

both activity and photolabeling efficiency are deemed important for binding, and mutants 

that had diminished activity but not photolabeling efficiency were deemed important for 

catalysis. While some interesting residues were identified in this manner, the data was too 

inconclusive and had a high margin of error, so a more quantitative measurement of binding 

affinity was required.  

While several binding techniques currently exist, MST was chosen because it allows 

accurate KD measurements in heterogenous lipid/detergent mixtures that are required for 

Ste24 activity and using a very small amount of protein.294,296 The only requirement is that 

one of two binding partners is fluorescently labeled. To that end, peptide 1 was tagged with 

a 5-Fam fluorophore through a PEG4 linker (peptide 3), and the KD of binding was 

measured with WT Ste24 and catalytically inactive E390A mutant. The measured KD was 

32-fold lower for the mutant than the WT. This was likely due to enzymatic turnover of 

peptide 3 by the WT Ste24 but not E390A mutant. To overcome this issue, a peptide with 

a non-hydrolyzable  CH2NH isostere linkage was synthesized at the C-V position 

(peptide 4). This peptide also contained a red shifted Cy5 fluorophore instead of 5-Fam to 

reduce background fluorescence. Testing this peptide for activity with Ste24 however led 

to the discovery of two previously unreported non-canonical cleavage sites at the G-V and 

Y-I positions.  

It was assumed that the non-canonical cleavage is a function of either the fluorophore 

or the isostere. Peptide 20, where the isostere was retained but the fluorophore was reverted 

to 5-Fam was tested for cleavage. Again, the same non-canonical cleavage pattern was 

observed, concluding that the Cy5 fluorophore was not the cause. The isostere was then 

suspected to be the cause of this cleavage. To confirm this, peptide 1 which lacked either 

fluorophore was subjected to Ste24 cleavage, and again the same non-canonical cleavage 

pattern was observed. A time point analysis of the cleavage products by LC-MS showed 

that the rates of cleavage at the canonical C-V site were comparable to cleavage at the non-
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canonical G-V and Y-I sites initially, but then the amount of peptide fragment 22 cleaved 

at the Y-I site decreased over time. This could indicate that cleavage occurs at the Y-I site 

first, then at the G-V site.  

Further testing was done on 33mer peptides 26a and 26b from Figure 1.2. These 

peptides were more representative of the native substrate of Ste24. It was observed that the 

non-canonical cleavage was less comparable to the canonical N-terminal one. Additionally, 

the methyl ester peptide canonical cleavage was 5-fold faster than the non-canonical one, 

while in the case of the COOH peptide the canonical cleavage was only 2.45-fold faster. 

This observation combined with the result of overnight incubation with Ste24 in Figure 

6.12 could mean that methylation protects the peptide substrate from non-canonical 

cleavage. Finally, no cleavage at the Y-I position was observed. This could indicate that 

Y-I cleavage was occurring in lieu of the N-terminal cleavage.  

There are several future directions that are worth pursuing. First, it will be very useful 

to assess if non-canonical cleavage of the isostere can be minimized by incubating with 

Ste24 for a limited amount of time. If so, then it should be possible to do the MST 

measutment initially designed. Another useful measurement would be to compare the rate 

of the non-canonical cleavage of peptide 1 vs isostere peptide 4 in the same tube. Further 

testing on peptide 1 should also be carried out. Truncated versions of the peptide could 

help obtaining accurate kinetic measurements of the cleave at each position. Peptide 

already cleaved at the C-V position would help obtaining accurate measurements for the 

non-canonical cleavage. Additionally, mature a-factor with methyl ester C-terminus should 

be teste for non-canonical cleavage. If the cleavage is still observed at a similar rate, then 

it would be interesting to test if the peptide cleaved at the G-V or Y-I sites would be 

biologically active using yeast mating assays.101,113 Finally, testing of 33mer peptides with 

the -VIA moiety present for non-canonical cleavage could help explain its prevalence in a 

more biological context. Finally, analogues testing with human ZMPSTE24 would be 

interesting to show if this non-canonical cleavage is exclusive to yeast Ste24 or is a more 

generalized trend.  

Overall, the results presented here describe peptide probes that could be useful for 

structural analysis of Ste24 with some optimization. Additionally, using LC-MS analysis 

for direct detection of products was a key element in discovering the non-canonical 
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cleavage, highlighting the importance of not relying solely on indirect activity assays. 

Furthermore, the non-canonical cleavage observed is consistent with the recently 

discovered Ste24 functions as a translocon declogger and as an integral part of the response 

to misfolded proteins.86,90 It is also consistent with recent hypotheses indicating that Ste24 

is a more general protease that also acts on CaaX sequences rather than a true CaaX 

protease.45,81 Finally, a better understanding of the origins of the non-canonical cleavage 

could be useful for developing new treatments for the rapid aging disorder, 

progeria.55,68,230,307,308 The most severe form of progeria occurs as a result of a missense 

mutation that causes improper splicing of the prelamin A peptide, where the N-terminal 

cleavage site is abolished.32,53,63,64 Under healthy conditions, cleavage at this site releases 

N-terminal fragments corresponding to Lamin A, and a 15-mer prenylated C-terminal 

fragment with unknown function. If the non-canonical cleavage could be harnessed to 

cleave a similar size fragment in the mutated prelamin A then it could offer a new and 

unexplored therapeutic approach to progeroid disease.  

6. 4. Materials and Methods  

6. 4. 1. Reagents  

HPLC grade H2O and CH3CN, and sequencing grade dimethyl formamide (DMF), 

were purchased from Fisher Scientific. Protected amino acids, resins, O-(1H-6-

Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU), and 

6-Chloro-1-hydroxybenzotriazole (Cl-HOBt) were purchased from Chem-Impex 

International. (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium 

hexafluorophosphate (PyAOP) and was purchased from EMD Millipore. 820 mg C-18 

reverse phase Sep-Paks with 55-105 µm particle size were purchased from Waters 

corporation. Bulk E. coli polar lipids were purchased from Avanti Polar Lipids. n-Dodecyl-

B-D-maltopyranoside (DDM) was purchased from Anatrace. Fmoc-15-amino-4,7,10,13-

tetraoxapentadecacanoic acid (Fmoc-NH-PEG4-COOH) was purchased from ChemPep 

Inc. Cyanine5 carboxylic acid (Cy5) was purchased from Lumiprobe. All other reagents 

were purchased from Sigma-Aldrich and were used without further purification.  

6. 4. 2. General Procedure for Automated Peptide Synthesis  

Automated SPPS was carried out on a Gyros PS3 automated peptide synthesizer 

employing Fmoc/HCTU-based chemistry. Fmoc-Ala on wang resin 100-200 mesh (0.15 
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mmol) was placed in a reaction vessel and swelled in DMF for 10 min three times. The 

Fmoc group on the first amino acid was then removed using 20% piperidine in DMF for 5 

min twice. Four equivalents of the subsequent amino acid were activated with an equimolar 

amount of HCTU in 2 mL DMF with 800 mM DIPEA and 300 mM Cl-HOBt for 3 min. 

This solution was then transferred to the resin, and 2 mL of DMF was used to wash the 

amino acid vial before being transferred to the reaction vessel, resulting in an amino 

acid/HCTU/Cl-HOBt concentration of 150 mM and a DIPEA concentration of 400 mM. 

The coupling was carried out for either 20 or 60 min with N2-mediated mixing for 1 s every 

10 s. D, G, P, Y were each coupled for 60 min. All other amino acids were coupled for 20 

min. After all amino acids were coupled, a final Fmoc deprotection step was carried out. 

Once complete, the resin was washed with CH2Cl2 for 5 min three times and then dried in 

vacuo. Peptide 1 was cleaved as is, while peptides 2, 3, 4, and 5 underwent subsequent 

manual couplings before global deprotection and cleavage from resin.  

6. 4. 3. General Procedure for manual PEG4 Coupling to Peptide on Resin 

Each of the precursors to peptides 2-4 and 20 on-resin with a free amine following 

automated SPPS were placed in a polypropylene filter syringe and swelled in DMF. In a 

separate vial, three molar equivalents of Fmoc-PEG4-COOH from a 0.25 mg/µL stock was 

combined with three equivalents of HCTU and 2.5 equivalents of DIPEA. DMF was used 

to dilute this mixture for a final Fmoc-PEG4-COOH and HCTU concentration of 150 mM, 

and a final DIPEA concentration of 400 mM. The solution was sonicated for 30 seconds 

then added to resin. The syringe was placed on a rotator for 1 h to allow the reaction to go 

to completion. The ninhydrin colorimetric test was used to confirm complete consumption 

of the amine.253,254 Once complete, the resin was washed with DMF for 2 min three times, 

Fmoc deprotected using 20% pieridine in DMF for 10 min twice, then washed with DMF 

again.  

6. 4. 4. Procedure for manual Biotin Coupling to Peptide on Resin 

After coupling PEG4 or the precursor to Peptide 2 on resin, Biotin (4 equivalents) 

was combined with HCTU (4 equivalents) and Cl-HOBt (4 equivalents) and dissolved in a 

solution of 950 mM DIPEA in DMF for a final concertation of 200 mM of each of the three 

reagents. This solution was added to the peptide resin in a polypropylene syringe, which 

was placed on a rotator for 1 h to allow the reaction to go to completion. The ninhydrin 
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colorimetric test was used to confirm complete consumption of the amine.253,254 Once 

complete, the resin was washed with DMF for 2 min three times.  

6. 4. 5. General Procedure for manual 5-Fam Coupling to Peptide on Resin 

Peptides 3 and 20 were N-terminally tagged with a 5-Fam fluorophore. To 

accomplish the coupling, 5-Fam (4 equivalents), PyAOP (4 equivalents), and HOAt (4 

equivalents) were combined in the same vial. In a separate vial, a solution of 0.8 M DIPEA 

was prepared in 9:1 DMF/CH2Cl2. Pre-diluting the DIPEA before adding to the coupling 

mixture was essential to prevent phase separation. Enough of this solution was added to 

the coupling mixture for a final concentration of 150 mM for each of the three reagents. 

The mixture formed a viscous gel, which was made soluble by incubating at 100 °C for 45 

min. Once fully dissolved, the mixture was added to the peptide on-resin in a polypropylene 

syringe, which was placed on a rotator for 2 h. Afterwards the resin was washed with DMF 

for 2 min three times, followed by CH2Cl2 for 2 min three times and then dried in vacuo.  

6. 4. 6. Procedure for manual Cy5 Coupling to Peptide on Resin 

For coupling of Cy5 carboxylic acid to peptide 3, the acid (1.3 equivalents), PyAOP 

(1.3 equivalents), and HOAt (1.3 equivalents) were combined in the same vial and 

dissolved in a solution of DMF with 0.4 M DIPEA for a final concentration of 100 mM for 

each of the three reagents. Once fully dissolved, the mixture was added to the peptide on-

resin in a polypropylene syringe, which was placed on a rotator for 1 h. The ninhydrin 

colorimetric test was used to confirm complete consumption of the amine.253,254 Afterwards 

the resin was washed with DMF for 2 min three times, followed by CH2Cl2 for 2 min three 

times and then dried in vacuo. 

6. 4. 7. Synthesis Fmoc-Cys-Weinreb amide 11 

To produce Fmoc-Cys-Weinreb amide 11, Fmoc-Cys(Trt)-COOH (1.763g, 3.22 

mmol), N,O-dimethylhydroxylamine (0.598, 9.88 mmol), HCTU (2.491g, 6.02 mmol), and 

Cl-HOBt (1.021g, 6.02 mmol) were all combined in a round bottom flask. A magnetic 

stirring bar and 20 mL of DMF containing 0.4M DIPEA were added to the flask, and the 

reaction was stirred for 5 hours. Afterwards, the reaction mixture was diluted with 100 mL 

EtOAc, and washed in a sepratory funnel using 100 mL each of brine, saturated NaHCO3 

solution, then brine again. The aqueous layers were back extracted using 50 mL CH2Cl2. 

The solvent was removed using rotary evaporation, and the resulting oil was redissolved 
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in 10 mL 2:1 EtOAc/Hexane. This solution was applied to a silica column with 50 mm ID 

and packed with 12 inches of silica. The amide (11) was purified using an isocratic 

separation with 2:1 EtOAc/Hexane. TLC plates developed in the same solvent and 

visualized using UV light were used to identify fractions containing the product, which had 

an Rf of 0.8. Pure fractions were pooled and rotovaped to dryness. Final yield was 1.874 g 

(97.8%). 1H and 13C NMR in CDCl3 confirmed identify of final product. Data was recorded 

at 500 MHz on a Bruker Avance III HD Instrument at 25 °C. 

6. 4. 8. Synthesis of Fmoc-Cys-CHO 12 

To synthesize Fmoc-Cys-CHO, compound 11 was dissolved in 30 mL of anhydrous 

THF in a round bottom flask with a magnetic stirring bar. The flask was cooled in a dry ice 

bath, and LiAlH4 (120 mg, 3.1 mmols) weas added slowly to the solution with stirring. The 

reaction was allowed to proceed for 20 min before quenching using 100 mL of saturated 

KaHCO3. 100 mL of EtOAc was added to the mixture, and the resulting cloudy gray 

suspension was filtered. A separatory funnel was used to isolate the organic layer and wash 

it using 100 mL NaHCO3 and 100 mL of brine. The aqueous layers were back extracted 

using 50 mL CH2Cl2. The organic layers were combined and dried over MgSO4, filtered, 

then rotovaped to dryness. The resulting oil was used without further purification. Final 

yield was 1.429 g (84% yield, 2.5 mmol). 1H and 13C NMR in CDCl3 confirmed identify 

of final product. Data was recorded at 500 MHz on a Bruker Avance III HD Instrument at 

25 °C. 

6. 4. 9. On-Resin Reductive Amination with Fmoc-Cys-CHO to Produce 

 CH2NH 13 

After synthesizing compound 12, NH2-VIA sequence was on Wang resin was 

synthesized using PS3 automated peptide synthesizer as described above on a 0.15 mmol 

scale. This resin was placed in a fritted polypropylene syringe with a stopcock and swelled 

in DMF for 5 min. Aldehyde 12 (2.5 mmol) was then dissolved in 2 mL DMF for a final 

concentration of 1.25 M, and then added to the resin which was placed on a rotator for 1 h. 

Afterwards, NaBH3CN (142 mg, 2.25 mmol) was dissolved in 1 mL CH3OH and 40 µL 

glacial acetic acid, then added to the syringe containing the resin and aldehyde solution, 

Final concentration was 0.8 M aldehyde and 0.75 M NaBH3CN. The resin was placed on 

a rotator and rotated overnight. The next day Ninhydrin test resulted in a pink color, 
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indicative of a secondary amine 254. The resin was washed with DMF for 2 min three times 

before carrying out the boc protection.  

