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Abstract 

Protein prenylation is a post-translational modification that comprises the attachment of 

either a farnesyl or a geranylgeranyl isoprenoid. This covalent, irreversible modification 

has been studied extensively due to its importance for the proper cellular activity of 

numerous proteins. Due to appearance of mutated forms of farnesylated Ras in around 

30% of all human cancers, substantial efforts have been focused on the development of 

FTase inhibitors (FTI). Despite numerous studies on the enzymology of the proteins 

involved in this pathway many questions remains about the protein prenylation process in 

cells. The mating pheromone a-factor is a farnesylated dodecapeptide found in the 

budding yeast S. cerevisiae which biosynthesis encompasses the same processing 

pathway than Ras proteins (farnesylation of C-terminal cysteine, C-terminal proteolysis 

and C-terminal methyl esterification). For mating, a-factor travels to the cell surface of 

the opposite mating cell were it binds and activate a membrane receptor. In this 

dissertation, our efforts in using a-factor as a model system to understand the role of 

prenyl groups in protein-protein interactions is described. First, we developed a method 

for the solid-phase synthesis of peptides containing the C-terminal cysteine esters found 

in mature prenylated proteins. Next, we have shown that not only methyl esters but also 

peptides containing ethyl, isopropyl and benzyl cysteine esters may be obtained with our 

strategy. Additionally, the approach was used to prepare a-factor and a-factor analogs 

that were tested for their biological activities. Our results indicate that this simple method 

can be used for the synthesis of a variety of C-terminal ester modified peptides that 
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should be useful in studies of protein prenylation and other structurally related biological 

processes. 
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Chapter 1. Synthesis of Peptides Containing C-Terminal Cysteine Esters 

1.1. Summary 

An overview on the concepts of solid phase peptide synthesis that facilitated the 

completion of this dissertation is discussed herein. This introductory chapter focuses on 

the different methods that are currently used for the design and synthesis of peptides with 

C-terminal esters and how they can be applied to the synthesis of peptides when the C-

terminal amino acid is a cysteine. Since much of the work in this thesis focuses on the 

development of a new methodology used to synthesize peptides with C-terminal cysteine 

esters, it is important to introduce common side-reactions in SPPS as well. Several 

applications with peptides containing these features are also briefly discussed. 
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1.2. Introduction 

The development of peptide chemistry continues to proceed at a rapid pace since peptides 

play a highly useful role in biochemical applications such as drug discovery and 

peptidomimetics.1 Due to the increased utility of peptides to study biological processes, 

high throughput techniques are needed in order to efficiently prepare peptides containing 

modifications that enhance their properties.2 Peptides containing esters at the C-terminus 

can be useful tools for the study of protein prenylation due to the presence of the methyl 

ester in mature farnesylated and geranylgeranylated proteins.3-5 Peptides containing this 

modification can also be used in a variety of biological applications since the presence of 

the alkyl esters in the C-terminus increases the hydrophobicity of the peptide making 

them membrane permeable.2 Even though these ester-modified peptides can be useful in 

a variety of ways, there are only a limited number of reports in literature describing their 

synthesis.3, 4, 6-10  

Peptides containing characteristic partial structures of proteins are useful tools to study 

their interactions and biological activity in molecular detail.11 While several efforts have 

been developed to synthesize prenylated peptides containing a C-terminal methyl ester,12, 

13,14 these methods unfortunately include the use of strong acidic13 or oxidative12 

conditions, which make them both unfavorable from a health standpoint. Described in 

this dissertation is the development of a new peptide synthesis approach that introduced a 

novel side-chain anchoring strategy for cysteine (Cys). This method consists of 

assembling a peptide, containing an alkyl ester on a solid support via the thiol 
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functionality of a Cys amino acid. It was found that this method produced the desired 

peptides in high yield, with no significant racemization, and without the formation of the 

byproducts observed when using common solid phase peptide synthesis (SPPS) where 

the C-terminal carboxylic group on the peptide is directly attached to the solid support. 

Here, a discussion on the SPPS key concepts that assisted in the development of this 

method, such as common side-reactions and side-products, esterification reactions for 

peptides, working with cysteine-containing peptides, and existing methods for the 

synthesis of peptides with C-terminal cysteine and esters, is presented. 

1.3. Solid phase peptide synthesis: overview 

Solid-phase peptide synthesis (SPPS), developed by Robert Bruce Merrifield in the early 

sixties15, is the standard synthetic approach for the synthesis of peptides and proteins in 

the laboratory. Since this method was pioneered, SPPS has been significantly optimized, 

and is now widely used for the preparation of natural peptides (difficult to express in 

bacteria) and peptides with D-amino acids.16 It is also commonly used for the synthesis of 

peptides and proteins with unnatural amino acids, side-chain modifications and backbone 

modifications. New peptide applications such as peptide biomaterials, cell-penetrating 

peptides, peptide therapeutics, peptide formulation and peptide delivery systems have 

emerged thanks to the fast development of the peptide chemistry field. 

In general, SPPS involves the use of an insoluble solid support for the assembly of a 

peptide chain.16, 17 The general principle of peptide synthesis consists of attaching the C-

terminal amino acid residue of the desired sequence onto an insoluble solid support 
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(usually a polymeric resin), via its C-terminal carboxyl group. An SPPS synthesis 

overview is illustrated in Figure 1.1. The peptide is then constructed -one amino acid a 

time- using repeated cycles of deprotection-wash-coupling-wash steps in which the C-

terminus of N-protected residues reacts with the N-terminal deprotected peptide attached 

to the resin to form a peptide bond. Trifunctional amino acids (those with reactive side 

chain groups) used in SPPS have two protected functionalities (the N-terminus and the 

side-chain) and an activated functionality (the carboxylate linked to the α-carbon). The 

activator group on the carboxylate ensures efficient coupling to the N-terminus of the 

nascent peptide. The temporary N-terminal protecting group on the amino acid avoids 

cross-reaction between same residues during the coupling cycle. It is also a temporary 

protecting group since it must be completely removed prior to the next amino acid 

coupling in the cycle. In contrast, the protecting group on the side-chain of each residue 

should be a more permanent group that resists the deprotection-coupling conditions used 

in the synthesis cycle. After each deprotection and coupling step, excess reagents are 

removed by washing the solid support, in preparation for the repetition of the 

deprotection-coupling step. This is repeated until the target peptide sequence is 

assembled on the solid support. The final peptide is cleaved from the resin at the end 

using conditions that are different from those used in the synthesis cycle. Generally, the 

conditions used to remove the peptide are the same as those that cleave all the permanent 

protecting groups on the amino acids side-chains. The two major forms of SPPS 

conditions used are the Fmoc/tBu and the Boc/Benzyl (Merrifield) where the first 
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protecting group is the one used for α-amino group protection and the second is reserved 

for side chain protection. 

1.3.1. Boc/Benzyl 

The Boc/Benzyl strategy follows the principle of the classical Merrifield approach that 

was originally published.15 In this method, the first residue was linked to the resin via a 

benzyl-based ester. For the coupling, the C-terminus of the first amino acid is pre-

activated with symmetrical anhydrides or benzotriazolyl esters. The N-terminus of the 

residue is masked with a Boc group (temporary protection) that is deprotected after 

coupling in the presence of trifluoroacetic acid (TFA). A series of permanent protecting 

groups for the different amino acid side-chains have been developed containing benzyl-

based linkages that resists the action of TFA. At the end of the deprotection-coupling 

cycles, the benzyl-based linkages from the resin and side-chain protection are removed 

by the action of hydrogen fluoride (HF). The highly toxic effects of HF and the 

polytetrafluoroethylene (PTFE)-lined apparatus required for working with this method, 

are the strong reason why new chemistries have been developed that make used of milder 

conditions and facilitates the procedure for making peptides. 
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Figure 1.1. General representation of the solid-phase peptide synthesis strategy. 

1.3.2. Fmoc/tBu SPPS 

A more convenient SPPS approach was developed that consists of an orthogonal 

protecting group strategy that uses a base-labile α-amino protecting group, and acid-

labile side-chain protection and resin linkage for its deprotection-coupling cycle.16 The 

orthogonality of this approach allows for the use of milder reagents for the removal of 

protecting groups. Each new residue used for coupling is protected with the temporary 

base-labile group 9-fluorenylmethyloxycarbonyl (Fmoc) on its α-amino group. This 

moiety can be easily removed after piperidine/DMF treatment and produces a free amino 

at the N-terminus of the growing peptide. The side-chain protecting groups are typically 

tert-butyl- and trityl-based. These, together with alkoxybenzyl-functionalized solid 

supports allow cleavage during the final step using TFA.   
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There are other methods for making peptides that use some basic SPPS principles but that 

differ on the functionality used for resin linkage (Figure 1.2). Existing methods include 

(1) C to N strategy (C-terminal function), (2) N to C strategy (N-terminal function), (3) 

backbone strategy (backbone NH groups), and (4) side-chain anchoring. These have been 

briefly discussed in a recent review that compare the side-reactions, yields, and purities 

of peptides obtained when using C-terminal vs. side-chain anchoring.18 

H2N N
H

H
N XH

O

R3O

R2O

R1

C-terminal anchoringN-terminal anchoring

Side-chain anchoring

Backbone anchoring

X = O, NH

 

Figure 1.2. Representation of the possible anchoring sites of a peptide. 

Side-chain anchoring consists of assembling the peptide on the solid support via a linkage 

with the side-chain of a trifunctional amino acid residue.19, 20 Using the Fmoc/tBu 

conditions, a variety of amino acid residues side-chains have been used as anchoring 

points depending on different synthetic needs. There are specific reasons to choose side-

chain anchoring for peptide synthesis.18 In general, the technique assists in minimizing 

side reactions that are common in SPPS (explained below), allows for convenient on-

resin cyclization of peptides,21 and permits manipulation of the C-terminal functionality 

before4 or after peptide synthesis22. In the literature, the most common amino acids used 

for side-chain anchoring are Asp or Glu, linked via their carboxyl function19, 20. This 

provides access to peptides containing Asx or Glx, depending on the handle used19, 20, 23-
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28. Also, side-chain anchoring via other residues such as lysine24, ornithine24, arginine29, 

30, serine24, threonine31, tyrosine24, 32, 33, and cysteine4, 5, 22, 34 has also been reported. 

Our group has been interested in exploiting cysteine side-chain anchoring in order to 

prepare C-terminal Cys-containing peptides modified at the carboxyl group with a variety 

of alkoxy groups. Inspired by Barany et al. who reported on the use of a novel S-XAL 

side-chain anchoring strategy for cysteine (Figure 1.3),22 we designed a new 

methodology in which we attach an Fmoc-Cys-OR group to a trityl-based resin to form a 

thio-ether bond.4, 5 Different from the S-XAL approach, our method uses commercially 

available resins that contain the trityl group that is attached to the thiol (Figure 1.4). For 

the S-XAL method, a multi-step sequence synthesis is required to obtain the XAL handle. 

Using our trityl-based methodology we were able to synthesize biologically active 

peptides containing different alkyl esters at the C-terminal Cys4, 5 and further modify the 

free thiol with isoprenoid groups for the study of protein prenylation (Chapters 3-5). 

1.4. SPPS of cysteine-containing peptides 

The presence of cysteine in proteins has crucial effects in the folding, structural 

stabilization and reactivity of the proteins. Due to its nucleophilic and easily oxidizable 

thiol group, cysteine is involved in numerous biological functions. In prenylated proteins, 

cysteine is critical since its thiol reacts with isoprenoid diphosphates to form a thioether 

bond. As part of our group’s research, we design and synthesize small peptides 

containing the C-terminal structural features of unprocessed, partially-, or fully processed 

CaaX sequence found in these proteins. Due to the importance of cysteine in prenylated 
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proteins, fully understanding the design, synthesis, and handling of peptides that contain 

cysteine is necessary. 
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Figure 1.3. Cysteine-anchoring method using the XAL linker reported by Barany et 
al.22 

1.4.1. Cysteine protecting groups 

For many applications, the more useful cysteine protecting groups are those that can be 

easily removed under the same conditions used to remove other side-chain protecting 

groups and effect complete resin cleavage. The structures of the most commonly used 

protecting groups (PGs) for cysteine are summarized in Table 1.1. Some of these are 

more labile than others (PGs 5-7 vs PG 1, Table 1.1.) allowing for the selective cleavage 

to yield their corresponding thiols while the peptide remains attached to the solid support. 

Other protecting groups, such as 8 and 9 were designed to provide an extra level of 

selectivity for regioselective schemes, by being stable to TFA treatment. An example of 

the need for different orthogonal protecting groups for cysteine is the ability to 

manipulate the formation of intermolecular disulfide bonds vs. intramolecular disulfide 

bonds. 
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Figure 1.4. Schematic representation of the trityl side-chain anchoring strategy. 

1.4.2. SPPS of C-terminal cysteine-containing peptides: common side-reactions 

The success of SPPS is largely due to its ability to afford peptides containing the array of 

functional groups found in the side-chain of the canonical amino acids. However, the 

basic procedures and conditions do not always allow problem-free synthesis. There are a 

number of side-reactions in SPPS that have been the focus of numerous research reports, 

which cause losses in purity and yield of the final product. Having Cys at the C-terminus 

of the peptide, when using Fmoc/tBu SPPS conditions, also present some challenges not 

faced when the Cys is in the middle or at the N-terminus of the sequence due to the ester 

bond that links the Cys carboxyl group to the solid support. In this section, we review the 

most common reactions in SPPS that also occur when the cysteine residue is present in 

synthetic peptides. 
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Table 1.1. Common side-chain protecting groups used in Fmoc/tBu solid phase 
peptide synthesis. Adapted from a similar table found in White et al.16 

Cys Protecting groups Abbreviations Cleavage conditions Entry 

S

 

Trityl 90% v/v TFA, 30 min 1 

S N
H

O

 
Acm Hg(II), Ag(I), I2, Tl(III), RSCl, 

Ph(SO)Ph-CH3SiCl3 
2 

S S  S-tBu RSH, Bu3P, other reducing agents 3 

S  tBu HF(20°C), Hg(II), NpsCl, 
Ph(SO)Ph-CH3SiCl3 

4 

S

OMe

MeO OMe  
Tmob 5% TFA-3% TES in DCM 5 

S
OMe

 

Mmt 

0.5-1% TFA in DCM-TES (95:5), 
30 min 

or 
3% v/v TFA, 5-10 min 

6 

S O

 

Xan Dilute TFA/scavengers, I2, Tl(III) 7 

S

OCH3  
Mob HF(0°C), Tl(III), Hg(II), Ag(I), 

Ph(SO)Ph-CH3SiCl3 
8 

S

 
Meb HF(20°C), Tl(III), 

Ph(SO)Ph-CH3SiCl3 
9 

 

1.4.2.1. Enantiomerization 

Of the 20 natural amino acids found in proteins, 19 have an L-configuration at their chiral 

α-carbon. The specific configuration of all amino acids, except glycine, is critical for the 

stability, function and activity of proteins and peptides in biological systems. Therefore, 

it is important to ensure that the conditions used for SPPS, maintain the integrity of these 
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chiral centers during peptide assembly. Due to the potential acidity of the hydrogen 

substituent on the α-carbon, enantiomerization of amino acids can occur after 

deprotonation and subsequent reprotonation. The acidity of this proton during SPPS is 

enhanced when the carboxy group of the amino acids is activated for coupling. There are 

a number of instances were enantiomerization is observed in SPPS. One of these 

mechanisms is direct enolization. This is not common for most amino acids but is 

relevant for those with an extra mode of enol stabilization such as phenylglycine.16 

Another mechanism that causes epimerization involves deprotonation and ring opening of 

an oxazolone intermediate (Figure 1.5) that is generated by the attack of the penultimate 

carbonyl on the adjacent activated carboxy group. This mechanism is mostly observed 

with carboxy-activated peptides, which are produced when using fragment condensation 

approaches or SPPS with N-terminal anchoring. 
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Figure 1.5. Ring-opening of oxazolidine dipeptides 

Loss of chirality at C-terminal cysteine residues is also a serious concern in Fmoc solid-

phase peptide synthesis. This can occur in two situations: 1) during Cys loading onto the 

resin as an activated ester and 2) during the amine deprotection cycles using basic 

conditions (piperidine-DMF).16, 22 When using hydroxyl-functionalized resins for SPPS, 

the coupling of the first residue involves an esterification reaction. It has been observed 

on multiple occasions that when cysteine is the C-terminal residue, racemization at the α-
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carbon is more pronounced providing as much as 10-40% of D-Cys.35-37 This is in part 

because of the basic conditions used for activation. To avoid higher levels of 

racemization, the use of halomethyl-functionalized resins, such as trityl chloride-based 

resins37, 38, bromomethylphenoxy acetamide resin39 and bromo-SASRIN resin40 has 

increased. With those resins, esterification occurs by nucleophilic displacement of a 

resin-bound benzylic halide by the C-terminal carboxylate group of the N-protected 

amino acid. The use of these resins for preparing C-terminal Cys-containing peptide acids 

is characterized by low racemization levels (0.3-2.5%), depending on thiol protection.  

Atherton et al. investigated in detail, the epimerization of C-terminal cysteine during 

peptide assembly after a protected cysteine residue has been safely anchored to the solid 

support as a resin-bound ester.36 In their report they described the effect of repetitive Nα-

Fmoc removals after using the base piperidine. Two types of resin linkages, p-

alkoxybenzyl ester and 2-chlorotrityl ester, were used to compare the epimerization of 

cysteine containing different thiol protecting groups. After 16 hours of treatment of Boc-

protected cysteine-loaded resin, the levels of epimerization varied -from higher to lower- 

with the different side chain protecting groups in the order StBu (34%) > Trt (24%) >> 

Acm (11%) = tBu (9%), when using the p-alkoxybenzyl ester linkage. When using 2-

chlorotrityl chloride as the solid support, no significant racemization was observed which 

they attributed as being due to steric hindrance from the resin.   

In efforts to find strategies that allows for convenient ways to prepare peptides with C-

terminal cysteine acids that circumvent the problems observed in the past, Barany et al. 

designed the synthetic linker 5-(9-hydroxyxanthen-2-oxy)valeric acid (XAL) that was 
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used for the SPPS of such peptides using cysteine thiol anchoring22 (Figure 1.3). This 

method involved the loading of an Fmoc-Cys-OtBu ester via its thiol to XAL. The XAL 

group was then attached to an amino-functionalized resin using standard coupling 

conditions. After peptide assembly using Fmoc SPPS, the fully protected peptide or fully 

deprotected peptide can be release from the XAL-modified resin using low and high 

concentration of TFA, respectively. This method produced peptide acids containing C-

terminal cysteine with low levels of racemization (<0.2%).  

Even though cysteine racemization during resin loading as an ester and during repetitive 

amino-terminal deprotection is a serious and well-documented problem in SPPS, little is 

known about why it occurs more prominently with cysteine out of all other amino acids. 

In efforts to understand epimerization of cysteine, a variety of coupling conditions, resins 

and thiol protection have been tested demonstrating that no single one of these factors is 

directly responsible for a more successful yield; instead all contribute (or detract) to some 

extent to minimizing racemization.36, 37, 41-44 This is due to all three functionalities of a 

cysteine amino acid (carboxylate, side-chain and amine) being equally proximal to the α-

carbon proton. 

1.4.2.2. β-Elimination-type mechanism 

Another well known side-reaction, that occurs when making peptides containing cysteine 

using SPPS, is the formation of a 3-(1-piperidinyl)-alanine residue via a β-elimination 

mechanism22, 45. The formation of this side-product is promoted by the direct 

deprotonation of the cysteine α-carbon proton by the base piperidine and subsequent 
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double bond formation, eliminating the protected sulfur of the Cys side-chain (Figure 1.6 

A). The extent of this reaction varies with the thiol-protecting group. Using a trityl-based 

anchoring method for the synthesis of peptides with C-terminal cysteine esters, our group 

has shown that using a trityl resin containing an electron-withdrawing substituent such as 

2-chlorotrityl resin promotes a higher degree of β-elimination when compared to 

unsubstituted trityl resin. When using a C-terminal ester-linked solid support, β-

elimination at the cysteine residue results in formation of a dehydroalanine intermediate, 

which is trapped by the nucleophilic addition of piperidine. As with the racemization 

problem, different protecting groups have been studied that minimize the occurrence of 

this side-reaction when working with cysteine-containing peptides. Barany et al. 

established that using the XAL linker-anchoring strategy, β-elimination was minimized, 

probably due to the steric hindrance and electron donating effects of the XAL group.22 

Another benefit of using a cysteine-anchoring method is that in the case of β-elimination, 

the side-products from elimination do not contaminate the final product. This is due to 

the β-elimination resulting in loss from the resin since the sulfur is the point of 

attachment to the solid support (Figure 1.6 B). 
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Figure 1.6. Representation of β-elimination side-reaction in SPPS. A) Formation of 
the dehydroalanine intermediate and piperidinyl adduct side product during C-
terminal Cys-containing peptide acids (adapted from Barany et al.).22 PG denotes 
cysteine side-chain protecting groups (Xan, Trt, or Acm). B) Formation of the 
dehydroalanine intermediate during trityl side-chain anchoring (or other cysteine-
anchoring method). 

1.5. Design and synthesis of C-terminal ester-containing peptides 

Peptides containing esters at the C-terminus have proven to be useful for a variety of 

biological applications.46, 47 The presence of an alkyl ester motif increases the overall 

hydrophobicity of the molecular structure and can render the peptide membrane 

permeable.2 This property can be used to mask an otherwise reactive carboxyl group and 

allow for membrane translocation and delivery of the peptide drugs into cells.48-50 Despite 
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this significance, there are few reports in literature that describe the synthesis of peptides 

with these modifications.3, 4, 6-10 

1.5.1. Methods to synthesize peptides with C-terminal esters 

1.5.1.1. Transesterifying cleavage 

One of the most commonly used reactions for the creation of peptides with C-terminal 

esters is the transesterification reaction. This reaction consists of the nucleophilic attack 

of an alcohol or alkoxide to the C-terminal carbonyl carbon of the resin-linked ester. The 

reaction can proceed under acidic conditions by making the carbonyl group more 

electrophilic or under basic conditions by activating the nucleophile as an alkoxide. One 

of the first reports on the synthesis of peptide esters aimed at removing peptides from 

Merrifield resin by transesterification using an anion exchange resin.51 In this approach 

they synthesized peptides with C-terminal methyl esters by suspending a peptide-resin 

ester (linked via a benzyl ester bond) in methanol and adding an anion exchange resin 

that promoted transesterification with the benzyl group. The limitation of this strategy is 

that ω-carboxyl functions of aspartic acid and glutamic residues were also transesterified, 

making this method not suitable for sequences with these amino acids.  

A different method involved the conversion of the carboxyl group of amino acids or 

peptides to its cesium salt by titration to neutrality with aqueous CsHCO3 or Cs2CO3.52 

After evaporation, the neutral salt was treated with an alkyl halide in DMF to form the 

corresponding ester. This reaction produced the desired esters in high yields with no 

significant racemization under neutral conditions at room temperature. A similar method 
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was used by Moore et al. to cleave protected amino acids and peptides from benzyl ester 

resins by transesterification with potassium cyanide in benzyl alcohol.53 This method 

converted Boc-protected peptides acids to peptides with C-terminal benzyl esters. These 

methods and others54, 55 originated before Fmoc SPPS was fully developed and therefore 

used Boc/Benzyl SPPS conditions. Since then, few efforts have been made for the 

synthesis of peptides with C-terminal esters using Fmoc/tBu SPPS conditions. 

Recently, Lokey et al. reported the direct conversion of resin-bound peptides to C-

terminal esters using an acid-based transesterification mechanism.9 This simple method 

made use of Fmoc/tBu peptide chemistry and solid supports for SPPS that minimize side-

reactions such as epimerization. The transesterification of peptides occurs after treatment 

of the peptide-resin with anhydrous HCl (0.2-3M) in a variety of alcohols. After this 

treatment they found that acid-sensitive protection groups such as N-Boc, trityl, tBu 

ether, tBu ester, and PbF remain intact with these mild acidic conditions. With this 

method, the synthesis of peptides with methyl, ethyl, isopropyl, n-butyl, cyclopentyl, and 

benzyl esters was possible.  

1.5.1.2. Specialized linkers 

Peters et al. employed the hydrazide linker, first described by Wieland et al.56, for the 

SPPS of peptides esters.57 This strategy consisted of the assembly of the peptide linked to 

an aryl hydrazide-containing resin. The peptide was then cleaved by oxidation with 

copper (II) acetate or N-bromosuccinimide in the presence of a nucleophile. Different 

alcohols including methyl, allyl, 2-propyl, 1-heptyl, benzyl, cyclohexyl and 1-decanyl 
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alcohols were investigated as nucleophiles. Even though these peptides were produced in 

good yields, when Mullen et al. tried the same method for the synthesis of peptides with 

more complex side-chains, low yields and oxidized products were obtained.3 This method 

is therefore not suitable for all types of amino acid sequences.  

1.5.1.3. N to C direction 

The N to C direction SPPS strategy was also used for the synthesis of C-terminally 

modified peptides that include esters.58, 59 This method was used for the synthesis of 

peptide trifluoromethyl ketones, peptide boronic acids, and peptide hydroxamic acids. As 

discussed before, a strong limitation of this strategy is the possibility of side-reactions 

caused by carboxy-activated species anchored to the resin. 

1.5.1.4. Side-chain anchoring 

Our group has recently developed a method for making peptides with different C-

terminal esters that uses a trityl-based side-chain anchoring method (explained below).4 

In this methodology, an Fmoc-Cys-OR group is loaded onto a trityl-based resin using the 

hindered-base DIEA in dichloromethane. The use of this base avoids Fmoc removal and 

quenches the HCl formed in the reaction, which can reverse the reaction. Since this 

methodology does not use C-terminal ester anchoring, it can be applied to both simple 

alkyl esters as well as potentially more complex cysteine esters that could be synthesized 

prior to the peptide-resin loading step. 
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1.6. Design and synthesis of C-terminal cysteine ester-containing peptides 

1.6.1. Methods to synthesize peptides with C-terminal cysteine esters 

One previously used method to obtain peptides with C-terminal esters is the Merrifield 

Boc/Benzyl protecting group strategy.6, 14, 60 This method involves attachment of the 

peptide to the resin through a benzyl ester type bond and requires the use of hydrofluoric 

acid (HF) for the release of the peptide from the solid support. The use of such strong 

acidic conditions makes this method unattractive from an experimental point of view, 

since HF is highly toxic.  

More recently, Waldmann and coworkers developed a new method that utilizes a 

hydrazine containing resin.12 This method involves the production of prenylated peptides 

containing C-terminal methyl esters directly from the solid support. This hydrazine 

procedure is completely compatible with the commonly used Fmoc/tBu strategy, which 

consists of the use of tert-butyl groups as protection for reactive side-chains in a peptide. 

In order to cleave the peptide from the resin, an oxidation reaction using copper [Cu(II)] 

is required.  

Recently, Mullen et al. utilized the hydrazine method for the synthesis of various methyl-

esterified peptides.3 They first deprotected the side-chains of reactive amino acids 

followed by oxidative cleavage with Cu(II) that resulted in a complex mixture of 

products and a low yield of the desired peptide. These results led them to the conclusion 

that this hydrazine method is not suitable for obtaining peptides with unprotected side-

chains directly from a solid support. A possible explanation for the obtained mixture 
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could be that Cu(II) chelates with certain unprotected side-chains. This is a disadvantage 

since it limits the sequence of peptide that can be synthesized using this method. 

The previously described methods are based on regular SPPS where the C-terminus is 

covalently attached to the resin. A variation of SPPS consists of anchoring the peptide to 

the solid support via the side-chain of a trifunctional amino acid.19, 20 Using the Fmoc/tBu 

methodology, a variety of amino acid residues have been used to develop the side-chain 

anchoring strategy with cysteine being the one of greatest interest to us since all 

prenylated proteins contain cysteine at the C-terminus.  

