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ABSTRACT: Peptides containing C-terminal esters are an important class of bioactive
molecules that includes a-factor, a farnesylated dodecapeptide, involved in the mating of
Saccharomyces 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. 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.

■ INTRODUCTION

The development of peptide chemistry continues to be an area
of intense investigation since peptides play a significant role in
biochemical applications including therapeutics1,2 and peptido-
mimetics.3 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.4 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.5,6 Depending on the
nature of the alkyl ester, such molecules can undergo hydrolysis
upon cell entry and release a bioactive carboxylic acid.7 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.8

Research shows that the presence of the prenyl moiety and
methyl ester group on specific proteins is necessary for
membrane targeting and proper functioning.9 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.10−14

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 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.15 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
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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, farnesy-
lated 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.

■ RESULTS AND DISCUSSION
Loading of Fmoc-Protected Cysteine Ester onto Trt-

Based Resin via Side-Chain Anchoring. In our initial
report,15 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-termini,15

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 1). To obtain the requisite

compounds, Fmoc-Cys-OH was treated with methanol,
ethanol, 2-propanol, or benzyl bromide to yield the
corresponding methyl, ethyl, isopropyl and benzyl esters
(1a−1e); those compounds were then used to prepare the
desired resin-linked residues (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 h

incubations using 2 equiv of the amino acid. The loading of
amino acids onto the Trt-Cl resin (determined via subsequent
Fmoc analysis) was >85%, 55%, and 46% for Fmoc-Cys-OMe,
Fmoc-Cys-OEt, and Fmoc-Cys-OiPr, respectively. Efforts to
increase the loading of Fmoc-Cys-OEt by treating the resin
with fresh reagents for an additional 24 h were not successful;
the most likely explanation for this is that the resin may
undergo some concomitant hydrolysis since the conditions
were not rigorously anhydrous; given that reasonable loading
was obtained, this was not further investigated. However, under
the typical 24 h reaction conditions, only 3% loading of Fmoc-
Cys-OBn was obtained (Table 1). Overall, this shows that the

presence of larger, hindered cysteine esters significantly
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 temper-
ature 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.

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
α-carboxyl of the Cys, the risk of racemization of the C-
terminal Cys during resin loading is minimal.16 However,
previous research suggests that repetitive treatment with
piperidine can cause racemization under certain circum-
stances.17 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-Cl resin gives a higher yield
of peptide due to lower peptide loss via β-elimination, we were
interested in studying this question with a peptide prepared

Scheme 1. Loading of Fmoc-Cys-OR onto Trityl-Based
Resina

aThe * is used to emphasize location of the stereogenic center of the
cysteine α-carbon producing a trityl side-chain anchored cysteine ester
for SPPS.

Table 1. Loading Efficiency of Fmoc-Cys-OR onto Trt-Cl
Resin Performed at 25 °Ca

R group equiv of Fmoc-Cys-OR reaction time (h) loading (%)

Me (1a) 2 24 >85
Et (1c) 2 24 55
Et (1c) 2, 2b 24, 24b 57, 54b

iPr (1d) 2 24 46
Bn (1e) 3 72 8
Bn (1e) 6 36c 48

aThe loading was determined by quantifying the Fmoc released after
resin treatment with 20% piperidine in DMF. bTrt-Cl resin was treated
with 2 equiv of Fmoc-Cys-OEt and 4 equiv of DIEA for 24 h followed
by retreatment with fresh reagents for another 24 h. The first value for
the loading was obtained from a sample obtained after 24 h of
reaction, while the second value was obtained after the second
treatment. cThe 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.
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using this improved resin choice. To determine whether loss of
chiral 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 2). The C-
terminal acid forms of these tripeptides have been previously
reported to manifest baseline resolution when separated by
HPLC.18 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 and 2, 4, 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 (Figures S6 and S7). 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 2).

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 min treatment). A modest
and entirely acceptable level (∼5%) of D-Cys-containing
peptide was noted after 4 h of treatment. This same extent of
epimerization was obtained after exposing the amino acid-resin
2a for 16 h. These results illustrate that the presence of a free
amine on cysteine methyl ester linked trityl resin via its thiol
suppresses 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 h is comparable (Table 2). A more pronounced level of
epimerization was obtained when treating model peptide-resin
4a for 16 h 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 h) involving the use
of a specialized xanthenyl-based resin.16 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 h of piperidine treatment (<6%), it appears
this method can be safely employed to prepare peptides up to
24 residues in length without appreciable racemization.

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.19 Protein prenyla-
tion is an area of intense interest since inhibition of this process
has important therapeutic applications.20,21 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.22−24

Studies have shown that absence of the methyl ester
functionality on this peptide decreases the bioactivity ∼100-
fold relative to the wild-type peptide indicating an important
relationship between structure and activity.25

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 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 (a cocktail of TFA containing cation scavengers)26

along with simultaneous deprotection of 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 1A). The
epimeric a-factor precursor peptide, 8b, containing a D-Cys
residue was prepared in an analogous fashion (Figure 1B).
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),

Scheme 2. Synthesis of Model Tripeptides Gly-Phe-L-Cys-OMe and Gly-Phe-D-Cys-OMea

aReaction conditions: (a) 20% piperidine in DMF; (b) Fmoc SPPS; (c) 20% piperidine in DMF; (d) 5% TFA in CH2Cl2.