6. 4. 10. Boc protection on resin to produce 14 

After washing the isostere on resin 13, 1 mL of Boc2O (4.3 mmol) was diluted with 

3 mL DMF with 0.4 M DIPEA. Final concentration was 1M Boc2O, and 0.3 M DIPEA. 

This solution was added to resin and placed on the rotator overnight. The next day 

ninhydrin test confirmed that no free amines were present.254 The resin was washed with 

DMF for 2 min three times before carrying out the remainder of the synthesis as described 

above.  

6. 4. 11. General Procedure for Global Deprotection and Cleavage from Resin  

The peptides on resin were first swelled in CH2Cl2, then peptide cleavage and 

global side chain deprotection were carried out by first placing 0.075 mmol of peptide on-

resin in a polypropylene filter syringe with a polypropylene Luer cap. Reagent K (10 mL, 

82.% TFA, 2.5% ethanedithiol, 5% thioanisole, 5% phenol, and 5% H2O ) was added to 

the syringe to cleave the peptide from the resin and remove side chain protecting groups 

with rotation for 2 h. Afterward, the solution was drained into a 50 mL polypropylene 

centrifuge tube, and 10 additional mL of TFA was used to wash the resin in 2 mL batches. 

A gentle N2 stream evaporated excess TFA over an additional 1 h until around 2 mL of 

solution remained. The peptide was then precipitated by adding Et2O to the 50 mL mark 

and cooling in a dry ice/i-PrOH bath. The peptide was pelleted by centrifugation at 4000 

RPM for 5 min. This procedure was repeated twice, with resuspension of the peptide in 

fresh Et2O through vortexing for 2 min. After the third Et2O precipitation, the tube was 

placed uncovered in a fume hood for 1 h to dry. Next, 3 mL of glacial acetic acid and 2 mL 

of H2O were added to the peptide, and it was allowed to incubate at room temperature for 

10 min, after which all the solid was dissolved. Once fully dissolved, the solution was 

diluted to 10 mL with H2O, flash-frozen in liquid N2, and then lyophilized. This 

solubilization and lyophilization step were crucial for two reasons: First, it facilitated the 

complete deprotection of the tryptophan side chain Boc protecting groups, which in our 

experience is sluggish and results in the observation of a +44-mass unit side product 

believed to be un-decarboxylated carbamic acid. Second, this procedure improved the 

solubility of the peptides in DMF for the subsequent prenylation step. 
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6. 4. 12. General Procedure for Peptide Prenylation 

All the solvents used in this procedure were sparged with N2 for 3 h to deoxygenate 

them and prevent disulfide formation. DMF was added to the lyophilized peptide to 

dissolve it, then Ellman’s assay was used to quantify the amount of free thiol in the 

solution.156,225 If the concentration was significantly higher than 1 mM, then it was adjusted 

to that concentration with more DMF. LC-MS analysis was used to confirm the presence 

of the peptide before proceeding with the reaction. Once confirmed, 5 equivalents of prenyl 

bromide (farnesyl bromide or C10-BP-Br) were diluted 10-fold v/v in DMF and then added 

dropwise to the peptide solution. The centrifuge tube was then vortexed for 30 sec fully 

dissolve the farnesyl bromide. Five equivalents of Zn(OAc)2.H2O were dissolved in a 

buffer solution containing 2 M NaOAc, pH. 5.0. The buffer volume was determined based 

on the volume of DMF used so that the final solvent composition was 9:1 DMF/2M NaOAc 

buffer. Once the Zn(OAc)2.H2O was fully dissolved, it was added to the peptide solution, 

and the tube was vortexed for 30 sec before being placed on a rotator overnight. The next 

day, LC-MS was used to confirm the completion of the reaction (>90% conversion). Once 

complete, 5% glacial acetic acid was added to the solution to both quench the reaction and 

help maintain the peptide's solubility. The solution was then filtered through a 0.2 µm GHP 

syringe filter and purified by HPLC. It is essential to do this step promptly, or the peptide 

will precipitate out of the solution.  

6. 4. 13. General method for LC-MS analysis  

LC-MS analysis was performed with an Agilent 1200 series system (Windows 10, 

ChemStation Software, G1322A Degasser, G1312A binary pump, G1329A autosampler, 

G1315B diode array detector, 6130 quadrupole) equipped with a C18 column (Agilent 

ZORBAX 300-SB-C18, 5 μM, 4.6 X 250 mm). Runs were performed at a flow rate of 1 

mL/min.  H2O/CH3CN solvent system containing 0.1% TFA was used, consisting of 

solvent A (H2O with 0.1% TFA) and solvent B (CH3CN with 0.1% TFA ). Samples were 

filtered through a 0.2 µm GHP filter before injecting into the instrument. The gradient used 

was sample dependent and is shown in the respective figure legends. Note that for samples 

containing DMF, a 10 min isocratic hold at 1% at the beginning of the method before 

starting the gradient significantly enhanced the resolution.  



198 

 

6. 4. 14. General Procedure for HPLC purification  

HPLC purification was performed using an Agilent 1100 series system (Windows 

7, ChemStation Software, G1312A binary pump, G1329A autosampler, G1315B diode 

array detector). Samples were filtered through a 0.2 µm GHP syringe filter before injecting 

into the instrument. Purification was performed on a preparative scale (10 - 20 mg peptide 

per injection, Agilent Pursuit C18 5 μM 250 × 21.2 mm) with a 5 mL/min flow rate and 

using the same Solvent A/Solvent B system described above. A manual injector with 5 mL 

injection loop was used to perform 4.5 mL injections. The gradient used was as follows: 1-

10 min hold at 30% B, 10-70 min ramp to 90% B, 70-80 min hold at 100% B (column 

wash), 80-81 min ramp down to 1% B, 81-95 min hold at 30% B (equilibration). After prep 

purification if the peptide purity was >95% it was further purified on a semi-preparative 

scale (2 - 10 mg peptide per injection, Agilent ZORBAX 300SB-C18 5 μM 9.4 × 250 mm) 

with 4 mL/min flow-rate and using the same solvent A/Solvent B system described above. 

The gradient used was as follows: 1-10 min hold at 1% B, 10-60 min ramp to 100% B, 60-

70 min hold at 100% B (column wash), 70-71 min ramp down to 0% B, 71-85 min hold at 

30% B (equilibration). UV monitoring was done at 220 and 280 nm.  

6. 4. 15. Synthesis of peptide 1 

Peptide 1 was synthesized using a PS3 automated peptide synthesizer and cleaved 

from the resin, prenylated, and HPLC purified as described above. Pooled HPLC fractions 

were lyophilized in a pre-weighed polypropylene centrifuge tube and quantified based on 

mass. ESI-MS: for C98H149N17O19S2+ [M + 2H+]2+; calcd. 950.5480, found 950.5591. 

6. 4. 16. Synthesis of peptide 2 

Peptide 2 was synthesized using a combination of automated synthesis on a PS3 

peptide synthesizer and manual synthesis as outlined above. The peptide was cleaved from 

the resin, prenylated, and HPLC purified as described above. Pooled HPLC fractions were 

lyophilized in a pre-weighed polypropylene centrifuge tube and quantified based on mass. 

ESI-MS: for C128H186N20O28S2
2+ [M + 2H+]2+; calcd. 1258.1605, found 1258.1742. 

6. 4. 17. Synthesis of peptide 3  

Peptide 3 was synthesized using a combination of automated synthesis on a PS3 

peptide synthesizer and manual synthesis as outlined above. The peptide was cleaved from 

the resin, prenylated, and HPLC purified as described above. Pooled HPLC fractions were 
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lyophilized in a pre-weighed polypropylene centrifuge tube and quantified based on mass. 

ESI-MS: for C130H180N18O30S2+ [M + 2H+]2+; calcd. 1253.1428, found 1253.1432. 

6. 4. 18. Synthesis of peptide 4  

Peptide 4 was synthesized using a combination of automated synthesis on a PS3 

peptide synthesizer, reductive amination with 12, and manual synthesis as outlined above. 

The peptide was cleaved from the resin, prenylated, and HPLC purified as described above. 

Pooled HPLC fractions were lyophilized in a pre-weighed polypropylene centrifuge tube 

and quantified based on mass. ESI-MS: for C141H208N20O24S2+ [M + 2H+]2+; calcd. 

1299.2707, found 1299.2693. 

6. 4. 19. Synthesis of peptide 20 

Peptide 20was synthesized using a combination of automated synthesis on a PS3 

peptide synthesizer, reductive amination with 12, and manual synthesis as outlined above. 

The peptide was cleaved from the resin, prenylated, and HPLC purified as described above. 

Pooled HPLC fractions were lyophilized in a pre-weighed polypropylene centrifuge tube 

and quantified based on mass. ESI-MS: for C130H182N18O29S2+ [M + 2H+]2+; calcd. 

1246.1532, found 1246.1524 

6. 4. 20. Preparation of Small Unilamellar Vesicles (SUV) for Ste24 Enzymatic 

Reaction 

A stock of bulk E. coli lipids in chloroform was placed in a glass scintillation vial, and 

the chloroform was removed under vacuum in a rotary evaporator at 30 ˚C. Afterward, 150 

mM Tris buffer, pH 7.5, was added for a final 10 mg/mL volume in order to hydrate the 

lipids. The water bath of the rotary evaporator was afterward heated to 70 ˚C with rotation 

but no vacuum for 30 mins to fully suspend the lipids, leading to the formation of 

multilamellar vesicles. The vesicles were afterward disrupted by sonication for 30 mins. 

This solution was stored at -20 ˚C until before usage, when it was further diluted to 0.625 

mg/mL in Tris buffer.  

6. 4. 21. Ste24 Enzymatic Reaction 

A stock solution of Ste24 enzyme in DDM was diluted to 0.15 µg/µL in 10 mM 

Tris Buffer, pH 7.5. 40 µL of this solution was added to 80 µL of 0.625 mg/mL lipid 

suspension solution. Afterward, 520 µL of 150 mM Tris buffer, pH 7.5 solution was added 

to break the detergent vesicles and translocate the enzyme into the lipid vesicles. This 
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solution was incubated on ice for 10 min before aliquoting 160 µL into three low-adhesion 

microcentrifuge tubes and incubating at 30 ˚C for 5 min. Meanwhile,  a peptide solution at 

0.15 mM in 150 mM Tris buffer pH 7.5 was prepared. 40 µL of this solution was added to 

the enzyme solution, and the mixture was incubated at 30 ˚C for 10 min. After 10 min, 50 

µL of glacial acetic acid was added to quench the reaction, and 100 µL of CH3CN was 

added to help fully solubilize the reaction mixture. Each solution was subjected to LC-MS 

analysis without filtration.  
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6. 5. Supplementary Information  

 

Figure S 6.1 LC-MS chromatogram of pure peptide 1. UV absorbance was monitored at 

220 nm. The gradient used was as follows: The gradient used was as follows: 1-5 min, hold 

at 1% B. 5-30 min, gradient to 100% B. 30-35, hold at 100% B (column wash). 35-36, 

ramp to 1% B. 36-42, hold at 1% B (column equilibration). 
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Figure S 6.2 LC-MS chromatogram of pure peptide 2. UV absorbance was monitored at 

220 nm. The gradient used was as follows: The gradient used was as follows: 1-10 min, 

hold at 1% B. 10-35 min, gradient to 100% B. 35-40, hold at 100% B (column wash). 40-

41, ramp to 1% B. 41-51, hold at 1% B (column equilibration).  
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Figure S 6.3 LC-MS chromatogram of pure peptide 3. UV absorbance was monitored at 

220 nm. The gradient used was as follows: The gradient used was as follows: 1-5 min, hold 

at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, 

ramp to 1% B. 61-68, hold at 1% B (column equilibration).  
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Figure S 6.4 LC-MS chromatogram of pure peptide 4. UV absorbance was monitored at 

220 nm. The gradient used was as follows: The gradient used was as follows: 1-5 min, hold 

at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, 

ramp to 1% B. 61-68, hold at 1% B (column equilibration). 
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Figure S 6.5 LC-MS chromatogram of pure peptide 20. UV absorbance was monitored at 

220 nm. The gradient used was as follows: The gradient used was as follows: 1-5 min, hold 

at 1% B. 5-55 min, gradient to 100% B. 55-60, hold at 100% B (column wash). 60-61, 

ramp to 1% B. 61-68, hold at 1% B (column equilibration). 
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H1 NMR of compound 11 in CDCl3. 500 MHz. 

 

C13 NMR of compound 11 in CDCl3. 125 MHz. 
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H1 NMR of compound 12 in CDCl3. 500 MHz. 

 

C13 NMR of compound 11 in CDCl3. 125 MHz. 
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Chapter 7. Methoxy-Substituted Nitrodibenzofuran-Based Protecting 

Group with an Improved Two-Photon Action Cross-Section for Thiol 

Protection in Solid Phase Peptide Synthesis 

7. 1. Summary 

Photoremovable caging groups are useful for biological applications because the 

deprotection process can be initiated by illumination with light without the necessity of 

adding additional reagents such as acids or bases that can perturb biological activity. In 

solid phase peptide synthesis (SPPS), the most common photoremovable group used for 

thiol protection is the o-nitrobenzyl group and related analogues. In earlier work, we 

explored the use of the nitrodibenzofuran (NDBF) group for thiol protection and found it 

to exhibit a faster rate toward UV photolysis relative to simple nitroveratryl-based 

protecting groups and a useful two-photon cross-section. Here, we describe the synthesis 

of a new NDBF-based protecting group bearing a methoxy substituent and use it to prepare 

a protected form of cysteine suitable for SPPS. This reagent was then used to assemble two 

biologically relevant peptides and characterize their photolysis kinetics in both UV- and 

two-photon-mediated reactions; a two-photon action cross-section of 0.71−1.4 GM for the 

new protecting group was particularly notable. Finally, uncaging of these protected 

peptides by either UV or two-photon activation was used to initiate their subsequent 

enzymatic processing by the enzyme farnesyltransferase. These experiments highlight the 

utility of this new protecting group for SPPS and biological experiments. 

