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Abstract

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 methy| 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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INTRODUCTION

Protein prenylation is a post-translational modification that occurs in eukaryotic cells and
consists of the attachment of a prenyl group (Cq5-farnesyl or Cog-geranylgeranyl) to the C-
terminal cysteine of specific proteins containing a C-terminal CaaX box sequence. In this
four amino acid 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

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diaz-Rodriguez and Distefano Page 2

and cell survival. Mutant forms of Ras are found in approximately 30% of human cancers
making prenylation a research target for the development of cancer treatment [1, 2].

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 a cysteine near the C-terminus,
followed by proteolytic cleavage of the “” tripeptide 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 functioning (Figure 1) [3]. These modifications have also been associated with
protein-protein interactions, intracellular trafficking and protein stabilization [4, 5].

The field of protein prenylation started in the early 1980’s after the analysis of mating
pheromones, secreted by several fungal species, contained an farnesyl group [6]. Subsequent
analysis of pheromones from other fungal species provided evidence for the methyl
esterified C-terminus and the importance of these modifications for the bioactivity of the
pheromones [6-11]. One of the most studied lipidated pheromones is the 12-mer peptide a-
factor from S. cerevisiae. Studies on a-factor have provided extensive knowledge in the
prenylation field including the identification of the CaaX-processing enzymes [12]. 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 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 [13, 14]. Marcus and coworkers demonstrated that analogs of this
dodecapeptide lacking both modifications were totally inactive [15]. 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 [15]. 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 [16].

Due to the lack of availability of a-factor and simple methods for its synthesis, the use of
this peptide as a chemical tool for studying protein prenylation has been underappreciated.
Recently, our group took the initiative to develop new methods for the facile synthesis of a-
factor and other analogs to capitalize on the a-factor/receptor system as a simple model to
understand the function of prenyl modifications of many proteins in cells [17-19]. Due to the
similarity of a-factor with important farnesylated proteins, this peptide could serve as a
useful system to study the processing of prenylated proteins and whether proteins are able to
recognize and interact with the farnesyl group.

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) [16]. In its haploid state S. cerevisiae can exist as
either of two types of cells, the a-type or the a-type. Each one of these haploid cells secretes
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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 cell types
[20-25]. A representation of the yeast mating is shown in Figure 2.

Mating pheromones

GPCRs

a-Type cells secrete the mating pheromone a.-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
[20]. The a-factor targets the receptor Ste2p that is located on a-type cells,[21] while the a-
factor targets the receptor Ste3p that is located on a-type cells [23]. Ste2p and Ste3p are G
protein-coupled receptors (GPCRs) that initiate the mating response.

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 [22]. These proteins are important due to
their function in signal transduction pathways [26]. There are three essential components
that characterize the signaling process through GPCRs including (1) the membrane bound
receptor with seven transmembrane helical segments that binds the signaling molecule, (2) a
guanosine nucleotide-binding protein (G protein) that activates the effector enzyme and (3)
an effector enzyme that generates an intracellular second messenger. The overall role of
GPCR is to indirectly regulate the activity of the effector enzyme which is typically a
different plasma-membrane-bound protein [26]. The binding of pheromones (a-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 a and B-y subunits on the
cytoplasmic side of the plasma membrane. A variety of events, including G, growth arrest,
cellular elongation, gene induction and agglutinin biosynthesis [22], are the result of the
signaling pathway and culminate in cell fusion of the haploid cells (a-type and a-type) to
produce a diploid progeny [20].

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 to cause the signaling events that result in
mating, their biogenesis and secretion follow different mechanisms. The a-factor
pheromone is biosynthesized and secreted via a “classical” secretory pathway [27-29]. In
this pathway, proteins are 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
membrane. The a-factor precursors are a 165 and 120 amino acid chains from the redundant
gene products MFal and MFa2 [30, 31]. The MFal 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 [28]. During the different
steps of the secretory pathway, the precursor is modified and cleaved in the last
transformation step in the Golgi apparatus where it generates four copies of the final a-
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factor. Finally, secretory transport vesicles move the final product to the membrane for
secretion.