Table 2. Studies of L-Cys Epimerization in Samples of the
Model Tripeptide 6a after Piperidine Treatment of 2a and 4a
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

a2a. b4a.
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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 conditions. Impor-
tantly, studies have shown that the use of large modifications at
the C-terminus of a-factor significantly affects the bioactivity of
the pheromone.25 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.
The a-factor ester analogs were synthesized using the same

methodology employed for the synthesis of the wild-type a-
factor (Scheme 3). Different Fmoc-Cys-OR residues attached
to Trt-Cl resin (2c−e) were used to initiate peptide assembly
via 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 3 and Figure 1C−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 co-workers11 and previously
reported by Mullen et. al27 for a-factor synthesis to yield 9a
and 9c−e.

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

Scheme 3. Synthesis of a-Factor (9a) and a-Factor C-
Terminal Ester Analogs (9c−e) Using the Trityl Side-Chain
Anchoring Strategy

Figure 1. HPLC chromatograms of crude peptides (8a−e) after cleavage from the trityl resin. (A) 8a; (B) 8b; (C) 8c; (D) 8d; and (E) 8e.

Table 3. Yield and Purity of Crude Peptides 8a−e
Synthesized Using the Trityl Side-Chain Anchoring Method

peptide purity (%)a yield (%)b

8a 81 82
8b 75 85
8c 76 84
8d 72 80
8e 70 90

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.
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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 (Figure S8). Both peptides exhibited
essentially identical retention times, suggesting that it would
not be possible to employ chromatographic 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 peptides28 and complexes of D,L-amino acids,29

that technique was employed here. Inspection of the fingerprint
region of a 2D 1H−1H TOCSY NMR spectrum obtained using
8a (Figure 2A) 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 2C) 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 2A,C) highlights these
variations (Figure 2B; 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 S13). However, in the spectrum
of purified 8a (Figure 2A), 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 2A), we estimate that the
amount of 8b that could be present must be <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.
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 3. 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
protection11 or Fmoc SPPS using a hydrazinobenzoyl
specialized linker27). Importantly, in the fingerprint region,
the only significant difference between the spectrum of 9a and
the precursor peptide, 8a (see Figure 2A) 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, these
data provide unambiguous confirmation that the side chain
anchoring methodology presented here can be successfully used
to prepare a-factor.

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

Figure 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); and (C) D-Cys containing a-factor precursor peptide (8b)
in DMSO-d6. Assignments are indicated adjacent to each cross peak.

Figure 3. 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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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 4A,C,E,G,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
end point 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 4B,D,F,H,J). Both wild-type a-
factor (Figure 4A) and the synthetic material produced here
gave end points 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 routes11,25,30,31

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 end point for the
ethyl ester analog 9c (Figure 4C) was half (0.06 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 4E) 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
(Figure 4G). To quantify the reduced activity, an additional
experiment employing larger amounts of material (20−0.15 ng)
was conducted (Figure 4I). These 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. 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 activity25,32 suggesting that there
is a defined binding pocket within the receptor that interacts
with the C-terminal region of a-factor.

■ 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
conditions that would be typically used for the synthesis of
peptides <24 residues (4 h of total piperidine exposure), no
significant cysteine racemization was observed. The absence of
epimerization was also directly 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. The bioactivities of the synthesized a-factor analogs

Figure 4. 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),
and (G−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.

Table 4. End-Point Concentration of a-Factor and a-Factor
Analogs As Determined in a Growth Arrest Assaya

a-factor
analog

end-point
concentration (ng)

C-terminal
alkoxy group

alcohol group
volume (Å3)33

9a (WT)b 0.12 CH3O 37.2
9ac 0.12 CH3O 37.2
9c 0.06 CH3CH2O 54.0
9d 0.25 (CH3)2CHO 70.6
9e 10 C6H5CH2O 109
aAlcohol group volumes are the molecular volumes calculated for the
parent alcohols CH3OH (MeOH), CH3CH2OH (EtOH),
(CH3)2CHOH (iPrOH), and C6H5CH2OH (BnOH). bData for
wild-type a-factor. cData acquired for synthetic a-factor was published
previously by our group.15
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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 functionalized with modified isoprenoids34−36 that
should be useful in studies of protein prenylation and other
structurally related biological processes.

■ EXPERIMENTAL SECTION
General Methods. All reagents and solvents were used as received.

All the solvents were HPLC grade. N,N-Diisopropylethylamine
(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 (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
analysis,26 and the Fmoc solutions were analyzed at 301 nm on a
UV−vis 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 × 250 mm), and the preparative
column was a Phenomenex C18 (10 μm, 10.00 × 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 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.
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.
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.
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.

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 (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.

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. Twenty mL of water
was 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, 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.

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 (see Table 1).26

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).
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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 was 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 analysis26 (Table 1).
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.
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.
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 equiv of each Fmoc-protected amino acid and 4 equiv
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.
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
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.
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.
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.
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.

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.

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.

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.

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 concentration of 2.4 mM. NMR data were 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, 30° pulse, 3.1 s acquisition time
with a sweep width of 15 ppm. Data were Fourier transformed with 0.3
Hz line broadening applied and manually phase-corrected. 1H−1H-
TOCSY spectra were acquired using 32 scans/increment, spectral
widths of 15 ppm and a 60 ms mixing time. 6300 × 256 points were
collected in the directly and indirectly detected dimensions,
respectively. Data were zero-filled and Fourier-transformed with a
shifted sine-bell squared function. 2× linear prediction was applied in
the indirect dimension.

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 and 2, 4, 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.

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%
piperidine/DMF for 10 min and 2, 4, and 16 h after peptide synthesis.
Then, the resins were washed with DMF and CH2Cl2 and dried in
vacuum before peptide cleavage.

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.15 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,
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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 end point 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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