7. 2. Introduction 

Thiol groups play key roles in a diverse range of biological processes ranging from 

acting as active site nucleophiles in enzymatic reactions to participating in disulfide bonds 

to stabilize protein structure as well as serving as sites for posttranslational 

modifications.309–311 The ability to mask a thiol group with a protecting group allows the 

resulting “caged” biomolecule to be maintained in an inactive state prior to “uncaging” it 

by deprotection. Photoremovable caging groups312 are useful for biological applications 

because the uncaging process can be initiated by illumination with light without the 

necessity of adding additional reagents such as acids or bases that can perturb biological 

activity.313,314 Light activated processes are particularly well-suited for applications in live 

cells where it is generally not possible to use reagent-based deprotection conditions due to 
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cellular toxicity.315 Photoremovable protecting groups are also advantageous due to the 

unique features associated with light activation because uncaging can be triggered with 

high spatiotemporal control; the specific location and time of deprotection can be 

controlled by the position and timing of illumination. The spatial precision of uncaging can 

be improved using two-photon (TP) activation provided the protecting group chromophore 

manifests a usable TP action cross section; the development of caged neurotransmitters has 

benefited substantially from this feature.316 TP activation also reduces potential 

phototoxicity because irradiation is performed at double the wavelength employed for UV 

excitation, which is in the visible or near IR region of the electromagnetic spectrum.  

In solid phase peptide synthesis (SPPS), a vast number of protecting groups have been 

developed for cysteine.317 However, for light-mediated deprotection, the most common 

protecting group used for thiol protection is the o-nitrobenzyl group (NB)318 and related 

analogues, including o-nitroveratryl (NV) (Figure 7.1).315,319–322 While robust and useful 

for many applications, such protecting groups do not exhibit useful TP action cross 

sections, thus limiting their utility. To circumvent this limitation, several groups have 

investigated the use of other protecting groups based on coumarin, quinoline, and 

dibenzofuran scaffolds.323–326 Thiol protecting groups based on a coumarin core have been 

studied and employed for a range of applications.326–329 Protecting groups employing a 

thioether bond such as Bhc are more stable than those featuring a thiocarbonate linkage 

(BCMACMOC). However, irradiation of the former is often accompanied by isomerization 

without photocleavage,326–328 while the latter can undergo rearrangement when unprotected 

thiols or primary amine groups are present within the same peptide.328 In earlier work, we 

explored the use of the nitrodibenzofuran (NDBF) group for thiol protection and found it 

to exhibit a faster rate toward UV photolysis relative to simple NV-based protecting 

groups.326 Moreover, it manifested a useful TP cross-section that could be particularly 

applicable to biological experiments performed in live cells. Previous work with the NV 

group suggests that its photochemical properties can be modulated via substitution of the 

aryl ring.330 Here, we describe the synthesis of a new NDBF-based protecting group 

bearing a methoxy substituent and use it to prepare Fmoc-L-Cys(MeONDBF)−OH (1), a 

building block suitable for SPPS. In the design of this moiety, we elected to preserve the 

ethyl group used in 2 as the point of thiol linkage (resulting in an  additional stereogenic 
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center) because photolysis of such compounds leads to the production of ketone products 

that have less putative cellular toxicity compared with the aldehyde products that are 

formed from simpler groups such as NV.331 This reagent was then used to assemble two 

biologically relevant peptides and characterize their photolysis kinetics in both UV- and 

TP-mediated reactions. Finally, uncaging of these protected peptides by either UV or TP 

activation was used to initiate their subsequent enzymatic processing by the enzyme 

farnesyltransferase. These experiments highlight the utility of this new protecting group 

for SPPS and biological experiments. 

 

Figure 7.1 Representative photoremovable protecting groups used for the protection of the 

thiol group of cysteine and building blocks suitable for SPPS used here. 

7. 3. RESULTS AND DISCUSSION 

7. 3. 1. Synthetic Chemistry 

In our earlier work, N-Fmoc-L-Cys(NDBF)−OH (2) was prepared starting from 

dibenzofuran. For the preparation of N-Fmoc-L-Cys(MeO-NDBF−OH) (1), a new and 

more general route (Scheme 7.1) was developed to facilitate the synthesis of substituted 
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dibenzofurans. The precursor 2-bromo-5-methoxyphenol, containing the desired methoxy 

group, was treated with 4-fluoro-2-nitrobenzaldehyde to yield diarylether 3. Protection of 

the aldehyde as an acetal followed by palladium-catalyzed aryl coupling and deprotection 

afforded aldehyde 6 that was then converted to the racemic secondary alcohol 7 using 

trimethylaluminum. That alcohol was then activated to the corresponding bromide that was 

then used to alkylate N-Fmoc-L-cysteine methyl ester under acidic conditions331 to produce 

the fully protected amino acid 9. Hydrolysis of that ester using trimethyltin hydroxide332 

gave N-Fmoc-L-Cys(MeO-NDBF)−OH (1), a protected form of cysteine suitable for solid 

phase peptide synthesis; mild conditions are essential for the hydrolysis of 9 to avoid 

potential racemization of the protected cysteine residue.  

With the desired building block in hand, a series of peptides (10−18, Figure 7.2) 

based on two different sequences incorporating the caged cysteine residue was prepared. 

First, 15-residue peptide based on the sequence of a-factor, a yeast pheromone, was 

prepared starting with Fmoc-Ala on Wang resin. Fmoc deprotection and two cycles of 

standard SPPS using an automated synthesizer yielded a VIA tripeptide on resin. Next, N-

Fmoc-L-Cys(MeO-NDBF)−OH (1) was coupled offline with ninhydrin monitoring to 

ensure complete reaction; to increase the coupling efficiency, the coupling time was 

extended to 4 h for this modified cysteine residue. At that point, automated peptide 

synthesis was resumed to complete the synthesis. After final Fmoc deprotection, the 

peptide was cleaved from the resin under acidic conditions and precipitated with ether, and 

the resulting crude material was purified via reversed-phase HPLC to yield the desired 

peptide. The final peptide, 10, was analyzed via LC-MS/MS to confirm the sequence 

(Table S 7.1). a-Factor-based peptides 11 and 12 containing NDBF- and NV-protected 

cysteine were also prepared and characterized in a similar manner (Table S 7.2 and Table 

S 7.3). A second peptide sequence based on the C-terminus of the human K-Ras protein 

was also synthesized. Forms of that peptide containing either Cys(MeO-NDBF) (15) or 

Cys(NDBF) (16) were prepared. Following purification of the complete peptides, their 

sequences were again confirmed via LC-MS/MS analysis (Error! Reference source not f

ound. and Error! Reference source not found.). In the initial preparation and purification of 

10, the HPLC chromatogram of the crude peptide revealed the presence of two double 

peaks: a main double peak corresponding to ∼70−80% of the total integrated area, and a 
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minor double peak corresponding to ∼20−30% of the total integrated area. The double 

peak pattern was clearer for the NDBF-protected peptides 11 and 16 (Figure S 7.1 and 

Figure S 7.2). For each peptide, all four peaks exhibited identical m/z values and MS/MS 

fragmentation patterns. We attribute the two species present in each of the double peaks as 

resulting from a mixture of two epimers due to the stereogenic center adjacent to the 

dibenzofuran because bromide 8 was used as a racemic mixture. We attribute the major 

double peak to be from the desired L-cysteine-containing peptides and the minor double 

peak to be from D-cysteine-containing peptides that arise due to racemization of the 

protected cysteine either during the hydrolysis of ester 9 or in the subsequent activation of 

1 during SPPS. This structural assignment is supported by the fact that peak doubling was 

not observed with peptide 12 (Figure S 7.3), which does not have the additional 

stereogenic center present in 10 and 11 (because the NV group lacks the methyl group 

present in the NDBF and MeO-NDBF protecting groups); however, 12 did have one major 

and one minor peak of identical mass, presumably due to racemization of the cysteine as 

noted above. This hypothesis was further corroborated when photolysis of the combined 

double peaks (from 11) led to the generation of two product peaks (13) exhibiting the same 

m/z ratio, whereas photolysis of the purified major double peak lead to the generation of a 

single product peak (Figure S 7.4). While it was possible to remove the minor components 

via HPLC separation and use the resulting material for subsequent experiments, this may 

not always be possible depending on the specific peptide sequence under study. Hence, the 

epimerization process was studied in more detail to obtain a more optimized synthetic 

procedure.  
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Scheme 7.1 Synthesis of N-Fmoc-L-Cys(MeO-NDBF)-OH (1). 
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Figure 7.2 Synthetic peptides containing MeO-NDBF-, NBDF- and NV-protected cysteine 

residues prepared in this study. 

To better understand the origin of the epimerization observed here, we first elected 

to study the hydrolysis of a Mosher’s amide of NDBF-protected cysteine methyl ester (23a) 

to the corresponding acid (24a) (Scheme 7.2). Accordingly, that compound was prepared 

from 21a by removal of the Fmoc group followed by acylation with (S)-Mosher’s acid 
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chloride [(S)-(+)-α-methoxy-α- (trifluoromethyl)phenylacetyl chloride] to yield the desired 

cysteine methyl ester derivative (23a). Inspection of the 19F NMR revealed the presence of 

two signals at −69.02 and−68.92 ppm, consistent with the presence of two diastereomers 

(with equal integration) due to the epimeric mixture, resulting from the stereogenic center 

present in the NDBF group. Hydrolysis of the ester to the corresponding acid (24a) under 

conditions necessary to obtain complete conversion (Me3SnOH, DCE, 75°, 2 h) and 

subsequent 19F NMR analysis showed only two signals (at −69.02 and −68.92 ppm, Figure 

7.3A), suggesting that no epimerization had occurred in the hydrolysis reaction; even when 

ester 23a was subjected to more forcing conditions (Me3SnOH, DCE, 85°, overnight), no 

additional peaks in the 19F NMR were observed. To confirm the absence of epimerization, 

the authentic product (the diastereomeric ester containing D-cysteine) was independently 

prepared by reacting bromide 19 with N-Fmoc-D-cysteine methyl ester followed by Fmoc 

removal and acylation with (S)-Mosher’s acid chloride to yield 23b. Analysis of that 

material via 19F NMR showed two signals at −68.86 and −68.82 ppm that are different than 

those present in the material produced from L-cysteine, demonstrating that the two cysteine 

derivatives (prepared from the enantiomers of cysteine) can be clearly distinguished via 

19F NMR. Hydrolysis of the D-cysteine analogue (23b) yielded the corresponding acid 

(24b) whose 19F NMR manifested two signals at −68.80 and −68.78 ppm (Figure 7.3B); 

an 19F NMR of a mixture of 24a and 24b confirms these chemical shift differences are real 

(Figure 7.3C). This result validates the use of 19F NMR to monitor this epimerization 

process and suggests that no significant level of epimerization occurs in the hydrolysis of 

9 to 1.  
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Scheme 7.2 Synthesis of Mosher’s amides of NDBF-protected cysteine for subsequent 

stereochemical analysis. 
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Figure 7.3 Study of the hydrolysis of a Mosher amide of NDBFprotected L-cysteine via 

19F NMR. (A) 19F NMR of compound 24a obtained after hydrolysis of 23a. (B) 19F NMR 

of compound 24b, prepared from D-cysteine. This corresponds to the product that would 

form from cysteine racemization during coupling, leading to an epimeric peptide product. 

19F NMR of a mixture of compounds 24a and 24b shows the difference in chemical shifts 

between the two epimers. 

Next, we examined the potential for epimerization during SPPS. Karas et al. 

previously reported that variable amounts of racemization occur in the activation of N-

Fmoc-L-Cys(NV)−OH depending on the precise coupling conditions used.322 We initially 

adjusted our synthetic conditions and employed the optimal conditions described by them, 

consisting of activation and coupling of 1 with 4 equiv of N,N′-diisopropylcarbodiimide 

(DIC) and 6-chloro-1-hydroxybenzotriazole (Cl-HOBt) for 1 h, for the synthesis of 10. 
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However, LC-MS/MS analysis of the resulting material after synthesis still showed 

significant epimerization (Figure S 7.5). To confirm that the epimerization was occurring 

in the activation/coupling step of the protected cysteine residue, a model tripeptide 

GC(NDBF)F (18) was prepared and subjected to prolonged treatment (2 h) with 20% 

piperidine/DMF to duplicate the exposure to base that the embedded cysteine residue 

would experience (12 deprotection steps) necessary to complete the synthesis of a-factor. 

Comparison of chromatograms obtained of the tripeptide before and after extensive 

piperidine treatment showed that no additional epimerization had occurred (Figure S 7.6), 

suggesting that cysteine racemization must be occurring in the activation step. To minimize 

potential racemization, several different coupling conditions for the caged cysteine residue 

were investigated by synthesizing peptide 18 and subsequent LCMS/MS analysis. Of the 

conditions surveyed, the use of benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium 

hexafluorophosphate (PyBOP), 1-hydroxy-7-azabenzotriazole (HOAt), and N,N-

diisopropylethylamine (DIPEA) gave the best results with less than 2% racemization being 

observed. To confirm the utility of these revised conditions, peptide 15 was resynthesized 

using 4 equiv of PyBOP/HOAT for 30 min at a concentration of 150 mM. After global 

deprotection and resin cleavage with Reagent K, LC-MS analysis (Figure 7.4) showed less 

than 2% of the epimerized product was present. Overall, these results indicate that NDBF-

based protection of cysteine can be used to efficiently prepare caged peptides. However, 

careful reaction monitoring is important to minimize potential racemization during SPPS.  
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Figure 7.4 LC-MS of crude peptide 15 synthesized using PyBOP, HOAT, and shows 

minimal epimerized product. The desired peptide elutes as a double peak centered at 33.3 

min. Note the near complete absence of epimerized product at 36.4 min. The coupling 

conditions for 1 to resin-bound VIM consisted of 4 equiv of PyBOP, HOAT, and DIPEA 

at 150 mM in DMF for 30 min. 

7. 3. 2. Photochemistry 

Previous work with o-nitrobenzyl-based protecting groups showed that the addition 

of methoxy substituents to the nitrobenzyl chromophore shifted the absorbance maximum 

to lower energy; that was accompanied by a decrease in the quantum yield for photolysis. 

Comparison of the UV spectra of the parent compound N-Fmoc-L-Cys(NDBF)−OH (2) 

and N-Fmoc-L-Cys(MeO-NDBF)−OH (1) shown in Figure 7.5 indicates an increase in the 

absorbance maximum from 330 to 362 nm, consistent with the aforementioned simple o-

nitrobenzyl-based system; in fact, the absorbance maximum for 1 is quite similar to that of 
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the simpler nitroveratryl group present in N-Fmoc-L-Cys(NV)−OH. Inspection of the UV 

spectra also shows that the extinction coefficients of the compounds at their λmax vary less 

than 2-fold with the MeO-NDBF-protected residue exhibiting the highest value. At 350 

nm, the wavelength used for the UV irradiation experiments described below, the 

extinction coefficient for the MeO-NDBF protected residue is 1.2-fold higher than that for 

the NDBF-protected parent compound (Table 7.1).  

 

 

Figure 7.5 UV spectra of protected forms of cysteine suitable for SPPS used in this study. 

Table 7.1 Photophysical properties of caged molecules employed in this study. 