A peptide synthesis approach was introduced by Barany et al. which involves a novel 

side chain anchoring strategy for cysteine22. The strategy consists of attaching an Fmoc 

protected cysteine, with tert-butyl protection at the C-terminus, to 5-(9-Hydroxyxanthen-

2-oxy)valeric acid (XAL). This is followed by the attachment of the pendant handle 

carboxyl to an amino containing resin. After growing a peptide using Fmoc based SPPS, 

the final peptide is cleaved from the resin by deprotection of the cysteine sulfur. One 

feature of this Cys-anchoring method is that the cleavage of the Cys sulfur from the 

handle can occur at a very low concentration of cleavage reagent without affecting the 

protection of other side-chains. Also, at high concentrations of cleavage reagent, a 

completely deprotected peptide is obtained from the resin, which is one of the advantages 

of the Cys-anchoring method over the hydrazine method. It was found that this Cys-

anchoring strategy produced the desired peptides in high yield, with no risk of 

racemization and without the formation of byproducts as observed in other methods. 

Although this method was utilized for the synthesis of peptides containing C-terminal 
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acids, it could be a useful tool for the synthesis of C-terminal esters that can tolerate the 

cleavage conditions. 

A recent strategy for the exclusive synthesis of C-terminal Cys-containing peptides with a 

methyl ester consists of using the methylating agent trimethylsilyldiazomethane to 

methylate a fully protected peptide acid in solution.10 First, the 2-chlorotrityl chloride 

resin pre-loaded with Fmoc-Cys(Trt) residue was used for the peptide synthesis. After 

peptide assembly, resin cleavage of a fully protected peptide was achieved under low 

concentrations of acid. The fully protected peptide was methylated, followed by side-

chain deprotection in solution. The use of trimethylsilyldiazomethane as a methylating 

agent provided a straightforward methodology that avoids the need to use anhydrous 

solvents and oxygen gas required for the Cu(II) oxidation of the hydrazide linkage 

method. 

Inspired by the XAL-linker methodology and the few methods for making peptides with 

C-terminal cysteine esters, our group developed a new method that combines the cysteine 

side-chain anchoring strategy of Barany22 and the acidic esterification of Lokey et al.9 

and applied it to Fmoc-protected amino acids. Briefly, this strategy was used for the 

synthesis of peptides with C-terminal cysteine residues containing methyl, ethyl, 

isopropyl, and benzyl esters.5 The method consisted of the attachment of an Fmoc-Cys-

OR, obtained in one step from Fmoc-Cys-OH (except for Fmoc-Cys-OBn, which 

required two steps), to a trityl-based resin via its thiol functionality. Studies of β-

elimination showed that this could be minimized using trityl chloride resin instead of 2-
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chlorotrityl chloride resin. Minimal racemization was also observed after prolonged 

exposure with piperidine of the peptide- or cysteine-resin complex.  

1.7. Conclusion 

The methods described here report on a myriad of strategies for the preparation of a wide 

variety of C-terminal ester modified peptides that should be useful in studies of protein 

prenylation and other structurally related biological processes. The trityl side-chain 

anchoring method developed, discussed in details in Chapters 3 and 4, was exploited for 

the synthesis of the natural pheromone a-factor and a number of analogs that contain C-

terminal esters and which the cysteine thiol is further modified with an isoprenoid motif. 

In the following chapter, an introduction of the mating pheromone a-factor and its 

importance to understand protein prenylation is discussed. 
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Chapter 2. a-Factor: A Chemical Biology Tool for the Study of Protein Prenylation 

2.1. Summary  

The mating pheromone a-factor is a lipidated dodecapeptide found in the budding yeast 

S. cerevisiae. The biosynthesis of this peptide encompasses the same three-step 

processing pathway (farnesylation of C-terminal cysteine, C-terminal proteolysis and C-

terminal methyl esterification) as Ras proteins, mutated forms of which have been found 

in ~30% of human cancers. For the mating of two haploid yeast cells into a diploid cell to 

happen, the a-factor pheromone travels to the cell surface of the opposite mating cell, 

where it binds and activates a G-protein coupled receptor. This lipidated-peptide/protein 

interaction has caught the attention of researchers studying protein prenylation, and 

studies have shown that this peptide can be used as a model system to understand the role 

of prenyl groups in protein-protein interactions. Here, we review the different methods 

used for the synthesis of a-factor and a-factor analogs containing C-terminal cysteine 

esters and the assays developed for detecting pheromone bioactivity and quantitation of 

pheromone efficiency. Also, we review crucial peptide modifications that have been used 

to investigate relationships between the structure and activity of this lipopeptide with its 

receptor Ste3p. Finally, we aim to discuss recent and future applications of a-factor as a 

chemical biology tool to study protein prenylation. These include the use of photo 

crosslinking reactions to map peptide/receptor interactions, the addition of fluorophore 

tags to visualize the peptide binding, and the use of bio-orthogonal reactions for protein 

labeling and protein purification. 
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2.2. Introduction 

Protein prenylation is a post-translational modification that occurs in eukaryotic cells and 

consists of the attachment of a prenyl group (C15-farnesyl or C20-geranylgeranyl) to the 

C-terminal cysteine of specific proteins containing a C-terminal CaaX box sequence. In 

this four amino acids sequence C is a cysteine, A is an aliphatic residue and X is a residue 

that defines the type of prenyl addition (farnesylation or geranylgeranylation). Ras is a 

farnesylated protein important in cell signaling that regulates cell growth, cell 

differentiation and cell survival. When mutated, Ras is found in around 30% of human 

cancers making prenylation a research target for the development of cancer treatment.61, 

62  

The prenylation of proteins consists of a three-step processing pathway that involves 

three different enzymes. For protein farnesylation, the soluble protein farnesyltransferase 

(PFTase) attaches a farnesyl group to the thiol functionality of the C-terminal cysteine, 

followed by a –aaX proteolytic cleavage by a membrane-attached protease. Subsequent 

methyl esterification of the C-terminal cysteine by a carboxymethyltransferase 

membrane-bound enzyme produces a hydrophobic protein that is targeted to the 

membrane for proper functioning63 (Figure 2.1). These modifications have also been 

associated with protein-protein interactions, intracellular trafficking and the stability of 

the proteins they get incorporated into.64, 65  
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Figure 2.1. General representation of the three-step prenylation pathway of Ras 
proteins.  

The field of protein prenylation started in the early 80’s after the analysis of mating 

pheromones, secreted by several fungal species, containing the isoprenoid farnesyl.66 

Subsequent analysis of pheromones from other fungal species provided evidence of the 

methyl esterified C-terminus and the importance of these modifications for the bioactivity 

of the pheromones.66-71 One of the most studied lipidated pheromones is the 12-mer 

peptide a-factor from S. cerevisiae. Studies on a-factor have provided an extensive 

knowledge for the prenylation field such as the identification of the CaaX-processing 

enzymes.72 The highly hydrophobic a-factor peptide has caught the attention of 

researchers working in the area of protein prenylation due to the similarity of this peptide 

with the C-terminal portion of farnesylated proteins. Similar to these proteins the farnesyl 
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moiety and the methyl ester group incorporated at the C-terminal cysteine of the a-factor 

peptide have been shown to be critical for its bioactivity.7, 73 Marcus and coworkers 

demonstrated that analogs of this dodecapeptide lacking both modifications were totally 

inactive.74 Also, it is believed that the purpose of the farnesyl moiety is to increase the 

hydrophobicity of the peptide since studies have shown that replacement of the farnesyl 

moiety with less hydrophobic substituents significantly decreased its activity.74 Because 

it has been shown that the farnesyl group is necessary for a-factor activity, this 

demonstrates the important function of the farnesyl group in protein-protein interactions 

in addition to its role in membrane targeting.75  

Due to the biochemical challenges presented when working with the structure of a-factor 

and the lack of availability and throughput synthetic methods for its synthesis, the use of 

this peptide as a chemical tool for protein prenylation took a downhill in the past decade. 

Recently, our group took the initiative to develop new methods for the easy synthesis of 

a-factor and other analogs and it is of great interest to study this a-factor/receptor system 

as a simple model to understand the function of prenyl modifications of many proteins in 

cells.3-5 Due to the similarity of a-factor with important farnesylated proteins, this peptide 

could be useful to understand if different proteins are able to recognize and interact with 

the farnesyl group. Also, it could be a useful model to study if there is a change in the 

conformation of the peptide, due to the presence of the farnesyl group, after interaction 

with the receptor protein. 
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2.3. Mating of yeast: an overview 

The budding yeast Saccharomyces cerevisiae is a single-celled eukaryote that can exist 

either as a diploid (cell containing two sets of chromosomes) or haploid form (cell 

containing only one set of chromosomes).75 In its haploid state S. cerevisiae can exist 

either of two types of cells, the α-type or the a-type. Each one of these haploid cells 

secretes a polypeptide mating pheromone that stimulates the cell surface receptors on the 

opposite cell type, which then results in a cellular mating response between two different 

cells.76-81 A representation of the yeast mating is shown in Figure 2.2. 
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Figure 2.2. Overview of the synthesis, secretion and biological activity of the mating 
pheromones (a-factor and α-factor) in yeast. 

2.3.1. Mating pheromones 

α-type cells secrete the mating pheromone α-factor, which is a tridecapeptide with the 

sequence WHWLQLKPGQPMY. a-type cells secrete the mating pheromone a-factor, 

which is a farnesylated dodecapeptide with the sequence YIIKGVFWSPAC(farnesyl)-

OMe.76 The α-factor targets the receptor Ste2p that is located on a-type cells,77 while the 

a-factor targets the receptor Ste3p that is located on α-type cells.79 Ste2p and Ste3p are G 

protein-coupled receptors (GPCRs) that initiate the mating response.  

Y-I-I-K-G-V-F-W-D-P-A-C

S

OCH3

O

W-H-W-L-Q-L-K-P-G-Q-P-M-Y OH

O

α-factor a-factor  

Figure 2.3. Chemical structures of a-factor and a-factor pheromones 

2.3.2. GPCR 

GPCRs are one of the largest classes of cell-surface receptor proteins. More than 1,000 

proteins of this class have been identified to date.78 These proteins are important due to 

their function in signal transduction pathways.82 There are three essential components 

that characterize the signaling process through GPCRs. The membrane bound receptor 

with seven transmembrane helical segments that binds the signaling molecule, an effector 

enzyme that generates an intracellular second messenger, and a guanosine nucleotide-

binding protein (G protein) that activates the effector enzyme. The overall role of GPCRs 

is to indirectly regulate the activity of the effector enzyme which is a different plasma-
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membrane-bound protein.82 The binding of pheromones (α-factor or a-factor) to their 

corresponding receptors activates a signaling cascade. This cascade starts with the 

exchange of bound GDP (guanosine diphosphate) for GTP (guanosine triphosphate) 

followed by dissociation of the coupled G protein into its α and β subunits on the 

cytoplasmic side of the plasma membrane. A variety of events, including G1 growth 

arrest, cellular elongation, gene induction and agglutinin biosynthesis,78 are the result of 

the signaling pathway and culminate in cell fusion of the haploid cells (α-type and a-

type) to produce a diploid progeny.76  

2.4. a-factor: biogenesis, export, and receptor interaction  

Even though both a-factor and a-factor are functional analogs in yeast cells, which 

interact with membrane-bound GPCRs and stimulate them into causing the signaling 

events that results in mating, their biogenesis and secretion follows different mechanisms. 

The a-factor pheromone gets biosynthesized and secreted via a “classical” secretory 

pathway.83-85 In this pathway, proteins get synthesized by ribosomes and enter the 

endoplasmic reticulum. A series of steps that involve different transformations of the 

Golgi apparatus help in the progression of protein post-translational modifications and 

secretion to the outer cell. The a-factor precursors are a 165 and 120 amino acid chains 

from the redundant gene products MFa1 and MFa2.86, 87 The MFa1 precursor contains an 

N-terminal signal sequence, a “pro” region, and four copies of the a-factor 13-mer 

sequences linked by spacers that have proteolytic cleavage sites for multiple proteases.84 

During the different steps of the secretory pathway, the precursor gets modified and 
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cleaved in the last transformation step at the Golgi apparatus where it forms four copies 

of the final a-factor. Finally, secretory transport vesicles move the final product to the 

membrane, as it gets ready for secretion. 

2.4.1. Production of a-factor precursors 

Interestingly, the a-factor follows a very different biosynthesis pathway than that of the 

α-factor (Figure 2.4). The a-factor precursor peptides come from a 36 and a 38 amino 

acid sequences genes products of MFa1 and MFa2. These genes are homologous and 

functionally redundant with few different amino acid residues.88 The a-factor 

biosynthesis starts in the endoplasmic reticulum where the a-factor precursor undergoes a 

series of steps that modify its structure at the C-terminus (3 steps) and the N-terminus (2 

steps) to form the mature peptide in that same location. After maturation, the peptide 

interacts with Ste6, a membrane-bound protein located at the plasma membrane that 

exports a-factor outside of the cell (1 step).79, 89-92  

2.4.2. C-terminal processing 

The first steps encompass the modification of the C-terminal sequence of the peptide via 

the protein farnesylation pathway. First, the farnesyltransferase (FTAse) enzyme Ram1/2 

recognizes the C-terminal CaaX motif (CVIA in a-factor) and mediates farnesylation of 

the cysteine thiol. This FTase contains two subunits Ram1 (β-subunit) and Ram2 (α-

subunit). The farnesylation of a-factor has been shown to be critical for subsequent 

biosynthesis steps and biological activity of the pheromone, since the prenyl group 

facilitates membrane targeting of the peptide where other enzymes reside.62, 93, 94  
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Second, the farnesylated peptide is recognized by one of two multi-spanning membrane 

proteins localized in the ER membrane, the Rce1 (Ras-converting enzyme) and the 

Ste24.92, 95-98 These enzymes have redundant activity towards the proteolytic cleavage of 

the –aaX tripeptide (-VIA) of a-factor precursor leaving behind a product with a C-

terminal cysteine. While both proteins have same activity towards aaX cleavage, they do 

not have a homologous sequence and the only feature they share is being multi-spanning 

membrane proteins.95, 98 It is hypothesized that their mechanisms of actions are also 

different but there is no strong evidence of that since the purification of Rce1 in its active 

form has not yet been accomplished.  

The third step is the methyl esterification of the C-terminal cysteine. This step is 

catalyzed by the isoprenyl cysteine carboxymethyl transferase (ICMT), Ste14, also a 

membrane-bound protein. This enzyme transfers a methyl group from S-

adenosylmethionine (SAM) to the free carboxyl of the farnesylated cysteine. The result 

of this enzymatic reaction is the fully C-terminally-modified a-factor precursor.99-101  

2.4.3. N-terminal processing 

The second row of reactions involves the N-terminal modifications leading to the final 

mature structure of a-factor. Two different proteins catalyze proteolysis of the N-

terminus sequence. The enzyme Ste24 mediates the cleavage between residues T7 and 

A8 followed by the enzyme Axl1 mediating cleavage between residues N21 and Y22.102 

There have been multiple studies that demonstrate the dual activity of Ste24 as a C-

terminal and N-terminal protease of a-factor precursor peptides.96, 98, 103, 104 Michaelis et 
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al. suggested that although there is a single catalytic site, there could be two substrate 

recognition regions within Ste24.72 The Axl1 is a zinc metalloprotease that only cleaves 

the targeted sequence after Ste24 removed the first residues of the a-factor N-terminal 

sequence. While the N-terminal proteolysis reaction mediated by Ste24 is known to occur 

on the cytosolic face of the ER membrane, it is not yet known the precise location of the 

Axl1 protein.105 It is predicted though that Axl1 is not a multi-spanning membrane 

protein and that it could be a soluble protein.72  

2.4.4. Export of a-factor 

Once the mature dodecapeptide gets synthesized from the a-factor precursor, the protein 

Ste6 step-in to mediate the nonclassical export of a-factor. This protein acts as a pump, 

which transports a-factor out of the cell, in an unconventional way that does not involve a 

“classical” protein secretory pathway.89, 106, 107 There is evidence that supports that Ste6 

protein recognition site does not depends highly on sequence-specific amino acid code. 

This was supported by the ability of Ste6 to recognize Schizosaccharomyces pompe 

mating pheromone M-factor (a prenylated, carboxymethylated peptide with amino acid 

sequence dissimilar than a-factor).108 

2.4.5. Receptor interaction 

After a-factor exits the cell by a nonclassical export mechanism, it travels to the surface 

of MATa cells (opposite mating cell) where it interacts with its G-protein coupled 

receptor Ste3.109 A sequence of events is triggered upon interaction of a-factor with its 

receptor due to stimulation of an intracellular signal transduction pathway. The main 
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events are cell-cell fusion, followed by nuclear fusion and diploid formation.110 Since the 

presence of this receptor is essential for mating, haploid MATa cells lacking Ste3 are 

sterile. The fundamentals of the interaction between a-factor and Ste3 are not as clear as 

the counterpart system a-factor/Ste2 receptor.77, 111-116 The structural differences between 

the two mating pheromones are the main reason for this information gap (Figure 2.3). 

The a-factor is a hydrophilic peptide that shows specific binding with its receptor. In 

contrast, the extremely small size of the mature a-factor amplifies the hydrophobicity of 

the overall peptide structure modified with the farnesyl and carboxymethyl ester groups. 

These highly hydrophobic structural properties complicate the pheromone/receptor 

binding studies due to non-specific binding of the peptide with membranes.  

A number of studies have shown that both a-factor sequence and a-factor C-terminal 

modifications are necessary for optimal activation of Ste3 and mating of cells.74, 117 Other 

efforts to understand a-factor structural components -that directly affect bioactivity- 

include sequence mutations and truncations118, 119, synthesis of isoprenoid-modified 

analogs,3, 7, 73, 74, 120 and C-terminal ester4, 5, 74, 117, 120 analogs. The goal of this chapter is to 

discuss in details how these studies have contributed to the understanding of a-factor 

structure and its influence in a-factor activity.  
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Figure 2.4. Model for the biosynthesis of a-factor in MATa cells. 

2.5. Bioassays for a-factor activity 

When the pheromones bind the receptors in their target cells, a number of cellular 

responses and events occur that are necessary for mating. These include, growth arrest of 

the cell cycle, competence for nuclear fusion, production of cell surface agglutinins, 

induction of several genes transcription, and a morphological change of the haploid cells 

termed shmooing. There are different types of bioactivity assays that have been 
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developed to measure the activity of the a-factor peptide. These methodologies have been 

developed based on the signaling events that occur upon pheromone release and/or 

binding with its receptor. These include the Shmoo formation assay, the FUS1-lacZ 

induction assay, the mating restoration assay, and the halo (growth arrest) assay.72  

2.5.1. Shmoo assay 

One of the first methods used to detect a-factor activity was through shmooing formation 

of MATa observed microscopically. Shmooing is the name given to the morphological 

alteration of the haploid yeast cells formed in response to a pheromone from the opposite 

mating type. The cellular bulge produced is called the “shmoo” by its resemblance to the 

1950’s cartoon character. A typical experiment consists of preparing a series of dilutions 

of a-factor and a-factor analogs and to add the cell suspension containing MATa and 

MATa to each dilution. After incubation, cells are placed in a hemacytometer and 

observed in a microscope to quantitate the total number of shmoo cells vs. unbudded cells 

(percent shmoos). The end point of activity is defined by the concentration of a-factor 

that causes 50% of shmoos.10, 72, 74, 121 

2.5.2. FUS1-lacZ induction assay 

The FUS1-lacZ induction assay is used to measure pheromone response by evaluating its 

ability to induce transcription of β-galactosidase from the pheromone responsive 

promoter element FUS1. The end point of activity of this assay is defined by the 

concentration of a-factor required to induce a response in β-galactosidase.73, 74 Due to its 
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complexity and lack of sensitivity, this assay is not the first option when it comes to the 

detection of pheromone activity. 

2.5.3. Mating restoration assay 

The mating restoration assay quantifies the minimum amount of pheromone that is 

necessary to produce conjugation of haploid cells to form diploid cells. A typical 

experiment consists of the preparation of a mixed lawn of MATa and MATa cells 

defective in a-factor production (mfa1 mfa2). Both MAT cells contains auxotrophies that 

inhibit the growth of unmated haploid cells but allows for the newly formed diploid cells 

to grow on an synthetic depleted (SD) medium. a-factor and a-factor analogs are spotted 

onto the mixed lawn of cells. Incubation for two days produces colonies of diploid cells 

where the pheromone was spotted. This method has also been used to quantitatively 

measure the efficiency of mating of the pheromones. To do this, a-factor and a-factor 

analogs dilutions are prepared and plated selectively for diploids. This assay has been 

shown to be accurate over at least six orders of magnitude and have been used to test 

mutations of proteins involved in the biogenesis of a-factor, mutations of the a-factor 

itself, and to test synthetic peptide analogs with modifications at the C-terminal ester or 

farnesyl moiety.74, 79, 122 

2.5.4. Halo assay 

The halo assay (also, growth arrest assay) is a test that detects the G1 cell growth 

inhibition of haploid cells that occur as a consequence of pheromone/receptor binding. 

For this assay, a plate containing a lawn of MATa containing the hypersensitizing 
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mutation sst2 is spotted with different dilutions of the pheromone. Cells detecting the 

presence of a-factor will develop an observable “halo” representing a zone of inhibition. 

The amount of active a-factor is reflected by the width of the “halo”. The end-point of 

activity is defined as the minimum amount of pheromone added that causes an observable 

halo. It is important to prove that the growth arrest was caused by presence of a-factor 

and not because of toxicity of the compounds. A control experiment that determines if the 

compounds are toxic consists on the treatment of a different yeast strain (LM102), which 

is not susceptible to a-factor, with the synthesized peptides. Using this strain, no growth 

arrest is expected in the presence of the peptides. Using this assay, researchers have 

observed and quantify the biological activity of a-factor and different a-factor analogs. 

Peptides with 1% to 5% wild type activity tend to show a significant halo in this assay 

making it the most sensitive and commonly used assay for the detection and quantitation 

of pheromone efficacy.74, 79, 123 

In 1991, Marcus et al. performed an analysis in which they compared the activity of a-

factor and few synthetic analogs using these four different assays.74 An important 

observation was that the difference in activity of the a-factor analogs compared to the 

natural a-factor varied based on the assay used. This was due to the biochemical 

challenges presented when working with the a-factor structure. In that study, all the 

analogs tested had the same amino acid sequence, but since changes were incorporated 

into the prenyl group and the C-terminal ester, the overall physical characteristics of the 

peptides such as hydrophobicity (which changes solubility and degradation 

susceptibility), varied significantly. Unfortunately, this makes the comparison of analogs 



 

 40 

challenging since the conditions of each assay and therefore the specific physiological 

response measurements will differ. The mating restoration assay and the halo assay are 

the most commonly used assays due to their sensitivity and ability to measure a-factor 

activity qualitatively and quantitatively.122 

2.6. Chemical synthesis of a-factor 

a-factor is a dodecapeptide containing amino acids in all classifications: aliphatic (Ala, 

Ile, Val), aromatic (Phe, Trp, Tyr), polar neutral (Cys), acidic (Asp), basic (Lys), and 

with unique properties (Pro, Gly). The peptide contains a C-terminal Cysteine modified 

with a methyl ester in the C-terminus and a farnesyl lipid moiety in the side-chain thiol 

forming a thioester. The sequence of a-factor consists of 12 amino acid residues, of 

which 59% are hydrophobic, 8% are basic, 8% are acidic, and the other 25% are neutral. 

These high percent of neutral and hydrophobic amino acids combined with the 

hydrophobicity of the farnesyl group and methylated C-terminus makes this peptide 

insoluble in aqueous solutions and only soluble in a few organic compounds. This 

increases the challenges for its synthesis and purification.   

When incorporating prenyl groups on peptides using solid phase the major challenge is 

the release of the peptide from the solid supports. Currently, due to the use of basic 

conditions for the coupling and deprotection cycles of peptide synthesis, acidic conditions 

are used for the release of protecting groups from the side chains of amino acids and to 

obtain the desire peptide in solution. When a prenyl group, such as farnesyl, is treated in 

the mild acidic conditions used in SPPS, a series of isomers of similar molecular weight 
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are obtained due to a reaction of the acid with the double bonds of the prenyl groups. The 

mixture obtained is complex making the product difficult to purify and decreasing the 

yield of the desired product.124  

These challenges have changed since the developments of solid phase peptide synthesis, 

availability of automated synthesis, mild acidic conditions for cleavage, protecting groups 

and customized resins, bases and coupling reagents for the different sequence 

possibilities. Even though conventional methods can be used to synthesize peptides 

incorporating the 20 natural amino acids and a large variety of unnatural amino acids or 

synthetic molecules, they are not universal for any modification. For this reason, many 

studies in the field of peptide chemistry focus on the development of new methods that 

overcome the challenges of peptide synthesis. 

The goal of this section is to review different approaches used for the synthesis of a-

factor and recent advances in increasing the yield and reducing side reactions while 

constructing the peptide on resin. These methods are applicable for the easy construction 

of a-factor and a variety of a-factor analogs with modifications in the sequence, ester 

moiety and prenyl group.  

2.6.1. Solution/solid based method 

Two of the first strategies used for the synthesis of a-factor consisted of incorporating the 

farnesyl group later in the synthesis to avoid exposing the prenyl groups to acidic 

conditions.6, 74, 120, 125, 126 For the conventional solution phase peptide synthesis a synthetic 

Cys(farnesyl)-OCH3 residue was coupled in solution to Fmoc-Ala to give Fmoc-Ala-
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Cys(farnesyl)-OCH3. The synthesis of the N-terminal decapeptide was also performed in 

solution and required a 3+2 and 5+5 fragment coupling. Construction of the protected 

dodecapeptide was accomplished by a 10+2 fragment condensation of the decapeptide 

and the Ala-Cys(farnesyl)-OCH3 in solution. The second strategy used also involved the 

10+2 fragment condensation between the farnesylated C-terminal dipeptide and a 

decapeptide assembled by solid phase peptide synthesis. Apart from providing a way to 

make a-factor these methods are extendable for the construction of a-factor analogs with 

different modifications at the C-terminus and the cysteine alkyl side chain. Even though 

these protocols were time consuming and produced peptides in low yield (28% and 25%, 

respectively), the successful total synthesis of the a-factor pheromone stimulated 

structure/activity analysis of this peptide. The results were also motivation to peptide 

chemists to create more convenient routes synthesis of lipidated peptides like a-factor for 

the study of protein prenylation.  

2.6.2. Methanolysis 

In an effort to simplify the labor-intense methods described above, a different route using 

only solid phase peptide synthesis was proposed.7, 80 In this method the a-factor sequence 

was assembled on resin using Fmoc/tBu conditions. The protected peptide was removed 

from the resin and esterified in a single step. tert-butyl protection was used for the 

aspartic acid to avoid its esterification at the cleavage step. However, a competing 

oxidizing reaction of the cysteine thiol was observed that presumably caused low yields 
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of the desired final peptide. Yields on the methanolysis reaction were not reported but 

several repetitions were necessary to complete the reaction.  

2.6.3. Hydrazine method 

More recently, our group used a hydrazine-containing resin for the synthesis of a-factor 

and benzophenone-containing analogs modified at the cysteine side chain.3 This method 

was originally developed for the synthesis of peptides containing a C-terminal methyl 

ester and was successful for the synthesis of fully protected lipidated peptides.57 The 

method consisted of attaching the first residue (Cys) to a hydrazinobenzoyl AM 

NovaGel™ resin via a hydrazide linkage. The peptide sequence is then assembled using 

conventional Fmoc/tBu protection conditions. After peptide assembly, the peptide-

containing resin is exposed to Cu(I) oxidation of the hydrazide linkage yielding a diazo-

ester intermediate. Spontaneous alcoholysis of the intermediate in the presence of 

methanol produces the methyl ester peptide. Two different strategies were used to 

synthesize a-factor. First, farnesylation of the unprotected peptide on resin was followed 

by the copper oxidation. This resulted in traces of the desired product, presumably due to 

the interference of unprotected side-chains with the cleavage reaction or oxidation of 

reactive functional groups. A less ideal but more successful attempt was to release the 

fully-protected peptide from the resin and performing side-chain deprotection and 

farnesylation in solution to get a-factor. Even though this method produced the desired 

peptide, factors like yield and purity after peptide cleavage were not improved compared 

to the previous strategies. Nevertheless, it was the first time after ~20 years that the a-
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factor was made without requiring the use of HF for side-chain deprotection. These 

results show that this method works better on systems that contain unreactive side-chains 

or to remove fully protected peptides containing a methyl ester at the C-terminus. 