Production of a-factor precursors

Interestingly, the a-factor follows a very different biosynthesis pathway than that of the a-
factor (Figure 4). The a-factor precursor peptides come from 36 and 38 amino acid
sequences, genes products of MFal and MFa2. These genes are homologous and
functionally redundant with few different amino acid residues [32]. 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 Ste6p, a membrane-bound protein located at the plasma membrane that
exports a-factor outside of the cell (1 step) [23, 33-36].

C-terminal processing

The first steps of a-factor maturation encompass the modification of the C-terminal
sequence of the peptide via the protein farnesylation pathway. First, the enzyme
farnesyltransferase (FTase) recognizes the C-terminal CaaX motif (CVIA in a-factor) and
mediates farnesylation of the cysteine thiol. This FTase contains two subunits Ram1 (B-
subunit) and Ram2 (a—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 [2, 37, 38].

Second, the farnesylated peptide is recognized by one of two multi-spanning membrane
proteases localized in the ER membrane including Rcel (Ras-converting enzyme) and Ste24
[36, 39-42]. 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 the same type of activity towards aaX cleavage, they do
not have a homologous sequence and the only feature they share is being multi-spanning
membrane proteins [39, 42]. It is hypothesized that their mechanisms of actions are also
different but there is no strong evidence of that since the purification of Rcel in its active
form has not yet been accomplished.

The third step in the process is the methyl esterification of the C-terminal cysteine. This step
is catalyzed by the isoprenyl cysteine carboxymethyl transferase (ICMT), Stel4p, also a
membrane-bound protein. This enzyme transfers a methyl group from S-adenosylmethionine
(SAM) to the free carboxylate of the farnesylated cysteine. The product of this enzymatic
reaction is the fully C-terminally-modified a-factor precursor [43-45].

N-terminal processing

The second set of reactions in a-factor maturation involves N-terminal modifications leading
to the final mature pheromone. Two different proteins catalyze proteolysis of the N-terminal
sequence. The enzyme Ste24p mediates the cleavage between residues T7 and A8 followed
by the enzyme AxI1 mediating cleavage between residues N2% and Y22 [46]. There have
been multiple studies that demonstrate the dual activity of Ste24p as a C-terminal and N-
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terminal protease of a-factor precursor peptides [40, 42, 47, 48]. Michaelis et al. suggested
that although there is a single catalytic site, there could be two substrate recognition regions
within Ste24p [12]. The AxI1 is a zinc metalloprotease that only cleaves the targeted
sequence after Ste24p premoves the first residues of the a-factor N-terminal sequence. While
the N-terminal proteolysis reaction mediated by Ste24p is known to occur on the cytosolic
face of the ER membrane, the precise location of the AxI1 protein is not yet known [49]
although it is predicted that AxI1 is not a multi-spanning membrane protein and that it could
be a soluble protein [12].

Export of a-factor

Once the mature dodecapeptide is synthesized from its precursor, the protein Ste6p mediates
the export of a-factor via a nonstandard mechanism. 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 [33, 50, 51]. There is evidence that supports that the
Ste6p protein recognition site does not depends highly on sequence-specific amino acid
code. This was supported by the ability of Ste6p to recognize Schizosaccharomyces pompe
mating pheromone M-factor (a prenylated, carboxymethylated peptide with amino acid
sequence dissimilar with a-factor) [52].

Receptor interaction

After a-factor exits the cell by its nonclassical export mechanism, it travels to the surface of
MATa cells (opposite mating cell type) where it interacts with its G-protein coupled receptor
Ste3p [53]. 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 events are cell-
cell fusion, followed by nuclear fusion and diploid formation [54]. Since the presence of this
receptor is essential for mating, haploid MATa cells lacking Ste3p are sterile. The
fundamentals of the interaction between a-factor and Ste3p are not as clear as the
counterpart system a-factor/Ste2p receptor [21, 55-60]. The structural difference between
the two mating pheromones is the main reason for this information gap (Figure 3). a-Factor
is a hydrophilic peptide that shows specific binding with its receptor. In contrast, a-factor is
quite hydropobic due to the presence of both the farnesyl and carboxymethy! ester groups.
These highly hydrophobic structural properties complicate pheromone/receptor binding
studies due to non-specific binding of the peptide with membranes.