Protected Cysteine (max)a 

(nm) 

 (max)a 

(M-1cm-

1) 

 (350 nm)a 

(M-1cm-1) 

(350)c 

(mol/ein) 

u (800 nm)d 

(GM) 

N-Fmoc-L-Cys(MeO-NDBF)-OH 

(1) 

355 8,780 8,750 0.5e 0.7e 

1.4f 

N-Fmoc-L-Cys(NDBF)-OH (2) 320b 5,990 4,600 0.7g 0.2g 

N-Fmoc-L-Cys(NV)-OH 350 6,290 6,290 0.02h - 

aMeasured in  mM sodium phosphate buffer (PB), pH 7.4. bFmoc-Cys(NDBF)-OH (2) 

exhibits a broad maximum. cMeasured in 50 mM sodium phosphate buffer (PB), pH 7.4 

containing 15 mM DTT.  dMeasured in H2O/CH3CN (1:1, v/v) containing 0.1% TFA.  



221 

 

eMeasured using peptide 10. fMeasured using peptide 15. gMeasured using peptide 11. 

hMeasured using peptide 12. 

 

Photolysis of peptides 10 and 11 using a Rayonet reactor centered at 350 nm and 

subsequent LC-MS analysis showed that the two protecting groups uncage at comparable 

rates (Figure S 7.7). Because the bulbs used in these experiments manifest a fairly broad 

spectral bandwidth (∼50 nm at half height), it is not possible to determine the quantum 

yields of these two protecting groups from these experiments. However, it is clear from an 

operational perspective (using a Rayonet reactor common to many laboratories performing 

photolysis experiments) that these two protecting groups have similar UV photolysis 

properties. Those results are in stark contrast to those obtained with peptide 12 that 

incorporates an NV-protected cysteine where the rate of photolysis is 25-fold slower 

compared with peptide 10 (containing a MeO-NDBF-protected cysteine residue); using 14 

bulbs in a Rayonet reactor, peptides 10 and 11 are essentially completed deprotected in less 

than 30 s. For comparison, at that point, ∼90% of the NV-protected peptide remains 

unreacted (Figure S 7.7). Those results are similar to what we previously reported326 in 

comparing the monomeric precursors Fmoc-Cys(NDBF)- OMe and Fmoc-Cys(NV)-OMe 

and highlight a key feature of NDBF-based thiol protection, namely that it is much more 

sensitive to UV photolysis compared with the simpler NV group.  

To quantify the photophysical properties of peptides 10 and 11 in more detail, 

photolysis reactions were performed at low concentration to minimize any inner filter 

effect using an apparatus (Figure S 7.8) equipped with 350 nm LEDs with a narrower 

spectral bandwidth (∼10 nm at half height, Figure S 7.9). After the intensity of the light 

source was determined via ferrioxylate actinometry, the apparatus was used to determine 

the rate of photolysis for peptides 10, 11, and 12 (Figure 7.6A, Figure S 7.10 and Error! 

Reference source not found.) and calculate their respective quantum yields. Values of 0.51, 

0.61, and 0.019 were obtained for 10, 11, and 12, respectively (Table 7.1). It should be 

noted that the value obtained for peptide 11 that incorporates an NDBF-protected thiol is 

comparable to the value reported for NDBF-EGTA (0.7), a caged alcohol. These results 

quantitatively illustrate the greater efficiency of NDBF-based protecting groups as 
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photoremovable moieties compared with NV-based compounds and serve to highlight their 

utility for uncaging applications.  
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Figure 7.6 Photolysis of caged peptides via one- and two-photon excitations. Above: 

Kinetic analysis of photolysis of MeO-NDBF-, NBDF-, and NV-containing a-factor based 

peptides (10, 11, and 12, respectively) using a 350 nm LED reactor. Below: Kinetic 

analysis of photolysis of NBDF- and MeO-NDBF-containing a-factor-based peptides (10 

and 11, respectively) and MeO-NDBF-containing KRas- based peptide (15) using a 800 

nm Ti:Saphire laser employing BhcOAc as a reference standard. For both the UV and TP 

photolysis reactions, each reaction was performed in triplicate, and the resulting data were 

averaged and used to create the above plots. 
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One of the most important features of the NDBF protecting group is that it 

manifests a significant TP action cross-section for uncaging, making it useful for biological 

experiments. Accordingly, we wanted to study the rates of photolysis of peptides 10 and 

11 upon TP activation. Thus, solutions of the peptides were irradiated at 800 nm using a 

Ti:Saphire laser followed by LC-MS analysis. Interestingly, peptide 10 containing the 

MeO-NDBF-protected cysteine residue uncaged at a rate 3.6-fold greater than peptide 11 

containing the parent NDBF-protected cysteine (Figure 7.6). Furthermore, irradiation of 

the K-Ras-derived, MeO-NDBF-containing peptide 15 manifested an additional twofold 

rate increase compared to the MeO-NDBF-containing a-factor-derived peptide 10. Using 

BhcOAc as a standard, we estimate the TP action cross-section for MeO-NDBF 

deprotection to be 0.71 GM for 10 and 1.4 GM for 15. Presumably, the observed variation 

in the TP action cross-section of different peptides incorporating the same chromophore 

reflects differences in the local structure/environment around the chromophore; such 

results have been observed in homologues of GFP where the fluorophore is constant 

throughout.333 Overall, these results constitute a significant improvement in TP photolysis 

efficiency and suggests that the MeO-NDBF protecting group could be particularly useful 

for TP activation of peptides containing caged cysteines in cells or even tissue.  

7. 3. 3. Enzymatic Reactions Initiated by Thiol Uncaging 

Caged peptide substrates have potentially significant utility in cell-based biological 

experiments because they are unreactive prior to photolysis. Peptides can be incubated with 

cells and allowed to accumulate before activation with light. As a prelude to such cell-

based experiments, we sought to investigate whether photolysis of peptides containing 

MeO-NDBF protected cysteine residues could be used to liberate peptides that could serve 

as substrates for enzymatic reactions. Protein farnesylation involves the transfer of the 

isoprenyl group from farnesyl diphosphate (FPP) to proteins bearing C-terminal CaaX-box 

sequences.334 Protein farnesyltransferase (PFTase) which catalyzes this reaction has been 

intensely studied as a possible therapeutic target for a number of diseases, including 

cancer.254,335 Initially, peptide 10 was incubated in the presence of PFTase and the substrate 

FPP and irradiated for 30 s in a Rayonet photoreactor using three 350 nm bulbs. Analysis 

of the resulting photolysis reaction via LC-MS before and after photolysis indicated that 
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essentially all of the starting peptide 10 (Figure S 7.11A, before photolysis) had been 

converted to the corresponding farnesylated product 14 (Figure S 7.11C, after photolysis); 

in the absence of PFTase, the deprotected thiol, 13, was the major species (Figure S 7.11B, 

no PFTase). 

 

 

 

 

Figure 7.7 Analysis of PFTase-catalyzed farnesylation after TP-activated photolysis of 10. 

In each case, reactions were monitored by LC-MS with SIM of the protected peptide (10), 

the uncaged free thiol (13) and the farnesylated product (14). Panel A: LC-MS analysis of 

a reaction containing 10 and PFTase before irradiation at 800 nm. Panel B: LC-MS analysis 

of a reaction containing 10 without PFTase after irradiation at 800 nm. Panel C: LC-MS 

analysis of a reaction containing 10 with PFTase after irradiation at 800 nm. 
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Figure 7.8 Quantification of starting peptide 10 and enzymatically farnesylated product 14 

from TP-activated photolysis of 10 at 800 nm conducted for different durations in the 

presence of PFTase and FPP. 

Next, we explored the TP-mediated process. Accordingly, peptide 10 was 

incubated in the presence of PFTase and FPP and irradiated at 800 nm for 10 min using the 

laser system described above. Analysis of the resulting photolysis reaction via LC-MS 

before and after photolysis indicated substantial conversion of the starting peptide 10 

(Figure 7.7A, before photolysis) to the corresponding farnesylated product 14 (Figure 

7.7C, after photolysis) with a small amount of the free thiol (13) remaining. In contrast, in 

the absence of PFTase, the major species present after irradiation was the free thiol (13) 

(Figure 7.7B, after photolysis without PFTase). To explore the dose dependence of this 

photochemical reaction, samples containing 10, PFTase and FPP were irradiated at 800 nm 

for different times and the amounts of starting peptide (10) and farnesylated product (14) 

were quantified from LC-MS analysis. A plot of that data (Figure 7.8) showed a clear 

relationship between light exposure and product formation. Importantly, under these 

conditions, significant quantities of the farnesylated product (∼20%) were easily detected 

within the first 5 min of irradiation, highlighting the efficiency of this process. 

7. 4. CONCLUSIONS 

In this work, the efficiency of TP-mediated thiol deprotection in cysteine-containing 

peptides was improved using a new methoxy-substituted analogue of NDBF. An efficient 
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synthesis was developed to prepare N-Fmoc-L-Cys(MeO-NDBF)−OH (1), a protected 

form of cysteine suitable for SPPS; installation of the methoxy substituent increased the 

absorption maximum from 320 nm (NDBF) to 355 nm (MeO-NDBF). The cysteine 

analogue was incorporated into two known bioactive peptides, including a-factor precursor 

(10, a pentadecapeptide) and a fragment from the C-terminus of K-Ras (15, an 

undecapeptide). UV irradiation of these MeO-NDBF-protected peptides resulted in 

deprotection at rates comparable to those of peptides masked with the parent NDBF group 

but 25-fold faster compared to an NV-protected peptide due to the larger quantum yield 

measured for the NDBF-based caging groups. However, TP activation at 800 nm showed 

significant differences between the two caging groups with the TP action cross sections for 

10 and 15 determined to be 0.71 and 1.4 GM, respectively, using BhcOAc as a standard. 

These are 3.5- and 7-fold higher for 10 and 15, respectively, compared to the previously 

reported value for the parent NDBF group of 0.20 GM, also reproduced here using peptide 

11. Finally, deprotection of peptide 10 using either UV or 800 nm light rapidly liberated 

the free thiol form (13), which was efficiently enzymatically transformed to its farnesylated 

congener (14) via the action of PFTase. These experiments set the stage for future cell-

based experiments using this more efficiently removable protecting group. Finally, the 

results described here, demonstrating an increase in TP action cross-section upon 

introduction of a methoxy substituent, suggest additional exploration of the NDBF scaffold 

is warranted. 

7. 5. EXPERIMENTAL SECTION 

7. 5. 1. General Details 

HPLC and LC-MS grade H2O and CH3CN as well as HOAT were purchased from 

Fisher Scientific (Pittsburgh PA). Fmoc-Cys-OH was purchased from Chem-Impex 

International (Wood Dale, IL). All other protected amino acids and resins were purchased 

from P3 BioSystems (Louisville, KY). HCTU was purchased from Oakwood Chemical 

(Estill, SC). PyAOP was purchased from EMD Millipore (Burlington, MA). Other solvents 

and reagents used were purchased from Sigma-Aldrich (St. Louis, MO) and were used 

without further purification. 1H NMR data of synthetic compounds were recorded at 500 

MHz on a Bruker Avance III HD Instrument at 25 °C. LC-MS analysis was performed 

using an Agilent 1200 series LCMSD SL single quadrupole system equipped with a C3 
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column (Agilent ZORBAX 300SB-C3, 5 μM, 4.6 × 250 mm) and a variable wavelength 

detector. An H2O/CH3CN solvent system containing 0.1% HCO2H was used, consisting of 

solvent A (H2O with 0.1% HCO2H) and solvent B (CH3CN with 0.1% HCO2H). High 

resolution mass spectrometry and MS/MS fragmentation of peptides was performed using 

a Thermo Scientific Elite Orbitrap instrument. High resolution mass spectra of organic 

compounds were acquired using either a Bruker BioTOF II ESI/ TOF MS, or an Applied 

Biosystems-Sciex 5800 MALDI-TOF instrument. HPLC purification was performed using 

an Agilent 1100 series instrument equipped with a diode-array detector and C18 columns 

(Agilent ZORBAX 300SB-C18 5 μM 9.4 × 250 mm, or Agilent Pursuit C18 5 μM 250 × 

21.2 mm, respectively), and using an H2O/CH3CN system containing trifluoroacetic acid 

(TFA) consisting of solvent A (H2O with 0.1% TFA) and solvent B (CH3CN with 0.1% 

TFA). 

7. 5. 2. 4-(2-bromo-5-methoxyphenoxy)-2-nitrobenzaldehyde (3) 

              4-fluoro-2-nitrobenzaldehyde (2.29 g, 13.6 mmol) was dissolved in DMF (100 

mL). 2-bromo-5-methoxyphenol (2.62 g, 12.9 mmol) and K2CO3 (5.4 g, 39 mmol) were 

then sequentially added and the reaction was purged with Ar (g) and stirred at rt for 6 h 

and then 50 °C for 12 h in an oil bath. The reaction progress was followed by TLC. After 

the reaction was deemed complete, the mixture was cooled to rt and poured into aqueous 

NH4Cl (200 mL) and extracted with EtOAc (3 x 100 mL). The organic phase was washed 

with H2O (500 mL), brine (500 mL), dried with anhydrous MgSO4 and evaporated to 

dryness. The crude product was purified by column chromatography (Hexanes/EtOAc, 4:1, 

v/v) to yield 4.4 g (98%) of product 3 as a pale yellow solid. mp 62-64 °C. 1H NMR (CDCl3, 

500 MHz) δ 10.32 (s, 1H), 7.99 (d, J = 8.6 Hz, 1H), 7.57 (d, J = 8.9 Hz, 1H), 7.50 (d, J = 

2.3 Hz, 1H), 7.22 (dd, J = 2.1, 8.6 Hz, 1H), 6.80 (dd, J = 2.8, 8.9 Hz, 1H), 6.72 (d, J = 2.8, 

1H), 3.81 (s, 3H). 13C{1H} NMR (CDCl3, 125 MHz) δ 186.8, 161.4, 160.6, 151.4, 151.1, 

134.5, 131.7, 125.0, 120.8, 113.7, 111.9, 108.9, 106.1, 55.8. HRMS (ESI): Calcd for 

C14H10BrNNaO5 [M+Na]+: 373.9635; found: 373.9610. 