2.6.4. Trimethylsilyldiazomethane method 

In order to facilitate the synthesis of lipidated peptide, a different method was established 

aiming for the synthesis of a-factor in biology laboratories lacking specialist equipment 

and chemicals, such as the HF, used in previous synthesis. This methodology consisted of 

using trimethylsilyldiazomethane to methylate a fully protected peptide acid in solution.10 

For the synthesis of a-factor, the peptide sequence was synthesized using Fmoc/tBu SPPS 

conditions. A commercially available 2-chlorotrityl chloride resin pre-loaded with Fmoc-

Cys(Trt) residue was used for the peptide synthesis. After peptide assembly, resin 

cleavage was performed using low concentrations of acid (1% TFA) in order to avoid 

deprotection of the side chains. The fully protected peptide was methylated, followed by 

side-chain deprotection and farnesylation in solution. The use of 

trimethylsilyldiazomethane as a methylating agent provided a more straight forward 

methodology avoiding the need to use anhydrous solvents and oxygen gas required for 

the Cu(I) oxidation of the hydrazide linkage reported by Mullen et al.3 

2.6.5. Trityl side-chain anchoring 

A versatile methodology for the synthesis of peptides with C-terminal cysteine methyl 

esters using trityl side-chain anchoring was developed in our group.4, 5 We envisioned a 

strategy that will allow the preparation of peptides with C-terminal cysteine esters of 
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varying amino acid sequences (natural and unnatural) and varying alkyl groups at the 

ester position. Hence, we used the commercial Trt-containing resin to couple the 

synthetic residue Fmoc-Cys-OR via its thiol functionality. The peptide was synthesized 

by SPPS using Fmoc/tBu protection followed by side-chain deprotection and cleavage 

under mild acidic conditions. We were able to use this method for the preparation of a-

factor in high yields and purity. The methodology has also been used to make a-factor 

analogs containing fluorophores at the lysine residue, different alkyl esters at the C-

terminus, as well as peptides incorporating modified isoprenoids. Since the farnesylation 

reaction is performed in solution, this method is not limited to lipidated peptides. 

2.7. Structure-activity studies of a-factor 

The similarity of the C-terminal portion of a-factor with farnesylated proteins, that 

otherwise do not share function similarities, is an interesting element that highlights the 

importance of CaaX processing in proteins. Also, the remarkable differences in 

biosynthetic pathways and structures of a-factor and a-factor, while causing same signal 

after receptor activation, raise the question of why are they different and why does a-

factor needs to be farnesylated and carboxymethyl esterified. One of the first synthetic a-

factor analogs synthesized, to study if the farnesyl and carboxymethyl ester group were 

essential for activity, lacked both modifications. This changed the peptide structure to one 

less hydrophobic now with a free C-terminal cysteine. The activity of this peptide 

significantly decreased to 0.0025% compared to the 100% activity of the wild type a-

factor.74 This result showed that the sequence alone could not achieve regular activity and 
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confirmed the importance of the presence of these modifications. This raised the question 

of whether both the farnesyl and the methyl ester are essential, if only one of them have a 

major role in activity or if the sequence has a major role but needs the hydrophobic 

modification for membrane targeting. Due to the challenges presented in the purification 

of membrane proteins, no crystal structure of the receptor bound to the a-factor has been 

resolved. In this section, we summarize the activity-structure studies that have been 

performed in the past 25 years using synthetic analogs of a-factor and cell mutations that 

change the structure of the peptide. Specifically, we aim to give an account of studies 

highlighting the individual importance of the peptide sequence, the farnesyl group, and 

the carboxymethyl ester. We also review how changes in spatial orientation and the 

combination of structure modifications affect the mating response. 

2.7.1. Importance of C-terminal methyl ester on a-factor activity 

The presence of a carboxylmethyl ester found in a number of pheromones has served as a 

tool to study the consequences of hydrophobic modifications on lipopeptide bioactivity. 

In order to define the role that the presence of the carboxymethyl ester had as an 

individual group, Marcus et al. synthesized an a-factor analog containing the farnesyl 

group but lacking the C-terminal methyl ester.74 This peptide had a 100-fold decrease in 

activity instead of the 100,000-fold decreased observed for the peptide lacking both 

modifications. This demonstrated that the methyl ester is not solely responsible for the 

activity of the peptide but that both modifications have an important role, even when the 

farnesyl seems to have a major function. The increase of activity based on the presence of 
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a more hydrophobic group in place of the hydroxyl was tested on the pheromone 

tremerogen A-10.127, 128 This peptide also contains a farnesylated cysteine at the C-

terminus but unlike a-factor it does not have or need the methyl ester moiety to be active. 

A peptide analog of tremerogen A-10 containing a C-terminal amide showed an increase 

in activity to a level above that of the wild-type non-methylated peptide. Also, a peptide 

analog of a-factor modified at the C-terminus with an amide showed higher bioactivity 

that an analog containing a free hydroxyl group. This confirms the importance of 

hydrophobic groups in molecules that interact directly with other molecules or proteins 

incorporated in membranes. An application of this phenomenon is the incorporation of 

amides or non-charged molecules to mask the charge of free hydroxyl groups on drug 

carrier molecules in order to facilitate its entrance to the cell via membrane 

permeability.9, 48, 50, 129 

Marcus et al. had previously showed that while there is a need of hydrophobicity for the 

C-terminal site, too much hydrophobicity provided by larger groups caused a decrease in 

activity similar to the one observed with a free hydroxyl group.74 To better map the 

hydrophobicity needs and hydrophobicity range of the methyl ester position, our group 

synthesized new analogs containing ester, isopropyl, and benzyl ester groups at the C-

terminus of a-factor.5 The observed activity for both, the ethyl ester analog and the 

isopropyl ester analog, were 200% and 50% that of the wild-type a-factor indicating that 

these substitutions in place of the naturally occurring methyl ester has minimal effect on 

biological activity. More striking results were observed with the benzyl ester, which 

showed 1.2% activity. That data indicated that replacement of the methyl ester moiety 
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present in wild type a-factor with a benzyl ester group results in an approximately 100-

fold reduction in activity. Overall, these results confirmed that small changes in the size 

of the C-terminal alkoxy group have minimal effects on the bioactivity of a-factor. Taken 

together, these results and the existing literature suggest that there might be a specific 

ester group size range required for optimum activity of a-factor when the rest of the 

peptide structure remains intact. By calculating the molecular volume size of ester groups 

(incorporated in a-factor analogs)5, 74, 120 and analyzing activity percent as a function of 

ester group size (Table 2.1), we found that when the ester group exceeds 100 Å3, there is 

a precipitous drop in activity. This suggests that there could be a defined binding pocket 

within the receptor that interacts with the C-terminal region of a-factor. In the following 

table, we present all the a-factor analogs found in literature that contain modifications in 

the C-terminal ester motif while the rest of the a-factor peptide remains unmodified. 

Table 2.1. C-terminal ester modifications on the a-factor peptide structure reported 
in the literature. 

Entry Alkyl ester group (R) 
YIIKGVFWDPAC(Far)-OR 

Wild-type 
activity (%) 

R-OH group 
volume (Å3) 

1 -CH3 (wild-type) 100 37.2 
2 -H 1.5 19.3 
3 -NH2 6 21.9 
4 -CH2CH2CH(CH3)2 0.8 104.2 
5 -CH2CH=C(CH3)2 1.5 97.99 
6 -CH2CH3 200 54.0 
7 -CH(CH3)2 48 70.6 
8 -CHCH2C6H6 1.2 109.0 
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2.7.2. Importance of farnesyl group on a-factor activity 

Since its discovery the prenylation of proteins and peptides has been recognized as a 

biologically important post-translational modification required for proper localization and 

function of mammalian and yeast RAS and maximal biological activity of several mating 

pheromones including a-factor.74 To get a perspective on the efforts made to elucidate the 

specific role of prenylation in the peptide structure of a-factor we review in this section 

the a-factor analogs that have been synthesized containing modifications at its farnesyl 

site. In 1991, Marcus et al. synthesized an a-factor analog containing a carboxy-terminal 

methyl ester but lacking the farnesyl group on the C-terminal cysteine. The result of the 

halo assay and the mating assay showed a decrease in bioactivity of 1,000-fold.74 This 

confirmed a major role of the farnesyl moiety on receptor binding and mating. The 

research that followed those results was aimed to answers questions about specific 

structural properties of farnesyl, that made this hydrophobic group special for activity or 

receptor binding, compared to any other hydrophobic chain or lipids found in nature. 

Different analogs have been synthesized containing modifications spanning different 

hydrophobicity facets of the farnesyl such as groups with carbon chains of different sizes, 

branched carbon chains, alkene functionalities, and aromatic groups (Table 2.2). Using 

the bioactivity data from these modifications, our group and others, have developed 

analogs of a-factor containing fluorophores, photocleavable groups and bioorthogonal 

groups as part of the farnesyl group for different applications discussed later in this 

review. 
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The first set of a-factor analogs made by Marcus et al., to study the specificity of farnesyl 

group included aliphatic, benzylic, prenyl, and geranyl substituents.74 These peptides 

were analyzed using four different assays that showed varied results. The data obtained 

using the halo assay, the most commonly used assays for testing a-factor bioactivity and 

the one used in this review for literature comparison, showed that only the prenyl-

containing a-factor analog (12% active) have significant bioactivity while the other 

analogs showed ~100-fold decrease in activity when compared to the wild-type a-factor. 

When testing the peptides using a mating restoration assay, analogs containing the prenyl 

(25% active), the geranyl (200% active), and the benzyl (25% active) showed results of 

bioactivity that were close to a-factor. With these results in hand, they concluded that the 

presence of the farnesyl group is not specifically required for high biological activity. To 

complement these studies, Caldwell et al. analyzed the biosynthesis of a-factor adding a 

mutation in the a-factor gene to encode isoprenylation targets for geranylgeranylation 

instead of farnesylation.119 After analysis using different assays they found that the 

mutated peptides as well as synthetic geranylgeranylated peptides were bioactive. If there 

is a specific binding pocket in the Ste3 receptor specific for the hydrophobic portion of a-

factor, these results suggest that this pocket is flexible and allows accommodation of 

larger groups (like geranylgeranyl) and bulkier groups (like benzyl). 

Another set of farnesyl-modified a-factor analogs were constructed by Sherill et al. which 

were based on unbranched aliphatic chains with the purpose of evaluating the importance 

of branched isoprenoid groups for optimal bioactivity.7 An a-factor containing a cysteine 

pentyl group showed a lower activity (~100-fold) when compared to the farnesyl, while a 
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decyl-containing a-factor demonstrated an identical bioactivity. These results suggest that 

a branched lipid is not essential but a certain level of hydrophobicity is required for 

receptor binding. A decrease in activity was also observed, in a study by Marcus et al.,74 

for an analog containing a methyl group in place of the farnesyl. However, 

hydrophobicity does not seem to be the only role of the isoprenoid group since addition 

of more hydrophobic groups (hexadecanyl) in the cysteine thiol resulted in significant 

decrease of pheromone activity. 

Few years later Dawe et al. made an addition of a-factor farnesyl analogs.73 The novel 

modifications consisted on replacing the 3-methyl group of the farnesyl to create analogs 

with ethyl, vinyl, tert-butyl and phenyl moieties at the 3-position. These farnesyl 

modifications caused significant increments on the bioactivity up to 8-fold higher than 

the natural pheromone. Once again this demonstrated that isoprenoid-modified a-factor 

analogs are capable of initiating a biological response, but to varying degrees depending 

on the nature of the modification. The effect of such modifications on the biological 

activity of a-factor suggested that they altered the specific mode of association with the 

membrane and that consequently affected the peptide/receptor interaction.  

More recently, Mullen et al. synthesized new a-factor analogs with photocrosslinkable 

isoprenoid modifications in efforts to elucidate recognition of these synthetic groups by 

Ste3 receptor and with future plans of using those systems to map direct interactions of 

the receptor with the isoprenoid motif of a-factor.3 The synthetic peptides include 

benzophenone-containing isoprenoid analogs with C5 and C10 chains. These peptides 

showed bioactivity results comparable to the natural a-factor, opening the door to the 
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design of different a-factor analogs containing these modifications at different sites. Our 

group has also synthesized other a-factor analogs (Chapter 5) containing bio orthogonal 

functionalities at the isoprenoid site. The bioactivity of these analogs was confirmed 

before the isoprenoid-modified analogs were introduced to a-factor precursor peptides. 

The isoprenoid-modified a-factor precursor analogs were finally tested and resulted to act 

as substrates of the CaaX-processing enzyme machinery. 

2.7.3. Importance of the amino acid sequence on a-factor activity 

After Marcus et al. showed that the farnesyl and methyl ester together and separately are 

bioactivity determinants of the a-factor pheromone,74 a lot of the focus went onto making 

analogs of a-factor to better understand the contributions of CaaX modifications on this 

pheromone and other prenylated systems (Table 2.3). In 1994, Caldwell et al. altered 

residues via mutation within the a-factor sequence and create analogs with several amino 

acid truncations to define other molecular determinants of bioactivity.118 With these 

experiments they elucidated a-factor residues that may have an essential role in the 

peptide/receptor interaction. This experiment showed that sequential loss of residues 

from the N-terminus negatively affects the activity of the pheromone. Minimal 

bioactivity loss was observed when NH-terminal tyrosine was not present. Further 

truncation of Ile2 resulted in an additional activity loss of an order of magnitude, while 

removing Ile3 and Lys4 did not cause any activity effect. Removal of the N-terminal 

sequence Tyr-Ile-Ile-Lys-Gly resulted in an additional order of magnitude reduction in 

activity that was more significant with the further removal of Val and Phe. After 
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truncation of the N-terminal first eight residues a complete inactive tetrapeptide with the 

sequence DPAC(Far)OCH3 was the obtained. This experiment demonstrated that N-

terminal residues in a-factor sequence do not have a major effect on bioactivity until 

more than half of the residues are removed. 

Table 2.2. List of isoprenoid modifications on a-factor reported in the literature 

Entry Isoprenoid group (RI) 
YIIKGVFWDPAC(RI)-OCH3 

Wild-type 
activity (%) 

9 H 0.1 
10 Methyl 0.2 
11 Hexadecanyl 1.5 
12 Benzyl 1.5 
13 Prenyl  12.0 
14 Geranyl 3.0 
15 Geranylgeranyl 25.0 
16 (CH2)4-CH3 5.2 
17 (CH2)5-NBD 1.3 
18 (CH2)9-CH3 150.0 
19 (CH2)10-NBD 15.0 
20 3-ethylfarnesyl 200 
21 3-vinylfarnesyl 800 
22 3-t-butylfarnesyl 200 
23 3-phenylfarnesyl 200 
24 C5-benzophenone 48.0 
25 C10-benzophenone 24.0 
26 C10-alkyne 800 
27 C15-alkyne 200 
28 C15-azide 100 
29 C15-dihydro-azide 100 

 

A different study, on the substitution of amino acid residues within a-factor and 

determination of secretion of these peptides from the a-cells, provided data from two 

peptides that were secreted but were not active as the natural pheromones. The peptides 
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were chosen from a pool of peptides with residue variations at Gly5, Val6, Trp8, Asp9, and 

Ala11 positions. Both peptides (YIIKGIFLDPAC(Far)-OMe and YIIKGIFKDPAC(Far)-

OMe), with mutations at Val6 and Trp8, were chemically synthesized and tested for 

pheromone activity. These substitutions resulted in 16-25-fold activity decrease in 

biological activity based on results obtained in a growth arrest assay. This drop in activity 

indicates a lack of optimal ligand-receptor interaction in the system when using these 

mutants. 

Huyer et al. carried out an analysis where different mutations were made at most 

positions of the mature sequence of a-factor.79 The mutagenesis study revealed numerous 

mutations (at residues I2, F7, W8, D9, and P10) that even though make a peptide analog 

that get recognized by the biogenesis and export machinery; the peptides resulted in 

inactive pheromone analogs. This indicates that the amino acid sequence of a-factor is 

also critical for recognition or access to its Ste3p receptor. The data in this study show 

overlapped amino acid residues, found in Caldwell et al. report118, which may be essential 

for peptide/receptor optimal interaction. 
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Table 2.3. a-factor amino acid substitutions and sequence truncation. 

Entry Amino acid sequence Wild-type 
activity (%) 

30 YIIKGVFWDPAC(Far)-OCH3 100.0 
31 IIKGVFWDPAC(Far)-OCH3 2.5 
32 IKGVFWDPAC(Far)-OCH3 0.25 
33 KGVFWDPAC(Far)-OCH3 0.25 
34 GVFWDPAC(Far)-OCH3 0.25 
35 VFWDPAC(Far)-OCH3 0.025 
36 FWDPAC(Far)-OCH3 0.01 
37 WDPAC(Far)-OCH3 0.0025 
38 DPAC(Far)-OCH3 >0.0025 
39 NIIKGVFWDPAC(Far)-OCH3 100.0 
40 DIIKGVFWDPAC(Far)-OCH3 0.1 
41 YMIKGVFWDPAC(Far)-OCH3 38.0 
42 YNIKGVFWDPAC(Far)-OCH3 0.1 
43 YIIAGVFWDPAC(Far)-OCH3 100.0 
44 YIIEGVFWDPAC(Far)-OCH3 100.0 
45 YIIKVVFWDPAC(Far)-OCH3 0.01 
46 YIIKCVFWDPAC(Far)-OCH3 25.0 
47 YIIKGVAWDPAC(Far)-OCH3 23.0 
48 YIIKGVYWDPAC(Far)-OCH3 89.0 
49 YIIKGVNWDPAC(Far)-OCH3 0.001 
50 YIIKGVFCDPAC(Far)-OCH3 0.008 
51 YIIKGVFRDPAC(Far)-OCH3 0.008 
52 YIIKGVFWEPAC(Far)-OCH3 0.01 
53 YIIKGVFWDAAC(Far)-OCH3 1.0 
54 YIIKGVFWDQAC(Far)-OCH3 0.1 
55 YIIKGVFWDPKC(Far)-OCH3 0.01 
56 YIIKGVFWDPSC(Far)-OCH3 92.0 

2.7.4. Importance of spatial conformation on a-factor activity 

After discussing the importance of the three individual components of a-factor (carboxy-

methyl ester, farnesyl motif and the amino acid sequence) for optimum biological 

activity, we aim to discuss other studies that have contributed to the better understanding 



 

 56 

of the peptide interaction with its receptor. These studies involve multiple modifications, 

changes in spatial orientation of the peptide, and addition of unnatural amino acids within 

the a-factor sequence, among others.  

In order to evaluate the influence of the topology of a-factor on its activity, Caldwell et 

al. synthesized a-factor analogs varying the chirality of cysteine (59, Table 2.4), and 

switching the farnesyl group for the methyl ester and viceversa in the same peptide (60-

61, Table 2.4).118 By changing the chirality of cysteine (D-Cys) they obtained a 

pheromone only 5% less active than a-factor. Interestingly, when the farnesyl and methyl 

group positions were switched, the peptide analog had a significant activity of 25% that 

of the natural pheromone. These results indicated that the specific spatial orientation of 

the farnesyl group is not a key determinant on a-factor potency and it eliminates the 

possibility of a specific interaction of this portion of the peptide with the receptor. 

Based on an NMR study on a-factor conformation that indicated the possibility of a weak 

interaction between Val6 and Trp8, causing a possible bend in the middle of the 

molecules, Caldwell et al. designed two a-factor analogs (57-58, Table 2.4) by replacing 

the Gly5 to either D- or L-alanine to evaluate the consequences in activity.130 The study 

produced the first hyperactive pheromone with the D-Ala5 containing analog that showed 

an activity 4-6-fold greater than the natural pheromone. The L-Ala5-containing analog 

showed a 4-16-fold lower activity than a-factor. The hyperactivity exhibited by this 

peptide might reflect a preference for the bioactive conformation of the natural 

pheromone. To further study the nature of these results, Caldwell et al. published data on 

amino acid truncation and mutations (discussed above), in order to understand the 
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importance of the a-factor sequence in the bioactivity of the peptide. From this study, 

they confirmed the importance of Val6 and Trp8 for activity and the flexibility of 

substituting Gly5 with other amino acids. Using this information and with the purpose of 

clarify the structural implications of these findings, Zhang et al. prepared two a-factor 

analogs where they substituted Lys4Gly5 or Gly5Val6 dipeptide units for a g-lactam 

constrain (62-63, Table 2.4).131 They used (R)-3-amino-2-oxo-1-pyrrolidineacetic acid 

and (S)-3-amino-2-oxo-1-pyrrolidineacetic acid respectively, since they have both been 

successfully used to act as conformational constrains of reverse turns. After testing these 

peptides in a growth arrest assay they found that one of them acted as a hyperactive 

agonist exhibiting 32-fold higher activity suggesting that the a-factor adopts a reverse 

turn as its bioactive conformation. These studies strongly suggested that a type II b-turn 

at Lys4Gly5 dipeptide position is a favorable conformation for higher activity. 

Xie et al. completed another set of peptides with similar activity as the natural pheromone 

(64-68, Table 2.4).76 The purpose of studying these peptides was to evaluate a possible 

correlation between partitioning of a-factor into the yeast membranes and optimal 

interaction of the peptide with its Ste3 receptor as it was suggested in previous studies.73, 

74, 76, 118, 119 The peptides involved internal amino acid modification at position 4 and 5 to 

also evaluate the importance of the b-turn structure proposed previously. Their results 

indicated that a type II b-turn was promoted to compensate for the loss of the favorable 

Lys4 side chain after incorporation of the new residues and that there was no correlation 

between the propensity of the pheromone to partition into the lipid and its biological 

activity. 
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Table 2.4. a-factor analogs with different spatial conformation. 

Entry a-factor conformational analog Wild-type 
activity (%) 

57 [D-Ala5] a-factor 600.0 
58 [L-Ala5] a-factor 25.0 
59 [D-Cys12] a-factor 5.0 
60 [L-Cys12(CH3)OFar] a-factor 25.0 
61 [D-Cys12(CH3)OFar] a-factor 25.0 
62 [(R)-g-lactam4,5] a-factor 3,205.0 
63 [(S)-g-lactam5,6] a-factor 3.2 
64 [L-Pro4] a-factor 100.0 
65 [D-Pro4] a-factor 2.0 
66 [L-Pro4, D-Ala5] a-factor 100.0 
67 [D-Pro4, L-Ala5] a-factor 2.0 
68 [L-Nle4] a-factor 0.5 
69 Z,E a-factor 100.0 
70 E,Z a-factor 50.0 
71 Z,Z a-factor 100.0 

 

These were the last two reports involving synthetic a-factor analogs in a period of eleven 

years. During that time many efforts focused on understanding the specific interactions 

between a-factor and its receptor Ste2, probably with the goal of finding clues or possible 

similarities between the two different systems, that will guide researchers find better 

approaches to understand a-factor/Ste3 interactions. In the next section, we aim to discuss 

the most recent efforts made by our group to use a-factor as a chemical biology tool to 

understand different questions of role of the farnesyl group in protein-protein interaction. 

Our group has also used the a-factor as a model peptide to develop a new method for the 

synthesis of peptides containing esters at C-terminal cysteines (Chapters 3-5). 
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2.8. a-factor as a chemical biology tool to study protein prenylation 

2.8.1. Photo cross-linkable a-factor analogs 

As previously mentioned, Ste3p is the a-factor receptor that receives the pheromone as a 

signal. Becker et al. have been working extensively on the study of the other pheromone, 

the α-factor, and the mechanism of how it binds to its specific GPCR Ste2p.77, 78, 111 An 

important question about these systems (a-factor/Ste3p and α-factor/Ste2p) is how are 

these peptides interacting with their specific GPCR. Cross-linking experiments are a 

powerful tool for mapping peptide-receptor interactions.78, 132 In this case a 

photoactivatable group is incorporated to the pheromone. After photolysis, this group is 

converted into an extremely reactive specie causing irreversible binding between the 

pheromone and the receptor. With the addition of a molecular tag, it is possible to isolate 

the protein of interest and study the specific interactions between the farnesylated peptide 

and the receptor protein. Previous work elucidating the α-factor mechanism has shown 

that a biotin tag in the lysine residue of the peptide and substitution of some of its amino 

acid residues with the photoactivatable group p-benzoylphenylalanine (Bpa) does not 

significantly affect the activity of the peptide when compared to the wild type α-factor.78 

Cross-linking experiments have been used to demonstrate that the α-factor analogs bind 

to the Ste2p receptor in the a-type mating cell type. Also, these experiments have allowed 

the definition of the sites of interactions between the α-factor and its receptor.78 It will be 

of great interest to use this approach to study the Ste2p/a-factor system since few is know 

about the specific interactions between a-factor and its receptor. Mullen et al. prepared 
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analogs of the a-factor that incorporate benzophenone as the photoactivatable group as 

part of the farnesyl moiety.3 These analogs showed a similar activity when compared to 

a-factor in a growth arrest assay. Considering this, the use of photoactivatable a-factor 

analogs in photocrosslinking experiments could allow a better understanding of the 

interactions involved in the a-factor/receptor system as well as the function of the 

farnesyl group. 

2.8.2. Fluorescently labeled a-factor analogs 

The addition of spectroscopic probes, such as fluorophores, into ligands has been 

advantageous for the analysis of interactions of ligands with membranes and receptors. 

For a successful study is important to ensure that the modification does not disturb the 

interactions of the ligand and the receptor. Our labs and others have incorporated 

different fluorophores to a-factor at different parts of its structure. Based on previous 

studies, that show essential residues in the sequence, truncation or residue substitution of 

lysine does not significantly affect the activity of the pheromone. Therefore, this residue 

could serve as a detection marker. Recently, we reported the synthesis of an a-factor 

analog containing a 5-FAM fluorophore into the side-chain of the Lys4 residue (Chapter 

3).4 The 5-FAM fluorophore was selected due to its high fluorescence, low cost and ease 

of attachment to lysine side-chains during SPPS.78, 133 We also synthesized an a-factor 

analog with an NBD group on the Lys 4 (data not published). This NBD group was 

chosen as a probe because its fluorescence intensity increases with an increase of 

hydrophobic environment. This means that it produce a strong fluorescence signal when 



 

 61 

the peptide is bound to a hydrophobic binding site of the GPCR.77 The fluorescent 

pheromones showed lower but significant bioactivity suggesting that we could use those 

peptides as probes for binding studies. Further studies using these peptides should allow 

us to monitor the binding steps of a-factor with its receptor by following changes in the 

signal of the probe.  