A number of studies have shown that both the a-factor sequence and its C-terminal
modifications are necessary for optimal activation of Ste3p and mating of cells [15, 61].
Other efforts to understand a-factor structural components that directly affect bioactivity-
include sequence mutations and truncations [62, 63], synthesis of isoprenoid-modified
analogs, [13-15, 17, 64] and C-terminal ester [15, 18, 19, 61, 64] analogs. The goal of this
article is to discuss in detail how these studies have contributed to the understanding of a-
factor structure and its influence in a-factor activity.

Bioassays for a-factor activity

When the pheromones bind the receptors on their target cells, a number of cellular responses
and events occur that are necessary for mating. These include, growth arrest of the cell,
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competence for nuclear fusion, production of cell surface agglutinins, induction of gene
transcription, and a morphological change of the haploid cells termed shmooing. There are
different types of bioactivity assays that have been 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 [12].

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 adding them to a cell suspension containing MA7a and
MATa cells. After incubation, cells are placed in a hemocytometer 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 [12, 15, 65, 66].

FUS1-lacZ induction assay

The FUS1-lacZ induction assay is used to measure pheromone response by evaluating its
ability to induce transcription of B-galactosidase from the pheromone responsive promoter
element FUSL1. The end point of activity of this assay is defined by the concentration of a-
factor required to induce a response in p-galactosidase [13, 15]. Due to its complexity and
lack of sensitivity, this assay is not the first option when it comes to the detection of
pheromone activity.

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 (mfal 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 a 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 within the C-terminal ester or farnesyl moiety [15, 23, 67].
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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 MAT7a containing the hypersensitizing 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 quantified 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 [15, 23, 68].

In 1991, Marcus et al. performed an analysis in which they compared the activity of a-factor
and several synthetic analogs using these four different assays [15]. 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 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 [67].

Chemical synthesis of a-factor

a-factor is a dodecapeptide containing amino acids in all classifications: aliphatic (Ala, lle,
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 linked to the side-chain thiol forming a
thioether. 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 into peptides using solid phase chemistry, the major
challenge is the release of the peptide from the solid support. Currently, due to the use of
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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 cleave the peptide from the resin. When a prenyl group, such as farnesyl, is treated
under the acidic conditions used in SPPS, a series of isomers of identical molecular weight
are obtained due to a reaction of the acid with the double bonds of the prenyl groups. The
mixture obtained is complex, making the compound difficult to purify and decreasing the
yield of the desired product [69].

However, such challenges have changed due to developments in solid phase peptide
synthesis, including mild acidic conditions for cleavage, new specialized 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 specific challenges in
peptide synthesis.

Here, 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 are
described. These methods are applicable for the facile construction of a-factor and a variety
of a-factor analogs with modifications in the sequence, ester moiety and prenyl group.

Solution/solid based methods

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
[15, 64, 70-72]. For the conventional solution phase peptide synthesis, a synthetic
Cys(farnesyl)-OCHs residue was coupled in solution to Fmoc-Ala to give Fmoc-Ala-
Cys(farnesyl)-OCHs. The synthesis of the N-terminal decapeptide was also performed in
solution and required 3+2 and 5+5 fragment couplings. Construction of the protected
dodecapeptide was accomplished by a 10+2 fragment condensation of the decapeptide and
the Ala-Cys(farnesyl)-OCHzs in solution. The second strategy used also involved the 10+2
fragment condensation between the farnesylated C-terminal dipeptide and a decapeptide.
However, in this latter case, the decapeptide was assembled via solid phase peptide
synthesis. Apart from providing a way to make a-factor itself, these methods are extendable
to 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 facilitated structure/activity analysis of this peptide. These results also
motivated peptide chemists to create more convenient routes synthesis of lipidated peptides
including a-factor for the study of protein prenylation.

Esterification of complete sequence

In an effort to simplify the labor-intensive methods described above, a different route using
only solid phase peptide synthesis was proposed [14, 24]. In this method the a-factor
sequence was assembled on resin using Fmoc/MBu conditions. The protected peptide was

Curr Top Pept Protein Res. Author manuscript; available in PMC 2018 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diaz-Rodriguez and Distefano Page 9

removed from the resin and esterified in a single step. fer&-Butyl protection was used for the
aspartic acid to avoid its esterification in the cleavage step. However, a competing oxidiation
reaction of the cysteine thiol was observed that presumably caused low yields of the desired
final peptide. Yields on the methanolysis reaction were not reported but several repetitions
were necessary to drive the reaction to completion.