7. 5. 3. 2-(4-(2-bromo-5-methoxyphenoxy)-2-nitrophenyl)-1,3-dioxolane (4) 

Compound 3 (5 g, 14.2 mmol) was dissolved in benzene (300 mL). Ethylene glycol 

(5 mL) and p-toluene sulfonic acid monohydrate (500 mg, 2.91 mmol) were added. The 

reaction was purged with Ar (g) and stirred at 110 °C in an oil bath using a Dean-Stark 
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trap. Reaction progress was monitored by TLC. After completion of this reaction, the 

mixture was cooled to rt and poured into aqueous NaHCO3 (200 mL), and extracted with 

EtOAc (3 x 150 mL). The organic phase was washed with H2O (100 mL), brine (100 mL), 

dried with anhydrous MgSO4, evaporated to dryness, and purified by column 

chromatography (Hexanes/EtOAc, 3:1, v/v) to yield 5.1 g (95%) of product 4 as a sticky 

oil. 1H NMR (CDCl3, 500 MHz) δ 7.74 (d, J = 8.7 Hz, 1H), 7.53 (d, J = 8.9 Hz, 1H), 7.41 

(d, J = 2.5 Hz, 1H), 7.15 (dd, J = 2.5, 8.7 Hz, 1H), 6.72 (dd, J = 2.9, 8.9 Hz, 1H), 6.63 (dd, 

J = 2.9, 1H), 6.40 (s, 1H), 4.04 (s, 4H), 3.78 (s, 3H). 13C{1H} NMR (CDCl3, 125 MHz) δ 

160.5, 158.0, 152.3, 149.7, 134.4, 129.5, 127.4, 121.0, 113.0, 112.9, 108.4, 106.2, 99.5, 

65.5, 55.9. HRMS (ESI): Calcd for C16H14BrNNaO6 [M+Na]+, 417.9897; found: 417.9886. 

7. 5. 4. 2-(1,3-dioxolan-2-yl)-7-methoxy-3-nitrodibenzo[b,d]furan (5) 

Compound 4 (3 g, 8.1 mmol) was dissolved in dimethylacetamide (60 mL). NaOAc 

(1.0 g, 12.2 mmol) and Pd/C (0.228 mmol, 239 mg) were added into this mixture. The 

reaction was stirred at 115 °C in an oil bath and the progress followed by NMR at selected 

intervals. The reaction was deemed complete after 2 days. After filtration through a pad of 

Celite®, the filtrate was diluted with EtOAc (80 mL), and poured into NH4Cl aqueous 

solution (200 mL), and extracted with EtOAc (3 x 150 mL). The organic phase was washed 

with H2O (100 mL), brine (100 mL), and was then dried over anhydrous MgSO4, 

evaporated to dryness, and purified by column chromatography (Hexanes/EtOAc, 3:1, v/v) 

to yield 2.2 g (85%) of product 5, isolated as a yellow solid. mp 220-222 °C. 1H NMR 

(CDCl3, 500 MHz) δ 8.26 (s, 1H), 8.15 (s, 1H), 7.88 (d, J = 8.6 Hz, 1H), 7.12 (d, J = 1.9 

Hz, 1H), 7.02 (dd, J = 2.0, 8.6 Hz, 1H), 6.63 (s, 1H), 4.12 (s, 4H), 3.93 (s, 3H). 13C{1H} 

NMR (CDCl3, 125 MHz) δ 161.8, 160.2, 155.0, 146.2, 128.91, 128.89, 122.3, 118.6, 115.8, 

112.9, 108.9, 100.09, 96.7, 65.5, 56.0. HRMS (ESI): Calcd for C16H13NNaO6 [M+Na]+, 

338.0635; found: 338.0619. 

7. 5. 5. 7-methoxy-3-nitrodibenzo[b,d]furan-2-carbaldehyde (6) 

Compound 5 (3 g, 9.5 mmol) was dissolved in a THF/H2O solvent mixture (100 mL, 

3:1, v/v), and then p-toluene sulfonic acid monohydrate (300 mg, 1.74 mmol) as added. 

The reaction was stirred at 60 oC in an oil bath and reaction progress was monitored by 

TLC. After 24 h THF in the resulting solutions was removed by vacumn and the desired 

product was precipitated, product 6 was isolated through filtration to yield 2.1 g (83%), as 
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a red solid. mp 205-208 °C. 1H NMR (CDCl3, 500 MHz) δ 10.51 (s, 1H), 8.42 (s, 1H), 8.29 

(s, 1H), 7.93 (d, J = 8.6 Hz, 1H), 7.16 (d, J = 1.9 Hz, 1H), 7.08 (dd, J = 2.0, 8.7 Hz, 1H), 

3.95 (s, 3H). 13C{1H} NMR (CDCl3, 125 MHz) δ 188.2, 162.5, 160.6, 157.2, 147.5, 129.9, 

127.8, 122.7, 120.9, 115.3, 113.7, 108.7, 96.8, 56.1. HRMS (ESI): Calcd for C14H9NNaO5 

[M+Na]+, 294.0373; found: 294.0401. 

7. 5. 6. 1-(7-methoxy-3-nitrodibenzo[b,d]furan-2-yl)ethan-1-ol (7) 

Trimethylaluminum (0.55 mL, 1.1 mmol; 2 M solution in hexanes) was added 

dropwise over 10 min to a solution of 6 (150 mg, 0.55 mmol) in dry CH2Cl2 (3 mL) under 

Ar at 0 ºC. The reaction was stirred at 0 ºC for 1 h, after which it was quenched with ice-

cold water (50 mL), followed by addition of 1 M NaOH (5 mL). The mixture was stirred 

for 30 min, after which time additional CH2Cl2 (10 mL) was added and the resulting organic 

layer was washed with 1 M NaOH (50 mL), brine (50 mL), dried over MgSO4 and the 

volatiles were evaporated, affording crude 7. The crude product was passed through a thin 

pad of SiO2 eluted with EtOAc/Hexanes (150 mL, 1:3, v/v) to yield 123 mg (85%) of pure 

product 7, as a yellow solid. mp 140-142 °C. 1H NMR (THF-D8, 500 MHz) δ 8.42 (s, 1H), 

8.29 (s, 1H), 7.93 (d, J = 8.6 Hz, 1H), 7.28 (d, J = 2.2 Hz, 1H), 7.08 (dd, J = 1.5, 8.6 Hz, 

1H), 5.50-5.45 (m, 1H), 4.71 (d, J = 3.74 Hz, 1H), 3.95 (s, 3H), 1.54 (d, J = 6.25 Hz, 3H). 

13C{1H} NMR (THF-D8, 125 MHz) δ 161.9, 160.0, 153.7, 145.1, 138.8, 129.0, 122.1, 

118.2, 115.6, 112.4, 107.1, 96.5, 64.8, 55.2, 25.2. HRMS (ESI): Calcd for C15H13NNaO5 

[M+Na]+, 310.0686; found: 310.0671. 

7. 5. 7. 2-(1-bromoethyl)-7-methoxy-3-nitrodibenzo[b,d]furan (8) 

To compound 7 (126 mg, 0.44 mmol) in CH2Cl2 (5 mL) in an ice bath, PPh3-

polymer supported (1.1 mmol, ~ 3 mmol/g, 367 mg), and CBr4 (273 mg, 0.825 mmol) were 

introduced. The reaction mixture was stirred at rt overnight. After filtration through a pad 

of Celite®, the filtrate was collected, and the solvent evaporated. The crude product was 

purified by column chromatography on SiO2 (Hex/EtOAc, 5:1, v/v) to give 120 mg (78%) 

of the desired product, 8, as a yellow solid. mp 168 °C (decomposed). 1H NMR (CDCl3, 

500 MHz) δ 8.29 (s, 1H), 8.05 (s, 1H), 7.91 (d, J = 8.6 Hz, 1H), 7.11 (d, J = 2.2 Hz, 1H), 

7.03 (dd, J = 2.2, 8.6 Hz, 1H), 6.04 (q, J = 6.8 Hz, 1H), 3.94 (s, 3H), 2.20 (d, J = 6.8 Hz, 

3H). 13C{1H} NMR (CDCl3, 125 MHz) δ162.0, 160.3, 154.3, 144.9, 133.6, 129.6, 122.4, 
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120.5, 115.4, 112.9, 108.3, 96.7, 56.0, 43.1, 28.0. HRMS (ESI): Calcd for C15H12BrNO4Na 

[M+Na]+, 371.9842; found: 371.9872. 

7. 5. 8. Methyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(1-(7-methoxy-3- 

nitrodibenzo[b,d]furan-2-yl)ethyl)-L-cysteinate (9) 

Product 8, Fmoc-L-Cysteine methyl ester (327 mg, 0.93 mmol) and Zn(OAc)2 (438 

mg, 2.0 mmol) were dissolved in 30 mL of a mixture of DMF/ACN/0.1% TFA in H2O 

(4:1:1, v/v/v). The reaction was monitored by TLC (Hexanes/Et2O, 1:1, v/v) and stopped 

after 24 h of stirring at rt by pouring the reaction mixture into H2O (100 mL), and extraction 

with EtOAc (3 x 30 mL) three times. The organic phase was washed with 100 mL of brine, 

and was then dried over anhydrous MgSO4, evaporated to dryness, and purified by column 

chromatography on SiO2 (Hexanes/EtOAc, 3:1, v/v) to give 221 mg (38%) of the desired 

product 9, isolated as a yellow sticky oil, as a diastereomeric mixture. 1H NMR (CDCl3, 

500 MHz) δ 8.26 (s, 1H), 8.24 (s, 1H), 8.01 (s, 2H), 7.87 (d, J = 8.6 Hz, 1H), 7.80 (d, J = 

8.6 Hz, 1H), 7.77-7.73 (m, 4H), 7.62-7.56 (m, 4H), 7.41-7.38 (m, 4H), 7.32-7.28 (m, 4H), 

7.09-6.91 (m, 4H), 5.59-5.55 (m, 2H), 4.92-4.85 (m, 2H), 4.59-4.56 (m, 1H), 4.52-4.49 (m, 

1H), 4.39-4.32 (m, 2H), 4.28-4.20 (m, 3H), 4.15-4.11 (m, 1H), 3.92 (s, 3H), 3.88 (s, 3H), 

3.77 (s, 3H), 3.71 (s, 3H), 2.98-2.85 (m, 4H), 1.71-1.69 (m, 6H). 13C{1H} NMR(CDCl3, 

125 MHz) δ171.1, 161.9, 161.8, 160.1, 155.8, 153.9, 146.6, 146.5, 144.0, 143.9, 141.41, 

141.38, 141.37, 134.1, 134.0, 129.6, 129.5, 127.9, 127.3, 125.3, 122.4, 122.3, 120.09, 

120.07, 119.98, 119.90, 115.5, 112.79, 112.71, 108.14, 108.09, 100.11, 96.66, 96.63, 

67.49, 67.45, 55.99, 55.96, 53.77, 53.71, 52.96, 52.93, 47.19, 47.11, 40.0, 39.7, 34.22, 

34.10, 23.86, 23.74. HRMS (ESI): Calcd for C34H30N2O8SNa [M+Na]+, 649.1615; found: 

649.1629. 

7. 5. 9. N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(1-(7-methoxy-3-

nitrodibenzo[b,d]furan-2-yl)ethyl)-L-cysteine (1) 

Ester 9 (300 mg, 0.48 mmol) was dissolved in CH2Cl2 (6 mL) and Me3SnOH (226 

mg, 1.25 mmol) was added. The reaction was refluxed for 12 h in an oil bath and monitored 

by TLC (Hexanes/EtOAc, 1:1, v/v), at which point the solvent was removed in vacuo and 

the resulting oil dissolved in EtOAc (30 mL). The organic layer was washed with 5% HCl 

(3 × 10 mL) and brine (3 × 10 mL), dried over MgSO4, and evaporated to give 267 mg of 

the desired product (89%) as a yellow foam, present as a diastereomeric mixture. mp 64-
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66 °C. 1H NMR (CDCl3, 500 MHz) δ 8.25 (s, 1H), 8.21 (s, 1H), 7.97 (d, J = 7.6 Hz, 2H), 

7.85 (d, J = 8.5 Hz, 1H), 7.79 (d, J = 8.6 Hz, 1H), 7.75-7.73 (m, 4H), 7.60-7.55 (m, 4H), 

7.45-7.38 (m, 4H), 7.32-7.26 (m, 4H), 7.06-6.91 (m, 4H), 5.63-5.60 (m, 2H), 4.93-4.89 (m, 

2H), 4.60-4.59 (m, 1H), 4.52-4.50 (m, 1H), 4.36-4.34 (m, 2H), 4.30-4.21 (m, 3H), 4.15-

4.11 (m, 1H), 3.89 (s, 3H), 3.87 (s, 3H), 3.01-2.89 (m, 4H), 1.71-1.68 (m, 6H). 13C{1H} 

NMR(CDCl3, 125 MHz) δ 161.8, 160.1, 156.0, 153.9, 146.5, 146.4, 143.0, 141.41, 141.38, 

141.36, 133.98, 134.0, 129.6, 129.5, 127.8, 127.2, 125.3, 122.4, 122.3, 120.09, 120.07, 

119.93, 119.90, 115.47, 115.44，112.75, 112.71, 108.19, 96.6, 67.59, 67.57, 55.98, 55.96, 

53.42, 53.41, 47.16, 47.05, 39.77, 39.70,33.76, 33.73, 31.09, 23.77, 23.73. HRMS (ESI): 

Calcd for C33H28N2O8NaS [M+Na]+, 635.1459; found: 635.1479. 