2.8.3. a-factor analogs containing alkyne- and azide-modified isoprenoids 

Previously, other groups have synthesized analogs of a-factor with isoprenoid variations 

in order to study the role of the prenyl group in the interaction of a-factor with the 

membrane bilayer and protein receptor.3, 7, 73-75, 120, 134 Different isoprenoids modifications 

(size, addition of other functionalities, isomers) have shown to have little effect in the 

bioactivity of a-factor. Based on some of these modifications and the fact that our group 

and others have been using alkyne- and azide-modified isoprenoid analogs as successful 

substrates of FTase135-141 we believe that the incorporation of these isoprenoids on a-

factor will result in analogs with potential bioactivity. Accordingly, we synthesized 

analogs of a-factor and the a-factor precursor peptides containing the alkyne- and azide-

modified isoprenoids C10-Alkyne, C15-Alkyne, C15-Azide, and C15-dihydro-Azide 

(Chapter 5). We incorporated the modified isoprenoids on the cysteine thiol functionality 

of peptides containing a C-terminal aaX sequence, C-terminal Cys acid and C-terminal 

Cys methyl ester. The purpose was to evaluate the ability of these peptides to act as 

substrates of the post-prenylation enzymes Ste24p/Rec1p and Ste14p, respectively, using 

an in vitro assay. The bioactivity of the a-factor analogs containing the alkyne- and azide-
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modified isoprenoids was also analyzed. From these experiments we found that these 

prenylated peptides have similar and sometimes higher activity when compared with the 

farnesylated peptides (positive control). The peptides were processed by the post-

prenylation membrane enzymes and further accepted by a membrane receptor causing 

growth arrest of yeast cells. With these results, together with previous studies that show 

the substrate capabilities of these isoprenoid modifications with FTase, we elucidated the 

first synthetic and bioorthogonal chemical reporters that go through the entire prenylation 

pathway and activates the signal transduction signal just as the natural pheromone. These 

results suggest the potential use of these modified isoprenoids for metabolic labeling of 

prenylated proteins/peptides in living cells. 

2.9. Conclusion  

Given that many prenylated proteins are involved in signal transduction pathways and 

diseases, peptides analogs of the proteins that are farnesylated are useful tools to study 

the interactions involved in these processes. A good example of a natural farnesylated 

peptide is the mating pheromone a-factor secreted by S. cerevisiae. This dodecapeptide 

contains a farnesylated Cys and a C-terminal methyl ester shown to be crucial for its 

activity. This system, where a small farnesylated peptide interacts with its cognate 

receptor, is an ideal simple system to study how other proteins recognize farnesylated 

molecules in cells. Based on the existing studies, on the structural aspects of a-factor 

bioactivity, the defined structure-function relationship of this lipopeptide and its 

molecular interaction with its membrane receptor is still unresolved. One facet of this 
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peptide-receptor relationship that is poorly understood is the value imparted by its 

hydrophobic modifications on the function as a pheromone. Main studies have suggested 

that the farnesyl moiethy could help to target membranes and present the peptide to its 

receptor. Other studies have shown certain flexibility for the farnesyl and methyl ester 

site modifications while others have shown that minimal modifications on one of the 

prenyl groups affects bioactivity. Analyses on these studies led to the hypothesis that 

these modifications may not be involved in a specific interaction with the binding site of 

Ste3, but do not necessary suggests that the modifications do not have a specific space in 

the active site. We suggest that the farnesyl and methyl ester motifs on a-factor may be 

interacting in a nonspecific fashion with its binding site on the Ste3 receptor. The further 

design of photo crosslinking analogs or different chemical probes could be a valuable 

tool to probe the interactions between a-factor and its receptor Ste3. 
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Chapter 3.  Synthesis of Peptides Containing C-Terminal Methyl Esters Using 

Trityl Side-Chain Anchoring: Application to the Synthesis of a-Factor and a-Factor 

Analogs 

Reprinted (adapted) with permission from Diaz-Rodriguez, V., Mullen, D. G., Ganusova, 
E., Becker, J. M., and Distefano, M. D. (2012) Synthesis of Peptides Containing C-
Terminal Methyl Esters Using Trityl Side-Chain Anchoring: Application to the Synthesis 
of a-Factor and a-Factor Analogs, Org. Lett. 14, 5648-5651. Copyright 2012 American 
Chemical Society. 
 

3.1. Summary 

A new cysteine anchoring method was developed for the synthesis of peptides containing 

C-terminal cysteine methyl esters. This method consists of attachment of Fmoc-Cys-

OCH3 to either 2-ClTrt-Cl or Trt-Cl resins (via the side-chain thiol) followed by 

preparation of the desired peptide using Fmoc-based SPPS. We applied this method to the 

synthesis of the mating pheromone a-factor and a 5-FAM labeled a-factor analog. The 

peptides were obtained with high yield and purity and were shown to be bioactive in a 

growth arrest assay. 
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3.2. Introduction 

Due to the importance of peptides in studies of biological processes, new, more efficient, 

synthetic methods are needed.1 Peptides containing methyl esters at the C-terminus can 

be used as tools for the study of protein prenylation due to the presence of this 

modification in fully processed farnesylated and geranylgeranylated proteins.142 These 

peptides can also be useful for a variety of biological applications since the presence of 

the alkyl ester at the C-terminus increases the hydrophobicity of the peptide making them 

membrane permeable.9, 50 Although such ester-modified peptides can be useful in a 

variety of ways, only a handful of reports in the literature describe their synthesis.6, 9, 10, 60, 

74, 143  

One previously used method to obtain peptides with C-terminal esters is the Merrifield 

Boc/Bzl protecting group strategy that involves attachment of the peptide to the resin 

through a benzyl ester linkage and requires the use of hydrofluoric acid (HF) for the 

release of the peptide from the solid support.6 Another method, used by Waldmann and 

coworkers, utilizes a hydrazine containing resin and consists of producing prenylated 

peptides containing C-terminal methyl esters directly from the solid support.60 This 

hydrazine procedure requires an oxidation step with copper with concomitant 

methanolysis in order to cleave the peptide from the resin. In general, the use of such 

strong acidic/oxidative conditions makes these methods less expeditious from an 

experimental point of view and less versatile in their scope. 
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A different approach for solid phase peptide synthesis (SPPS) consists of anchoring the 

peptide to a solid support through the side-chain of a trifunctional amino acid. Reports on 

the synthesis of peptides, using cysteine-anchoring methods, have shown that they assist 

in reducing the risk of racemization and formation of byproducts commonly found in 

SPPS.22, 144 

FmocHN
OCH3

O

S

FmocHN
OCH3

O

SH

DIEA, DCM

R

1a L (2R)
1b D (2S)

* *

Cl
R

R = Cl; 2-ClTrt-Cl
R = H; Trt-Cl

R = Cl
2a L (2R)
2b D (2S)

R = H
3a L (2R)
3b D (2S)  

Scheme 3.1. Attachment of Fmoc-Cys-OCH3 onto trityl-based resins. *Highlights the 
stereogenic center of the cysteine alpha carbon. 

The method described herein consists of the attachment of Fmoc-Cys-OCH3 to a trityl-

based resin to form a thioether bond. An important feature of such resins is that they are 

commercially available; in contrast, the XAL handle developed by Barany and coworkers 

requires 5 steps for its synthesis.145 Hence, the sole requirement necessary to implement 

this new method is accessibility to Fmoc-Cys-OCH3 (or a related ester if desired), a 

compound obtainable in one step from Fmoc-Cys-OH. After growing the desired peptide 

using Fmoc-based SPPS, the peptide of interest is cleaved from the resin by deprotection 

of the Cys sulfur under acidic conditions. While a trityl-based resin has been used to 

synthesize peptides containing a C-terminal cysteamine linker (via resin linkage through 

the thiol), that work did not describe the use of such resin for the preparation of C-

terminal cysteine esters.34 Thus, to the best of our knowledge, this is the first report on 
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the use of cysteine side-chain anchoring to trityl-based resins for the synthesis of peptides 

containing methyl esters at the C-terminus.  

3.3. Materials and methods 

All reagents and solvents were used as received. All the solvents were HPLC grade. 

Fmoc-L-Cys-OH�H2O and Fmoc-D-Cys-OH�H2O were obtained from Chem-Impex 

International, Inc. The protected amino acid derivatives and the trityl-based resins were 

obtained from NovaBiochem. DIEA and TFA were of Sequalog/peptide synthesis grade 

from Fisher. Standard Fmoc/HCTU chemistry was used for SPPS of peptides. 5-FAM-

succinimidyl ester was from AnaSpec. Farnesyl Bromide (>95% E,E) and all other 

reagents were from Sigma Aldrich. Fmoc-based SPPS was performed on a PS3 

automated peptide synthesizer from Protein Technologies, Inc. Additional steps 

performed on resin (after coupling/deprotection of N-terminus) were carried out using a 

polypropylene syringe equipped with a porous polypropylene disc at the bottom obtained 

from Torviq. Peptide synthesis and other transformations were performed at 25 °C. 

Determination of loading of first amino acid on resin was by Fmoc quantitative 

analysis146 and the Fmoc solutions were analyzed at 301nm on a Varian Cary 50 Bio UV-

Visible spectrophotometer. High Performance Liquid Chromatography (HPLC) was 

performed on a Beckman System Gold chromatograph equipped with a model 166 

variable wavelength UV detector and the products were observed at 220 nm. The 

analytical column used was a C18 Agilent Microsorb-MV 100-5 (4.6 x 250 mm) and the 

preparative column was a Phenomenex C18 (10 µm, 10.00 x 250 mm). The retention 
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times are based on a flow rate of 1 mL/min and on a gradient increase of 1% Buffer 

B/min after equilibration of the column with 1% Buffer B. The solutions containing 

purified peptides were lyophilized and ESI-Mass Spectrometry was performed on a 

Bruker BioTOF II instrument. Saccharomyces cerevisiae strains RC757 (MATα sst2-1 

rme1 his6 met1 can1 cyh2), LM102 (MATa, bar1, his4, leu2, trp1, met1, ura3, FUS1-

lacZ::URA3, ste2-dl) carries the plasmid pBEC2 encoding STE2, X2180-1A (MATa 

SUC2 mal mel gal2 CUP1) and X2180-1B (MATα SUC2 mal mel gal2 CUP1) were used 

to test biological activity as previously described.6, 147 

3.3.1. Synthesis of Fmoc-Cys-OCH3 (1a) 

A solution of Fmoc-Cys-OH�H2O (0.5 g, 1.38 mmols) in MeOH (~10 mL) was prepared 

and 6 drops of 12 N HCl were added to this solution. The mixture was left stirring 

overnight at rt. A wet white solid (with excess of MeOH) was obtained. The material was 

dissolved in acetone and the mixture of solvents was evaporated under reduced pressure 

to obtain the product as a white solid (0.470 g, 97%). No further purification was needed. 

Rf 0.5 (silica gel, hexane/EtOAc, 50:50, v/v); ESI-MS: for C19H19NO4S [M+Na+]+; calcd 

380.0935, found 380.0982 

3.3.2. Fmoc-Cys(2-ClTrt-resin)-OCH3 (2a, 2b) 

The 2-chlorotrityl chloride (2-ClTrt-Cl) resin, with a loading of 1.30mmol/g, (1 equiv, 77 

mg, 0.1 mmol) was placed into a syringe (with a frit) and was washed with DMF (3×). 

The Fmoc-Cys-OCH3 (1a, 1b) was added into a separate test tube and dissolved with 

DCM (3 mL). This solution was added to the syringe before adding DIEA (4 equiv, 70 
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µL, 0.4 mmol). The mixture was left reacting overnight while stirring in a rotisserie. 

After completion of the reaction, 50 µL of MeOH were added to the solution and left 

reacting for 5 min in order to cap any unreacted 2-ClTrt-Cl groups on the resin. Then, the 

reagents were eluted off the syringe and the resin was washed with DMF (3×) and DCM 

(3×). Loading of Fmoc-Cys-OCH3 on the resin (0.626 mmol/g) was calculated via Fmoc-

quantitative analysis. 

3.3.3. Fmoc-Cys(Trt-resin)-OCH3 (3a, 3b) 

The trityl chloride (Trt-Cl) resin, with a loading of 1.40 mmol/g), (1 equiv, 71 mg, 0.1 

mmol) was placed into a syringe (with a frit) and was washed with DMF (3×). The Fmoc-

Cys-OCH3 (1a, 1b) was added into a separate test tube and dissolved with DCM (3 mL). 

This solution was added to the syringe before adding DIEA (4 equiv, 70 µL, 0.4 mmol). 

The mixture was left reacting overnight while stirring in a rotisserie. After completion of 

the reaction, 50 µL of MeOH were added to the solution and left reacting for 5 min in 

order to cap any unreacted Trt-Cl groups on the resin. Then, the reagents were eluted off 

the syringe and the resin was washed with DMF (3×) and DCM (3×). Loading of Fmoc-

Cys-OCH3 on the resin (0.914 mmol/g) was calculated via Fmoc-quantitative analysis. 

3.3.4. Piperidine treatment of Fmoc-Gly-Phe-Cys(resin)-OCH3 after 1h, 2h, 5h and 

24h: Comparison between 2-ClTrt-Cl and Trt-Cl resins 

Each resin (10 mg) containing Fmoc-Gly-Phe-Cys-OCH3 attached via its thiol 

functionality was treated with 20% piperidine/DMF. The two different resins (11a and 

12a) were treated for 1, 2, 5 and 24 hours. Then, the resins were washed with DMF and 
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DCM and dried in vacuuo. Ninhydrin tests were used for the quantification of amino 

groups on the resin.  



 

 71 

Table 3.1. Piperidine-stability studies of Fmoc-Gly-Phe-Cys(resin)-OCH3 

Time of piperidine 
exposure (hr) 

2-ClTrt-Cl (µmol/g) Trt-Cl (µmol/g) 

1 95 235 
2 95 225 
5 94 271 
24 62 178 

3.3.5. Piperidine treatment of Fmoc-Cys(resin)-OCH3 after 5, 10, 20, 80, 160 min: 

Comparison between 2-ClTrt-Cl and Trt-Cl resins 

Each resin (10 mg) containing Fmoc-Cys-OCH3 attached via its thiol functionality was 

treated with 20% piperidine/DMF. The two different resins (2a and 3a) were treated for 

5, 10, 20, 80 and 160 minutes. Then, the resins were washed with DMF and DCM and 

dried in vacuuo. Ninhydrin tests were used for the quantification of amino groups on the 

resin.  

Table 3.2. Piperidine-stability studies of Fmoc-Cys(resin)-OCH3 

Time (min) 2-ClTrt-Cl (µmol/g) Trt-Cl (µmol/g) 

10* 182 288 

20 159 283 

80 143 281 

160* 134 262 
*The % yield of peptide obtained was calculated assuming 
that the amount of maximum free N-terminus was obtained 
after 10 min of piperidine treatment. After 160 minutes the 
% yield of peptide still attached to the resin was 74% and 
91% for 2-ClTrt-Cl and Trt-Cl resin respectively. 
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3.3.6. Synthesis of a-factor precursor peptide (5) using the 2-ClTrt-Cl resin via the 

cysteine anchoring method 

The resin (1 equiv, 186 mg, 0.565 mmol/g) containing the Fmoc-Cys-OCH3 amino acid 

was placed in the reaction vessel on an automated peptide synthesizer together with 4 

equivalents of each Fmoc-protected amino acid and 4 equivalents of the activating agent 

HCTU. After the peptide was synthesized, the resin was transferred to a syringe, washed 

3× with DCM and dried in vacuo. Then, the peptide was cleaved off the resin after 

treatment with 10 mL of Reagent K (TFA/phenol/thioanisole/water/ethanedithiol, 

82.5:5:5:5:2.5) for 30 min. Preparation of Reagent K: The specific amount of compounds 

used to do the mixture were: 0.5 g phenol, 0.5 mL of thioanizole, 0.5 mL of water 0.25 

mL ethanedithiol 10 mL of TFA. Then N2(g) was bubbled into the solution to remove any 

oxygen dissolved in the mixture.) Following resin cleavage, the peptide was precipitated 

by the addition of Et2O. The peptide was centrifuged to form a pellet and was rinsed with 

Et2O twice. The peptide was then dissolved in 5 mL of MeOH and diluted with 30 mL of 

Buffer A (0.1% aq TFA) and purified by preparative HPLC before farnesylation. The 

product was obtained as a white solid (51 mg, 45.4%). ESI-MS: for C70H100N14O16S 

[M+2H+]2+; calcd 713.37, found 713.38 [M+2Na+]2+; calcd 735.35, found 735.38 

3.3.7. Synthesis of a-factor precursor peptide (5) using the Trt-Cl resin via the 

cysteine anchoring method 

The resin (1 equiv, 64 mg, 0.81 mmol/g) containing the Fmoc-Cys-OCH3 amino acid was 

placed in reaction vessel for an automated peptide synthesizer together with 4 equivalents 
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of each Fmoc-protected amino acid and 4 equivalents of the activating agent HCTU. 

After the peptide was synthesized, the resin was transferred to a syringe, washed 3× with 

DCM and dried in vacuo. Then, the peptide was cleaved off the resin after treatment with 

10 mL of Reagent K (TFA/phenol/thioanisole/water/ethanedithiol, 82.5:5:5:5:2.5) for 30 

min and N2(g) was bubbled into the mixture to remove any oxygen dissolved in the 

mixture. Following resin cleavage, the peptide was precipitated by the addition of Et2O. 

The peptide was centrifuged to form a pellet and it was rinsed with Et2O twice. The 

peptide was dissolved in 5 mL of MeOH and diluted with 30 mL of Buffer A (0.1% aq 

TFA) and purified by preparative HPLC before farnesylation. The product was obtained 

as a white solid (61 mg, 82%). ESI-MS: for C70H100N14O16S [M+2H+]2+; calcd 713.37, 

found 713.32 

3.3.8. Synthesis of a-factor (6) 

The a-factor precursor peptide (5) (1 equiv, 3.9 mg, 3 µmol) was dissolved in 

DMF/BuOH/0.1% aq TFA (10 mL of a 4:2:1 mixture) together with farnesyl bromide (5 

equiv, 3 µL, 15 µmol). In a separate test tube, the Zn(OAc)2•2H2O (5 equiv, 2.3 mg, 

0.015 mmol) was dissolved in (0.50  mL) of 0.1% aq TFA. The Zn(OAc)2 was added to 

the peptide solution and the reaction was left stirring for 1.5 h. The reaction mixture was 

then filtered and purified by preparative HPLC. The product was obtained as a white 

solid (4 mg, 91%). ESI-MS: for C85H124N14O16S [M+2H+]2+; calcd 815.46, found 815.41 
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3.3.9. Synthesis of 5-FAM-labeled a-factor precursor peptide (9) 

The resin (1 equiv, 161 mg, 0.618 mmol/g) containing the Fmoc-Cys-OCH3 amino acid 

was placed in the reaction vessel of an automated peptide synthesizer together with 4 

equivalents of each Fmoc-protected amino acid and 4 equivalents of the activating agent 

HCTU. Boc-Y(tBu)-OH was used as the N-terminal residue. 2 equivalents of Fmoc-

K(ivDde)-OH were used for this synthesis and the coupling time for this residue was 4 h. 

The peptide was then transferred to a small syringe containing a filter and removal of the 

ivDde group was performed with a solution of 10% hydrazine in DMF. To this resin, a 

solution of 5-FAM, SE (1.3 equiv, 62 mg, 0.13 mmol) in 8 mL of DMF was added in the 

presence of DIEA (2.6 equiv, 45 µL, 0.26 mmol). After letting it reacting overnight, the 

resin was then treated with a solution of 20% piperidine in DMF. After washing the resin 

3× with DMF and 3× with DCM, the peptide was cleaved off the resin after treatment 

with Reagent K for 30 min, precipitated in the presence of Et2O and centrifuged. The 

pellet was then dissolved in HCO2H (2 mL) and diluted with 10 mL of Buffer A (0.1% aq 

TFA). The HCO2H was particularly useful to solubilize the crude peptide in this case. 

The material was then purified by preparative HPLC before farnesylation.  The product 

was obtained as an orange solid (17.7 mg, 35.6%). ESI-MS: for C91H110N14O22S 

[M+2H+]2+; calcd 892.39, found 892.31 

3.3.10. Synthesis of 5-FAM a-factor (10) 

The 5-FAM-labeled a-factor precursor peptide (9) (1 equiv, 5.9 mg, 3.0 µmol) was 

dissolved in DMF/BuOH/0.1% aq TFA (10 mL of a 4:2:1 mixture) together with farnesyl 
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bromide (5 equiv, 4.5 µL, 15 µmol). In a separate test tube, the Zn(OAc)2•H2O (5 equiv, 

3.7 mg, 15 µmol) was dissolved in (0.50 mL) of 0.1% aq TFA. The Zn(OAc)2 was added 

to the peptide solution and the reaction was left stirring for 1.5 h. The reaction mixture 

was then filtered and purified by preparative HPLC. The product was obtained as a light 

orange to yellow solid (5.8 mg, 88%). ESI-MS: for C106H134N14O22S [M+2H+]2+; calcd 

994.49, found 994.46 

3.4. Results and Discussion 

The first peptide prepared with this method was the yeast mating pheromone a-factor 

from Saccharomyces cerevisiae. This dodecapeptide has attracted considerable attention 

in the field of protein prenylation due to its similarity with the C-terminal portion of 

larger, farnesylated proteins. Moreover, in common with these proteins, the farnesyl 

moiety and the methyl ester group incorporated at the C-terminal Cys of the a-factor 

peptide have been shown to be critical for its bioactivity.7, 73 Fluorescently labeled 

analogs of a-factor would be particularly useful for studying their binding to cell-surface 

receptors.80 Unfortunately, most of the existing methods described in the literature for 

peptide C-terminal methyl ester synthesis are not convenient or suitable due to their use 

of aforementioned acidic or oxidative conditions.  

3.4.1. Synthesis of peptides 

The method reported here began with the attachment of Fmoc-Cys-OCH3 to 

commercially available 2-ClTrt-Cl resin via its thiol functionality in order to obtain 2a 

(Scheme 3.1). The loading of the first amino acid was determined by Fmoc absorbance 
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after deprotection with 20% piperidine in DMF. The a-factor sequence was then 

assembled using Fmoc-based SPPS to obtain 4a (Scheme 3.2). Since the linkage between 

the cysteinyl thiol and 2-ClTrt resin is acid labile, the peptide was cleaved from the resin 

upon treatment with Reagent K (TFA, thioanisole, phenol, water, ethanedithiol – 

87.5:5:5:2.5) along with simultaneous deprotection of the acid-labile amino acid side-

chain protecting groups. Using this concise procedure, it was possible to obtain the a-

factor precursor peptide 5 with a crude purity of 82% (Figure 3.1 A). This peptide was 

then purified and obtained in 42% overall yield (Table 3.3). Farnesylation of 5 was 

performed using conditions developed by Naider126 and previously reported by Mullen et. 

al for a-factor synthesis to yield 6.147 
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Scheme 3.2. Synthesis of the mating pheromone a-factor using the cysteine 
anchoring method. The a-factor precursor peptide was synthesized on resin and 
farnesylation of peptide 5 was performed in solution to obtain peptide 6. 

Having demonstrated the success of this simple method for the preparation of a-factor, 

we next undertook the synthesis of a fluorescently labeled analog of a-factor. The 5-FAM 
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fluorophore was selected due to its high fluorescence, low cost and ease of attachment to 

lysine side-chains during SPPS.133 Importantly, studies have shown that amino acid 

substitution79 or truncation118 of the a-factor lysine residue does not significally affect the 

bioactivity of the pheromone; we envision that fluorescently labeled forms of a-factor 

will be useful for monitoring the binding of the pheromone to its cognate receptor as well 

as for photoaffinity labeling applications. It should be noted that earlier efforts to prepare 

such an analog using hydrazine resin were unsuccessful presumably due to overoxidation 

of the fluorophore in the Cu-catalyzed cleavage step. 
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Scheme 3.3. Strategy used for the synthesis of 5-FAM-labeled a-factor precursor 
peptide 9 and 5-FAM labeled a-factor (10). 
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The synthesis of 5-FAM labeled a-factor was analogous to that of the standard a-factor 

(Scheme 3.3) with slight modifications. After attachment of Fmoc-Cys-OCH3 to 2-ClTrt-

Cl resin, the peptide was extended using SPPS. However, the lysine residue incorporated 

an ivDde-protected amino group resulting in the formation of intermediate 7. This 

protecting group was orthogonally cleaved in the presence of hydrazine followed by 

coupling of the 5-FAM fluorophore to obtain 8. Deprotection of side-chains and cleavage 

of the peptide from the resin were achieved simultaneously in the presence of Reagent K 

to give an 81% crude purity for peptide 9 as shown in Figure 3.1 B. Purification of the 

crude material produced the peptide in 36% yield, which was then farnesylated to give 

peptide 10. 

Because the yields of these peptides were somewhat lower than anticipated, we chose to 

repeat the synthesis shown in Scheme 3.2 using a different trityl-based resin. Thus, 

peptide 5 was synthesized using a commercially available Trt-Cl resin in order to 

determine if the absence of the electron withdrawing chloride would have an effect on the 

final yield. To our surprise, the yield of peptide 5 increased from 45% to 82% by simply 

changing the resin to Trt-Cl (Table 3.3). We hypothesized that the presence of the 

electron withdrawing chloride in the 2-ClTrt containing resin increases the risk of β-

elimination by increasing the leaving group ability of the protected thiol resulting in loss 

of peptide from the resin during each piperidine deprotection cycle. Accordingly, we 

treated resin-bound model tripeptides 11a and 12a with piperidine for varying times and 

determined the amount of peptide remaining on the solid support via quantitative 

ninhydrin analysis; interestingly, no significant loss of peptide occurred except after very 
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long (24 h) exposure (Table 3.1). In contrast, when resin bound-2a or 3a were treated 

with piperidine, some loss of peptide from the solid support was observed (Table 3.2). 

The loss was greater using the 2-ClTrt-Cl resin (26%) than with the Trt-Cl resin (9%), 

consistent with the hypothesis that β-elimination is responsible for the reduction in yield 

observed with the former. The observation that some loss occurs with 2a and 3a but not 

with 11a and 12a suggests that this β-elimination reaction is context dependent. 

Importantly, Trt-Cl resin appears to be the support of choice for this application. 
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Figure 3.1. HPLC of A) crude peptide 5 and B) crude peptide 9 after cleavage from 
the 2-ClTrt resin. 

Since the procedure reported here uses a side-chain cysteine anchoring method, and the 

Cys is not attached to the solid support via an ester linkage, the risk of racemization of 

the C-terminal Cys is minimal.22 However, since it has been previously reported that 

repetitive treatment with piperidine can sometimes cause racemization,148 a study was 

carried out to examine whether this method leads to a loss in chiral integrity of the Cys 

residue. Model tripeptides 13a and 13b containing a methyl ester at the C-terminus were 

synthesized using 2-ClTrt-Cl and Trt-Cl resin. The C-terminal acid forms of these 

tripeptides have been previously reported to manifest baseline resolution when separated 
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by HPLC.144 Peptides 13a (Rt = 15.5 min) and 13b (Rt = 14.9 min) were analyzed by 

HPLC individually and via co-injection and the data showed negligible (<1%) 

racemization product for both resins.  

Table 3.3. Comparison of % yield obtained with 2-ClTrt-Cl and Trt-Cl resins for 
the synthesis of 5. aPurity of peptide 5 in the crude mixture after deprotection and 
cleavage from the resins but prior to HPLC purification. bAfter purification. 

Entry Resin Purity of crudea (%) Isolated yieldb (%) 

1 2-ClTrt-Cl 82 45 

2 Trt-Cl 81 82 

3.4.2. Growth arrest assay 

The biological activity of synthetic derivatives of a-factor was evaluated in a yeast 

growth arrest assay. Cells expressing the Ste3p receptor (MATα cells) undergo growth 

arrest in the presence of a-factor. In this assay, a plate containing a lawn of MATα S. 

cerevisiae cells (strain RC757) was treated with different amounts of a-factor. This strain 

was chosen for this assay because of its hypersensitivity to a-factor. If a-factor binds to 

Ste3p receptor, a clear zone of inhibition will develop in the region where the compound 

is applied. At least two controls were included in this experiment. S. cerevisiae cells 

which secrete  a-factor (X2180-1A, MATa) or α-factor (X2180-1B, MATα) were applied 

to the lawn. A zone of inhibition formed around the a-factor (16-0.06 ng of a-factor) 

secreting cells but not around those secreting α-factor indicating that the RC757 cells 

respond specifically to a-factor (Figure 3.2, Panel A, Template G). Due to relatively low 

activity of the fluorescently labeled a-factor, additional plate with RC757 was made. The 
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lawn was impregnated with 2-0.00375 ng of a-factor (Figure 3.2, Panel C, Template H). 