Hydrazine linker strategy

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 [17]. This method was
originally developed for the synthesis of peptides containing a C-terminal methy! ester and
was successful for the synthesis of fully protected lipidated peptides [73]. The method
consists 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/Bu
protection conditions. After peptide assembly, the peptide-containing resin is exposed to
Cu(l) oxidation of the hydrazide linkage yielding a diazo-ester intermediate. Spontaneous
alcoholysis of the intermediate in the presence of methanol produces the methyl ester-
functionalized peptide. Two different strategies were used to synthesize a-factor in that
work. 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 using Cu(l) oxidation followed by side-chain deprotection and farnesylation
in solution to obtain a-factor. Even though this method produced the desired peptide, yield
and purity after peptide cleavage were not improved compared to the previous strategies.
Nevertheless, it was the first time after ~20 years that a-factor was prepared without
requiring the use of HF for side-chain deprotection since the peptides were assembled using
Fmoc protection in lieu of Boc protection for masking of the a-amino group during SPPS.

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 [66]. For
the synthesis of a-factor, the peptide sequence was synthesized using Fmoc/Bu 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 using
trimethylsilyldiazomethane, 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(l) oxidation of the hydrazide linkage reported by Mullen et al. [17].
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Trityl side-chain anchoring

A versatile methodology for the synthesis of peptides with C-terminal cysteine methyl esters
using trityl side-chain anchoring was recently developed in our group [18, 19]. We
envisioned a strategy that will allow the preparation of peptides with C-terminal cysteine
esters of 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 Fmoc-Cys-
OR via its thiol functionality. The peptide was then synthesized by SPPS using Fmoc/Bu
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 via
thiol alkylation with farnesyl bromide in solution. The methodology has also been used to
make a-factor analogs containing fluorophores appended onto 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.

Structure-activity studies of a-factor

The similarity of the C-terminal portion of a-factor with farnesylated proteins, that otherwise
do not share functional 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 related signaling after receptor
activation, raise the question of why are they different and why does a-factor needs to be
farnesylated and further processed. One of the first synthetic a-factor analogs synthesized, to
study whether the farnesyl and carboxymethyl ester group were essential for activity, lacked
both madifications. This changed the peptide structure to one that was less hydrophobic with
a free C-terminal cysteine acid. The activity of this peptide significantly decreased to
0.0025% compared to 100% activity for the wild type a-factor [15]. This result showed that
the sequence alone is not responsible for activity and confirmed the importance of these
modifications. This raised the question of whether both the farnesyl and the methyl ester are
essential, if only one of them has 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 solved. In this section, we summarize the structure-activity
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 ester group. We also review how changes in spatial orientation and
the combination of structure modifications affect the mating response.

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

The presence of a C-terminal methyl ester found in a number of pheromones has been
probed to study the consequences of hydrophobic modifications on lipopeptide bioactivity.
In order to define the role that the presence of the ester alone has on bioactivty, Marcus et al.
synthesized an a-factor analog retaining the farnesyl group but lacking the C-terminal
methyl ester [15]. This peptide manifests a 100-fold decrease in activity instead of the

Curr Top Pept Protein Res. Author manuscript; available in PMC 2018 April 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Diaz-Rodriguez and Distefano Page 11

100,000-fold decrease observed for the peptide lacking both modifications. This
demonstrated that both modifications have important roles, even when the farnesyl group
appears to have a major function. The increase of activity based on the presence of a more
hydrophobic group in place of a carboxylic acid was tested on the pheromone tremerogen
A-10 [74, 75]. 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 carboxylate. This may be related to the charge neutralization that occurs
when the anionic carboxylate is neutralized by methylation and its effect on membrane
binding. An example of this phenomenon is the incorporation of amides or non-charged
moieties to mask the charge of free carboxylate groups on drug carrier molecules in order to
facilitate their entrance into the cell [76-79].