7. 5. 10. Methyl N-(((9H-fluoren-9-yl)methoxy)carbonyl)-S-(1-(3-

nitrodibenzo[b,d]furan-2-yl)ethyl)-D-cysteinate (21b) 

N-Fmoc-D-Cysteine methyl ester 20b (179 mg, 0.5 mmol) and 19 (160 mg, 0.5 

mmol) were dissolved in 5 mL of a mixture of DMSO/DMF/ACN/ H2O (3:3:1:1, v/v/v/v), 

and then, DIPEA (0.1 mL) was added into this solution. The reaction was monitored by 

TLC (Hexanes/EtOAc, 5:1, v/v) and stopped after 30 min of stirring at rt by pouring the 

reaction mixture into H2O (100 mL), and extraction with EtOAc (3 x 30 mL). The organic 

phase was washed with 100 mL of brine, and was then dried over anhydrous MgSO4, 

evaporated to dryness, and purified by column chromatography on SiO2 (Hexanes/EtOAc, 

5:1 to 3:1, v/v) to give 160 mg (53%) of the desired product 21b, isolated as a yellow sticky 

oil, as a diastereomeric mixture. 1H NMR (CDCl3, 500 MHz) δ 8.42 (s, 1H), 8.39 (s, 1H), 

8.07-8.00 (m, 4H), 7.65-7.55 (m, 10H), 7.79-7.77 (m, 4H), 7.65-7.56 (m, 8H), 7.47-7.33 

(m, 10H), 5.59 (d, J = 7.7 Hz, 2H), 4.90-4.84 (m, 2H), 4.62-4.58 (m, 1H), 4.56-4.52 (m, 

1H), 4.43-4.36 (m, 2H), 4.32-4.24 (m, 3H), 4.19-4.12 (m, 2H), 3.80 (s, 3H), 3.74 (s, 3H), 

3.01-2.87 (m, 4H), 1.76-1.73 (m, 6H). 13C{1H} NMR(CDCl3, 125 MHz) δ 170.9, 158.3, 

155.65, 155.56, 153.7, 147.74, 147.69, 143.9, 143.8, 141.29, 141.27, 141.23, 136.6, 133.6, 

133.5, 129.47, 129.45, 129.42, 129.25, 129.01, 128.90, 127.78, 127.70, 127.1, 125.2, 

123.80, 123.78, 123.76, 122.6, 122.4, 121.83, 121.81, 121.76, 121.0, 120.9, 120.04, 

120.02, 119.95, 119.21, 112.25, 112.22, 112.19, 108.4, 108.2, 67.34, 67.29, 65.9, 53.6, 

53.5, 52.82, 52.80, 47.1, 47.0, 29.8, 29.5, 34.1, 34.0, 27.1, 24.8, 23.7, 23.6. HRMS (ESI): 

Calcd for C33H28N2NaO7S [M+Na]+, 619.1515; found: 619.1507. 
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7. 5. 11. Methyl S-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethyl)-N-((S)-3,3,3-

trifluoro-2-methoxy-2-phenylpropanoyl)-L-cysteinate (23a) 

Methyl ester 21a (100 mg, 0.168 mmol) was dissolved in 1 mL of a mixture of 

DMF/piperidine (4:1, v/v). The reaction was monitored by TLC (Hexanes/EtOAc, 5:1, v/v) 

and stopped after 30 min of stirring at rt, the solvents were removed using a stream of air, 

and the crude product was purified by column chromatography on SiO2 (Hexanes/EtOAc, 

5:1, v/v, to EtOAc) to remove the byproduct and remaining starting materials. The purified 

product 22a and Mosher’s acid chloride [(S)-(+)- -methoxy- - 

(trifluoromethyl)phenylacetyl chloride]  (51 mg, 0.2 mmol) were dissolved in 1 mL dry 

CH2Cl2, then DIEPA (0.1 mL) was added into this mixture. The reaction was monitored 

by TLC (Hexanes/EtOAc, 5:1, v/v) and stopped after 20 min of stirring at rt, the solvents 

were removed under vacuum, and the crude product was purified by column 

chromatography on SiO2 (Hexanes/EtOAc, 5:1, v/v) to give 85 mg (86%) of the desired 

product 23a, isolated as a yellow sticky oil. 1H NMR (CDCl3, 500 MHz) δ 8.43 (s, 1H), 

8.36 (s, 1H), 8.09-8.06 (m, 4H), 7.66-7.52 (m, 11H), 7.48-7.41 (m, 9H), 4.88-4.76 (m, 4H), 

3.77 (s, 3H), 3.69 (s, 3H), 3.44 (s, 3H), 3.42 (s, 3H), 3.09-2.99 (m, 2H), 2.94-2.88 (m, 2H), 

1.77 (d, J = 6.9 Hz, 2H), 1.73 (d, J = 6.9Hz, 2H). 13C{1H} NMR(CDCl3, 125 MHz) δ 170.4, 

170.3, 166.3, 166.2, 158.32, 158.28, 153.7, 147.8, 147.7, 133.4, 133.2, 129.6, 129.5, 129.1, 

128.9, 128.6, 127.9, 123.7 (q, J = 289.9 Hz, CF3), 123.81, 123.79, 122.39, 122.37, 121.9, 

121.8, 121.0, 120.8, 112.25, 112.19, 108.24, 108.19, 84.13 (q, J = 28.0 Hz, C-CF3), 83.92 

(q, J = 28.0 Hz, C-CF3), 55.1, 52.84, 52.80, 51.89, 51.83, 43.5, 39.7, 39.3, 33.7, 33.3, 23.6, 

23.4. 19F NMR (CDCl3, 470 MHz) δ -68.9, -69.0. HRMS (ESI): Calcd for 

C28H25F3N2NaO7S [M+Na]+, 613.1227; found: 613.1234. 

7. 5. 12. S-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethyl)-N-((S)-3,3,3-trifluoro-2-

methoxy-2-phenylpropanoyl)-L-cysteine (24a) 

Ester 23a (80 mg, 0.136 mmol) was dissolved in 1 mL of ClCH2CH2Cl, and 

Me3SnOH (49 mg, 0.271 mmol) was added. The reaction was heated at 75 °C in an oil bath 

for 2 h and then cooled down to rt. The solvent was removed in vacuo and the resulting oil 

was purified by column chromatography on SiO2 (CH2Cl2/CH3OH, 100:5, v/v) to give 71 

mg (91%) of the desired product 24a, isolated as a yellow sticky oil. 1H NMR (CDCl3, 500 

MHz) δ 8.42 (s, 1H), 8.34 (s, 1H), 8.08-8.03 (m, 4H), 7.72 (d, J = 7.6 Hz, 1H), 7.65-7.55 
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(m, 10H), 7.47-7.36 (m, 9H), 4.89-4.74 (m, 4H), 3.42 (s, 3H), 3.40 (s, 3H), 3.12-2.88 (m, 

4H), 1.75 (d, J = 6.1 Hz, 2H), 1.71 (d, J = 6.4Hz, 2H). 13C{1H} NMR(CDCl3, 125 MHz) 

δ166.6, 166.5, 158.29, 158.25, 153.6, 147.7, 147.5, 133.4, 133.2, 131.9, 131.8, 129.60, 

129.53, 129.1,129.45, 129.43, 129.1, 128.9, 128.6, 127.9, 123.7 (q, J = 289.9 Hz, CF3), 

123.8, 122.4, 121.9, 121.8, 121.0, 120.9, 112.16, 108.25, 108.18, 84.02 (q, J = 26.9 Hz, C-

CF3), 83.92 (q, J = 27.0 Hz, C-CF3), 55.1, 52.0, 51.8, 39.5, 39.2, 33.4, 33.0, 29.7, 29.2, 

23.5, 23.4. 19F NMR (CDCl3, 470 MHz) δ -68.9, -69.0. HRMS (ESI): Calcd for 

C27H22F3N2O7S [M-H]+, 575.1105; found: 613.1085. 

7. 5. 13. Methyl S-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethyl)-N-((S)-3,3,3-

trifluoro-2-methoxy-2-phenylpropanoyl)-D-cysteinate (23b) 

Methyl ester 21b (100 mg, 0.168 mmol) was dissolved in 1 mL of a mixture of 

DMF/piperidine (4:1, v/v). The reaction was monitored by TLC (Hexanes/EtOAc, 5:1, v/v) 

and stopped after 30 min of stirring at rt, the solvents were removed using a stream of air, 

and the crude product was purified by column chromatography on SiO2 (Hexanes/EtOAc, 

5:1, v/v, to EtOAc) to remove the byproduct and remaining starting materials. The purified 

product 22b and Mosher’s acid chloride (51 mg, 0.2 mmol) were dissolved in 1 mL dry 

CH2Cl2, then DIEPA (0.1 mL) was added into this mixture. The reaction was monitored 

by TLC (Hexanes/EtOAc, 5:1, v/v) and stopped after 30 min of stirring at rt, the solvents 

were under vacuum, and the crude product was purified by column chromatography on 

SiO2 (Hexanes/EtOAc, 5:1, v/v) to give 80 mg (81%) of the desired product 23b, isolated 

as a yellow sticky oil. 1H NMR (CDCl3, 500 MHz) δ 8.35 (s, 1H), 8.31 (s, 1H), 8.04-8.00 

(m, 4H), 7.65-7.57 (m, 9H), 7.51 (d, J = 7.9 Hz, 1H), 7.46-7.38 (m, 10H), 4.88-4.70 (m, 

4H), 3.79 (s, 3H), 3.72 (s, 3H), 3.51 (s, 6H), 3.01-2.96 (m, 2H), 2.88-2.82 (m, 2H), 1.68 

(d, J = 6.9 Hz, 2H), 1.65 (d, J = 6.9Hz, 2H). 13C{1H} NMR(CDCl3, 125 MHz) δ 170.4, 

170.3, 166.4, 166.3, 158.29, 158.26, 153.6, 147.67, 147.65, 133.24, 133.15, 132.42, 

132.39, 129.6, 129.5, 129.0, 128.8, 128.49, 128.47, 127.8, 127.6, 123.62 (q, J = 290.0 Hz, 

CF3), 123.60 (q, J = 290.2 Hz, CF3),123.81, 123.79, 122.35, 122.34, 121.9, 121.7, 120.9, 

120.8, 112.26, 112.20, 108.24, 108.19, 84.0 (q, J = 26.4 Hz, C-CF3), 83.9 (q, J = 26.4 Hz, 

C-CF3), 55.19, 55.18, 52.88, 52.86, 51.92, 51.39, 39.6, 39.2, 33.7, 33.3, 23.5, 23.4. 19F 

NMR (CDCl3, 470 MHz) δ -68.8, -68.9. HRMS (ESI): Calcd for C28H25F3N2NaO7S 

[M+Na]+, 613.1227; found: 613.1250. 
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7. 5. 14. S-(1-(3-nitrodibenzo[b,d]furan-2-yl)ethyl)-N-((S)-3,3,3-trifluoro-2-

methoxy-2-phenylpropanoyl)-D-cysteine (24b) 

Ester 23b (80 mg, 0.136 mmol) was dissolved in 1 mL of ClCH2CH2Cl, and 

Me3SnOH (49 mg, 0.271 mmol) was added. The reaction was heated at 75 °C in an oil bath 

for 2 h and then cooled down to rt. The solvent was removed in vacuo and the resulting oil 

was purified by column chromatography on SiO2 (CH2Cl2/CH3OH, 100:5, v/v) to give 69 

mg (90%) of the desired product 24b, isolated as a yellow sticky oil. 1H NMR (CDCl3, 500 

MHz) δ 8.31 (s, 1H), 8.28 (s, 1H), 8.03-7.90 (m, 4H), 7.60-7.52 (m, 11H), 7.41-7.36 (m, 

9H), 4.78-4.74 (m, 4H), 3.46 (s, 6H), 3.02-2.99 (m, 2H), 2.89-2.85 (m, 2H), 1.64 (d, J = 

4.9 Hz, 2H), 1.60 (d, J = 5.6Hz, 2H). 13C{1H} NMR(CDCl3, 125 MHz) δ 166.6, 158.23, 

158.19, 153.6, 147.56, 147.49, 133.3, 133.2, 132.41, 130.9, 129.52, 129.46, 129.41, 

129.39, 128.89, 128.81, 128.79, 128.45, 128.44, 127.81,127.69, 123.2 (q, J = 292.0 Hz, 

CF3), 123.7, 122.4, 121.9, 121.8, 120.9, 120.8, 112.1, 108.2, 84.0 (q, J = 25.9 Hz, C-CF3), 

83.8 (q, J = 26.3 Hz, C-CF3), 55.18, 52.27, 51.66, 39.5, 39.2, 33.6, 33.1, 30.9, 23.4, 23.3. 

19F NMR (CDCl3, 470 MHz) δ -68.79, -68.81. HRMS (ESI): Calcd for C27H22F3N2O7S 

[M-H]+, 575.1105; found: 575.1118. 

7. 5. 15. General Procedure for Solid-Phase Peptide Synthesis 

Peptides were synthesized using an automated solid-phase peptide synthesizer 

(PS3, Protein Technologies Inc., Memphis, TN) employing Fmoc/HCTU-based chemistry. 

Fmoc-Met-Wang or Fmoc-Ala- Wang resin (0.03 mmol) was placed in the reaction vessel 

and deprotected twice using 20% piperidine in dimethylformamide (DMF) for 5 min each 

time. Four equivalents of amino acids and HCTU were activated in 0.4 M N-

methylmorpholine (NMM) for 1 min before adding to the resin. Standard incubation time 

for each coupling was 20 min. Manual coupling of caged Fmoc-Cys derivatives was 

performed in a polypropylene filter syringe equipped with a polyethylene/nylon stopcock. 

Four equivalents of the protected cysteine were activated with 4 equiv of HCTU in 1 mL 

0.4 M NMM for 10 min before adding to the resin. The reaction completion was tested 

every hour using a ninhydrin assay.254 All caged Fmoc-Cys derivatives required 4 h for 

completion. Once the ninhydrin assay confirmed the absence of any free amines, the resin 

was washed thoroughly with DMF before placing back on the synthesizer and resuming 

the synthesis as previously described. Once complete, approximately half of the resin was 
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transferred to a syringe filter and washed three times with CH2Cl2, incubating for 5 min 

each time. Global deprotection and resin cleavage was accomplished via treatment with 5 

mL of reagent K (82.5% TFA, 5% phenol, 5% water, 5% thioanisole, and 2.5% 

ethanedithiol) for 2 h. Cleaved peptides were precipitated with Et2O and centrifuged before 

decanting the Et2O layer (repeated 3 times total). The resulting crude peptide was dried via 

a stream of dry N2, and then dissolved in 8 mL of a mixture of H2O/CH3CN (1:1, v/v) 

containing 0.1% TFA, aided by sonication. The solution was filtered using a 0.2 μm PTFE 

filter and then purified using preparative reverse-phase (RP)-HPLC. Once pure peptides 

were obtained, their concentrations were quantified in solution using the ε350 value 

measured for the caged Fmoc-Cys derivatives (1, 2 or Fmoc-Cys(NV)−OH). Stock 

solutions were generated by dilution in H2O/CH3CN (1:1, v/v) containing 0.1% TFA to a 

final concentration of 300 μM and stored at −20 °C.  

7. 5. 16.  NH2-YIIKGVFWDPAC(MeO-NDBF)VIA-OH (10) 

ESI-MS calcd for C98H136N18O23S [M+2H]2+ 982.9883, found 982.9879. 33.6 mg 

were obtained after cleavage of approximately half of the resin.  

7. 5. 17. NH2-YIIKGVFWDPAC(NDBF)VIA-OH (11) 

ESI-MS. calcd for C97H134N18O22S [M+2H]2+ 967.9854, found 967.9826. 19.0 mg 

were obtained after cleavage of approximately half of the resin.  

7. 5. 18. NH2-YIIKGVFWDPAC(NV)VIA-OH (12) 

ESI-MS. calcd for C92H134N18O23S [M+2H]2+ 945.9829, found 945.9790. 10.5 mg 

were obtained after cleavage of approximately half of the resin. 

 

7. 5. 19. NH2-KKKSKTKC(MeO-NDBF)VIM-OH (15) 

ESI-MS. calcd for C71H121N17O18S2 [M+2H]2+ 781.9253, found 781.9243. 17.7 mg 

were obtained after cleavage of approximately half of the resin. 

7. 5. 20. NH2-KKKSKTKC(NDBF)VIM-OH (16) 

ESI-MS. calcd for C70H119N167O17S2 [M+2H 2+ 766.9200, found 766.9193. 9.0 mg 

obtained after cleavage of approximately half of the resin.  