A previously characterized, synthetic a-factor with wild-type potency6, 74, 117, 149 also 

stimulated growth arrest with an endpoint of 0.12 ng; the synthetic material produced in 

this study yielded an identical endpoint.  

 

Figure 3.2. Biological assay of pheromones. Growth arrest in response to pheromone 
was determined for the a-factor responsive strain RC757 (A, C, E) or the α-factor 
responsive strain LM102 (B, D, F). The templates on the right indicate the amount 
of control synthetic a-factor that was spotted on plates A and B (Template G) and 
plate C and D (Template H). The fluorescently labeled 5-FAM a-factor was applied 
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to the remaining plates (E, F) as indicated in the template I. At the top of each plate 
2½ µL of cells secreting a-factor (MATa) or α-factor (MATα) were applied to the 
lawn as indicated in the templates. MATa strain was also applied to the bottom of 
plates A, B, E and F. 

Next the biological activity of the fluorescently labeled a-factor analog (5-FAM a-factor) 

was evaluated using the same assay. 5-FAM a-factor gave an endpoint of 8.0 ng (Figure 

3.2, Panel E, Template I). Thus, based on the endpoint determinations reported above, the 

a-factor produced via this new route is equipotent to the naturally derived material, while 

the 5-FAM a-factor retains only 12.5% of a-factor activity. To ensure that the observed 

growth arrest was not due to general toxicity, control experiments were performed using 

LM102 strain (MATa), which expresses the α-factor receptor and thus does not respond 

to a-factor. MATa cells did not yield a zone of growth inhibition in response to any of the 

a-factor derivatives indicating that tested compounds are not toxic and are mating type 

specific (Figure 3.2, Panels B, D and F). 
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Scheme 3.4. Synthesis of model peptide H-Gly-Phe-Cys-OCH3. *Represents the 
stereochemistry of the cysteine alpha carbon. 
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3.5. Conclusion 

In summary, a new method has been developed for the synthesis of peptides containing 

methyl esters at the C-terminus. This method was applied to the synthesis of a-factor and 

a fluorescently labeled a-factor analog producing crude materials of high purity. A 

comparison between two trityl-based resins for the synthesis of the a-factor precursor 

peptide showed that the yield of the desired peptide almost doubled when using the Trt-

Cl resin instead of the 2-ClTrt-Cl resin. Model tripeptides were synthesized using both 

resins and HPLC analysis showed formation of the desired peptide without significant 

racemization. To verify that peptides 6 and 10, synthesized with the cysteine anchoring 

method described herein are biologically active, we tested their ability to cause growth 

arrest of cells expressing the Ste3p a-factor receptor. In that assay, previously 

characterized, a-factor with wild-type potency stimulated growth arrest with an endpoint 

of 0.12 ng;6 the synthetic material produced in this study (6) yielded an identical 

endpoint. In contrast, the 5-FAM a-factor (10) manifested an endpoint of 8.0 ng 

indicating that while the fluorescent analog has somewhat lower activity, it still possesses 

significant (12.5%) bioactivity and hence should be useful for future studies. The success 

of this simple method for the synthesis of peptides containing C-terminal Cys methyl 

esters using commercially available resins opens the door to the synthesis of a wide 

variety of C-terminal ester modified peptides that can be used to study protein 

prenylation and other structurally related biological processes. 
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Chapter 4.  Synthesis of Peptides Containing C-Terminal Esters Using Trityl Side-

Chain Anchoring: Applications to the Synthesis of C-Terminal Ester Analogs of the 

S. cerevisiae Mating Pheromone a-Factor 

Reprinted (adapted) with permission from Diaz-Rodriguez, V., Ganusova, E., Rappe, T. 
M., Becker, J. M., and Distefano, M. D. (2015) Synthesis of Peptides Containing C-
Terminal Esters Using Trityl Side-Chain Anchoring: Applications to the Synthesis of C-
Terminal Ester Analogs of the Saccharomyces cerevisiae Mating Pheromone a-Factor, J. 
Org. Chem. Copyright 2015 American Chemical Society. 
 

4.1. Summary 

Peptides containing C-terminal esters are an important class of bioactive molecules that 

includes a-factor, a farnesylated dodecapeptide, involved in the mating of S. cerevisiae. 

Here, results that expand the scope of solid phase peptide synthetic methodology that 

uses trityl side-chain anchoring for the preparation of peptides with C-terminal cysteine 

alkyl esters are described. In this method, Fmoc-protected C-terminal cysteine esters are 

anchored to trityl chloride resin and extended by standard solid phase procedures 

followed by acidolytic cleavage and HPLC purification. Analysis using a Gly-Phe-Cys-

OMe model tripeptide, revealed minimal epimerization of the C-terminal cysteine residue 

under basic conditions used for Fmoc deprotection. 1H-NMR analysis of the 

unfarnesylated a-factor precursor peptide confirmed the absence of epimerization. The 

side-chain anchoring method was used to produce wild type a-factor that contains a C-

terminal methyl ester along with ethyl-, isopropyl- and benzyl-ester analogs in good 

yield. Activity assays using a yeast-mating assay demonstrate that while the ethyl and 

isopropyl esters manifest near-wild type activity, the benzyl ester-containing analog is ca. 
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100-fold less active. This simple method opens the door to the synthesis of a variety of C-

terminal ester modified peptides that should be useful in studies of protein prenylation 

and other structurally related biological processes. 
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4.2. Introduction 

The development of peptide chemistry continues to be an area of intense investigation 

since peptides play a significant role in biochemical applications including 

therapeutics150, 151 and peptidomimetics1. Due to the common use of peptides to address 

biological questions, efficient techniques are needed to incorporate modifications into 

their basic structure that enhance their properties.152 Peptides containing esters at their C-

terminus can be used for a variety of biological applications including drug discovery. 

Using an alkyl ester to mask a carboxylic acid increases the hydrophobicity of the 

molecule and improves its membrane permeability.50, 129 Depending on the nature of the 

alkyl ester, such molecules can undergo hydrolysis upon cell entry and release a bioactive 

carboxylic acid.153 Peptides with a methyl ester on their C-terminal cysteine are useful for 

studying protein prenylation since they are present in fully processed, farnesylated and 

geranylgeranylated proteins.63 Research shows that the presence of the prenyl moiety and 

methyl ester group on specific proteins is necessary for membrane targeting and proper 

functioning.154 However, even though ester-modified peptides can be useful for a variety 

of applications, only a few reports in the literature describe their synthesis via solid phase 

methods.6, 9, 10, 60, 143 

An ideal methodology for the synthesis of peptides containing a C-terminal cysteine 

circumvents common limitations of existing methods without compromising their 

primary features. Specifically, such methodologies should feature the following: 1) use of 

commercially available resins, 2) manifest broad scope to introduce a variety of alkyl 
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esters, 3) easy release of the desired peptide from the resin containing the alkyl ester 

functionality, 4) Allow for the incorporation of a variety of related derivatives within the 

amino acid sequence, 5) minimize the occurrence of side-reactions (i.e. cysteine 

racemization and β-elimination) due to the presence of a C-terminal cysteine, 6) use mild 

conditions and short reaction times, and 7) produce the desired peptide in high yield.  

Here, we report new developments related to the trityl (Trt) side-chain anchoring method 

that expand the utility of that strategy published earlier by our group.4 The method 

reported here begins with the loading of an Fmoc-Cys-OR building block onto 

commercially available Trt-containing resin via its thiol functionality. The peptide 

sequence is then assembled using Fmoc-based solid phase peptide synthesis (SPPS). 

Since the linkage between the cysteinyl thiol and Trt resin is acid labile, the peptide can 

be cleaved from the resin upon treatment with mild acidic conditions (TFA-based 

solutions) along with simultaneous deprotection of the acid-labile amino acid side-chain 

protecting groups typically used in Fmoc SPPS. In our initial communication, the method 

was limited to the preparation of methyl esters; in the current study, the scope has been 

expanded to include ethyl, isopropyl and benzyl esters. An expanded analysis of cysteine 

racemization is also reported in both a tripeptide model system as well as a longer 

peptide. Finally, the new methodology has been used to produce analogs of a-factor, an 

important bioactive, farnesylated dodecapeptide, that incorporate different alkyl esters at 

the C-terminus. The preparation of different ester analogs of this peptide was not only 

useful to highlight the scope of the trityl-anchoring method but also allowed us to probe 

the effects of these ester modifications on the bioactivity of a-factor. 
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4.3. Materials and methods 

All reagents and solvents were used as received. All the solvents were HPLC grade. 

DIEA (N,N-Diisopropylethylamine) and TFA were of Sequalog/peptide synthesis grade. 

Standard Fmoc/HCTU chemistry was used for SPPS of peptides. Fmoc-based SPPS was 

performed on a Protein Technologies PS3 automated peptide synthesizer. Additional 

steps performed on resin (after coupling/deprotection of N-terminus) were carried out 

using a polypropylene syringe equipped with a porous polypropylene disc at the bottom. 

Peptide synthesis and other transformations were performed at 25 °C unless otherwise 

indicated. Loading of first amino acids on resin was determined using Fmoc quantitative 

analysis155 and the Fmoc solutions were analyzed at 301 nm on a UV-Visible 

spectrophotometer. The peptides were cleaved off the resin using Reagent K. 

(Preparation of Reagent K: The specific amount of compounds used to do the mixture 

were: 0.5 g phenol, 0.5 mL of thioanisole, 0.5 mL of H2O, 0.25 mL ethanedithiol and 

8.25 mL of TFA. Then N2(g) was bubbled into the solution to remove any oxygen 

dissolved in the mixture.) The peptides were analyzed using Reverse Phase High 

Performance Liquid Chromatography (RP-HPLC) and the products were observed at 220 

nm. The analytical column used was a C18 Agilent Microsorb-MV 100-5 (4.6 x 250 mm) 

and the preparative column was a Phenomenex C18 (10 µm, 10.00 x 250 mm). The buffer 

solutions used for HPLC analysis and purifications were: Buffer A (0.1% TFA in H2O) 

and Buffer B (0.1% TFA in CH3CN). The retention times of the a-factor analogs are 

based on a flow rate of 1 mL/min and on a gradient increase of 1% Buffer B/min after 

equilibration of the column with 1% Buffer B. The solutions containing purified peptides 
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were lyophilized and analyzed by ESI-MS. The retention times of the model tripeptides 

are based on a flow rate of 1 mL/min and a gradient increase of 1.6% Buffer B/min after 

equilibration of the column with 5% Buffer B. 

4.3.1. Synthesis of Fmoc-L-Cys-OMe (1a)  

A solution of Fmoc-Cys-OH � H2O (0.5 g, 1.38 mmol) in CH3OH (~10 mL) was 

prepared and 6 drops of 37% HCl were added to this solution. The mixture was left 

stirring overnight at rt. A wet white solid (with excess of CH3OH) was obtained. The 

material was dissolved in acetone and the mixture of solvents was evaporated under 

reduced pressure to obtain the product as a white solid (0.470 g, 97%). No further 

purification was needed. Rf 0.5 (silica gel, hexane/EtOAc, 1:1, v/v). 1H NMR (300 MHz, 

CDCl3): δ 1.37 (t, 1H, SH, J=8.6 Hz), 3.01 (s (broad), 2H), 3.81 (s, 3H), 4.24 (t, 1H, 

J=7.0), 4.44 (d, 2H, J=6.3), 4.68 (s (broad), 1H), 5.69 (s (broad), NH), 7.33 (t, 2H, 

J=7.3), 7.42 (t, 2H, J=7.3), 7.62 (d, 2H, J=7.3), 7.78 (d, 2H, J=7.3). 13C NMR (75.0 

MHz, CDCl3): δ 27.2, 47.2, 52.9, 55.2, 67.1, 120.0, 125.1, 127.1, 127.8, 141.3, 143.6, 

155.6, 170.4. HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C19H19NO4S 380.0933; Found 

380.0905. 

4.3.2. Synthesis of Fmoc-D-Cys-OMe (1b)  

Compound 1b was prepared via the same procedure described above for 1a using Fmoc-

D-Cys-OH as starting material. 
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4.3.3. Synthesis of Fmoc-Cys-OEt (1c)  

A solution of Fmoc-Cys-OH � H2O (0.10 g, 0.26 mmol) in EtOH (~10 mL) was prepared 

and 6 drops of 37% HCl were added to this solution. The mixture was left stirring 

overnight at reflux (80 °C). A wet white solid (with excess of EtOH) was obtained. The 

material was dissolved in acetone and the mixture of solvents was evaporated under 

reduced pressure to obtain the product as a white solid (0.109 g, 99%). No further 

purification was needed. Rf 0.7 (silica gel, hexane/EtOAc, 1:3, v/v). 1H NMR (300 MHz, 

CDCl3): δ 1.34 (m, 3H, SH), 3.01 (s (broad), 2H), 4.25 (m, 3H), 4.43 (d, 2H, J=6.9), 4.65 

(s (broad), 1H), 5.72 (s (broad), NH), 7.33 (t, 2H, J=7.4), 7.41 (t, 2H, J=7.4), 7.62 (d, 2H, 

J=7.4), 7.78 (d, 2H, J=7.4). 13C NMR (75.0 MHz, CDCl3): δ 14.3, 27.2, 47.2, 55.2, 62.1, 

67.1, 120.0, 125.1, 127.1, 127.8, 141.3, 143.6, 155.6, 169.9. HRMS (ESI-TOF) m/z: 

[M+Na]+ Calcd for C20H21NO4S 394.1089; Found 394.1085. 

4.3.4. Synthesis of Fmoc-Cys-OiPr (1d)  

A solution of Fmoc-Cys-OH � H2O (0.1 g, 0.26 mmol) in iPrOH (~10 mL) was prepared 

and 12 drops of 37% HCl were added to this solution. The mixture was left stirring 

overnight at reflux (83 °C). The material was dissolved in acetone and the mixture of 

solvents was evaporated under reduced pressure to obtain a solution that was purified via 

column chromatography (hexanes/EtOAc, 9:1). The product was obtained as a white 

solid (57 mg, 51%). Rf 0.71 (silica gel, hexane/EtOAc, 7:3, v/v). 1H NMR (300 MHz, 

CDCl3): δ 1.32 (m, 6H, SH), 3.00 (s (broad), 2H), 4.23 (t, 1H, J=3.4), 4.43 (d, 2H, J=6.6), 

4.61 (s (broad), 1H), 5.79 (s (broad), NH), 7.32 (t, 2H, J=7.5), 7.41 (t, 2H, J=7.5), 7.61 
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(d, 2H, J=7.5), 7.77 (d, 2H, J=7.5). 13C NMR (75.0 MHz, CDCl3): δ 21.8, 27.2, 47.2, 

50.8, 55.2, 67.1, 120.0, 125.1, 127.1, 127.8, 141.3, 143.7, 155.7, 169.5. HRMS (ESI-

TOF) m/z: [M+Na]+ Calcd for C21H23NO4S 408.1246; Found 408.1258. 

4.3.5. Synthesis of Fmoc-Cys-OBn (1e)  

A solution of Fmoc-Cys(Trt)-OH (0.5 g, 0.85 mmol) in DMF (6 mL) was prepared and 

benzyl bromide (112 uL, 0.94 mmol) and DIEA (148 uL, 0.85 mmol) were added to this 

solution. The mixture was left stirring for 2 h on a reflux at 60 °C. The salt byproduct 

was removed by crystallization with Et2O. The product remained in the filtrate and the 

DMF was removed by lyophilization. The material was used without further purification. 

Fmoc-Cys(Trt)-OBn (0.3 g, 0.44 mmol, 1 equiv) was dissolved in 25 mL of 1% TFA 

solution in CH2Cl2. Triisopropylsilane (0.9 mL, 4.4 mmol, 10 equiv) was added to this 

solution resulting in no immediate color change. TLC showed 95% conversion after 2 h 

of constant stirring. A solution of 1% TEA in CH2Cl2 (28 mL) was added slowly to the 

reaction mixture to neutralize the TFA. 20 mL of water were added to the mixture and the 

CH2Cl2 was evaporated under reduced pressure. CH2Cl2 (25 mL) was added to the 

solution and an extraction with water (20 mL - 2×) was performed. The product (CH2Cl2 

solution) was dried with MgSO4 and filtered. The solvents were removed under reduced 

pressure and the product was purified by flash chromatography (hexanes/EtOAc, 9.5:5). 

Rf 0.48 (silica gel, hexane/EtOAc, 7:3, v/v). 1H NMR (300 MHz, CDCl3): δ 1.27 (t, 1H, 

SH, J=8.9 Hz), 3.01 (s (broad), 2H), 4.23 (t, 1H, J=7.0), 4.43 (d, 2H, J=6.8), 4.72 (s 

(broad), 1H), 5.23 (q, 2H, J=12.8), 5.74 (s (broad), NH), 7.37 (m (arom), 9H), 7.61 (d, 
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2H, J=7.6), 7.78 (d, 2H, J=7.6). 13C NMR (75.0 MHz, CDCl3): δ 27.2, 47.2, 55.2, 67.2, 

67.8, 120.0, 125.1, 127.1, 127.8, 128.6, 128.7, 129.5, 135.0, 141.3, 143.78, 155.6, 169.9. 

HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C25H23NO4S 456.1246; Found 456.1248. 

4.3.6. General procedure for the loading of Fmoc-Cys-OR (R = Me, Et, iPr) to Trt-

Cl resin  

Trityl chloride (Trt-Cl) resin, with a loading of 1.40 mmol/g, (1 equiv) was placed into a 

fritted syringe and was washed with DMF (3×). The Fmoc-Cys-OR (2 equiv) was added 

into a separate test tube and dissolved with CH2Cl2 (3 mL). This solution was added to 

the syringe containing the resin followed by the addition of DIEA (4 equiv). The mixture 

was left to react overnight while mixing with a rotisserie. The next morning, CH3OH (50 

µL) was added to the solution and allowed to react for 5 min in order to cap any 

unreacted Trt-Cl groups on the resin. Then, the reagents were drained from the syringe 

and the resin was washed with DMF (3×) and CH2Cl2 (3×). Loading of Fmoc-Cys-OR on 

the resin was calculated via Fmoc-quantitative analysis.155  

4.3.7. Procedure for the loading of Fmoc-Cys-OBn to Trt-Cl resin  

The trityl chloride (Trt-Cl) resin, with a loading of 1.40 mmol/g, (1 equiv, 40 mg) was 

placed into a round bottom flask and was suspended in CH2Cl2. Fmoc-Cys-OBn (6 equiv, 

144 mg, 0.333 mmol) was added into a separate test tube and dissolved with CH2Cl2 (3 

mL). This solution was added to the flask before adding DIEA (8 equiv, 77.5 µL, 0.45 

mmol). The mixture was left to react 24 h at 37 °C with occasional manual stirring. The 

next day, the reaction was refluxed at 50 °C for 2 h at which point 50 µL of CH3OH were 
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added to the solution (at rt) and reacted for 5 min in order to cap any remaining Trt-Cl 

groups on the resin. Then, the resin was transferred to a fritted syringe and the reagents 

were drained off. The resin was washed with DMF (3×) and CH2Cl2  (3×). Loading of 

Fmoc-Cys-OBn on the resin (0.680 mmol/g, 39.5 mg resin, 48.6% loading) was 

calculated via Fmoc-quantitative analysis155 (Table 1). 

4.3.8. Synthesis of the model tripeptide Gly-Phe-L-Cys-OMe (6a)  

Fmoc-based SPPS was used to couple Fmoc-Phe-OH and Fmoc-Gly-OH onto resin 

loaded with Fmoc-Cys-OCH3 (2a). The peptide 6a was obtained after treatment of the 

resin with 2 mL of 1% TFA/CH2Cl2 for 2 min (Repeated 10×). The TFA/original was 

evaporated to 5% of its volume and the peptide was precipitated with 5 mL of Et2O. The 

suspension was centrifuged to form a pellet that was rinsed twice with Et2O and dissolved 

in 2 mL of DMF. ESI-MS showed the mass of an oxidized peptide (disulfide bond) that 

was reduced with 4 equiv of DTT in DIEA (4 equiv) to obtain the desired peptide. ESI-

MS: for C15H21N3O4S [M+H+]+; calcd 340.1333, found 340.1383 [M+Na+]+; calcd 

362.12, found 362.10. 

4.3.9. Synthesis of model tripeptide Gly-Phe-D-Cys-OMe (6b)  

Fmoc-based SPPS was used to prepare 6b as described above for 6a. As noted for 6a, 

ESI-MS showed the mass of an oxidized peptide (disulfide bond) that was reduced with 4 

equiv of DTT in DIEA (4 equiv) to obtain the desired peptide. ESI-MS: for C15H21N3O4S 

[M+H+]+; calcd 340.1333, found 340.1310 [M+Na+]+; calcd 362.12, found 362.12. 
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4.3.10. Synthesis of YIIKGVFWDPAC-OMe (8a)  

The resin 2a, (1 equiv, 64 mg, 0.81 mmol/g) containing the side-chain Fmoc-Cys-OCH3 

residue was placed in reaction vessel for an automated peptide synthesizer together with 

4 equivalents of each Fmoc-protected amino acid and 4 equivalents of the activating 

agent HCTU. After the peptide was synthesized, the resin was transferred to a syringe, 

washed 3× with CH2Cl2 and dried in vacuum. Then, the peptide was deprotected and 

cleaved from the resin after treatment with 10 mL of Reagent K for 1 h followed by Et2O 

precipitation. The peptide was centrifuged to form a pellet that was rinsed twice with 

Et2O. The product was obtained as a white solid, and this crude product was used in the 

subsequent alkylation step without purification (75 mg, 81% purity of crude, 82% yield). 

MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for C70H100N14O16S 713.3661; Found 713.3055. 

4.3.11. Synthesis of YIIKGVFWDPAC-OMe containing D-Cys (8b)  

Peptide 8b was prepared using resin 2b (1 equiv, 30 mg, 0.80 mmol/g) via the same 

procedure described above for 8a (40 mg, 75% purity of crude, 85% yield). MS (ESI-

TOF) m/z: [M+2H+]2+ Calcd for C70H100N14O16S 713.3661; Found 713.4649  

4.3.12. Synthesis of YIIKGVFWDPAC-OEt (8c)  

Peptide 8c was prepared using resin 2c (1 equiv, 120 mg, 0.75 mmol/g) via the same 

procedure described above for 8a. The product was obtained as a white solid, and this 

crude product was used in the next step without purification (147.36 mg, 76% purity of 

crude, 84% yield). MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for C71H102N14O16S 720.3740; 

Found 720.3745. 
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4.3.13. Synthesis of YIIKGVFWDPAC-OiPr (8d)  

Peptide 8d was prepared using resin 2d (1 equiv, 38 mg, 0.64 mmol/g) via the same 

procedure described above for 8a. The product was obtained as a white solid, and this 

crude product was used in the next step without purification (39 mg, 72% purity of crude, 

80% yield). MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for C72H104N14O16S 727.3818; Found 

727.3869. 

4.3.14. Synthesis of YIIKGVFWDPAC-OBn (8e)  

Peptide 8e was prepared using resin 2e (1 equiv, 39 mg, 0.67 mmol/g) via the same 

procedure described above for 8a. The product was obtained as a white solid, and this 

crude product was used in the next step without purification (51.4 mg, 76% purity of 

crude, 90% yield). MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for C76H104N14O16S 751.3818; 

Found 751.3798. 

4.3.15. Synthesis of YIIKGVFWDPAC(Far)-OMe (9a)  

The a-factor precursor peptide containing the methyl ester at the C-terminus (8a) (1 

equiv, 3.9 mg, 3 µmol) was dissolved in DMF/BuOH/0.1% aq TFA (10 mL of a 4:2:1 

mixture) together with farnesyl bromide (5 equiv, 3 µL, 15 µmol). In a separate test tube, 

Zn(OAc)2•2H2O (5 equiv, 2.3 mg, 15 µmol) was dissolved in 0.50 mL of 0.1% aq TFA. 

The Zn(OAc)2 solution was added to the peptide solution and the reaction was left 

stirring for 1.5 h. The reaction mixture was then filtered and purified by preparative 

HPLC. The product was obtained as a white solid (4 mg, 96% purity, 91% yield). MS 

(ESI-TOF) m/z: [M+2H+]2+ Calcd for C85H124N14O16S 815.4600; Found 815.4186. 
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4.3.16. Synthesis of YIIKGVFWDPAC(Far)-OEt (9c)  

The a-factor precursor peptide containing the ethyl ester at the C-terminus (8c) (1 equiv, 

20 mg, 14 µmol) was used to prepare the farnesylated form 9c using the procedure 

outlined for 9a. The product was obtained as a white solid (7 mg, 97% purity, 31% yield). 

MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for C86H126N14O16S 822.4679; Found 822.4301. 

4.3.17. Synthesis of YIIKGVFWDPAC(Far)-OiPr (9d)  

The a-factor precursor peptide containing the isopropyl ester at the C-terminus (8d) (1 

equiv, 28 mg, 19 µmol) was used to prepare the farnesylated form 9d using the procedure 

outlined for 9a. The product was obtained as a white solid (5 mg, 92 % purity, 15% 

yield). MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for C87H128N14O16S 829.4757; Found 

829.4845. 

4.3.18. Synthesis of YIIKGVFWDPAC(Far)-OBn (9e)  

The a-factor-OBn precursor peptide containing the benzyl ester at the C-terminus (8e) (1 

equiv, 7.15 mg, 3 µmol) was used to prepare the farnesylated form 9e using the 

procedure outlined for 9a. The product was obtained as a white solid (6.5 mg, 93% 

purity, 80% yield). ESI-MS: for C91H128N14O16S [M+2H+]2+; calcd 853.48, found 853.44. 

MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for C91H128N14O16S 853.4780; Found 853.4424. 

4.3.19. 1H-NMR analysis of peptides 8a and 9a  

For NMR analysis, the a-factor precursor peptide (8a) was dissolved in DMSO-d6 to a 

concentration of 700 µM. The a-factor peptide (9a) was dissolved in DMSO-d6 to a 
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concentration of 2.4 mM. NMR data was acquired on a Bruker Avance 700-MHz 

spectrometer with a 5-mm TXI cryoprobe, and processed using TopSpin software. 1D 1H 

spectra were acquired with 64 scans using 1 s recycle delay, 30º pulse, 3.1 s acquisition 

time with a sweep width of 15 ppm. Data was Fourier transformed with 0.3 Hz line 

broadening applied and manually phase-corrected. 1H-1H-TOCSY spectra were acquired 

using 32 scans/increment, spectral widths of 15 ppm and a 60-ms mixing time. 6300 x 

256 points were collected in the directly and indirectly detected dimensions, respectively. 

Data was zero-filled and Fourier-transformed with a shifted sine-bell squared function. 2x 

linear prediction was applied in the indirect dimension. 

4.3.20. Epimerization studies – piperidine treatment of Fmoc-Cys(Trt-resin)-OMe  

Resin (2a, 100 mg) containing Fmoc-Cys-OMe attached via its thiol functionality was 

separated in four batches of 25 mg and treated with 20% piperidine/DMF for 10 min, 2 h, 

4h, and 16 h. Then, the resin samples were washed with DMF and CH2Cl2 and dried in 

vacuum. Next they were each elongated by SPPS to produce samples of the tripeptide 

Gly-Phe-L-Cys-OMe (6a, see synthesis of 6a described above) that were subsequently 

analyzed by reversed-phase HPLC to determine the extent of Cys epimerization. 