Marcus et al. had previously showed that while there is a requirement for hydrophobicity at
the C-terminal site, excessive hydrophobicity provided by larger groups caused a decrease in
activity similar to the one observed with a free carboxylate group [15]. To better map the
hydrophobicity requirements and hydrophobicity range of the methyl ester position, our
group synthesized new analogs containing ethyl, isopropyl, and benzy! ester groups at the C-
terminus of a-factor [19]. The observed activity for the ethyl ester analog and the isopropyl
ester analog, were 200% and 50%, respectively, that of the wild-type a-factor indicating that
these substitutions in place of the naturally occurring methyl ester have minimal effects on
biological activity. More striking results were observed with the benzyl ester, which showed
1.2% activity indicating that replacement of the methyl ester moiety present in wild type a-
factor with a benzy! 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 volumes of ester groups (incorporated in a-factor analogs) [15, 19,
64] and analyzing activity percent as a function of ester group size (Table 1) we found that
when the ester group exceeds 70 A3, 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.

Importance of the 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 [15]. To obtain 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.
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In 1991, Marcus et al. synthesized an a-factor analog containing a C-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 [15]. This confirmed a
major role of the farnesyl moiety for receptor binding and mating. The research that
followed that initial report was aimed to answer questions about specific structural
properties of the farnesyl moiety that made this hydrophobic group critical for activity or
receptor binding, compared to any other hydrophobic chain or lipids found in nature.
Different analogs have been synthesized containing changes spanning different
modifications of the farnesyl group including entities with carbon chains of different lengths,
branched carbon chains, alkene functionalities, and aromatic groups (Table 2). Using the
bioactivity data measured for such analogs, our group and others, have developed a-factor
variants containing fluorophores, photocleavable groups and bioorthogonal groups
integrated within the farnesyl group for different applications discussed later in this review.

The first set of a-factor analogs prepared by Marcus et al., to study modifications of the
farnesyl group included aliphatic, benzylic, prenyl, and geranyl substituents [15]. These
peptides were analyzed using four different assays that showed varied results. The data
obtained using the halo assay, the most commonly used assay 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) has significant bioactivity while the other analogs
showed ~100-fold decrease in their 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 bioactivity results
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
that work, Caldwell et al. analyzed the biosynthesis of a-factor adding a mutation in the a-
factor gene to produce a geranylgeranylated product instead of the usual farnesylated one
[63]. After analysis using different assays they found that the mutated peptide as well as a
synthetic geranylgeranylated peptide retained bioactivity. If there is a binding pocket in the
Ste3p receptor specific for the hydrophobic portion of a-factor, these results suggest that this
pocket is flexible and can accommodate larger groups (such geranylgeranyl) and bulkier
groups (including 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 [14]. An a-factor analog containing a
pentyl group (on cysteine) showed a lower activity (~100-fold) when compared to the
farnesyl, while a decyl-containing a-factor demonstrated wild type bioactivity. These results
suggest that a branched lipid is not essential but that a certain level of hydrophobicity is
required for receptor binding. A decrease in activity was also observed, in a study by Marcus
et al. [15], 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) onto the cysteine thiol resulted in a significant
decrease of pheromone activity.
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A few years later Dawe et al. reported several additional a-factor farnesyl analogs [13].
These novel modifications consisted of replacing the 3-methyl group of the farnesyl to create
analogs with ethyl, vinyl, fert-butyl and phenyl moieties at the 3-position. These farnesyl
modifications caused significant increases in 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 the
Ste3p receptor and with future plans of using those systems to map direct interactions of the
receptor with the isoprenoid motif of a-factor [17]. The synthetic peptides include
benzophenone-containing isoprenoid analogs with Cs and Cyq chains. These peptides
showed bioactivity results comparable to the natural a-factor, opening the door to the design
of different a-factor analogs containing these modifications at different sites. Our group has
also synthesized other a-factor analogs containing bioorthogonal azide and alkyne
functionalities integrated within the isoprenoid group and shown that those analogs retain
near-wild type bioactivity [80].

Importance of the amino acid sequence on a-factor activity

After Marcus et al. demonstrated that the farnesyl and methyl ester groups are both
important bioactivity determinants in the a-factor pheromone structure [15], considerable
focus went into making analogs of a-factor to better understand the contributions of CaaX
modifications on this pheromone and other prenylated systems (Table 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 [62].
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
Lys* did not cause any additional effect. Removal of the N-terminal sequence Tyr-lle-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 truncation of the N-terminal eight
residues a completely inactive tetrapeptide with the sequence DPAC(Far)OCH3 was
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.