7. 5. 21. Model Tripeptide NH2-GC(NDBF)F−OH (18) 

Peptide 18 was synthesized manually on a 0.01 mmol scale using the conditions 

described in the General Procedure for Solid-Phase Peptide Synthesis section. Compound 
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2 (6 equiv) along with PyBOP, HOAT, and DIPEA (6 equiv each) were dissolved in DMF 

at 50 mM concentration and coupled to Phe-Wang resin for 1 h. After synthesis, a small 

amount of the peptide was cleaved from resin using 95% TFA with 2.5% CH2Cl2 and 2.5% 

H2O for 20 min. The solvent was then removed using a gentle stream of dry N2, which 

took approximately 40 min. The resulting residue was brought to dryness using a rotary 

evaporator. DMF (200 μL) was used to dissolve the peptide, and the solution was filtered 

using a 0.2 μm GHP filter before acquiring an LC-MS chromatogram with single ion 

monitoring to observe the epimerized product. The gradient consisted of an isocratic hold 

at 1% buffer A for 10 min to fully remove the DMF, followed by a 1−100% gradient over 

100 min (1% increase per min). The remaining resin was incubated in 6 mL of 20% 

piperidine in DMF for 2 h to simulate 12 coupling steps in the synthesis of a full 

dodecapeptide and another LC-MS chromatogram was obtained as before to probe for 

epimerization. ESI-MS. calcd for C12H29N4O7S [M + H]+ 565.1751, found 565.1751.  

7. 5. 22. Coupling Optimization on Complete Peptides to Reduce 

Epimerization 

Peptide 10 was synthesized on a 0.01 mmol scale using procedure described in the 

General Procedure for Solid-Phase Peptide Synthesis section. However, compound 1 (4 

equiv) was coupled using 4 equiv of DIC and Cl-HOBT in DMF at 150 mM concentration 

for 1 h. Peptide 15 was synthesized on the same scale, but using 4 equiv of PyBOP, HOAT, 

and DIPEA at 150 mM concentration for 30 min. LC-MS chromatograms with single ion 

monitoring were acquired on crude peptide using an isocratic hold at 1% buffer A for 5 

min, followed by a 1−100% gradient over 100 min (1% increase per min).  

7. 5. 23. General Procedure for UV Photolysis of Caged Peptides in Rayonet 

Reactor 

Peptides were diluted in 50 mM sodium phosphate buffer (PB), pH 7.4 containing 

1 mM DTT to a final concentration of 100 μM. The solutions were transferred into round 

quartz tube (10 × 50 mm) with 1 mm wall thickness and irradiated in a Rayonet reactor 

using 14 × 350 nm bulbs (14 W, RPR-3500 Å). Aliquots (50 μL) were withdrawn at various 

intervals ranging from 0 to 30 s (up to 240 s for peptide 12), and 40 μL were subjected to 

LC-MS analysis. It is important to note that photolysis in H2O/CH3CN (1:1, v/v) 

containing 0.1% TFA or in PB buffer containing 1 mM DTT led to production of 
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compounds with an m/z corresponding to the desired free thiols +32 mass units, believed 

to be the corresponding sulfinic acid (Figure S 7.4A-B). Photolysis in PB buffer containing 

15 mM DTT showed only the desired free thiols (Figure S 7.4C−D).  

7. 5. 24. General Procedure for UV Photolysis of Caged Peptides in LED 

Reactor 

Photolysis was conducted in a home-built LED reactor equipped with 8 × 350 nm 

LEDs (FoxUV, 5.5 mm) evenly spaced in a radial arrangement. A round quartz tube was 

positioned in the middle of the reactor. Two-hundred microliters of solution was used for 

photolysis, resulting in an irradiated surface area of 1 cm2. Kinetic analyses were 

performed using caged peptides diluted in 50 mM sodium phosphate buffer (PB), pH 7.4 

containing 15 mM DTT to a final concentration of 10 μM. At this concentration, > 90% 

transmittance occurs, thereby minimizing any interfilter effect. The samples were 

irradiated for varying amounts of time ranging from 0 to 90 s (180 to 1080 for peptide 12), 

and then 100 μL aliquots were subjected to LC-MS analysis with UV monitoring at 350 

nm and MS scanning over a 500−2000 m/z window. The gradient was isocratic at 1% 

buffer A for 5 min, followed by a 1−100% gradient over 10 min (10% increase per min). 

Peaks exhibiting the m/z of the caged peptide were integrated in the UV chromatogram, 

and the amount of remaining caged peptide was calculated using the formula: remaining 

SM (%) = (peak area after irradiation)/(peak area of unirradiated sample)*100. The 

quantum yield of uncaging (Φ) in mols/ein was calculated using the relationship Φ = 

(Iσt90)−1, where I is the irradiation intensity in ein·cm−2·sec−1, σ is the decadic extinction 

coefficient in cm2·mol (1000·ε), and t90 is the irradiation time in seconds required to 

achieve 90% uncaging.336 The intensity (I) at 350 nm was measured to be 1.93 × 10−9 

ein·cm−2·sec−1 via actinometry using 6 mM potassium ferrioxalate as a standard.337  

7. 5. 25. Laser Apparatus for TP Irradiation 

For the two-photon kinetic experiments, a home-built regeneratively amplified 

Ti:sapphire laser operating at 1 kHz with the pulse power maintained between 68−76 mW 

centered around 800 nm was used. Each pulse had a Gaussian profile with a full width at 

half-maximum of 80 fs. This system is described in detail elsewhere.338 The beam was sent 

through a 35 cm focusing lens and then through the sample. Samples (30 μL) were 
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irradiated in a quartz microcuvette (Starna 16.10-Q-10/Z15, 1 mm × 1 mm sample window, 

10 mm path length) 15 cm after the focal plane of the lens.  

 

7. 5. 26. General Procedure for Two-Photon Photolysis of Caged Peptides at 

800 nm 

Samples were irradiated in a 30 μL quartz cuvette (Starna Cells Corp.). The TP 

action cross sections for 10, 11, and 15 were measured by comparing the photolysis rates 

of the peptides with that of BhcOAc as a reference (δu = 0.45 at 800 nm). Aliquots (30 μL) 

containing peptides (100 μM in H2O/CH3CN (1:1, v/v) containing 0.1% TFA) were 

irradiated with the 800 nm laser system for varying amounts of time, ranging from 2.5 to 

30 min. Each sample was analyzed by LC-MS using the previously described method. 

BhcOAc photolysis experiments were conducted in the same manner using a 100 μM 

solution in 50 mM PB, pH 7.4. Reaction progress data were analyzed as described above, 

and the first-order decay constants for the two compounds were calculated from by fitting 

to a first order exponential decay process.326  

 

7. 5. 27. UV and TP-Triggered Enzymatic Reactions 

A 7.5 μM solution of peptide 10 was prepared in prenylation buffer (50 mM PB, 

pH 7.4, 15 mM DTT, 10 mM MgCl2, 50 μM ZnCl2, 20 mM KCl, and 22 μM FPP) and 

divided into three 50 μL aliquots. Yeast PFTase was added to the first aliquot to give a 

final concentration of 50 nM, but the resulting sample was not subjected to photolysis. The 

second aliquot was irradiated in the absence of yeast PFTase, while the third sample was 

supplemented with yeast PFTase (50 nM) and then photolyzed with UV light using the 

Rayonet reactor. UV photolysis was conducted for 30 sec at 350 nm as described above 

using three light bulbs. Each sample was incubated for 90 min at rt to allow the enzymatic 

reaction to proceed and then the entire sample was analyzed by LC-MS using the gradient 

described above, and detected with single ion monitoring (SIM) for the [M+H]+1, 

[M+2H]+2, and [M+3H]+3 charged states for the caged peptide (1967.9, 982.9, 655.6), the 

free thiol peptide (1694.9, 847.4, 565.3), and the farnesylated peptide (1900.1, 950.5, 

634.0), respectively. The TP experiments were performed in an analogous manner using 

peptide 10 at identical concentrations as the UV experiment, but using 30 μL aliquots (due 



240 

 

to the 30 uL cuvette size). Samples used initially to generate either the free thiol (13) or 

farnesylated product (14) were irradiated for 10 min. Samples used to generate the 

farnesylated product as a function of time were irradiated for varying amounts ranging 

between 0 and 25 min. The percent remaining starting material was determined by 

integrating the SIM peaks for the starting peptide (10) and farnesylated product (14) and 

inputting into the following formula:   

Equation 7.1 Remaining SM (%) = (SIM of 10)/[(SIM of 10) + (SIM of 14)]*100.  
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7. 7. Supplementary Information  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S 7.1 LC-MS analysis of a-Factor-C(NDBF)-VIA (11) before purification. A. UV 

monitoring at 280 nm. B. Expanded region highlighting split peak pattern. The double peak 

centered at 19.6 minutes is attributed to the product containing L-Cys, while the double 

peak centered at 19.9 min is believed to from the epimerized product containing D-Cys. 

Each of those peaks is doubled due to the presence of an epimeric mixture at the 3 position 

of the NBDF group resulting from the stereogenic center due to the presence of the methyl 

group at that position. C. Extracted Mass Spectrum of TIC chromatogram of all peaks. 

[M+2H]+2, and  [M+3H]+3
 are indicated. 
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Figure S 7.2 LC-MS analysis of K-Ras-C(NDBF)-VIA (16) before purification. A. UV 

monitoring at 280 nm. B. Expanded region highlighting the split peak pattern. The double 

peak centered at 12.0 minutes is attributed to the product containing L-Cys, while the 

double peak centered at 12.2 min is believed to from the epimerized product containing D-

Cys. Each of those peaks is doubled due to the presence of an epimeric mixture at the 3 

position of the NBDF group resulting from the stereogenic center due to the presence of 

the methyl group at that position. C. Extracted Mass Spectrum of TIC chromatogram of all 

peaks. [M+2H]+2, and  [M+3H]+3
 are indicated. 
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Figure S 7.3 LC-MS analysis of a-Factor-C(NV)-VIA (12) before purification.  A. UV 

monitoring at 280 nm. B. Expanded region highlighting two peaks observed instead of four 

as was observed in the NDBF derivative.  The single peak centered at 18.0 minutes is 

attributed to the product containing L-Cys, while the single peak centered at 18.2 min is 

believed to from the epimerized product containing D-Cys. Each of those peaks is not 

doubled since the NV group lacks the stereogenic center present in NDBF. C. Extracted 

Mass Spectrum of TIC chromatogram of all peaks. [M+2H]+2, and  [M+3H]+3
 are indicated. 
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Figure S 7.4 Effect of DTT on oxidation state of uncaged free thiol after photolysis. Top 

panels correspond to peptide (10) at 100 µM after UV irradiation for 20 seconds in 50 mM 

sodium PB with 1 mM DTT. A peak at 12.5 min appeared in the TIC (A) after irradiation, 

and the corresponding mass spectrum (B) showed the mass of peptide (13) + 32 mass units, 

believed to be the resulting oxidized sulfinic acid. Bottom two panels show the same 

peptide irradiated in the presence of 15 mM DTT for 30 seconds. The retention time of the 

resulting product is still similar in the TIC (C), but the corresponding mass spectrum shows 

only the non-oxidized thiol (D). 
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Figure S 7.5 Analysis of a-Factor prepared using coupling conditions described by Karas 

et al. for N-Fmoc-L-Cys(NV)-OH. LC-MS analysis of peptide 10 synthesized using 4 

equiv of N-Fmoc-L-C(MeO-NDBF)-OH (1) with 4 equiv DIC and Cl-HOBT at 150 mM 

for 1 h.  A significant amount of the epimeric product containing D-Cys is clearly visible 

at 31.1 min. 

 

Figure S 7.6 Analysis of extended piperidine treatment on tripeptide GC(NDBF)F (18). 

LC-MS analysis of resin-bound GC(NDBF)F (18) before (A) and after (B) incubation with 

20% piperidine in DMF for 2 h to duplicate the 12 deprotection steps involved in full length 

peptide synthesis of a-Factor. No significant change in the ratio of the epimers was 

observed. 

 



246 

 

 

Figure S 7.7 Kinetic analysis of photolysis of a-Factor-based peptides (10, 11 and 12,) 

using a Rayonet reactor equipped with fourteen 350 nm bulbs. 

 

                        

Figure S 7.8 Photolysis apparatus equipped with 8 350 nm LEDs arranged in a radial 

manner. Left: Apparatus without top.  Right: Apparatus with top showing reaction tube 

inserted into the center. 
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Figure S 7.9 Spectral output of LEDs used in photoreactor. Specifications provided from 

Fox Group Optoelectronics (FoxUVTM 350nm LED 5.5mm 15 degree v.a. FG350-

R5.5WC015). Each LED provides a typical power of 200 µW with a 15° viewing angle. 