4.3.21. Epimerization studies – piperidine treatment of Fmoc-Gly-Phe-Cys(Trt-

resin)-OMe  

A batch of resin (4a, 100 mg) prepared via standard SPPS (see synthesis of 6a described 

above) was separated into four 25 mg portions. The resin samples were treated with 20% 
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piperidine/DMF for 10 min, 2 h, 4h, and 16 h after peptide synthesis. Then, the resins 

were washed with DMF and CH2Cl2 and dried in vacuum before peptide cleavage. 

4.3.22. Growth arrest assay  

RC757 cells were cultured in YEPD (1% yeast extract, 2% peptone, 2% dextrose) and 

LM102 cells were cultured in MLT medium to ensure plasmid maintenance.4 Cells were 

grown overnight at 30 °C with shaking in liquid medium. For use in the growth arrest 

assay, cells were harvested by centrifugation (1000 × g), washed twice with sterile H2O, 

and resuspended to a final concentration of 1 × 106 cells/mL in H2O. The cell suspension 

(1 mL) was combined with 3 mL of Noble agar (1.1% in H2O) and overlaid onto solid 

medium (YEPD or MLT containing 2% agar). The peptides were dissolved in CH3OH  

(10 ng/µL) and diluted in 0.5% bovine serum albumin (BSA) to a final concentration of 

6.4 ng/µL, then serially diluted in 0.5% BSA to generate solutions of the desired 

concentrations. 2.5 µL of each dilution was spotted onto the overlay containing RC757 or 

LM102 cells. The plates were spotted in triplicate, and incubated 17 h at 30 °C. The 

experiment was repeated in quadruplicate with similar results. The endpoint of the assay 

was determined to be the lowest concentration at which a clear zone of inhibition, which 

indicates growth arrest, was observed. 
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4.4. Results and discussion 

4.4.1. Loading of Fmoc-protected cysteine ester onto Trt-based resin via side-chain 

anchoring.  

In our initial report4, we established the use of Trt-Cl resin as the support of choice for 

SPPS through cysteine side-chain anchoring. This was achieved after coupling the resin 

to the free thiol of Fmoc-Cys-OMe. Because the Trt-Cl resin is commercially available, 

the only requirement needed to synthesize C-terminal methyl ester-containing peptides 

via this method is access to Fmoc-protected cysteine methyl ester. That material can be 

obtained in one step from Fmoc-Cys-OH. After effectively synthesizing peptides with 

methyl ester functionality on their C-termini4, we wanted to expand the scope of this 

methodology by investigating the synthesis of peptides with different alkyl esters at their 

C-termini. The first step of SPPS via Trt-side chain anchoring is the attachment of an 

Fmoc-Cys-OR residue to Trt-Cl resin via its thiol functionality (Scheme 4.1). To obtain 

the requisite compounds, Fmoc-Cys-OH was reacted with four different alcohols 

including methanol, ethanol, isopropanol and benzyl alcohol to yield the corresponding 

methyl, ethyl, isopropyl and benzyl) esters (Scheme 4.1, 1a-1e); those compounds were 

then used to prepare the desired resin-linked residues (Scheme 4.1, 2a-2e). As previously 

reported for the loading of Fmoc-Cys-OMe, the cysteine containing ethyl and isopropyl 

esters were loaded onto the resin after 24-hour incubations using two equivalents of the 

amino acid. The obtained loading of amino acids to the Trt-Cl resin was >85%, 55%, and 

46% for Fmoc-Cys-OMe, Fmoc-Cys-OEt, and Fmoc-Cys-OiPr, respectively. Under those 
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conditions only 3% of Fmoc-Cys-OBn was obtained as shown in Table 4.1. Overall, this 

shows that the presence of larger, hindered cysteine esters decreases the efficiency of 

coupling between the resin-bound Trt group and the cysteine-derived thiol. In order to 

increase the loading of Fmoc-Cys-OBn on Trt resin, variations of the equivalents of 

added amino acid, reaction time, and temperature of coupling were made. The loading on 

the resin increased to 19% using a temperature of 37 °C and was further increased to 

~50% when the temperature was raised to 50 °C. In general, the success of this reaction 

suggests that this method could be used to introduce a variety of alkyl esters with 

interesting functionalities including aromatic structures onto the C-terminus of Fmoc-

protected cysteine for subsequent SPPS. 

FmocHN
OR

O

S

FmocHN
OR

O

SH

DIEA, DCM
* *

Cl

1a R = Me [L-Cys, (2R)]
1b R = Me [D-Cys, (2S)]
1c R = Et [L-Cys, (2R)]
1d R = iPr [L-Cys, (2R)]
1e R = Bn [L-Cys, (2R)]

2a R = Me [L-Cys, (2R)]
2b R = Me [D-Cys, (2S)]
2c R = Et [L-Cys, (2R)]
2d R = iPr [L-Cys, (2R)]
2e R = Bn [L-Cys, (2R)]  

Scheme 4.1. Loading of Fmoc-Cys-OR onto trityl-based resin. *Is used to emphasize 
location of the stereogenic center of the cysteine α carbon) producing a trityl side-
chain anchored cysteine ester for SPPS. 
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Table 4.1. Loading efficiency of Fmoc-Cys-OR onto Trt-Cl resin performed at 25 
°C. aThe temperature of the Fmoc-Cys-OBn reaction was increased to 37 °C (24 h) 
and further increased to 50 °C (12 h) to obtain a higher loading percentage. 

R group 
Equiv of 

Fmoc-Cys-OR 
Reaction time (h) Loading (%) 

Me (1a) 2 24 >85 

Et (1c) 2 24 55 

iPr (1d) 2 24 46 

Bn (1e) 3 72 8 

Bn (1e) 6 36a 48 

4.4.2. Epimerization studies of cysteine linked to Trt resin via side chain anchoring.  

Loss of chirality at C-terminal cysteine residues is a serious concern in Fmoc solid-phase 

peptide synthesis in two situations: 1) during Cys loading onto the resin as an ester and 2) 

during the amine deprotection cycles using basic conditions (piperidine-DMF). Since the 

methodology reported herein uses a side-chain anchoring strategy that does not require 

basic activation of the a-carboxyl of the Cys, the risk of racemization of the C-terminal 

Cys during resin loading is minimal.22 However, previous research suggests that 

repetitive treatment with piperidine can cause racemization under certain 

circumstances.148 In our original report, we investigated the extent of racemization of Cys 

in peptides prepared by side-chain anchoring using 2-Chlorotrityl resin. However, since 

we subsequently discovered that Trt resin give a higher yield of peptide due to lower 

peptide loss via β-elimination, we were interested in studying this question using a 

peptide prepared using this more optimized resin. To determine whether loss of chiral 
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integrity of Cys occurs, model tripeptides 6a and 6b containing methyl esters at their C-

termini were synthesized using the Trt side chain-anchoring method (Scheme 4.2). The 

C-terminal acid forms of these tripeptides have been previously reported to manifest 

baseline resolution when separated by HPLC.144 To determine the stage at which the 

cysteine on resin is more prone to racemization the exposure of resins 2a and 4a to 20% 

piperidine was prolonged for different periods of time (10 min, 2 h, 4 h and 16 h). Then, 

these resin samples were employed to synthesize the model tripeptide 6a. A D-Cys-

containing peptide (6b) was synthesized as a standard for the determination of the 

retention time of the epimeric product in the HPLC chromatogram. As expected, baseline 

resolution of these peptides was obtained but at a higher retention time due to the 

decrease in polarity resulting from modification of the C-terminus with a methyl ester (Rt 

6a = 23.3 min vs. Rt 6b = 24.5 min). The extent of epimerization was quantified by 

HPLC peak integration (Table 4.2). 
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H2N N
H

H
N

OCH3

O

O

O

SH

Fmoc-HN
N
H

H
N

OCH3

O

O

O

S

* *

2a, 2b

H2N OCH3

O

S

* H2N N
H

H
N

OCH3

O

O

O

S

*

a

b c d

3a L-Cys (2R)
3b D-Cys (2S)

4a L-Cys (2R)
4b D-Cys (2S)

5a L-Cys (2R)
5b D-Cys (2S)

6a L-Cys (2R)
6b D-Cys (2S)

 

Reaction conditions: a) 20% piperidine in DMF; b) Fmoc SPPS; c) 20% piperidine in DMF; d) 5% TFA in 

CH2Cl2. 

Scheme 4.2. Synthesis of model tripeptides Gly-Phe-L-Cys-OMe and Gly-Phe-D-
Cys-OMe. 

For the first experiment (piperidine treatment of 2a), the results show that 1.4% of the 

undesired D-Cys-containing peptide forms when the tripeptide is synthesized using 

standard SPPS deprotection conditions (10 minute treatment). A modest and entirely 

acceptable level (~5%) of D-Cys-containing peptide was noted after 4 hours of treatment. 

This same extent of epimerization was obtained after exposing the amino acid-resin 2a 

for 16 hours. These results illustrate that the presence of a free amine on cysteine methyl 

ester linked trityl resin via its thiol supresses racemization. While prolonged exposure of 

the free amine form to basic deprotection conditions is unlikely to occur under typical 

SPPS conditions, the situation modeled by exposure of 4a to prolonged piperidine 

treatment is more representative since the C-terminal cysteine ester with an acylated 

amine will be subjected to every Fmoc deprotection step in the course of peptide 

synthesis. Interestingly, the extent of epimerization obtained after treating 2a or 4a from 

10 min up to 4 hours is comparable (Table 4.2). A more pronounced level of epimerization 
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was obtained when treating model peptide-resin 4a for 16 hours with piperidine-DMF 

(L:D ~8:2). This result is comparable to that reported for a different Cys side-chain 

anchoring strategy (8% epimerization in 24 hours) involving the use of a specialized 

xanthenyl-based resin.22 In general, these observations are consistent with the greater 

acidity of the cysteinyl α-proton when the amine is acylated compared to the free amine 

form. Given the modest level of epimerization of 4a observed after 4 hours of piperidine 

treatment (<6%), it appears this method can be safely employed to prepare peptides up to 

24 residues in length without appreciable racemization. 
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Table 4.2. Studies of L-Cys epimerization in samples of the model tripeptide 6a after 
piperidine treatment of a2a and b4a for different periods of time. 

Exposure Time D-cysteine (%)a D-cysteine (%)b 

10 min 1.4 ± 0.2 0.5 ± 0.1 

2 h 3.3 ± 0.6 2.8 ± 0.3 

4 h 5.0 ± 0.4 5.5 ± 0.1 

16 h 4.6 ± 0.2 17.8 ± 0.3 

4.4.3. Synthesis of a-factor and a-factor ester analogs.  

a-Factor is a bioactive farnesylated dodecapeptide containing a C-terminal methyl ester 

involved in the mating of yeast. This molecule has attracted considerable interest in the 

field of protein prenylation since its biogenesis involves the same sequence of enzymatic 

reactions (S-prenylation, proteolysis and methylation) observed with larger proteins.72 

During the mating of yeast, this molecule is secreted and stimulates the cell surface 

receptors on an opposite cell type, which then results in a cellular mating response 

between two different cells.76, 80, 81 Studies have shown that absence of the methyl ester 

functionality on this peptide significantly decreases the bioactivity ~100 fold relative to 

the wild type peptide indicating an important relationship between structure and 

activity.74  

The a-factor sequence was assembled using Fmoc-based SPPS starting with Fmoc-Cys-

OMe anchored on trityl resin (2a) to obtain the peptide-resin 7a (Scheme 4.3). Since the 

linkage between the cysteinyl thiol and Trt resin is acid labile, the peptide was cleaved 

from the resin upon treatment with Reagent K along with simultaneous deprotection of 
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the acid-labile side-chain protecting groups. Using this concise procedure, it was possible 

to obtain the a-factor precursor peptide 8a in good yield (82%) with a crude purity of 

81% (Figure 4.1 A). The epimeric a-factor precursor peptide, 8b, containing a D-Cys 

residue was prepared in an analogous fashion (Figure 4.1 B). 

Reagent K

Fr-Br, 5 equiv
Zn(OAc)2  2 H2O, 5 equiv
DMF/BuOH/0.1% aq TFA

SPPS

2a-e

Tyr(tBu)-Ile-Ile-Lys(Boc)-Gly-Val-Phe-Trp(Boc)-Asp(tBu)-Pro-Ala
H
N

OR

O

Tyr-Ile-Ile-Lys-Gly-Val-Phe-Trp-Asp-Pro-Ala
H
N

OR

O

Tyr-Ile-Ile-Lys-Gly-Val-Phe-Trp-Asp-Pro-Ala
H
N

OR

O

7a R = Me [L-Cys]
7b R = Me [D-Cys]
7c R = Et
7d R = iPr
7e R = Bn

8a R = Me [L-Cys]
8b R = Me [D-Cys]
8c R = Et
8d R = iPr
8e R = Bn

9a R = Me
9c R = Et
9d R = iPr
9e R = Bn

HS

Trt-S

S

 

Scheme 4.3. Synthesis of a-factor (9a) and a-factor C-terminal ester analogs (9c-e) 
using the trityl side-chain anchoring strategy. 

Having demonstrated the success of this simple method for the preparation of the a-factor 

precursor, we next undertook the synthesis of a-factor analogs containing different alkyl 

esters at the C-terminus. The syntheses of the a-factor precursor peptides (8c-e) were 

initiated on resin loaded with Fmoc-protected cysteine esters including an ethyl ester 

(2c), isopropyl ester (2d) or benzyl ester (2e). These alkyl groups were selected due to 

their small size and their stability as C-terminal esters under SPPS acidic/basic 
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conditions. Importantly, studies have shown that the use of large modifications at the C-

terminus of a-factor significantly affects the bioactivity of the pheromone.74 Apart from 

exploring the versatility of the trityl side-chain anchoring methodology, the ability to 

prepare a-factor analogs with incremental C-terminal modifications allows the functional 

consequences of such changes to be studied in a systematic manner. 
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Figure 4.1. HPLC chromatograms of crude peptides (8a-8e) after cleavage from the 
trityl resin. A) 8a; B) 8b; C) 8c; D) 8d; E) 8e. 

The a-factor ester analogs were synthesized using the same methodology employed for 

the synthesis of the wild type a-factor (Scheme 4.3). Different Fmoc-Cys-OR residues 

attached to Trt-Cl resin (Scheme 4.3, 2c-e) were used to initiate peptide assembly via 
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SPPS. Deprotection of side-chains and cleavage of the peptide from the resin were 

achieved simultaneously in the presence of Reagent K to give peptides 8c-e with crude 

purity higher than 70% as shown in Table 4.3 and Figure 4.1, C-D. Farnesylation of 8a 

and 8c-e was performed using farnesyl bromide in the presence of Zn(OAc)2 under acidic 

conditions as described by Naider and coworkers6 and previously reported by Mullen et 

al. for a-factor synthesis3 to yield 9a and 9c-e. 

Table 4.3. Yield and purity of crude peptides 8a-e synthesized using the trityl side-
chain anchoring method. aPurity of peptides 8a-e in the crude mixture after 
deprotection from the resin. bYield of peptides in the crude mixture based on weight 
and purity of crude material. 

Peptide Purity (%)a Yield (%)b 

8a 81 82 

8b 75 85 

8c 76 84 

8d 72 80 

8e 70 90 

4.4.4. 1H-NMR analysis of a-factor precursor peptide  

While the experiments with the model tripeptide described above provide compelling 

evidence that Cys racemization is not a significant problem when using the side-chain 

anchoring approach reported here, we wanted to confirm that this was true for a larger, 

biologically relevant peptide. Unfortunately, efforts to separate an epimeric mixture of 8a 

and 8b via HPLC were not successful. Both peptides exhibited essentially identical 

retention times, suggesting that it would not be possible to employ chromatographic 
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methods to investigate possible Cys epimerization in the context of this larger peptide. 

Since NMR spectroscopy has also been used to analyze the stereochemical composition 

of mixtures of diastereomeric peptides156 and complexes of D,L-amino acids,157 that 

technique was employed here. Inspection of the fingerprint region of a 2D 1H-1H TOCSY 

NMR spectrum obtained using 8a (Figure 4.2 A) shows a single doublet due to Hα-HN 

coupling. Since the absence of a second doublet (that would indicate the presence of the 

D-Cys-containing epimer 8b) does not unambiguously prove that D-Cys is not present, 

we elected to analyze an authentic sample of 8b. Importantly, the fingerprint region of the 

2D NMR spectrum obtained using that material (Figure 4.2 C) shows a clear difference in 

the Cys-related protons. In the L-Cys-containing epimer (8a), the Hα-HN and Hβ-HN 

cross peaks localize near 8.0 ppm while in the D-Cys-containing epimer (8b), they are 

shifted upfield near 7.9 ppm. A color-coded expanded view of the superposition of the 

two individual spectra (from Figure 4.2 A and Figure 4.2 C) highlights these variations 

(Figure 4.2 B; 8a in black, 8b in red). These differences were also readily seen in the 

NMR spectrum of an equimolar mixture of 8a and 8b (Figure 4.3). However, in the 

spectrum of purified 8a (Figure 4.2 A), no evidence of the D-Cys-containing epimer (8b) 

was observed. Based on the signal to noise level in the 2D spectrum of 8a (Figure 4.2 A), 

we estimate that the amount of 8b that could be present must be less than 5%. That low 

level of epimerization is consistent with the results noted above obtained with the 

tripeptide model. Overall, the absence of stereochemical erosion in this dodecapeptide 

provides a compelling case for the utility of the side-chain anchoring strategy reported 

here. 
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A 

 

B 

 

C 

 

Figure 4.2. Fingerprint region of 700-MHz 2D 1H–1H TOCSY NMR spectrum of a-
factor precursor peptides. A) Spectrum of L-Cys containing a-factor precursor 
peptide (8a); B) Superposition of the spectra of 8a (black) and 8b (red); C) D-Cys 
containing a-factor precursor peptide (8b) in DMSO-d6. Assignments are indicated 
adjacent to each cross peak. 

 
 

 

Figure 4.3. Hα-HN fingerprint region of 700-MHz 2D 1H-1H TOCSY NMR spectrum 
of a 50:50 mixture of L,D-Cys containing a-factor precursor peptide (8a and 8b) in 
DMSO-d6.  Assignments are labeled adjacent to each cross peak. 
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4.4.5. Structural analysis of a-factor (9a) produced via side chain anchoring.  

While the mass of 9a produced by the side chain anchoring method was established to be 

correct using ESI-MS, 1H-NMR was employed to confirm the site of prenylation. 

Accordingly, a 2D 1H-1H TOCSY NMR spectrum was obtained for 9a and a portion of 

the spectrum from the fingerprint region is shown in Figure 4.4. The newly acquired 

spectrum shows excellent agreement when compared to previously reported NMR data 

obtained from a-factor (prepared via two different routes employing Boc/Bzl protection6 

or Fmoc SPPS using a hydrazinobenzoyl specialized linker3). Importantly, in the 

fingerprint region, the only significant difference between the spectrum of 9a and the 

precursor peptide, 8a (Figure 4.2 A) is a shift in the Cys-related Hα-HN and Hβ-HN cross 

peaks which is consistent with regioselective alkylation on the cysteinyl thiol. Thus, this 

data provides unambiguous confirmation that the side chain anchoring methodology 

presented here can be successfully used to prepare a-factor. 

 

Figure 4.4. Fingerprint region of 700-MHz 2D 1H-1H TOCSY NMR spectrum of a-
factor (9a) in DMSO-d6. Assignments are labeled adjacent to each cross peak. 
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4.4.6. Biological assay of synthetic a-factor analogs incorporating different C-

terminal esters. 

Since the side chain anchoring route reported here provided facile access to a variety of 

a-factor analogs that incorporate different ester groups, we decided to analyze the activity 

of these analogs to obtain insight into the relationship between the C-terminal a-factor 

structure and biological activity. This was accomplished using a yeast growth arrest assay 

in which cells expressing the Ste3p receptor (MATα cells) undergo growth arrest in the 

presence of a-factor. For these experiments, a plate containing a lawn of MATα S. 

cerevisiae cells (strain RC757) was treated with different amounts of a-factor (Figure 4.5, 

Panels A, C, E, G, and I). The presence of active a-factor causes a zone of growth 

inhibition to develop in the region where the compound is applied with the endpoint 

given by the lowest amount of a-factor applied that produces a distinct clear zone 

(compared with partial clearing at lower amounts). Parallel experiments with cells that do 

not express the Ste3p receptor (MATa cells, strain LM102) were performed to establish 

that growth inhibition was not due to nonspecific toxicity (Figure 4.5, Panels B, D, F, H, 

and J). Both wild type a-factor (Figure 4.5, Panel A) and the synthetic material produced 

here gave endpoints of 0.12 ng. That value is in good agreement with data obtained using 

wild type a-factor in previous studies or from samples prepared via other synthetic 

routes6, 74, 117, 149 indicating that the new method reported here provides material that 

manifests full biological activity.  

Next the biological activity of the a-factor analogs was evaluated using the same assay. 

The observed endpoint for the ethyl ester analog 9c (Figure 4.5, Panel C) was half (0.06 



 

 115 

ng) that of the wild-type a-factor indicating that the substitution of an ethyl group in 

place of the naturally occurring methyl ester has a minimal effect on biological activity. 

Similarly, an end-point of 0.25 ng (Figure 4.5, Panel E) was observed for the isopropyl 

ester analog showing that it has comparable activity when compared with the natural 

pheromone. More striking results were observed with the benzyl ester, which showed no 

activity in the standard growth arrest assay using a range of 2.0 – 0.015 ng of compound. 

To quantify the reduced activity, an additional experiment employing larger amounts of 

material (20 – 0.15 ng) was conducted (Figure 4.5, Panel I). That data gave an end-point 

of 10 ng indicating that replacement of the methyl ester moiety present in wild type a-

factor with a benzyl ester group results in an approximately 100-fold reduction in 

activity. A summary of the biological data is provided in Table 4.4. Overall, these results 

demonstrate that small changes in the size of the C-terminal alkoxy group have minimal 

effects on the bioactivity of a-factor. However, when the size of the ester group exceeds 

100 Å3, there is a precipitous drop in activity74, 120 suggesting that there is a defined 

binding pocket within the receptor that interacts with the C-terminal region of a-factor. 
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Figure 4.5. Biological assay of pheromones. Growth arrest in response to pheromone 
was determined for the a-factor responsive strain RC757 (left column; A, C, E, G, I) 
or the α-factor responsive strain LM102 (right column: B, D, F, H, J). A, B - wild 
type a-factor (9a), C, D – ethyl ester a-factor (9c), E, F – isopropyl ester a-factor 
(9d), G, H, I, J – benzyl ester a-factor (9e). The templates in the middle indicate the 
amount of synthetic a-factor and its analogs spotted on the plates. The benzyl ester 
a-factor analog was applied to the plates in two different sets of concentrations as 
indicated in the corresponding middle templates. At the top of each plate 2.5 µL of 
cells secreting α-factor (MATα) (on the left) or a-factor (MATa) were applied to the 
lawn as indicated in the templates. 
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Table 4.4. End-point concentration of a-factor and a-factor analogs as determined in 
a growth arrest assay. Alcohol group volumes are the molecular volumes calculated 
for the parent alcohols CH3OH (MeOH), CH3CH2OH (EtOH), (CH3)2CHOH 
(iPrOH) and C6H5CH2OH (BnOH). aData for wild-type a-factor. bData acquired for 
synthetic a-factor was published previously by our group.4 

a-factor analog 
End-point 

concentration (ng) 

C-terminal 

alkoxy group 

Alcohol group volume 

(Å3)158 

9a (WT)a 0.12 CH3O 37.2 

9ab 0.12 CH3O 37.2 

9c 0.06 CH3CH2O 54.0 

9d 0.25 (CH3)2CHO 70.6 

9e 10 C6H5CH2O 109 

4.5. Conclusion  

In summary, a versatile method has been developed for the synthesis of peptides 

containing C-terminal cysteine esters that is based on side-chain anchoring via the thiol 

group of cysteine. A model tripeptide was synthesized using this strategy and analyzed 

via HPLC to investigate possible epimerization; under the conditions used for the 

synthesis of peptides less than 20 residues, no significant cysteine racemization was 

observed. The absence of epimerization was also established in a longer, dodecameric 

peptide via 1H-NMR analysis; for that work, the same route was used to prepare the 

epimeric peptide containing a D-Cys residue. 1H-NMR was also used to confirm the 

selectivity of the subsequent thiol alkylation that yielded a-factor, a bioactive 

farnesylated peptide with a C-terminal methyl ester. The method described herein was 

then used to efficiently synthesize a-factor ester analogs in good yield and high purity. 
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The bioactivities of the synthesized a-factor analogs were analyzed using a growth arrest 

assay. While the activities of the ethyl and isopropyl ester analogs were similar to that of 

the wild type methyl ester, the benzyl ester analog was almost 100-fold less active 

suggesting that the C-terminal ester of a-factor is an important structural element 

recognized by its cognate receptor. The success of this simple method for the synthesis of 

peptides containing C-terminal cysteine alkyl esters using commercially available trityl 

resin opens the door to the synthesis of a wide variety of C-terminal ester modified 

peptides that should be useful in studies of protein prenylation and other structurally 

related biological processes. 
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Chapter 5. Evaluation of S. cerevisiae Pheromone a-Factor Derivatives Containing 

Alkyne- or Azide-Modified Isoprenoid as Substrates for Rce1p, Ste24p and Ste14p 

5.1. Summary 

Protein prenylation is a post-translational modification that occurs in all eukaryotic cells 

and involves the activity of soluble and membrane-bound enzymes. The mature 

prenylated proteins are the product of a three-step processing pathway: addition of a 

prenyl group (farnesyl-C15 or geranylgeranyl-C20) in the nearest C-terminal cysteine, 

proteolysis of the C-terminal tripeptide and methylation of the new C-terminus of the 

protein. These modifications are important for membrane targeting and proper function of 

the prenylated proteins. The study of this biological process is very important since many 

prenylated proteins are involved in cell signaling and diseases. Previously, we have used 

alkyne- and azide-modified isoprenoids as substrates of the protein farnesyltransferase 

(FTase) for the labeling of prenylated proteins using the click reaction. Despite the efforts 

made towards understanding the substrate tolerance of FTase regarding these FPP 

analogs, little is known about the processing of the prenylated products by the post-

prenylation enzymes. Here, we used the sequence of the S. cerevisiae mating pheromone 

a-factor and synthesized prenylated peptides containing a variety of alkyne- and azide-

modified isoprenoid analogs. Peptides containing the C-terminal CaaX sequence and C-

terminal Cys were analyzed as substrates of the proteases (Ste14p/Rce1p) and 

methyltransferase (Ste14p) enzymes, respectively using a radioactivity in vitro assay. a-

Factor analogs with these modifications were tested for bioactivity using a growth arrest 
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assay of yeast cells. The ability of these peptides to be substrates for the post-prenylation 

enzymes and to have similar or higher activity as the a-factor pheromone demonstrate the 

potential use of these substrates for the metabolic labeling of the prenylome in living 

cells. 
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5.2. Introduction 

Protein prenylation is a post-translational modification that consists of the addition of a 

prenyl group (farnesyl-C15 or geranylgeranyl-C20) to the C-terminus of selected proteins. 

These proteins have a CaaX sequence of amino acids at their C-terminus where C is a 

cysteine residue, a is an aliphatic residue and X is an amino acid that determines the 

prenyl group to be attached.159, 160 Proteins containing serine, methionine or glutamine as 

the X residue get farnesylated by the enzyme farnesyltransferase (FTase), while those 

containing leucine, isoleucine or valine become geranylgeranylated by an analogous 

enzyme called geranylgeranyltransferase (GGTase-I).161 A different form of prenylation 

is dual geranylgeranylation –catalyzed by GGTase-II or Rab geranylgeranyltransferase– 

which consists of the attachment of two geranylgeranyl groups to cysteine residues with 

the sequence CXC or CCXX close to the C-terminus of Rab proteins.   