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. Two peptides
were chosen from a pool of peptides with residue variations at Gly®, Val®, Trp8, Asp?, and
Alall positions. Both peptides (Y1IKGIFLDPAC(Far)-OMe and Y IIKGIFKDPAC(Far)-
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OMe), with mutations at Val® and Trp8, were chemically synthesized and tested for
pheromone activity. These substitutions resulted in 16-25-fold decrease in biological activity
based on results obtained in a growth arrest assay. This drop indicates a lack of optimal
ligand-receptor interaction in the system when using these mutant pheromones.

Huyer et al. carried out an analysis where different mutations were made at most positions of
the mature a-factor sequence [23]. That mutagenesis study revealed numerous mutations (at
residues 12, F’, W8, D9, and P19) that render them substrates for biogenesis and export even
though they are inactive in subsequent signaling. This indicates that the amino acid sequence
of a-factor is also critical for recognition or access to its Ste3p receptor.

Importance of stereochemistry and conformation on a-factor activity

Stereochemical and conformational aspects of a-factor activity have also been probed using
synthetic analogs. 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 4) and interchanging the farnesyl group and the methyl ester (60-61, Table 4) [62]. By
inverting the chirality of cysteine (D-Cys) they obtained a pheromone with only 5% less
activity than a-factor. Interestingly, when the farnesyl and methyl group positions were
switched, the peptide analog retained significant activity (25% 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.

Based on an NMR study on a-factor conformation that indicated the possibility of a weak
interaction between Val® and Trp8, causing a possible bend in the middle of the peptide,
Caldwell et al. designed two a-factor analogs (57-58, Table 4) where Gly® was replaced with
either - or L-alanine to evaluate the consequences in activity [81]. The study produced the
first hyperactive pheromone with the D-Ala® containing analog that showed an activity 4-6-
fold greater than the natural pheromone. The Z-Ala®-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 importance of the a-factor sequence
in the bioactivity of the peptide. From that study, they confirmed the importance of Val® and
Trp8 for activity and the flexibility of substituting Gly® with other amino acids. Using this
information and with the purpose to clarify the structural implications of these findings,
Zhang et al. prepared two a-factor analogs where they substituted the Lys*Gly® or Gly®Val®
dipeptide units for a y-lactam constraint (62-63, Table 4) [82]. They used (~)-3-amino-2-
oxo-1-pyrrolidineacetic acid and (5)-3-amino-2-oxo-1-pyrrolidineacetic acid respectively,
since they have both been successfully used to act as conformational constrains in 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 suggest that a type Il p-
turn at Lys*Gly® dipeptide position is a favorable conformation for higher activity.
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Xie et al. constructed another set of peptides with similar activity as the natural pheromone
(64-68, Table 4) [20]. 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 [13, 15, 20, 62, 63]. The peptides involved
internal amino acid modifications at positions 4 and 5 to also evaluate the importance of the
B-turn structure proposed previously. Their results indicated that a type Il p-turn was
promoted to compensate for the loss of the favorable Lys? 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.

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 Ste2p, probably with the goal of finding clues or possible
similarities between the two different systems, that could assist in the development of
approaches to understand a-factor/Ste3p interactions. In the next section, recent efforts made
by our group to use a-factor as a chemical biology tool are described.