 

 

Figure S 7.10 Kinetic analysis of photolysis of a-Factor-based peptides (10, 11 and 12, 

respectively) using a 350 nm LED reactor. This plot shows the data obtained for NV at 

longer photolysis times obtained due to its slower reaction rate. 
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Figure S 7.11 Enzymatic reactions initiated by UV photolysis of caged thiol. All 

chromatograms are SIM for the [M+1H]+1, [M+2H]+2, and [M+3H]+3 charged states of 

peptides (10), (13), and (14). (A) sample with PFTase but no irradiation, showing only the 

caged peptide (10). (B) Sample irradiated for 30 sec in the absence of PFTase, showing the 

production of free thiol (13). (C) Sample irradiated for 30 sec with PFTase, showing the 

production of the farnesylated peptide (14) 
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Table S 7.1 MS/MS fragmentation pattern of a-Factor-C(MeNDBF)-VIA (10) 

Ion 

Observed 

Ion 

Calculated 

Mass 

[M+2H]+2 982.9879 982.98834 

[M+2H-MeNDBF]+2 846.4143 847.4485 

b9+ 1122.53284 1122.5982 

b8+ 1007.51545 1007.5719 

y14+ 901.42015 901.459 

b7+ 821.45745 821.492 

b6+ 674.42341 674.4236 

y6++ 646.28254 646.4287 

c10++ 605.26246 605.8346 

b5+ 575.35473 575.3552 

b4+ 518.32568 518.3337 

a4+ 490.23963 490.3388 

b3+ 390.23712 390.2387 

b6++ 337.18609 337.7159 

y3+ 302.11261 302.2074 

z3+ 285.19154 285.1809 

b2+ 277.15432 277.1547 

MeNDBF+ 270.07579 270.0766 

a2+ 249.15936 249.1598 

y2+ 203.13856 203.139 

a1+ 136.07565 136.0757 
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Table S 7.2 MS/MS fragmentation pattern of a-Factor-C(NDBF)-VIA (11) 

Ion 

Observed 

Ion 

Calculated 

Mass 

[M+2H]+2 967.9826 967.9854 

[M+2H-

NDBF]+2 846.4143 847.4485 

y10+ 1360.5892 1360.6156 

b11+ 1290.5943 1290.6881 

b9+ 1122.5313 1290.6881 

b8+ 1007.5163 1007.5719 

b7+ 821.4623 821.4920 

b6+ 674.4239 674.4236 

a6+ 646.4157 646.4287 

b5+ 575.3541 575.3552 

y8++ 557.3352 557.7430 

b4+ 518.3273 518.3337 

a4+ 490.2389 490.3388 

x6++ 398.2733 398.1770 

b3+ 390.2378 390.2387 

b6++ 337.1866 337.7159 

y3+ 302.1128 302.2074 

z3+ 285.1916 285.1809 

b2+ 277.1544 277.1547 

b4++ 259.9593 259.6705 

a2+ 249.1594 249.1598 

NDBF 240.0652 240.0661 

y2 203.1387 203.1390 

z2+ 186.1245 186.1125 

a1+ 136.0756 136.0757 
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Table S 7.3. MS/MS fragmentation pattern of a-Factor-C(NV)-VIA (12) 

Ion 

Observed 

Ion 

Calculated 

Mass 

[M+2H]+2 945.9790 945.9829 

[M+2H-NV]+2 846.4172 847.4485 

b11+ 1290.5909 1290.6881 

b9+ 1122.5276 1122.5982 

b14++ 901.4246 901.4590 

y14++ 864.4454 864.4512 

b8+ 1007.5164 1007.5719 

b7+ 821.4889 821.4920 

a7+ 793.4742 793.4971 

b6+ 674.4235 674.4236 

a6+ 646.4153 646.4287 

c10++ 605.2626 605.8346 

b5+ 575.3559 575.3552 

b4+ 518.3272 518.3337 

a4+ 490.2408 490.3388 

x6++ 398.1360 398.1770 

b3+ 390.2364 390.2387 

b6++ 337.1864 337.7159 

x4++ 314.0072 314.1321 

y3+ 302.1124 302.2074 

y4++ 301.0202 301.1424 

z3+ 285.1915 285.1809 

b2+ 277.1542 277.1547 

c4++ 268.3898 268.1838 

a2+ 249.1593 249.1598 

y2+ 203.1386 203.1390 

NV+ 196.0601 196.0610 
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a1+ 136.0757 136.0757 

 

 

Table S 7.4. MS/MS fragmentation pattern of KRas-C(MeNDBF)-VIM (15) 

Ion 

Observed 

Ion 

Calculated 

Mass 

[M+2H]+2 781.9243 781.9253 

[M+2H-

MeNDBF]+2 647.3358 647.3909 

y9+ 1307.5508 1307.6612 

b8+ 1202.5511 1202.6476 

y8+ 1179.4726 1179.5663 

x7+ 1118.5135 1118.6605 

y5+ 863.5070 863.3916 

b7+ 829.5275 829.5618 

y10++ 718.4741 718.3817 

b10++ 707.3835 707.8685 

b6+ 701.4668 701.4668 

a10++ 693.3860 693.9062 

b9++ 651.8447 651.3617 

a9++ 637.5642 637.3448 

y8++ 603.2279 603.2764 

b5+ 600.4187 600.4192 

b4+ 472.1529 472.3242 

x5++ 445.2756 445.1891 

a4+ 444.1576 444.3293 

y5+ 432.4872 432.1994 

b7++ 415.2823 415.2845 

a7+ 401.2530 401.2871 

b3+ 385.2913 385.2922 
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z3+ 345.0875 345.1843 

c555 309.1916 309.2265 

MeNDBF+ 270.0755 270.0766 

y2+ 263.1419 263.1424 

b2+ 257.1967 257.1972 

a4++ 222.1597 222.6683 

 

Table S 7.5 MS/MS fragmentation pattern of KRas-C(NDBF)-VIM (16) 

Ion Observed Ion 

Calculated 

Mass 

[M+2H]+2 766.9193 766.9200 

[M+2H-NDBF]+2 647.3351 647.3909 

b9+ 1271.6037 1271.7055 

b8+ 1172.5466 1172.6371 

y8+ 1149.4663 1149.5557 

a8+ 1144.6447 1144.6421 

y6+ 934.5338 934.4287 

x5+ 859.3880 859.3603 

y5+ 833.3465 833.3810 

b7+ 829.5283 829.5618 

y10++ 718.4770 718.3817 

b6+ 701.4660 701.4668 

b10++ 692.3758 692.8984 

a10++ 678.3765 678.9009 

a9++ 622.3676 600.4192 

b5+ 600.4180 600.4192 

b8++ 586.3095 586.8222 

a5+ 572.2046 572.4242 

c4+ 4893477.0000 489.3507 

b4+ 472.3248 472.3242 



254 

 

a4+ 444.3774 444.3293 

b7++ 415.1479 415.2845 

b3+ 385.2913 385.2922 

z4++ 344.2287 344.3.11 

y2+ 263.1480 263.1424 

b2+ 257.1966 257.1972 

NDBF+ 240.0649 240.0661 
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Table S 7.6 Photochemical and photophysical data used for calculating   

 

Protected Cysteine (max) 

(nm) 

 (max) 

(M-1cm-1) 

 (350 nm) 

(M-1cm-1) 

I  

(ein·cm-2·sec-1) 

k 1P 

(1/sec) 

K (2P) t90  

(sec) 

 · 

 (1000·cm2·mol-1) 

 (350 nm) 

(mols/ein) 

u (800 nm) 

(GM) 

Fmoc-Cys(MeO-NDBF)-OH (1) 355 8,780 8,750 1.93E-9 0.0200±0.0005 0.128±0.002 

0.254±0.004 

115 4500 0.5 0.7b 

1.4c 

Fmoc-Cys(NDBF)-OH (2) 320a 5,990 4,600 1.93E-9 0.0197±0.0006 0.035±0.001 117 4400 0.7 0.2d 

Fmoc-Cys(NV)-OH 350 6,290 6,290 1.93E-9 4.6E-4 ± 2E-5 - 5456 95 0.02 - 
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   Calculation of quantum yield () 

 was determined using the expression  = (Iσt90)-1, where I is the irradiation 

intensity in ein·cm-2·mol-1 (determined by ferrioxalate actinometry),339 σ is the decadic 

extinction coefficient (1000· ) in cm2·mol-1, and t90 is the irradiation time in seconds 

required to reach 90% uncaging. This expression first appeared in Tsien et. al336, and is 

derived from (Livingston, R. In Photochromism; Brown, G. H., Ed.; Wiley: New York, 

1971; pp 13-44.). However, the derivation is never fully explained, so it is shown here. 

 is defined as the following: 

Equation 7.2 𝚽 =
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒅𝒆𝒄𝒐𝒎𝒑𝒐𝒔𝒆𝒅 𝒐𝒓 𝒇𝒐𝒓𝒎𝒆𝒅

𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒑𝒉𝒐𝒕𝒐𝒏𝒔 𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 
 

From this definition, the following formula can be established for a photochemical 

uncaging system, where nC is number of caged molecules:  

Equation 7.3 𝚽 =
𝒅𝒏𝑪/𝒅𝒕

𝒅(𝒉𝒗)/𝒅𝒕 
 

Which can then be expressed as the following, where k is the reaction constant for a first 

order reaction in units of 1/sec, and 𝐼𝐴𝑏𝑠
𝑆  is the number of photons absorbed by the starting 

material in ein/sec: 

Equation 7.4 𝚽 =
𝒌

𝑰𝑨𝒃𝒔
𝑺  

 

𝐼𝐴𝑏𝑠
𝑆  is equal to I*, where I is intensity in units of ein·cm-2·sec-1, and  is the decadic 

extinction coefficient in cm2·mol-1 ( *1000 dm3·cm-1·mol-1). The expression becomes: 

  

 

Equation 7.5 𝚽 =
𝒌

𝑰𝝈 
 

Since absorbance (and  by extension) is recorded in base 10 log values, k value should 

also be in base 10 log. Thus k’ value is used, where k’ = k/2.303. The expression then 

becomes Φ =
𝑘′

𝐼𝜎 
  (Equation 7.2) 

The rate constant k is derived from the following expression, where y is the percent of 

caged compound left, and t is the time of irradiation in sec:  
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Equation 7.6 𝒚 = 𝟏𝟎𝟎𝒆−𝒌𝒕 

By substituting y = 10, or time required to achieved 90% uncaging, the expression 

becomes:  

10 = 100𝑒−𝑘𝑡90 

⇒ 𝑙𝑜𝑔10 = 𝑙𝑜𝑔100𝑒−𝑘𝑡90 

⇒
𝑘

2.303
=

1

𝑡90
 

⇒ 𝑘′ =
1

𝑡90
 

By substitution into Eq. (1) the expression becomes:  

Equation 7.7 𝚽 =
𝟏

𝑰𝝈𝒕𝟗𝟎 
 

This is the expression used to calculate the quantum yield, where I is irradiation intensity 

in terms on units of ein·cm-2·sec-1,  is the decadic extinction coefficient in cm2·mol-1 (  

*1000 dm3·cm-1·mol-1), and t90 is irradiation time in seconds required to achieve 90% 

uncaging.  

7. 7. 2. Actinometry 

Actinometry was conducted using a solution of potassium ferrioxalate at 6.00 mM 

in 0.5 M H2SO4. 200 μL aliquots of this solution were irradiated for 30, 60, 90, 150, and 

180 sec. Irradiation of this solution converts Fe(III) to Fe(II), which can then be chelated 

by phenanthroline, resulting in a red colored solution. The irradiated aliquots were 

subsequently diluted to 5 mL using 2.3 mL 0.5 M H2SO4, 2 mL 0.6 M NaOAc in 0.18 M 

H2SO4, and 0.5 mL of 1 mg/mL phenanthroline in H2O and allowed to incubate for 30 min, 

after which the absorbance of solution at 512 nm was measured in a 96-well plate. A 

standard curve was also constructed using ferrous sulfate heptahydrate as a source of Fe(II), 

and diluted in the same buffer system to yield stock solutions with Fe(II) concentrations of 

0.100, 0.0800, 0.0600, 0.0400, 0.0300, 0.0200, and 0.0100 mM. The absorbance of these 

solutions was measured in the same 96-well plate and used to determine the mols of Fe(II) 

produced after irradiation. The mols of Fe(II) produced were plotted against the time of 

irradiation in sec, and the slope of that plot was used as a the rate of mols produced per 

second irradiation (mols/sec). The rate was divided by the quantum yield of potassium 

ferrioxalate at 350 nm (1.21),339 to yield I in units of ein·cm-2·mol-1. This was repeated 
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three times using three freshly made solutions, yielding an average intensity of 1.93E-09 

ein·cm-2·mol-1.  

 

 

 

Figure S 7.12 LC-MS analysis of a-Factor-C(MeO-NDBF)-VIA (10). A. UV monitoring 

at 280 nm. B. Total Ion Chromatogram with scan range 500-2000 m/z. C. Extracted Mass 

Spectrum of TIC peak showing [M+1H]+1, [M+2H]+2, and  [M+3H]+3
 charged states. D. 

Extracted ion chromatogram of 982.3 ion 
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Figure S 7.13 LC-MS analysis of a-Factor-C(NDBF)-VIA (11). A. UV monitoring at 280 

nm. B. Total Ion Chromatogram with scan range 500-2000 m/z. C. Extracted Mass 

Spectrum of TIC peak showing [M+1H]+1, [M+2H]+2, and  [M+3H]+3
 charged states. D. 

Extracted ion chromatogram of 967.3 ion 
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Figure S 7.14 LC-MS analysis of a-Factor-C(NV)-VIA (12). A. UV monitoring at 280 nm. 

B. Total Ion Chromatogram with scan range 500-2000 m/z. C. Extracted Mass Spectrum 

of TIC peak showing [M+1H]+1, [M+2H]+2, and  [M+3H]+3
 charged states. D. Extracted 

ion chromatogram of 967.3 ion 
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Figure S 7.15 LC-MS analysis of KRas-C(MeO-NDBF)-VIM (15). A. UV monitoring at 

280 nm. B. Total Ion Chromatogram with scan range 400-1800 m/z. C. Extracted Mass 

Spectrum of TIC peak showing [M+1H]+1, [M+2H]+2, and  [M+3H]+3
 charged states. D. 

Extracted ion chromatogram of 521.6 ion 
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Figure S 7.16 LC-MS analysis of KRas-C(NDBF)-VIM (16). A. UV monitoring at 280nm. 

B. Total Ion Chromatogram with scan range 400-1800 m/z. C. Extracted Mass Spectrum 

of TIC peak showing [M+1H]+1, [M+2H]+2, and  [M+3H]+3
 charged states. D. extracted ion 

chromatogram of 511.6 ion 
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Figure S 7.17 Compound 1: 1H NMR 
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Figure S 7.18 Compound 1: 13C NMR 
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Figure S 7.19 Compound 3: 1H NMR 
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Figure S 7.20 Compound 3: 13C NMR 
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Figure S 7.21 Compound 4: 1H NMR 
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Figure S 7.22 Compound 4: 13C NMR 
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Figure S 7.23 Compound 5: 1H NMR 
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Figure S 7.24 Compound 5: 13C NMR 
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Figure S 7.25 Compound 6: 1H NMR 
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Figure S 7.26 Compound 6: 13C NMR 
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Figure S 7.27 Compound 7: 1H NMR 
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Figure S 7.28 Compound 7: 13C NMR 
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Figure S 7.29 Compound 8: 1H NMR 
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Figure S 7.30 Compound 8: 13C NMR 
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Figure S 7.31 Compound 9: 1H NMR 
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Figure S 7.32 Compound 9: 13C NMR 
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Figure S 7.33 Compound 21b: 1H NMR 
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Figure S 7.34 Compound 21b: 13C NMR 
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Figure S 7.35 Compound 23a: 1H NMR 
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Figure S 7.36 Compound 23a: 13C NMR 
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Figure S 7.37 Compound 23a: 19F NMR 
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Figure S 7.38 Compound 23b: 1H NMR 

 



285 

 

 

Figure S 7.39 Compound 23b: 13C NMR 
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Figure S 7.40 Compound 23b: 19F NMR 
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Figure S 7.41 Compound 24a: 1H NMR 
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Figure S 7.42 Compound 24a: 13C NMR 
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Figure S 7.43 Compound 24a: 19F NMR 
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Figure S 7.44 Compound 24b: 1H NMR 
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Figure S 7.45 Compound 24b: 13C NMR 
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Figure S 7.46 Compound 24b: 19F NMR 
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