Three crucial steps are involved in the prenylation-processing pathway of C-terminal 

CaaX containing proteins. The first of these steps is prenylation, which is carried out by 

the enzymes FTase and GGTase-I. In this step, the enzyme recognizes the CaaX box 

sequence in the protein to be prenylated and attaches a prenyl group to the cysteine 

residue forming a stable thioether bond.162 The second step involves the removal of the 

aaX tripeptide from the newly prenylated CaaX protein. This step is catalyzed by the Ras 

converting enzyme (Rce1p) and the Ste24p. The third step involves the action of a 

carboxymethyltransferase (Icmt/Ste14p) responsible for methyl esterification of the 

prenylated protein at its C-terminal cysteine.163-165 
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A variety of proteins are known to be farnesylated.166 Due to appearance of mutated 

forms of farnesylated Ras in around 30 % of all human cancers,167 substantial efforts 

have been focused on the development of FTase inhibitors (FTI). The most commonly 

mutated form of Ras in human cancers is K-Ras. This protein can also be 

geranylgeranylated, suppressing the effect of FTIs in those proteins.168 For this reason, 

interest in understanding the entire processing pathway has increased in order to develop 

inhibitors of the enzymes involved in post-prenylation pathways.169, 170 The aaX proteases 

and carboxymethyltransferases are membrane-bound proteins located in the endoplasmic 

reticulum. These low-abundance membrane-bound proteins are more difficult to study 

due to experimental challenges involved in their expression, purification and 

solubilization.171 As of today, no crystal structure has been reported for Rce1p driving 

scientists to take different routes to study the mechanism details of this enzyme such as 

mutation, inhibition and bioinformatics studies172. As for ICMT, a recent 3.4 Å crystal 

structure of the prokaryotic ortholog Mα-ICMT revealed important details about the 

binding pockets for lipidated substrates and the co-substrate S-adenosyl-L-methionine 

(SAM).173 Still, the poor sequence conservation between prokaryotic and eukaryotic 

ICMT in the N-terminal half prevents the detailed analysis of crucial amino acids that 

interacts with the isoprenoid unit.174 Recently, our group has used benzophenone-3, 169, 171, 

174 and diazirine-174, 175 modified isoprenoid analogs to incorporate them into peptides. 

Peptides with these modifications act as substrates of Rce1p,169, 171 Ste14p,174, 175 and the 

a-factor receptor Ste3p3 These molecules were made to be used in photo affinity labeling 

experiments in order to identify crucial residues interacting with the lipid structure. The 
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ability of these peptides to act as substrates of the post-prenylation machinery 

demonstrated that not only can molecules containing isoprenoid modifications be 

tolerated by these enzymes but also that some modifications could increase the substrate 

capabilities of the peptides tested. Other types of isoprenoid analogs have been 

incorporated in molecules to study the structure/activity relationship between ICMT and 

the isoprenoid moiety for the design of ICMT inhibitors.176 Comparing the results 

obtained for human and yeast ICMT, a difference in substrate specificities was found 

when using different isoprenoid analogs confirming the important role of the isoprenoid 

moiety to interact with the membrane-protein.  

A series of isoprenoid analogs have been reported for the study of a variety of aspects in 

protein prenylation. One aspect that is well known is the broad tolerance that FTase have 

regarding FPP modifications.177 FPP analogs that contain alkyne and azide modifications, 

for the click reaction, have shown to be good substrates of FTase135-138 and shown to be 

useful for a variety of applications. Examples include the creation of DNA-protein 

conjugates,178 the analysis of substrate specificity of FTase using a library of peptides,179, 

180 metabolic labeling of the prenylome,135, 140, 181 and protein immobilization.137, 182 From 

the isoprenoid analogs shown in these studies the C10-alkyne (C10Alk), C15-alkyne, 

C15-azide (C15Az), and C15-dihydro-azide (C15dhAz) −containing both alkyne and 

azide probes− have been shown to get incorporated into proteins in living cells.135, 140 

Even though these isoprenoid analogs have been used successfully for a variety of 

applications as substrates of FTase, little is known about the substrate capabilities of the 

prenylated peptides –products of this reaction– in relation to the other proteins of the 
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prenylation pathway. Chemical reporters that are not only substrates for the FTase but 

that get incorporated into peptide/protein products that become substrates of the post-

prenylation membrane enzymes would be great tools for metabolic labeling of prenylated 

proteins. 

In the present study, we report on the synthesis of prenylated peptides 1-15 containing 

alkyne- and azide-modified isoprenoids, and the sequence of the mating pheromone a-

factor. a-factor is a natural dodecapeptide found in yeast that contains a farnesylated C-

terminal cysteine with a methyl ester; modifications that are crucial for its activity. It is 

known that the post-prenylation enzymes process the sequence of the a-factor 

pheromone98, 183 (Figure 5.1). Also, there are efficient methods that allow the bioactivity 

evaluation of the mature form of a-factor and a-factor analogs164. Hence, we used this 

system to incorporate the modified isoprenoids on peptides containing a C-terminal aaX 

sequence, C-terminal Cys acid and C-terminal Cys methyl ester. The ability of peptides 

1-5 and 6-10 to act as substrates of the post-prenylation enzymes Ste24p/Rec1p and 

Ste14p, respectively, was evaluated using an in vitro assay. A growth arrest assay was 

used to determine the bioactivity of the a-factor analogs (11-15) containing the alkyne- 

and azide-modified isoprenoids. 

From these experiments we found that these prenylated peptides have similar and 

sometimes higher activity when compared with the farnesylated peptides (positive 

control). The peptides were processed by the post-prenylation membrane enzymes and 

further accepted by a membrane receptor causing growth arrest of yeast cells. These 
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results suggest the potential use of these modified isoprenoids for metabolic labeling of 

prenylated proteins/peptides in living cells. 
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Figure 5.1. Enzymatic farnesylation of the a-factor sequence. 

5.3. Materials and methods 

All reagents and solvents were used as received. All the solvents were HPLC grade. 

DIEA and TFA were of Sequalog/peptide synthesis grade. Standard Fmoc/HCTU 

chemistry was used for SPPS of peptides. Fmoc-based SPPS was performed on a Protein 

Technologies PS3 automated peptide synthesizer. Additional steps performed on resin 

(side-chain deprotection and resin cleavage) were carried out using a polypropylene 

syringe equipped with a porous polypropylene disc at the bottom. Peptide synthesis and 

other transformations were performed at 25 °C unless otherwise indicated. Loading of 
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first amino acids on resin was determined using Fmoc quantitative analysis and the Fmoc 

solutions were analyzed at 301 nm on a UV-Visible spectrophotometer. The peptides 

were cleaved off the resin using Reagent K. (Preparation of Reagent K: The specific 

amount of compounds used to do the mixture were: 0.5 g phenol, 0.5 mL of thioanizole, 

0.5 mL of water, 0.25 mL ethanedithiol and 8.25 mL of TFA. Then N2(g) was bubbled 

into the solution to remove any oxygen dissolved in the mixture.) The peptides were 

analyzed using Reverse Phase High Performance Liquid Chromatography (RP-HPLC) 

and the products were observed at 220 nm. The analytical column used was a C18 Agilent 

Microsorb-MV 100-5 (4.6 x 250 mm) and the preparative column was a Phenomenex C18 

(10 µm, 10.00 x 250 mm). The buffer solutions used for HPLC analysis and purifications 

were: Buffer A (0.1% TFA in water) and Buffer B (0.1% TFA in ACN). The retention 

times of the a-factor analogues are based on a flow rate of 1 mL/min and on a gradient 

increase of 1% Buffer B/min after equilibration of the column with 1% Buffer B. The 

solutions containing purified peptides were lyophilized and analyzed by ESI-Mass 

Spectrometry. For the ESI-MS/MS analysis of peptides, a 65.8 µM solution of 

YIIKGVFWDPAC(C15dH-azide)VIA-OH (5) and a 329.9 µM solution of 

YIIKGVFWDPAC(C10-Alk)-OH (7) were prepared in DMSO. MS was performed using 

5 µL injections and 15 min data acquisition on a QSTAR1 mass spectrometer. The 

doubly-charged [M+2H]2+ species m/z = 971.5598 for peptide 5 and m/z = 801.4219 for 

peptide 7 were most abundant and were selected for subsequent MS-MS analysis. MS-

MS results were evaluated using Analyst software and sequenced using UCSF Protein 

Prospector v 5.12.4. 
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5.3.1. Synthesis of peptides with C-terminal CVIA sequence (1-5) 

5.3.1.1. Synthesis of YIIKGVFWDPACVIA  

The resin Fmoc-Ala-Wang (1 equiv, 80.6 mg, 0.05 mmol/g) was placed in reaction vessel 

for an automated peptide synthesizer together with 4 equivalents of each Fmoc-protected 

amino acid and 4 equivalents of the activating agent HCTU. After the peptide was 

synthesized, the resin was transferred to a syringe, washed 3× with DCM and dried in 

vacuo. Then, the peptide was cleaved off the resin after treatment with 4 mL of Reagent 

K (TFA/phenol/thioanisole/water/ethanedithiol, 82.5:5:5:5:2.5) for 1 h. Following resin 

cleavage, the peptide was precipitated by the addition of Et2O. The peptide was 

centrifuged to form a pellet and it was rinsed with Et2O twice. The peptide was dissolved 

in 20 mL of 6:4 mixture of Buffer A (0.1% aq TFA) and Buffer B (0.1% TFA in ACN) 

and lyophilized overnight. The peptide was purified by preparative HPLC before 

farnesylation. The product was obtained as a white solid (89 mg, 95.1% yield, 73.8% 

pure). HPLC RT: 43 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C83H123N17O19S 

847.9531, Found 847.9114 

5.3.1.2. Synthesis of YIIKGVFWDPAC(Far)VIA (1) 

The starting peptide YIIKGVFWDPACVIA (6.9 mg, 0.004 mmol, 1 equiv) was 

dissolved in 5 mL of DMF. The farnesyl bromide (5.8 mg, 0.020 mmol, 5 equiv) was 

diluted in 1 mL of a 4:2:1 mixture of DMF/BuOH/0.1% aq TFA and added dropwise to 

the peptide solution. Zn(OAc)2 (4.5 mg, 0.020 mmol, 5 equiv) was dissolved in 100 µL 

of 0.1% aqueous TFA and added to the peptide solution dropwise. The mixture was left 
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reacting for 2 hours before monitoring it by HPLC. The reaction mixture was then 

filtered and purified by HPLC using a C18 analytical column. The product was obtained 

as a white solid after lyophilizing the pure fractions (3.11 mg, 73.0% purity, 40.2% 

yield). HPLC RT: 67 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C98H147N17O19S 

950.0470, Found 950.0334 

5.3.1.3. Synthesis of YIIKGVFWDPAC(C10Alk)VIA (2) 

The starting peptide YIIKGVFWDPACVIA (24.2 mg, 0.014 mmol, 1 equiv) was 

dissolved in 5 mL of DMF. The C10-alkyne-Br (23.2 mg, 0.086 mmol, 6 equiv) was used 

to prepare the alkylated form 2 using the procedure outlined for 1. The product was 

obtained as a white solid after lyophilizing the pure fractions (2.21 mg, 98.7% purity, 

8.21% yield). HPLC RT: 51 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for 

C96H141N17O20S 943.0210, Found 943.0784 

5.3.1.4. Synthesis of YIIKGVFWDPAC(C15Alk)VIA (3) 

The starting peptide YIIKGVFWDPACVIA (14.1 mg, 0.008 mmol, 1 equiv) was 

dissolved in 5 mL of DMF. The C15-alkyne-Br (30.1 mg, 0.088 mmol, 10.7 equiv) was 

used to prepare the alkylated form 3 using the procedure outlined for 1. The product was 

obtained as a white solid after lyophilizing the pure fractions (0.13 mg, 83.4% purity, 

0.8% yield). HPLC RT: 59 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for 

C101H149N17O20S 977.0523, Found 977.0632 
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5.3.1.5. Synthesis of YIIKGVFWDPAC(C15Az)VIA (4) 

The starting peptide YIIKGVFWDPACVIA (2.3 mg, 1.4 µmol, 1 equiv) was dissolved in 

5 mL of DMF. The C15-azide-Br (2.7 mg, 8.1 µmol, 6 equiv) was used to prepare the 

alkylated form 4 using the procedure outlined for 1. The product was obtained as a white 

solid (0.51 mg, 88.1% pure, 19.4% yield). HPLC RT: 60 min. MS (ESI-TOF) m/z: 

[M+2H]2+ Calcd for C98H146N20O19S 970.5477, Found 970.4042 

5.3.1.6. Synthesis of YIIKGVFWDPAC(C15dhAz)VIA (5) 

The starting peptide YIIKGVFWDPACVIA (21.3 mg, 0.013 mmol, 1 equiv) was 

dissolved in 5 mL of DMF. The C15-dh-azide-Br (30.7 mg, 0.094 mmol, 7.5 equiv) was 

used to prepare the alkylated form 5 using the procedure outlined for 1. The product was 

obtained as a white solid after lyophilizing the pure fractions (2.88 mg, 100% purity, 

11.8% yield). HPLC RT: 61 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for 

C98H148N20O19S 971.5555, Found 970.9746 

5.3.2. Synthesis of peptides with C-terminal free cysteine (6-10) 

5.3.2.1. Synthesis of YIIKGVFWDPAC 

The resin Fmoc-Cys(Trt)-Wang (1 equiv, 100 mg, 0.05 mmol/g) was placed in reaction 

vessel for an automated peptide synthesizer together with 4 equivalents of each Fmoc-

protected amino acid and 4 equivalents of the activating agent HCTU. After the peptide 

was synthesized, the resin was transferred to a syringe, washed 3× with DCM and dried 

in vacuo. Then, the peptide was cleaved off the resin after treatment with 4 mL of 
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Reagent K (TFA/phenol/thioanisole/water/ethanedithiol, 82.5:5:5:5:2.5) for 1 h. 

Following resin cleavage, the peptide was precipitated by the addition of Et2O. The 

peptide was centrifuged to form a pellet and it was rinsed with Et2O twice. The peptide 

was dissolved in 20 mL of 6:4 mixture of Buffer A (0.1% aq TFA) and Buffer B (0.1% 

TFA in ACN) and lyophilized overnight. The peptide was purified by preparative HPLC 

before farnesylation. The product was obtained as a white solid (67.2 mg, 95.3% yield, 

60% pure). HPLC RT: 40 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C69H98N14O16S 

706.3583, Found 706.48 

5.3.2.2. Synthesis of YIIKGVFWDPAC(Far) (6) 

The starting peptide YIIKGVFWDPAC (6 mg, 0.004 mmol, 1 equiv) was dissolved in 5 

mL of DMF. The Farnesyl Bromide (6.1 mg, 0.021 mmol, 5 equiv) was diluted in 1 mL 

of a 4:2:1 mixture of DMF/BuOH/0.1% aq TFA and added dropwise to the peptide 

solution. Zn(OAc)2 (4.7 mg, 0.021 mmol, 5 equiv) was dissolved in 100 uL of 0.1% 

aqueous TFA and added to the peptide solution dropwise. The mixture was left reacting 

for 2 hours before monitoring it by HPLC. The reaction mixture was then filtered and 

purified by HPLC using a C18 analytical column. The product was obtained as a white 

solid after lyophilizing the pure fractions (1.48 mg, 95.5% purity, 21.5% yield). HPLC 

RT: 64 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C84H122N14O16S 808.4522, Found 

808.4208 
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5.3.2.3. Synthesis of YIIKGVFWDPAC(C10Alk) (7) 

The starting peptide YIIKGVFWDPAC (20.8 mg, 0.015 mmol, 1 equiv) was dissolved in 

5 mL of DMF. The C10-alkyne-Br (24.0 mg, 0.088 mmol, 6 equiv) was used to prepare 

the alkylated form 7 using the procedure outlined for 6.  The product was obtained as a 

white solid after lyophilizing the pure fractions (11.89 mg, 90.0% purity, 50.4% yield). 

HPLC RT: 50 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C82H116N14O17S 801.4262, 

Found 801.3615 

5.3.2.4. Synthesis of YIIKGVFWDPAC(C15Alk) (8) 

The starting peptide YIIKGVFWDPAC (18.1 mg, 0.012 mmol, 1 equiv) was dissolved in 

5 mL of DMF. The C15-alkyne-Br (26.1 mg, 0.077 mmol, 6 equiv) was used to prepare 

the alkylated form 8 using the procedure outlined for 6. The product was obtained as a 

white solid after lyophilizing the pure fractions (1.26 mg, 74.5% purity, 5.9% yield). 

HPLC RT: 56 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C87H124N14O17S 835.4575, 

Found 835.4182 

5.3.2.5. Synthesis of YIIKGVFWDPAC(C15Az) (9) 

The starting peptide YIIKGVFWDPAC (3.8 mg, 3 µmol, 1 equiv) was dissolved in 5 mL 

of DMF. The C15-azide-Br (12.7 mg, 36 µmol, 6 equiv) was used to prepare the 

alkylated form 9 using the procedure outlined for 6. The product was obtained as a white 

solid (0.8 mg, 93.9% purity, 17.9% yield). HPLC RT: 58 min. MS (ESI-TOF) m/z: 

[M+2H]2+ Calcd for C84H121N17O16S 828.9529, Found 828.8704 
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5.3.2.6. Synthesis of YIIKGVFWDPAC(C15dhAz) (10) 

The starting peptide YIIKGVFWDPAC (18.6 mg, 0.013 mmol, 1 equiv) was dissolved in 

5 mL of DMF. The C15-dh-azide-Br (26.0 mg, 0.076 mmol, 6 equiv) was used to prepare 

the alkylated form 10 using the procedure outlined for 6. The product was obtained as a 

white solid after lyophilizing the pure fractions (3.81 mg, 87.2% purity, 17.5% yield). 

HPLC RT: 60 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C84H123N17O16S 829.9607, 

Found 830.0113 

5.3.3. Synthesis of peptides with C-terminal cysteine ester (11-15) 

Loading of Fmoc-Cys-OMe onto trityl chloride resin.  

Coupling of the first amino acid via the trityl-side chain anchoring was reproduced as 

previously published.4 Trityl chloride (Trt-Cl) resin, with a loading of 1.40 mmol/g, (1 

equiv) was placed into a fritted syringe and was washed with DMF (3×) and DCM (3×). 

The Fmoc-Cys-OMe (2 equiv) was added into a separate test tube and dissolved with 

CH2Cl2 (3 mL). This solution was added to the syringe containing the resin followed by 

the addition of DIEA (4 equiv). The mixture was left to react overnight while mixing 

with a rotisserie. Methanol (50 µL) was added to the solution and allowed to react for 5 

minutes in order to cap any unreacted Trt-Cl groups on the resin. Then, the reagents were 

drained from the syringe and the resin was washed with DMF (3×) and CH2Cl2 (3×). 

Loading of Fmoc-Cys-OMe on the resin was calculated via Fmoc-quantitative 

analysis.155 
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5.3.3.1. Synthesis of YIIKGVFWDPAC-OMe 

The resin, (1 equiv, 64 mg, 0.81 mmol/g) containing the side-chain Fmoc-Cys-OMe 

residue was placed in reaction vessel for an automated peptide synthesizer together with 

4 equivalents of each Fmoc-protected amino acid and 4 equivalents of the activating 

agent HCTU. After the peptide was synthesized, the resin was transferred to a syringe, 

washed 3× with CH2Cl2 and dried in vacuum. Then, the peptide was deprotected and 

cleaved from the resin after treatment with 10 mL of Reagent K for 1 hour followed by 

Et2O precipitation. The peptide was centrifuged to form a pellet that was rinsed twice 

with Et2O. The product was obtained as a white solid, and this crude product was used in 

the subsequent alkylation step without purification (75 mg, 81% purity of crude, 82% 

yield). HPLC RT: 42 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C70H100N14O16S 

713.3661; Found 713.3055. 

5.3.3.2. Synthesis of YIIKGVFWDPAC(Far)-OMe (11) 

The a-factor precursor peptide YIIKGVFWDPAC-OMe (1 equiv, 3.9 mg, 3 µmol) was 

dissolved in DMF/BuOH/0.1% aq TFA (10 mL of a 4:2:1 mixture) together with farnesyl 

bromide (5 equiv, 3 µL, 15 µmol). In a separate test tube, Zn(OAc)2•2H2O (5 equiv, 2.3 

mg, 15 µmol) was dissolved in 0.50 mL of 0.1% aq TFA. The Zn(OAc)2 solution was 

added to the peptide solution and the reaction was left stirring for 1.5 h. The reaction 

mixture was then filtered and purified by HPLC using a C18 analytical column. The 

product was obtained as a white solid (4 mg, 96% purity, 91% yield). HPLC RT: 66 min. 

MS (ESI-TOF) m/z: [M+2H]2+ Calcd for C85H124N14O16S 815.4205; Found 815.4186. 
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5.3.3.3. Synthesis of YIIKGVFWDPAC(C10Alk)-OMe (12) 

The starting peptide YIIKGVFWDPAC-OMe (17 mg, 0.012 mmol, 1 equiv) was 

dissolved in 5 mL of DMF. The C10-alkyne-Br (39.7 mg, 0.143 mmol, 12 equiv) was 

used to prepare the alkylated form 12 using the procedure outlined for 11. The product 

was obtained as a white solid (1.3 mg, 91% purity, 20.8% yield). HPLC RT: 54 min. MS 

(ESI-TOF) m/z: [M+2H]2+ Calcd for C83H118N14O17S 808.4340, Found 808.4464 

5.3.3.4. Synthesis of YIIKGVFWDPAC(C15Alk)-OMe (13)  

The starting peptide (18 mg, 0.013 mmol, 1 equiv) was dissolved in 5 mL of DMF. The 

C15-alkyne-Br (25.7 mg, 0.075 mmol, 6 equiv) was used to prepare the alkylated form 13 

using the procedure outlined for 11.  The product was obtained as a white solid (1 mg, 

90% purity, 4.8% yield). HPLC RT: 60 min. MS (ESI-TOF) m/z: [M+2H]2+ Calcd for 

C88H126N14O17S 842.4653, Found 842.4774 

5.3.3.5. Synthesis of YIIKGVFWDPAC(C15Az)-OMe (14)  

The starting peptide (18 mg, 0.012 mmol, 1 equiv) was dissolved in 5 mL of DMF. The 

C15-azide-Br (24.6 mg, 0.072 mmol, 6 equiv) was used to prepare the alkylated form 14 

using the procedure outlined for 11. The product was obtained as a white solid (0.4 mg, 

90% purity, 1.2% yield). HPLC RT: 60.4 and 60.9 min. MS (ESI-TOF) m/z: [M+2H]2+ 

Calcd for C85H123N17O16S 835.9607, Found 835.9216 
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5.3.3.6. Synthesis of YIIKGVFWDPAC(C15dhAz)-OMe (15)  

The starting peptide (17 mg, 0.012 mmol, 1 equiv) was dissolved in 5 mL of DMF. The 

C15-dihydro-azide-Br (23.5 mg, 0.072 mmol, 6 equiv) was used to prepare the alkylated 

form 15 using the procedure outlined for 11. The product was obtained as a white solid 

(2.7 mg, 93% purity, 13.6% yield). HPLC RT: 63 min. MS (ESI-TOF) m/z: [M+2H]2+ 

Calcd for C85H125N17O16S 836.9686, Found 836.9638 

5.3.4. Growth Arrest Assay 

RC757 cells were cultured in YEPD (1% yeast extract, 2% peptone, 2% dextrose) and 

LM102 cells were cultured in MLT medium to ensure plasmid maintenance.4 Cells were 

grown overnight at 30 °C with shaking in liquid medium. For use in the growth arrest 

assay, cells were harvested by centrifugation (1000 × g), washed twice with sterile water, 

and resuspended to a final concentration of 1 × 106 cells/mL in water. The cell suspension 

(1 mL) was combined with 3 mL of Noble agar (1.1% in water) and overlaid onto solid 

medium (YEPD or MLT containing 2% agar). The peptides were dissolved in MeOH (10 

ng/µL) and diluted in 0.5% bovine serum albumin (BSA) to a final concentration of 6.4 

ng/µL, then serially diluted in 0.5% BSA to generate solutions of the desired 

concentrations. 2.5 µL of each dilution was spotted onto the overlay containing RC757 or 

LM102 cells. The plates were spotted in triplicate, and incubated 17 hours at 30 °C. The 

experiment was repeated in quadruplicate with similar results. The endpoint of the assay 

was determined to be the lowest concentration at which a clear zone of inhibition, which 

indicates growth arrest, was observed. 



 

 136 

5.4. Results and discussion 

5.4.1. a-factor and growth arrest assay 

The mating pheromone a-factor contains a farnesylated cysteine with a C-terminal 

methyl ester. Due to the similarities of this peptide to the C-terminal portion of mature 

prenylated proteins we became interested in using this system to evaluate the in vitro 

enzymatic processing of a-factor analogs containing alkyne- and azide-modified 

isoprenoids (compounds 1-15).   
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Figure 5.2. Chemically synthesized prenylated peptides containing farnesyl and 
other isoprenoid analogs at different stages of the prenylation pathway. A) 
Compounds 1-5 (with a C-terminal aaX sequence) are substrates of the proteases 
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Ste24p and Rce1p; B) compounds 6-10 (with a C-terminal Cys) are substrates of the 
methyltrasferase Ste14p; and C) compounds 11-15 (with a C-terminal Cys methyl 
ester) are substrates of the Ste3p receptor. Compounds 1, 6 and 11 were synthesized 
as positive controls with a C15 farnesyl group. The alkyne- and azide- modified 
isoprenoids used are C10Alk (2, 7 and 12), C15Alk (3, 8 and 13), C15Az (4, 9 and 
14), and C15dhAz (5, 10 and 15). 

In previous work we reported the synthesis of a-factor and other a-factor analogs 

containing modifications in amino acid residues4 and the C-terminal ester5. The peptides 

were synthesized using the trityl side-chain anchoring approach, a method developed for 

the assembly of peptides containing C-terminal ester modified cysteine using solid phase 

peptide synthesis (SPPS) conditions. The successful development of this method for the 

facile construction of peptide sequences with C-terminal esters enabled the preparation of 

a-factor analogs with modifications at the prenylation site. Previously, other groups have 

synthesized analogs of a-factor with isoprenoid variations in order to study the role of the 

prenyl group in the interaction of a-factor with the membrane bilayer and protein 

receptor3, 7, 73-75, 120, 134. Different isoprenoids modifications (size, addition of other 

functionalities, isomers) have shown to have little effect in the bioactivity of a-factor. 

Based on some of these modifications and the fact that our group and others have been 

using alkyne- and azide-modified isoprenoid analogs as successful substrates of FTase135-

141 we believe that the incorporation of these isoprenoids on a-factor will result in analogs 

with potential bioactivity. A selected group of isoprenoid analogs (C10Alk, C15Alk, 

C15Az, and C15dhAz) was selected for this study. 