a-factor as a chemical biology tool to study protein prenylation

Photocrosslinkable a-factor analogs—As mentioned above, Ste3p is the receptor that
binds a-factor. Becker et al. have worked extensively on the study of the other pheromone,
the a-factor, and the mechanism of how it binds to its specific GPCR, Ste2p [21, 22, 55]. An
important question about these systems (a-factor/Ste3p and a-factor/Ste2p) is how are these
peptides interacting with their specific GPCR. Crosslinking experiments are a powerful tool
for mapping peptide-receptor interactions [22, 83]. In this approach, a photoactivatable
group is incorporated to the pheromone. After photolysis, this group is converted into an
extremely reactive species causing covalent bonding between the pheromone and the
receptor. With the addition of a molecular tag on the pheromone, 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 a-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 a-factor [22].
Cross-linking experiments have been used to demonstrate that the a-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 a-factor and its receptor [22]. It will be of
great interest to use this approach to study the Ste2p/a-factor system since little is known
about the specific interactions between a-factor and its receptor. Mullen et al. prepared
analogs of the a-factor that incorporate benzophenone as the photoactivatable group as part
of the farnesyl moiety [17]. 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. As a
prelude to these experiments, related a-factor analogs incorporating photoactivatable
isoprenoids have been used to study their interaction with Stel4p, the methyltransferase
responsible for the last step in prenylated protein maturation [84].
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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 lab and
others have incorporated different fluorophores into a-factor at different positions. Based on
previous studies, that show essential residues in the sequence, modification of lysine does
not significantly affect the activity of the pheromone. Therefore, this residue could serve as a
position for moficiation. Recently, we reported the synthesis of an a-factor analog containing
a 5-FAM fluorophore into the side-chain of the Lys* residue [18]. The 5-FAM fluorophore
was selected due to its high fluorescence, low cost and ease of attachment to lysine side-
chains during SPPS [22, 85]. 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 the peptide is bound to a hydrophobic
binding site such as a GPCR [21]. The fluorescent pheromones showed lower but significant
bioactivity suggesting that they could be used as probes for binding studies. Future
experiments using these peptides should allow the binding of a-factor to its receptor to be
studied by following changes in the signal of the probe. Related a-factor analogs
incorporating photoactivatable isoprenoids (for crosslinking) and fluorescent groups (for
nonradioactive detection) have been used to study their interaction with Stel4p, the
methyltransferase responsible for the last step in prenylated protein maturation [86].

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 [13-17, 64, 87]. Some isoprenoid modifications, particularly
when the change is modest, have shown to have little effect on the bioactivity of a-factor.
Azide- and alkyne-functionalized isoprenoids are particularly useful in metabolic labeling
experiments where they can be used to monitor the “prenylome”, the entire complement of
prenylated proteins within cells and to measure how their levels vary in different
physiological and disease states [88-91]. Accordingly, we have used the a-factor system to
evaluate the bioactivity of these modified isoprenoids. Thus, analogs of a-factor and the a-
factor precursor peptides containing the alkyne- and azide-modified isoprenoids have been
prepared and studied [80]. We incorporated the modified isoprenoids on the cysteine thiol
functionality of peptides containing a C-terminal -VIA 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 processing enzymes Ste24p/Reclp and Steldp,
respectively, using an /n vitro assay. The bioactivity of the a-factor analogs containing the
alkyne- and azide-modified isoprenoids was also analyzed (see Table 4). From these
experiments we found that these prenylated peptides have similar and sometimes higher
activity when compared with the farnesylated peptides. The peptides were processed by the
post-prenylation membrane enzymes and efficiently caused growth arrest of yeast cells.
These results, together with previous studies that show the substrate capabilities of these
isoprenoid modifications with FTase and GGTase, we were able to demonstrate that these
bioorthogonal chemical reporters are processed through the entire prenylation pathway and
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are able to activate the signal transduction signal for mating with activity comparable to the
natural pheromone. These results suggest the potential use of these modified isoprenoids for
metabolic labeling of prenylated proteins/peptides in living cells without concern that they
may interfere with normal cell physiology.

CONCLUSION

Given that many prenylated proteins are involved in signal transduction pathways and
diseases, peptide 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. With
facile methods for chemical synthesis in place, synthetic a-factor analogs have helped
illuminate key aspects of the function of this prototypical molecule including the structure of
the isoprenoid, the sequence of the peptide and the nature of the C-terminal ester group.
However, the precise details of how the receptor Ste3p interacts with a-factor remain elusive.
It is likely that chemical synthesis of a-factor analogs will play a role in addressing this
question in future work.
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Figure 1.
General representation of the three-step prenylation pathway of Ras proteins.
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Overview of the synthesis, secretion and biological activity of the mating pheromones (a-

factor and a-factor) in yeast.
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Figure 3.
Chemical structures of a-factor and a-factor pheromones.
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Model for the biosynthesis of a-factor in MATa cells.

Curr Top Pept Protein Res. Author manuscript; available in PMC 2018 April 24.