In order to determine if these isoprenoid analogs would alter the bioactivity of a-factor, 

we incorporated them into the a-factor sequence. The a-factor sequence was synthesized 

as previously described4. An Fmoc-Cys-OMe residue was coupled onto a Trt-Cl resin via 
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its thiol functionality. The resin product Fmoc-Cys(Trt-resin)-OMe was used for the 

synthesis of the a-factor sequence using standard Fmoc/HCTU coupling conditions for 

Fmoc deprotection and chain elongation. Cleavage from the resin and deprotection of 

side-chains was accomplished using mild acidic conditions in order to prepare the desired 

peptide 23. For the synthesis of a-factor analogs containing alkyne- and azide-modified 

isoprenoids, bromides C10-Alkyne-Br, C15-Alkyne-Br, C15-Azide-Br and C15-dihydro 

Azide-Br were used in the presence of Zn(OAc)2 to obtain peptides 12-15.126 The 

peptides were purified by preparative RP-HPLC to synthesize peptides with purities 

≥90%. The identity of all the peptides was determined by ESI-MS. 
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Scheme 5.1. Synthesis of a-factor analogs at different stages of the prenylation 
pathway. Solid phase peptide synthesis of farnesylated peptides containing a A) C-
terminal aaX sequence, B) C-terminal Cys, and C) C-terminal Cys methyl ester. 
After acidic cleavage and deprotection, to release peptides 17, 20, and 23, 
farnesylation was carried out in solution in the presence of farnesyl bromide and 
zinc acetate dihydrate. Prenylation of peptides 17, 20, and 23 was carried out under 
the same conditions but varying the isoprenoid bromide compound for C10Alk-Br, 
C15Alk-Br, C15Az-Br and C15dhAz-Br to make peptides shown in Figure 5.2 
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The biological activity of synthetic derivatives of a-factor was evaluated in a yeast 

growth arrest assay. Cells expressing the Ste3p receptor (MATα cells) undergo growth 

arrest in the presence of a-factor. In this assay, a plate containing a lawn of MATα S. 

cerevisiae cells (strain RC757) was treated with different amounts of a-factor. This strain 

was chosen for this assay because of its hypersensitivity to a-factor. If a-factor binds to 

Ste3p receptor, a clear zone of inhibition will develop in the region where the compound 

is applied. At least two controls were included in this experiment. S. cerevisiae cells 

which secrete a-factor (X2180-1B, MATα) or α-factor (X2180-1B, MATa) were applied 

to the lawn. A zone of inhibition formed around the a-factor (2-0.015 ng of a-factor) 

secreting cells but not around those secreting α-factor indicating that the RC757 cells 

respond specifically to a-factor (Figure 5.3, Panel I). A previously characterized, 

synthetic a-factor with wild-type potency6 also stimulated growth arrest with an endpoint 

of 0.12 ng; the synthetic material produced in this study yielded an identical endpoint. 

Next the biological activity of the a-factor analogs was evaluated using the same assay. 

Biological activity of C10Alk a-factor analog (Figure 5.3, Panel C) was much higher than 

the activity of the wild-type a-factor resulting in an end-point of <0.015 ng, C15Alk-a-

factor analog gave an end-point of 0.06 ng (Figure 5.3, Panel E), a- C15Az a-factor 

analog (Figure 5.3, Panel G) and C15dhAz a-factor analog (Figure 5.3, Panel I) gave the 

same end-point concentration to the wild-type (0.12 ng). To ensure that the observed 

growth arrest was not due to general toxicity, control experiments were performed using 

LM102 strain (MATa), which expresses the α-factor receptor and thus does not respond 

to a-factor. MATa cells did not yield a zone of growth inhibition in response to any of the 



 

 140 

a-factor derivatives indicating that tested compounds are not toxic and are mating type 

specific (Figure 5.3, Panel B, D, F, H and J). 

The results obtained show that the a-factor containing the azide-modified isoprenoids 

(C15Az and C15dhAz) maintain the same activity as the wild type peptide while the 

peptides containing the C10Alk- and C15Alk-modified isoprenoids increase the activity 

by 8-fold and 2-fold, respectively (Table 5.1). These observations indicate that the alkyne 

and azide functionalities in the isoprenoids do not interfere with the interaction between 

the modified peptide and the receptor, and the resulting signaling cascade that causes the 

growth arrest of the cells. The ability of these isoprenoids to act as substrates of FTase135, 

137-139 and get recognized by the Ste3p receptor –when incorporated in peptides– without 

affecting the upstream signaling raise the question of whether peptides with those 

modifications could get processed by the post-prenylation enzymes. 
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Figure 5.3. Biological assay of a-factor and a-factor analogs. Growth arrest in 
response to pheromone was determined for the a-factor responsive strain RC757 (A, 
C, E, G, I) or the α-factor responsive strain LM102 (B, D, F, H, J). A, B - wild type 
a-factor, C, D - C10Alk a-factor analog, E,F - C15Alk a-factor analog,  G, H - 
C15Az a-factor analog, I, J - C15dhAz a-factor analog. The templates in the middle 
indicate the amount of synthetic a-factor and its analogs spotted on plates. At the 
top of each plate 2.5 µL of cells secreting α-factor (MATα) (on the left) or a-factor 
(MATa) were applied to the lawn as indicated in the templates. 
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Table 5.1. End-point concentration of a-factor and a-factor analogs as determined 
by the growth arrest assay. aWild-type a-factor. 

a-factor analog 
End-point 

concentration (ng) 

11 (WT)a 0.12 

12 <0.015 

13 0.06 

14 0.12 

15 0.12 

5.4.2. a-factor precursors and radioactivity assay  

To evaluate the possibility of full processing of peptides containing alkyne- and azide-

modified isoprenoids by the post-prenylation machinery we synthesized two peptides 

with the a-factor sequence containing a C-terminal CVIA and a C-terminal Cys, 

respectively. These two peptides mimic prenylated peptides at different stages of the 

post-prenylation pathway. The peptides were synthesized using Fmoc/HCTU coupling 

conditions starting from a Fmoc-Ala-Wang resin and Fmoc-Cys(Trt)-Wang resin to 

produce peptides 17 and 20 after acidic cleavage/deprotection. These peptides were 

alkylated in solution to produce peptides 1-10 as mentioned above for the synthesis of a-

factor analogs. Purification and analysis of these peptides was performed by RP-HPLC. 

The identity of all the peptides was determined by ESI-MS. MS-MS analysis of 5 (Figure 
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5.4) and 7 (Figure 5.5) was performed to confirm the structure of these peptides when 

modified with two of the isoprenoid analogs. 
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Figure 5.4. ESI-MS/MS for YIIKGVFWDPAC(C15dhAz)VIA (5) 
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Figure 5.5. ESI-MS/MS for YIIKGVFWDPAC(C10Alk) (7) 
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The a-factor peptide is known to be farnesylated in yeast by Ste24p and Rce1p164. In the 

absence of one of the proteases, the a-factor sequence is converted to its mature form by 

the other protein alone98. Correspondingly, we assessed the ability of the synthetic 

analogs 1-5 to act as substrates of Ste24p and Rce1p by measuring the enzyme activity in 

a coupled proteolysis-methylation activity assay. In this assay, the purified Ste24p 

releases the last three amino acids from the prenylated peptide, exposing a 

farnesylcysteine that subsequently undergoes carboxymethylation by Ste14p. Methylation 

was assessed by quantifying base-releasable [14C] methanol in a vapor diffusion assay. A 

total of four peptides (2-5) with isoprenoid analogs containing the a-factor sequence and 

the C-terminal aaX sequence CVIA were analyzed as substrates. A commercial 

farnesylated a-factor precursor (100% purity) with the sequence 

YIIKGVFWDPAC(farnesyl)VIA was used as a positive control. A synthetic version of 

the farnesylated a-factor precursor (1) was used for comparison. 

First, we tested compounds 1-5 as substrates of Ste24p at a concentration of 5 µM of 

substrate (data not shown). While there is a small difference (1.8 fold) between the 

activity of the commercial sample of C(farnesyl)VIA peptide (1) and the synthetic 

material described here, it is likely that difference is the result of the 73% purity of the 

synthetic product or errors in measuring the concentrations of the samples. Compounds 2 

(2.3-fold lower), 4 (1.1-fold higher), and 5 (1-fold lower) do not show a significant 

difference when compared to the farnesylated control. A 16-fold decrease in activity was 

obtained when using compound 3 as substrate for the protease. Increasing the 

concentration of Ste24p to 15 µM showed an increase in activity that was constant for all 
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the peptides and did not affect significantly the fold-difference between the control and 

the substrate analogs (Figure 5.6). To test if these peptides also act as substrates of Rce1p 

similar to the wild-type peptide we performed the same experiment using 15 µM 

concentration of substrates (Figure 5.6). Similar to the data obtained for the Ste24p, 

compounds 2 (1.7-fold lower), 4 (1-fold lower), and 5 (1.2-fold lower) demonstrate 

similar substrate capabilities as the positive control. As was observed with Ste24p, Rce1 

showed a similar 15-fold decrease in activity with compound 3 as a substrate. The results 

of the protease activity assays show that most of the isoprenoid modifications do not 

affect the proteolysis of the aaX tripeptide. However, in contrast, compound 3 was shown 

to be an inferior substrate for both Ste24p and Rce1p proteases. The decrease in activity 

caused by this compound may be explained by the increase in size of the isoprenoid 

analog in comparison with the natural C15 farnesyl moiety. The C15-alkyne might 

resemble the size and conformation of a C20 geranylgeranyl more than that of the C15 

farnesyl inside the binding pockets of the enzymes. A previous study –on the export and 

bioactivity of a-factor– evaluated the processing of a geranylgeranylated version of a-

factor by mutating the a-factor gene encoding isoprenylation targets for 

geranylgeranylation.119 They showed that geranylgeranylated a-factor gets exported by 

the Ste6 transporter, but is active only 25% when compared to farnesylated a-factor. 

Since the study analyzed the export and bioactivity of the mature form of a-factor, there 

is no direct evidence of the enzyme capabilities of Ste24 or Rce1p for the cleavage of 

geranylgeranylated substrates. It is known that in yeast both enzymes (Ste24p and Rce1p) 

work together for the proteolysis of the C-terminal -VIA sequence of the a-factor 
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precursor peptide. This suggests that it might be required to have both enzymes present 

for full processing of larger isoprenoid analogs. In order to confirm our hypothesis on the 

size effect of the isoprenoid moiety the synthesis of a geranylgeranylated version of a-

factor is currently ongoing that will be tested as substrate of Ste24p and Rce1.  
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Figure 5.6. Specific activity of Ste24p and Rce1p to peptide analogs 1-5. 

 
Following proteolysis of the aaX sequence, the new prenylated peptides, with a free C-

terminal cysteine, becomes a substrate for a methyltransferase enzyme (Ste14p) that 

methylates the C-terminus of the peptide. To evaluate the substrate capability of peptides 

6-10, Ste14p activity was measured using an in vitro vapor diffusion methyltransferase 
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assay with crude membranes176. For this experiment, AFC (200 µM) was used as a 

positive control as shown in Figure 5.7. A synthetic version of the farnesylated a-factor 

precursor (6) with a purity of 96% was used for comparison. Compounds 7-10 were 

demonstrated to be substrates for the Ste14p showing ~2-fold higher activity when 

compared to the farnesylated peptide 6. The success of these compounds as substrates of 

STe14p confirms the specificity tolerance of the enzyme towards modified isoprenoid 

groups reported previously.176  
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Figure 5.7. Specific activity of Ste14p to peptide analogs 6-10. 
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5.5. Conclusion 

In summary, we have synthesized a series of farnesylated peptides containing the 

sequence of the S. cerevisiae pheromone a-factor modified at their prenyl group. We used 

alkyne- and azide modified isoprenoids for the chemical prenylation of the a-factor 

sequence containing a C-terminal cysteine methyl ester. These peptides were employed to 

evaluate the effects of these isoprenoid analogs on the bioactivity of a-factor and it was 

found that they do not affect the growth arrest in yeast cells caused by the interaction 

between the lipidated peptide and the membrane receptor. The four peptides tested were 

shown to be ligands for the Ste3p receptor resulting in equal or higher bioactivity that the 

wild-type peptide containing a farnesylated cysteine. The isoprenoids were used for the 

synthesis of prenylated peptides with a C-terminal aaX sequence (Ste24p/Rce1p 

substrates) and a C-terminal Cys (Ste14p substrates). Except for compound 3, which was 

processed >13-fold more slowly by both Ste24p and Rce1p, all the prenylated peptides 

tested (compounds 2, 4, and 5) were found to be substrates of both proteases, with 

activities comparable to that of the farnesylated positive control (a physiologically 

relevant substrate). When testing these isoprenoid modifications on substrates of Ste14p 

we observed that all of them give modestly higher activity than the farnesylated control 

compound 6. Combined, these results confirm the full in vitro processing of peptides 

containing alkyne- and azide-modified isoprenoids. The further development and 

refinement of metabolic labeling tools to understand the prenylation of proteins should 

not only provide a means to study the prenylation stage but also the downstream stages of 

the entire prenylation pathway. Chemical reporters that become fully processed by FTase 
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and become part of the post-prenylation enzymes substrates would be of great use for this 

purpose. Together with the previous studies that demonstrate that these isoprenoid 

analogs are all substrates of FTase, these post-prenylation processing studies suggest that 

peptides containing these various modifications could be processed and used in metabolic 

labeling experiments.  
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Appendix A. Using the XAL-Anchoring Method for the Preparation of Peptides 

with C-Terminal Cysteine Methyl Esters 

A.1. Summary 

In previous chapters, I discussed the development of a trityl-based anchoring method that 

was used to make peptides with C-terminal cysteine esters. Before coming up with the 

idea of using a commercially available resin, containing a trityl group used to anchor the 

cysteine thiol, the goal was to use the XAL anchoring method to make peptides with the 

C-terminal esters. We modified the synthesis described by Barany et al. and attached the 

XAL-linker to a separately synthesized Fmoc-Cys-OMe residue that was later attached to 

an amino-functionalized resin. This Fmoc-Cys(XAL-resin)-OMe was used as the starting 

point for the synthesis of the peptide sequence of the mating pheromone a-factor. 

Cleavage of the XAL group and the side-chain protection was achieved after treatment of 

the resin with an acidic (TFA) cocktail. The methyl ester group was retained confirming 

the possibility of using this methology for the synthesis of peptides with different C-

terminal alkyl esters. Due to the ease and success of the trityl-based anchoring method 

described in Chapters 3 and 4 we decided not to continue working with the XAL method. 

The laborious synthesis of the XAL-linker (compared of using the commercial trityl-

based resin) made this method not suitable for the synthesis of these peptides. Previously, 

the XAL method was described for the synthesis of peptide acids with C-terminal 

cysteine and for the synthesis of fully protected peptides with a C-terminal t-butyl ester. 

We used the technique for the preparation of fully deprotected peptide esters. Here, we 
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described the synthesis of the XAL-linker and the use of an Fmoc-Cys(XAL-resin)-OMe 

for the preparation of peptides with a methyl ester at the C-terminal cysteine. The method 

was used for the synthesis of the mating pheromone a-factor. 
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A.2. Introduction 

The synthesis of peptides containing a cysteine residue at their C-terminus is necessary 

for the study of different cellular processes that involve naturally occurring peptides and 

proteins of this type. Attaching the Fmoc protected cysteine as an ester for solid phase 

peptide synthesis (SPPS) has several risks such as low yield, possibility of racemization 

and may also give 3-(1-piperidinyl)alanine as byproduct due to a β-elimination/piperidine 

addition side reaction.22, 45, 148 However, a side chain anchoring strategy via a preformed 

handle is a possible solution for these problems.22 Previous work on the cysteine-

anchoring method shows that Nα-Fmoc-Cys-OtBu can be converted to the preformed 

handle Nα-Fmoc-Cys(XAL)-OtBu by a condensation under acidic conditions with XAL 

(Figure 1.3). The synthesis of XAL is shown in Scheme A.1. Attaching this compound 

onto an amino-functionalized resin via the carboxyl group of XAL and growing the 

peptide chain using common Fmoc SPPS conditions produced peptides in high yield and 

avoided the problems mentioned previously for the synthesis of C-terminal cysteine 

peptides. Barany et al. used this method for the preparation of different sized peptides 

going from tripeptides to tetradecapeptides. Using a low concentration of TFA allows for 

the cleavage of the protected peptide and removal of the XAL handle, whereas a high 

concentration of TFA will cleave and completely deprotected the peptide off the resin. 

This method could be an efficient way to obtain peptides containing C-terminal alkyl 

esters that will allow the study of protein prenylation.  
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 Scheme A.1. Synthesis of Barany et al. XAL linker (5) 

A.3. Materials and methods 

A.3.1. 2,2’,-Trimethoxybenzophenone (1) 

Around 8 g of o-anisoyl chloride was added to a flask containing 12.4 g of 1,4-

dimethoxybenzene. The reagents were stirred under argon at 200 °C and after 20 h the 

product was formed together with other impurities and excess of 1,4-dimethoxybenzene. 

A silica column was utilized to purify the product which was the third material that elutes 

through the column [Hexane:Ethyl Acetate (9:1)] (6.5 g, 50% yield). 1H NMR (CDCl3) δ 

7.35-7.51 (m, 2H), 6.8-7.1 (m, 5H), 3.78 (s, 3H), 3.68 (s, 3H), 3.57 (s, 3H). 
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A.3.2. 2-Hydroxyxanthone (2) 

A mixture of 4.3 g of 2,2’,-Trimethoxybenzophenone and 23.4 g of pyridine 

hydrochloride was prepared and refluxed at 210 °C. After 10 h the reaction was quenched 

by the addition of ice water and the green/yellow precipitate was collected by vacuum 

filtration and washed with water and 6 N HCl. (1.3 g, 39% yield). 1H NMR (DMSO) δ 

10.0 (1H, OH), 8.17 (dd, 1H), 7.85 (t, 1H), 7.4-7.65 (m, 4H), 7.32 (dd, 1H).  

A.3.3. Ethyl 5-[(9-Oxoxanthen-2-yl)oxy]valerate (3) 

A solution of 1.8 g of 2-Hydroxyxanthone in 12 mL of DMF was prepared and a 

suspension (dark red) was obtained after the addition of 2.3 g of potassium tert-butoxide 

in one portion. After stirring the reaction for 10 minutes under argon, a solution of 1.8 

mL of ethyl 5-bromovalerate in 5 mL of DMF was added dropwise for a period of 20 

min. The reaction was stirring for a period of 11 h at 115 °C. Then the reaction was 

cooled to room temperature, filtered and washed with EtOAc. In order to remove the 

DMF out of the solution a water extraction was performed by adding the filtrate to a 

separatory funnel and adding 10 mL of water. A black emulsion was formed and after 

repeating the addition of water two more times, the emulsion was filtered out of the 

organic phase. Most of the times, monitoring the reaction by TLC showed the presence of 

unreacted starting material (2-Hydroxyxanthone) that did not disappear even after 36 h of 

reaction. To separate the product from its starting material, an acid-base extraction was 

performed using 1 N NaOH (3 x 10 mL or until total disappearance of starting material in 

the organic layer). The black emulsion was formed again and another filtration was 

carried out to remove it. The filtrate was concentrated in a rotary evaporator until a brown 
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oil residue was obtained. An excess of hexane (~15 mL) was added to the oil to allow 

formation of the solid that was obtained the next day. The solid was collected by vacuum 

filtration and washed with hexane (1.6 g, 55% yield). 1H NMR (DMSO) δ 8.22 (dd, 1H), 

7.89 (td, 1H), 7.4-7.7 (m, 5H), 4.14 (q, 2H), 4.09 (t, 2H), 2.40 (t, 2H), 1.85 (m, 4H), 1.26 

(t, 3H). 

A.3.4. 5-[(9-Oxoxanthen-2-yl)oxy]valeric Acid (4) 

The ethyl ester (1.6 g) was suspended in EtOH (12 mL) and dissolved with ~12 mL of 4 

N NaOH. Total homogenization was observed after the first hour of being stirring at 

room temperature. Adding 12 N HCl and adjusting the pH to 3 quenched the reaction. A 

light-gray precipitate was formed, collected by vacuum filtration and washed with water 

to give the final product (1.3 g, 87% yield). 1H NMR (DMSO) δ 8.20 (dd, 1H), 7.87 (td, 

1H), 7.45-7.7 (m, 5H), 4.09 (t, 2H), 2.31 (t, 2H), 1.6-1.9 (m, 4H). 

A.3.5. 5-(9-Hydroxyxanthen-2-oxy)valeric Acid (5) 

A suspension of keto acid (0.1 g) in water was dissolved with 1 N NaOH. The NaOH 

solution was added dropwise while the reaction flask was stirring constantly and until the 

pH of the mixture reached to 8.3 (yellow solution). Afterward, NaBH4 (0.1 g) was added 

in a single portion and the mixture was left reacting overnight under constant stirring and 

at 50-55 °C. The reaction was quenched by cooling the reaction to 10 °C and adding solid 

NaHCO3 in 6 small portions over a period of 30 minutes (while stirring). After 1 h of 

being at 25 °C the external temperature was dropped to -5 °C and a cold mixture of 

HOAc and water (1:1) was added dropwise (while stirring) until a pH of ~5.5 was 

reached. This last step was sometimes accompanied by uncontrollable foaming. The 



 

 170 

white solid was collected by vacuum filtration and washed with distilled water (0.06 g, 

66% yield). 1H NMR (DMSO) δ 7.61 (d, 1H), 7.32 (t, 1H), 7.0-7.2 (m, 4H), 6.92 (dd, 

1H), 5.73 (s, 1H), 4.04 (t, 2H), 2.32 (t, 2H), 1.7-1.9 (m, 4H). 

A.3.6. Nα-9-Fluorenylmethyloxycarbonyl-L-Cysteine Methyl Ester   

[Fmoc-Cys-OMe] 

A solution of Fmoc-Cys-OH-H2O (0.5 g) in an excess of methanol (~10 mL) was 

prepared and 6 drops of 12 N HCl were added to this solution. The mixture was left 

reacting overnight at room temperature and at a constant stirring. The next day, a wet 

white solid was obtained and TLC was used to confirm the total disappearance of the 

starting Fmoc–protected cysteine acid. The solid was dissolved in acetone and it was 

evaporated together with the excess of methanol using a rotary evaporator (0.5 g, 99% 

yield). ). 1H NMR (300 MHz, CDCl3): δ 1.37 (t, 1H, SH, J=8.6 Hz), 3.01 (s (broad), 2H), 

3.81 (s, 3H), 4.24 (t, 1H, J=7.0), 4.44 (d, 2H, J=6.3), 4.68 (s (broad), 1H), 5.69 (s (broad), 

NH), 7.33 (t, 2H, J=7.3), 7.42 (t, 2H, J=7.3), 7.62 (d, 2H, J=7.3), 7.78 (d, 2H, J=7.3). 13C 

NMR (75.0 MHz, CDCl3): δ 27.2, 47.2, 52.9, 55.2, 67.1, 120.0, 125.1, 127.1, 127.8, 

141.3, 143.6, 155.6, 170.4. HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C19H19NO4S 

380.0933; Found 380.0905. 

A.3.7. Nα-(9-Fluorenylmethyloxycarbonyl)-S-(5-(9-Xanthen-3-Oxy)valeric Acid)-L-

Cysteine –Methyl Ester [Fmoc-Cys(XAL)-OMe]  

A suspension of recently prepared 0.5 g of 5-(9-Hydroxyxanthen-2-oxy)valeric Acid in 

dry acetonitrile was prepared and a change in color (orange/red) was observed after the 

addition of 6.4 mmol of TFA. The Fmoc-Cys-OMe was added in one portion (0.68 g) 
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quenching the orange/red color caused by TFA. After 2.5 h stirring at 25 °C the solution 

was neutralized by treatment with Et3N (6.4 mmol) and the organic solvents were 

removed by rotary evaporation. The white solid was dissolved in chloroform and purified 

by flash chromatography using a silica column. The product was the second material that 

elutes from the column after the Fmoc-Cys-OMe starting material (0.2 g, 22% yield). MS 

(ESI-TOF) m/z: [M+Na]+ Calcd for C37H35NO8S 676.2; Found 676.1 

A.3.8. Preparation of a-factor peptide sequence  

The PEG-PS resin (0.71 g, 1 equiv., 0.21 mmol/g) was transferred to a syringe and 

washed with DMF and CH2Cl2. A solution of Fmoc-Cys(XAL)-OMe (1.1 equiv.) with 

the activating reagent Bop (1.1 equiv.) and DIEA (2.2 equiv.) in DMF were added to the 

resin and stirred overnight on a rotisserie. Acetylation of the unreacted amine groups was 

performed with acetic anhydride (2 equiv.) and the loading of the modified cysteine in 

the resin was calculated by measuring the absorbance of cleaved Fmoc from the resin 

(0.089 mmol/g). After the synthesis of the peptide sequence on the automated peptide 

synthesizer, the crude peptide was dried in vacuo for 2 h. Then the peptide was cleaved 

off the resin using Reagent K for 30 min. Following resin cleavage, the peptide was 

precipitated by the addition diethyl ether (Et2O). The peptide was centrifuged to form a 

pellet and it was rinsed with Et2O. MS (ESI-TOF) m/z: [M+2H+]2+ Calcd for 

C70H100N14O16S 713.3661; Found 713.3055. 
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A.4. Results and discussion 

Studying peptides containing these C-terminal modifications will contribute to a better 

understanding of the membrane targeting and other functions of fully processed 

prenylated proteins. The peptide prepared using this method was the mating pheromone 

a-factor (Chapter 2). When using the Cys-anchoring method, the Fmoc-protected cysteine 

needs to be protected at the C-terminus to allow for the primary coupling between the 

amino group on the resin and the carboxylic group of the XAL handle. In this case, the 

cysteine contained an acid-labile protecting group that resists high concentrations of TFA 

in order to obtain an alkyl ester in the C-terminus of the peptides as the final product.  

In order to synthesize peptides with C-terminal methyl esters, the preparation of the Fmoc 

protected cysteine containing the methyl ester (Fmoc-Cys-OMe) was performed. The 

reaction was carried out by adding HCl to a solution of Fmoc-Cys-OH with an excess of 

methanol. The structure of this compound was confirmed using ESI-MS and 1H NMR. 

The appearance of the methoxy peak at ~3.7 ppm confirmed the addition of the methyl 

group to the cysteine. The product of this reaction, which contains a methyl group for Cα-

carboxyl protection, was then converted into a S-xanthenyl (XAL) preformed handle 

derivative by attaching the cysteine’s sulfur onto the 5-(9-Hydroxyxanthen-2-oxy)valeric 

acid. Freshly prepared 5-(9-Hydroxyxanthen-2-oxy)valeric acid was dissolved in CH3CN 

followed by the addition of TFA and Fmoc-Cys-OMe. After the final product was 

obtained, addition of triethylamine neutralized the solution and further evaporation of the 

organic solvents provided the final product. The preformed handle Nα-Fmoc-Cys(XAL)-
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OMe was used as the starting amino acid residue for the SPPS of a C-terminal methyl 

ester-containing peptide.  

The synthesis of the peptide was carried out on an automated system using Fmoc 

conditions. In order to use the Cys-anchoring method, a preformed XAL handle was 

prepared and fully characterized before applying the method to the synthesis of peptides. 

After obtaining Nα-Fmoc-Cys(XAL)-OMe, this modified amino acid was used as the 

starting residue for Fmoc based SPPS. The solid support used for SPPS was a PEG-PS 

resin that contains free amino groups for coupling. A solution of Fmoc-Cys(XAL)-OMe 

with the activating reagent Bop and DIEA in DMF were added to the resin for the 

reaction. This was followed by acetylation of the unreacted amine groups with acetic 

anhydride and the loading of the modified cysteine in the resin was calculated by 

measuring the absorbance of cleaved Fmoc from the resin. This first coupling was 

achieved in 42% yield. After the synthesis of the peptide sequence, resin and side-

protection cleavage was performed using a Reagent K cocktail 

(TFA/phenol/thioanisole/water/ethanedithiol, 82.5:5:5:5:2.5). Using this procedure, it 

was possible to obtain the a-factor precursor peptide with a crude purity of  >75%. 

Farnesylation was performed using conditions developed by Naider126 and previously 

reported by Mullen et. al for a-factor synthesis.147 

A.5. Conclusion 

The synthesis of the preformed handle XAL was achieved. Also, coupling between the 

XAL handle and the Fmoc protected and the methyl ester cysteine was successful as it 
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was expected. This Fmoc-Cys(XAL)-OMe residue was coupled in the amino containing 

resin with 49% yield, which suggest that more equivalents of the starting residue are 

needed for better coupling. Using this compound as the starting amino acid in the PEG-

PS resin, it was shown that a peptide containing a C-terminal methyl ester (a-factor) 

could be synthesized using Fmoc SPPS. It was also shown that the peptide could be 

successfully cleaved off resin with Reagent K without affecting the methyl ester group 

located at its C-terminus. 

 
 
 