'Ram1/Ram2 | l

Ste24 orReet] | L
—_— |

3 | Stel4 l A

MQPSTATAAPKEKTSSEKKDNYI!KGVFWDPAC oc:H3

AAPKEKTSSEKKDNYIIKGVFWDPAC oo,

[ ¢ (me] —

= —
= Ste3 e

Page 24



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Diaz-Rodriguez and Distefano

Table 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 (A3)
1 -CHj3 (wild-type) 100 37.2
2 -H 15 19.3
3 -NH, 6 21.9
4 -CH,CH,CH(CHj3), 0.8 104.2
5 -CH,CH=C(CH3), 15 97.99
6 -CH,CH3 200 54.0
7 -CH(CHy), 48 70.6
8 -CHCH,CgHg 1.2 109.0
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Table 2

List of isoprenoid modifications on a-factor reported in the literature

Entry | Isoprenoid group (R') YIIKGVFWDPAC(R')-OCH; | Wild-type activity (%)
9 H 0.1
10 | Methyl 0.2
11 Hexadecanyl 15
12 Benzyl 15
13 Prenyl 12.0
14 Geranyl 3.0
15 Geranylgeranyl 25.0
16 | (CH,)s-CHj, 5.2
17 | (CH,)s-NBD 13
18 | (CHy)¢-CHs 150.0
19 | (CHp1-NBD 15.0
20 3-ethylfarnesyl 200
21 3-vinylfarnesyl 800
22 3-tbutylfarnesyl 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
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Table 3

a-factor amino acid substitutions and sequence truncations.

Entry | Amino acid sequence Wild-type activity (%)
30 YIKGVFWDPAC(Far)-OCHj 100.0
31 IIKGVFWDPAC(Far)-OCH3 25
32 IKGVFWDPAC(Far)-OCHj 0.25
33 KGVFWDPAC(Far)-OCH3 0.25
34 GVFWDPAC(Far)-OCHj 0.25
35 VFWDPAC(Far)-OCHj 0.025
36 FWDPAC(Far)-OCHjs 0.01
37 WDPAC(Far)-OCHs 0.0025
38 DPAC(Far)-OCHjs >0.0025
39 NIIKGVFWDPAC(Far)-OCH3 100.0
40 DIIKGVFWDPAC(Far)-OCHj3 0.1
41 YMIKGVFWDPAC(Far)-OCH3 38.0
42 YNIKGVFWDPAC(Far)-OCH3 0.1
43 YIIAGVFWDPAC(Far)-OCH3 100.0
44 YIEGVFWDPAC(Far)-OCHj3 100.0
45 YIIKVVFWDPAC(Far)-OCH3 0.01
46 YIIKCVFWDPAC(Far)-OCH3 25.0
47 YIIKGVAWDPAC(Far)-OCHjs 23.0
48 YIIKGVYWDPAC(Far)-OCHjs 89.0
49 YIIKGVNWDPAC(Far)-OCHjs 0.001
50 YIIKGVFCDPAC(Far)-OCH3 0.008
51 YIIKGVFRDPAC(Far)-OCH3 0.008
52 YIIKGVFWEPAC(Far)-OCHj3 0.01
53 YIIKGVFWDAAC(Far)-OCHj3 1.0
54 | YIIKGVFWDQAC(Far)-OCHs 0.1
55 YIIKGVFWDPKC(Far)-OCHz 0.01
56 YIIKGVFWDPSC(Far)-OCHjs 92.0
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Table 4

a-factor analogs with different spatial conformation.

Entry | a-factor conformational analog | Wild-type activity (%0)
57 [D-Ala%] a-factor 600.0
58 [L-Ala3] a-factor 25.0
59 [D-Cys'?] a-factor 5.0
60 [L-Cys'%(CH3)OFar] a-factor 25.0
61 [D-Cys*?(CH3)OFar] a-factor 25.0
62 [(R)-g-lactam*3] a-factor 3,205.0
63 [(S)-g-lactam®®] a-factor 3.2
64 [L-Pro*] a-factor 100.0
65 [D-Pro*] a-factor 2.0
66 [L-Pro?*, D-Ala%] a-factor 100.0
67 [D-Pro?, L-Ala%] a-factor 2.0
68 [L-Nle*] a-factor 05
69 Z,E a-factor 100.0
70 E,Z a-factor 50.0
71 Z,Z a-factor 100.0
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